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This paper describes kinetic parameters of an enzymatic reaction obtained by measuring the reaction rates of
hydrolysis by trypsin at various flow rates and temperatures. Using these parameters, the mechanisms of an
efficient reaction of nonimmobilized, i.e., “free state” enzyme in microchannel laminar flow can be examined
from a kinetic perspective. Efficient complex formation between the enzyme and substrate was confirmed
through Michaelis-Menten analysis. Results show that the enhancing effect of microfluidics in complex
formation accelerated the enzymatic reaction. Results of activation energy analysis confirmed that a decrease
in the apparent activation energy occurred as the flow rate increased. Taken together, these results suggest
that a microfluidic system is useful for performing rapid reactions by influencing the complex formation and
activation energy.

Introduction

The microchannel environment, as defined by the laminar
nature of fluid flow, differs greatly from that of a batchwise
system. In the latter, solvent molecules interact with solutes
isotropically. In contrast, interaction of solutes with solvents in
a microchannel laminar flow is nonisotropic, suggesting that
such behavior is a characteristic of solutes under laminar
conditions. Consequently, chemical reactivity in microchannel
laminar flow often differs from that of a batch system.
Macromolecule dynamics of different materials in fluid flow
have been well studied. In particular, conformations of polymer
molecules such as DNA strands under flows of various kinds
are studied.1-9 Such an approach enables easy observation and
supports theoretical discussion. Theoretically and experimen-
tally, it has been confirmed that DNA strands, which form a
coiled state in a bulk solution, stretch or form various shapes
in shear1,2 and elongational2,3 flow. We have reported stretching
and orientation of DNA strands in a microchannel laminar flow
through direct observation4 and linear dichroism (LD) spectra
measurements.5 Our results conform to those obtained from
theoretical studies of coil-stretch transition6 and relaxation time7

of polymer molecules. According to these theoretical studies,6,7

possibilities of conformational changes of solute molecules in
a fluid are not dependent on solute molecular species, but rather
on the molecular size of the solutes and fluid conditions.
Therefore, aside from DNA strands, results of these theoretical
studies are readily applicable to macromolecules such as
enzymes or proteins under comparatively slow flow rates.

To explore details of the changes in chemical reactivity in
microfluidic reactor, we examined the influence of microchannel
laminar flow on chemical reactivity from a physicochemical

perspective.5,8 We have reported the shift in thermal stability
of DNA duplex in a microchannel laminar flow, along with its
dependence on flow rate.5,8 Moreover, based on thermodynamic
analysis, the change in conformational entropy caused by
microfluidic stretching and orientation of DNA strands is an
important factor in microfluidic thermal stability shift.5,8 Using
kinetic analysis, we have also confirmed the change of activation
energy of DNA duplex-coil equilibrium in microchannel laminar
flow and its dependence on the flow rate.9 These results suggest
the potential application of microreactors as a chemical-
reactivity-regulating device. The enhancing effect of the mi-
croreactor is simply regulated by the flow rate. Moreover, the
microreactor is a useful platform for enzymatic reactions.10

Enzymatic reactions using microreactors provide many advan-
tages such as low reagent consumption and efficient reactions
through a high surface-to-volume ratio and accurate temperature
controllability.10-12 Microreactors using enzymatic reactions are
classified into two types: enzyme-immobilization-based mi-
croreactors and nonimmobilization-based microreactors. Many
reports of microreactors using enzymatic reactions exist; most
such microreactors use enzyme immobilization on a micro-
channel wall or beads. This enzyme immobilization method
presents advantages that include the efficient use of enzymes,
in addition to several disadvantages such as the difficulty of
inactivated enzyme replacement and reduced enzymatic activity
because of an altered enzyme conformation and steric hindrance
of the catalytic site.10,11

For enzymes of various kinds, the kinetic parameters in
immobilized enzymatic reactions using microreactors have been
reported.11,12 According to these reported results, differences in
both Michaelis constants, Km and the turnover rate, kcat exist
between the microfluidic system and batchwise system. These
Km values of microfluidic reactions of immobilized enzymes
were both higher and smaller than those of the batch system.
In contrast to Km values, all kcat values of microfluidic reactions
of immobilized enzymes were smaller than those of the
batchwise system. The reduced kcat values in immobilized
enzymatic reactions using a microreactor are caused by an
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altered enzyme conformation and steric hindrance of the
catalytic site.11

Our study specifically addressed the fundamental behavior
of the nonimmobilized enzyme reactor, i.e., enzymes in a “free
state”, and change in chemical reactivity under microchannel
laminar flow. Furthermore, the reaction rates of some “free state”
enzymes are higher using the microreactors than the batchwise
enzymatic reactions.13,14 On the other hand, kinetic analysis has
often been used to elucidate chemical reaction mechanisms and
has elicited valuable knowledge related to the control of
chemical reactions. Therefore, in this study, we examine the
influence of microchannel laminar flow on the chemical
reactivity of “free state” enzymes from a kinetic perspective.

Experimental Methods

Chemicals. Trypsin (from bovine pancreas; EC 3.4.21.4) and
acetic acid were used (Wako Pure Chemical Industries Ltd.,
Japan), in addition to benzoyl-L-arginine-p-nitroanilide (L-
BAPA; Peptide Institute Inc., Japan). These reagents were
dissolved separately in aqueous solutions of phosphate buffered
saline (pH 7.4). In all experiments, the concentrations of trypsin
and acetic acid were constant: 0.5 µM trypsin and 30% (v/v)
acetic acid. The L-BAPA concentrations were different for each
experiment.

Apparatus. Figure 1 depicts a schematic representation of
the experimental setup for the measurement of the reaction rate
of L-BAPA hydrolysis by trypsin. In all experiments, three
aqueous solutions of trypsin, L-BAPA, and acetic acid were
injected using a multisyringe pump (PHD2000; Harvard Ap-
paratus, Holliston, MA) at the same flow rate. The trypsin
solution and L-BAPA solution were injected separately into a
polyether ether ketone (PEEK) tube (250 µm internal diameter).
Hydrolysis of L-BAPA was started by mixing in a T-shaped
connector. This hydrolysis reaction was terminated by the
addition of acetic acid solution. The reaction temperature was
controlled by soaking the PEEK tube in a water bath (F25;
Julabo Labortechnik GmbH, Germany). The reaction was
evaluated as the amount of released p-nitroaniline calculated
from the absorbance at 405 nm using a spectrophotometer (U-
560; Jasco Inc. Japan). The extinction coefficient of p-nitroa-
niline at 405 nm is 9,920 cm-1 M-1.15 In kinetic analysis, the
concentration parameters of trypsin and L-BAPA after mixing
of these solutions, and p-nitroaniline before addition of acetic
acid were used.

Michaelis-Menten Analysis. Under the condition of con-
stant temperature at 30 °C, the experiments were carried out at
2.0-34 mm s-1 with L-BAPA concentrations at 10-0.05 mM
using various PEEK tube lengths of 0.25-8 m between two
T-shaped connectors. The residence times were defined as the
reaction times calculated from the flow rates and PEEK tube
lengths. In addition, batchwise reaction was also measured; those
measurements were used as control data. The reaction rate was

obtained from the slope of the plots of reaction time against
the released p-nitroaniline concentration at each flow rate and
L-BAPA concentration.

The Michaelis-Menten equation was used to evaluate the
kinetics of this enzymatic reaction as described below.16

On the basis of our experiments using sufficiently high
substrate concentration in comparison to enzyme concentration,
the Michaelis-Menten equation yields the following.

V)
Vmax[S]0

Km + [S]0
(1)

In this equation, V represents the rate of enzymatic reaction,
Vmax represents the maximum rate, i.e., the rate of reaction at
which the active sites of enzyme are saturated with the substrate;
[S]0 represents the initial concentration of the substrate, and Km

represents the Michaelis-Menten constant. The Hanes-Woolf
equation (eq 2) yields Vmax and Km.

[S]0

V
) 1

Vmax
[S]0 +

Km

Vmax
(2)

Therefore, Vmax and Km are obtainable from plots of [S]0/V
against [S]0 representing Vmax ) 1/(slope) and Km ) Vmax ×
(y-intercept).

The turnover rate, kcat, is obtainable from eq 3.

Vmax ) kcat[E]0 (3)

In thisequation, [E]0 represents the initial enzymeconcentration.
Determination of Activation Energies. Under the condition

of constant substrate concentration at 10 mM and PEEK tube
length of 2 m between two T-shape connectors, the experiments
were conducted at flow rates of 2.0-34 mm s-1 and reaction
temperatures of 8-35 °C. In addition, batchwise reaction data
were used as control data. The reaction rates were obtained from
these experiments under their respective flow rates and reaction
temperatures. The activation energies of this enzymatic reaction
were evaluated using the Arrhenius equation portrayed below.

An enzymatic reaction might be represented as shown below:

In that expression, P represents the product of this reaction
and kapp represents the apparent rate constant. In this study
involving the use of flow-type reactor and short reaction time,
the enzyme concentration can be considered constant, which is
actually equal to the initial concentration. Therefore, the rate
equation yields the following equation.

d[P]
dt

) kapp[E]0[S]0 (5)

The apparent activation energy Ea can be determined using
the Arrhenius equations.17

ln(kapp))-
Ea

RT
(6)

That equation is expressed by the slope of the plot of ln(kapp)
as a function of 1/T, where R is the gas constant.

Results and Discussion

The fluid flow in a PEEK tube is characterized as laminar.
Its velocity distribution is parabolic, as defined using the

Figure 1. Schematic showing the experimental setup used for reaction
rate measurements of L-BAPA hydrolysis by trypsin.
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Hagen-Poiseuille equation.18 At a 34 mm s-1 flow rate and 35
°C temperature, the corresponding Reynolds number is about
12. Therefore, the flow is classified as laminar. Other experi-
mental conditions used in this study show characteristics of a
laminar flow, with a Reynolds number lower than 12.

To examine the influence of microchannel laminar flow on
chemical reactivity of “free state” enzymes, we selected trypsin
as the target enzyme. Trypsin is a well-reported enzyme used
as a model for enzymatic reactions in a microreactor based on
both immobilized and nonimmobilized methods; its kinetic
parameters, including the Michaelis-Menten method and the
Arrhenius plot, have been reported.19,20 Additionally, it has been
reported that the reaction rate of trypsin using the microreactor
was higher than for bulk scale enzymatic reactions.13 On the
other hand, the use of L-BAPA enables simple quantitative
determination using the previously reported method.15

Michaelis-Menten analysis is a well-known kinetics analysis
for the study of enzymes. It has often been used for elucidation

of mechanisms in enzymatic reactions. For that reason, we
specifically examined the Michaelis-Menten analysis of L-
BAPA hydrolysis by trypsin. Herein, under constant temperature
at 30 °C, the experiments were carried out at various flow rates
and different substrate concentrations using various PEEK tube
lengths. The reaction rate was obtained from the slope of the
plots of the released p-nitroaniline concentration against reaction
time at each flow rate and L-BAPA concentration (The plots of
the released p-nitroaniline concentration against reaction time
at 1 mM L-BAPA are shown in the Supporting Information).
These plots portrayed good linearity for all plots: R2 > 0.97.

In this study, the Michaelis-Menten constant, Km and
maximum rate, Vmax were determined using the Hanes-Woolf
equation. In order to avoid the errors in low [S]0 range, we chose
the Hanes-Woolf equation. Figure 2 shows the Hanes-Woolf
plot at the flow rate of 10 mm s-1 as an example. The Hanes-
Woolf plots of all flow rate conditions are shown in the
Supporting Information. In all flow rate conditions, Hanes-Woolf
plots showed good linearity for all plots: R2 > 0.98. This high
linearity verifies that the Michaelis-Menten model is applicable
to the enzymatic reaction used in this study.16 The turnover rate,
i.e. catalytic activity, kcat is obtained from eq 3; the catalytic
efficiency kcat/Km is calculated. The obtained values for the
kinetic parameters are presented in Table 1. These values are
in agreement with the previously reported kinetic parameters
of trypsin-catalyzed hydrolysis.19,20 Figure 3 shows plots of these
kinetic parameters against the flow rate. Both Vmax and kcat were
almost constant for all flow rates. In contrast, Km showed a
decreasing trend as the flow rate increased; an increasing trend
was apparent in kcat/Km as the flow rate increased. A decrease
in Km indicates more efficient complex formation between
enzyme and substrate. These flow-rate-dependent changes
indicate that such changes are induced by microchannel laminar
flow. Similar with DNA duplex behavior in microchannel

Figure 2. A Hanes-Woolf plot showing a 10 mm s-1 flow rate. The
line shows least-squares fitting of the data. Hanes-Woolf plots of all
flow rate conditions are shown in the Supporting Information.

Figure 3. Plots of the kinetic parameters against the flow rate: (a) Km, (b) Vmax, (c) kcat, and (d) kcat/Km vs the flow rate. The point of batchwise
reaction is plotted at 0 mm s-1.
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laminar flow,4,5,8 we consider the change of orientation of trypsin
molecule as a key factor in the change of Km. According to the
previous reports,6,8 the trypsin molecule has sufficient size that
supports the necessary orientation for reaction to occur in
microchannel laminar flow. In addition to the effect of efficient
complex formation, in contrast to the enzyme-immobilization
method, it is considered important that the catalytic activity of
“free state” enzyme is not decreased by an altered enzyme
conformation and steric hindrance of the catalytic site.

On the other hand, we examined the activation energy of
enzymatic reaction in microchannel laminar flow and viewed
from another kinetic perspective. Herein, under constant sub-
strate concentration at 10 mM and PEEK tube length of 2 m,
the experiments were carried out at various flow rates and
various temperatures. The reaction temperature range of 8-35
°C is lower than the optimum temperature of trypsin. Therefore,
the influence of inactivation is excluded.20 The apparent rate
constants kapps were obtained from the reaction rates at each
reaction temperature and flow rate. The apparent activation
energies Eas were obtained from the Arrhenius plot at each
reaction temperature. Figure 4 shows the Arrhenius plot at the
flow rate of 3.4 mm s-1 as an example. The Arrhenius plots of
all flow rate conditions are shown in the Supporting Information.
For all flow rate conditions, Arrhenius plots indicated good
linearity for all plots: R2 > 0.98. The obtained Ea values are
also presented in Table 1. Figure 5 shows the plot of Ea values
against the flow rate. In contrast to the almost constant Ea values
at the slower flow rate, a decrease in Ea was observed at faster
flow rates. The flow-rate-dependent changes in Ea indicate that
acceleration of enzymatic reaction results from microchannel
laminar flow.

Conclusion

In conclusion, we described the kinetic parameters of the
enzymatic reaction by measuring the reaction rates of hydrolysis
by trypsin at various flow rates and temperatures to examine
the mechanism of efficient reaction of “free state” enzyme in
microchannel laminar flow from a kinetic perspective. The
efficient complex formation between enzyme and substrate was
confirmed using Michaelis-Menten analysis. Results of the
analysis showed the enhancing effect of microfluidics in a
complex formation, which provided an acceleration of the
enzymatic reaction. Furthermore, in contrast to the enzyme-
immobilization method, it is an important factor that the catalytic
activity of “free state” enzyme is not decreased by altered
enzyme conformation and steric hindrance of the catalytic site.
On the other hand, the activation energy analysis results
confirmed that a decrease in apparent activation energy was
observed as the flow rate increased. The enhancing effect of
microfluidics in such reactions is regulated simply by the flow
rate. Therefore, these results suggest that a microfluidic system
is useful for performing rapid reactions by influencing the
complex formation and activation energy. We earlier reported
the possibility of controlling chemical reactivity using microf-
luidics in our study of the fundamental behavior of DNA strands
and measurements of their physicochemical properties.5,8,9 In
addition to earlier theoretical studies using DNA strands, this
study, which demonstrates the capability of controlling an
enzymatic reaction by microfluidics, provides proof of chemical
reactivity control by microfluidics. We consider the results of
this study not only as a contribution to the improvement of
microreactors but also as a valuable contribution to information
related to the function and design of chemical reactors in general.
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