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In this study, the pre-steady state development of enzymatic bioreactions using a
microfluidic mixer is presented. To follow such reactions fast mixing of reagents
(enzyme and substrate) is crucial. By using a highly efficient passive micromixer
based on multilaminar flow, mixing times in the low millisecond range are reached.
Four lamination layers in a shallow channel reduce the diffusion lengths to a few
micrometers only, enabling very fast mixing. This was proven by confocal fluores-
cence measurements in the channel’s cross sectional area. Adjusting the overall
flow rate in the 200 um wide and 900 um long mixing and observation channel
makes it possible to investigate enzyme reactions over several seconds. Further, the
device enables changing the enzyme/substrate ratio from 1:1 up to 3:1, while still
providing high mixing efficiency, as shown for the enzymatic hydrolysis using
p-galactosidase. This way, the early kinetics of the enzyme reaction at multiple
enzyme/substrate concentrations can be collected in a very short time (minutes).
The fast and easy handling of the mixing device makes it a very powerful and con-
venient instrument for millisecond temporal analysis of bioreactions. © 2072
American Institute of Physics. [doi:10.1063/1.3665717]

1. INTRODUCTION

Microfluidic devices are widely used in chemical labs to replace large benchtop equipment.
Especially for rare and costly chemicals, the microfluidic approach is very attractive, because
of the low sample volume needed. Further, the surface to volume ratio increases in microsys-
tems. This can be harnessed to achieve higher heat transfer, mass transport, or diffusion flux. In
micromixers, the large surface to volume ratio can be used to accomplish fast and homogeneous
diffusional mixing of reagents.'”” Recent reviews on active and passive micromixers can be
found in the literature.”~

A basic and widely investigated passive mixer design is the so called T-mixer, whose prin-
ciple is based on a T-shaped channel crossing. Mixing times in the 1s range can be achieved
with these designs.® To reduce mixing time in T-mixers in the order of one magnitude, pillar
structures, or herringbone structured walls can be used, which introduce chaotic advection of
the fluid.””” However, to reach mixing times in the low millisecond time regime at low Reyn-
olds numbers, other methods are needed. In laminar flow micromixers molecular diffusion is
the dominating effect responsible for mixing.m’13 By applying multiple laminar flow sheets the
diffusion length and hence the mixing time can be drastically shortened so that millisecond
time resolutions can be reached.'*

The functionality of a micromixer is often extended to a microreactor, where chemical
reactions occurring in the device can be monitored.'>!'® Fast and reliable determination of (bio)-
chemical reaction kinetics, especially those of proteins and enzymes, are of high interest for
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chemical and pharmaceutical labs.'” Two principles, stopped-flow and continuous flow, are
available to build a microreactor for monitoring chemical processes. The stopped-flow principle
is reported by several groups."'""'® The main advantage is a very short dead time but an exter-
nal trigger is needed to start the chemical reaction which, in many cases, cannot be conven-
iently realized. Hence, we followed the approach of continuous flow mixing to monitor enzy-
matic processes,'®>! where no external trigger is needed.

Il. MATERIALS AND METHODS

Basic biochemical processes can often be described as simple binding steps.? First, enzyme
(E) and substrate (S) bind to each other to form a complex (ES), before the complex is converted
into a product (P). Enzyme and product then dissociate so that the next substrate molecule can
bind to the enzyme. The forward rate of the first binding process of E and S is k;. This process
also works in the reverse direction by the rate k_;. The turnover number k., stating the rate of
product formation, only works in the forward direction, i.e., the reverse rate is 0.

k
E+S—=——ES Kt E 1 p. 1)
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In most cases, a steady state kinetic analysis, which means that the rate of product formation is
constant, is investigated. In enzyme kinetics, a basic and widely used model is represented by the
Michaelis-Menten equation (1). Two significant numbers: the Michaelis-Menten constant K, and
the turnover number k.., can thus be determined from such a measurement. The Michaelis-
Menten constant is the substrate concentration required for an enzyme to reach one-half of its
maximum reaction rate. The turnover number is the maximum number of substrate molecules
converted to product per enzyme molecule per second. The ratio k.,/Kj, thus gives information
about how efficiently an enzyme converts a substrate into product. However, information about
individual intermediate states occurring cannot be determined from these measurements.

At the beginning of an enzymatic reaction a non-linear, pre-steady reaction state occurs. In
this region, the product formation increases exponentially to the steady state rate, a behavior
also known as “burst.” Special techniques are needed to analyse these pre-steady state, which
typically lasts less than 1s but contains vital information about intermediate catalytic processes
of the enzymatic reaction. Measuring the pre-steady state thus provides a more complete under-
standing of the events involved.

We previously developed a continuous flow device for real time monitoring of chemical reac-
tions based on horizontal multilaminar mixing.'* Using that technology in conjunction with vary-
ing the time scale by adjusting the flow rate in a range of 0.3 ul/min up to 30 pl/min enables the
investigation of early reaction kinetics by optical means. The measurements were carried out using
a passive microfluidic lamination mixer made of silicon, polydimethylsiloxane (PDMS), and glass.
The design is shown in Fig. 1, device details are presented in Ref. 23. Initially, this design was
developed for time resolved Fourier-transform infrared (FTIR) measurements.>* For the purpose of
this work, the design was adapted by applying a 200 um glass cover instead of a 1 mm thick cal-
cium fluoride (CaF») slab. This eliminates the optical distortions of the CaF', crystal and enables
close observation using microscopic lenses with short working distances (<1 mm).

The experiments were carried out on a Nikon Eclipse 80i with a CI confocal system. A 488 nm
argon ion laser (200 mW, Spectra Physics) was used for excitation, and the emitted signal was
detected by a photomultiplier tube (PMT) after being optically filtered by a notch-filter (515 nm mid-
wavelength, 30 nm wide). For confocal measurements, a 20-fold plan-apo lens with a high vertical re-
solution (0.4 um) is suitable. To monitor the dynamics of the enzyme reaction in one image a large
observation window is necessary which was provided by a 2.5-fold plan-apo lens.

A. Micromixer performance

A schematic of the micromixer design is shown in Fig. 1. The two inlets of the microflui-
dic chip are fed by a Cetoni neMESYS double syringe pump and lead into the distribution
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FIG. 1. Schematic of the lamination micromixer with two sided, wedge shaped inlet channels, distribution network, and
mixing channel."*

network. In this network, four horizontal fluid layers are formed that flow into the mixing chan-
nel where fast diffusive mixing occurs. Computational fluid dynamic (CFD) simulations were
carried out utilizing COMOL Multiphysics. A laminar flow model was combined with a diffu-
sion model to find an optimized chip design. The simulation result of a length view in the mid-
dle of the mixing channel and a cross sectional plot at the beginning of the mixing channel are
shown in Figs. 2(a) and 2(b). The horizontal fluid layers are generated with different thick-
nesses by optimized wedge shaped inlets. This is crucial for fast and homogeneous mixing and
shortens mixing time.
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FIG. 2. CFD simulation of the micromixer with optimized inlet channels; (a) length view of the mixer with inlet channels
and (b) cross sectional view of mixing channel.
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FIG. 3. Measurement result of a confocal measurement with (a) a length view of the mixing channel and a cross sectional
view of the mixing channel at a time of (b) 1 ms and (c) 10 ms. The white dashed line shows the channel bottom. The edges
do not mix well and are therefore left out of the measurement. Because of the excellent mixing performance of the micro-
mixer an evaluation range (width) of no less than 150 um can be applied.

To validate the simulation result, an optical laser scanning confocal measurement was car-
ried out. The two liquids, deionized (DI)-water and a 5 uM sodium fluorescinate solution, were
pumped through the micromixer. Fig. 3(a) shows the measurement result with a flow rate of
15 pl/min in a length view. As predicted by simulations, four homogeneous fluid layers are
formed by the optimized wedge shaped inlet channels and diffusive mixing starts after the
layers are formed. Fig. 3(b) depicts the formed layers in a cross sectional view of the 200 um
wide microchannel at a time of 1 ms. Taking into account the 0.4 um vertical resolution of the
20-fold lens used, 60 layers could be measured over the total channel height of 24 um. An eval-
uation range is defined to exclude the inhibited mixing on the edges of the channel wall, seen
in Fig. 3(b). It has a width of no less than 150 um because of the excellent mixing performance
of the micromixer. In Fig. 3(c), a cross sectional view of the mixing channel at a time of 10ms
is depicted showing a fully mixed state. A mixing time of 1ms for a 8 um high channel and
8ms for a 25 um high channel was calculated by using a mixing coefficient of 0.9 (90% of the
equilibrium concentration is reached). These calculated values were also confirmed by measure-
ments. Further, measurements showed that for a 8 um high channel the reagents are completely
mixed within 3ms, if the inlet flow rate ratio is varied from 1:1 up 3:1. The mixing device
operates in a range of 0.3 up to 30 ul/min. Therefore, kinetics in the 10-1000ms range can be
investigated with our device. The device with a channel cross section of 8 x 200 um?* and a
length of 900 um was used for the enzyme measurements presented in this work.

B. Enzyme protocol

Enzyme kinetic measurements were performed with ff-galactosidase, which is an essential
enzyme in medicine for lactose intolerance. The enzyme cleaves for instance lactose into the
monosaccharides glucose and galactose so that they can be used as carbon-energy sources.” It
is commercially used to produce lactose-free products or drugs for lactose intolerant people.
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Further, the enzyme has gained importance as a reporter protein in molecular biology.?®*’

Structural as well as chemical analysis of the enzyme and its properties was done by several
groups.?* 2 It is a large (120kDa, > 1000 amino acids) protein that forms a tetramer. The three
dimensional structure of f-galactosidase was studied by Jacobson et al.** Okamoto er al.
showed the possibility of measuring reaction kinetics in a spinning microtube®® and a first
droplet-based approach for enzyme kinetic experiments using only picolitre of reagents was
reported by Tan and Takeuchi.*

The methods for the analysis of enzymes generally take quite long (several minutes to
hours). With our device the investigation of an enzyme solution is completed within seconds.
Furthermore, only very little substrate and enzyme solution (about 100 ul) is necessary. For the
following enzymatic measurement, we applied Fluorescein di-(f-D-galactopyranoside) (FDG)
and f-galactosidase from Escherichia coli, which were obtained from Sigma Aldrich (F2756
and 48275). Additionally, dimethyl sulfoxide (DMSO) from Sigma Aldrich (D8418), ethanol
and deionized water (DI-water) were used.

To determine the enzymatic activity of f-galactosidase in optical measurements, a fluoro-
genic substrate, Fluorescein di-(f5-D-galactopyranoside), was used. FDG is non-fluorescent until
it is sequentially hydrolyzed by f3-galactosidase to fluorescein monogalactoside (FMG) and then
to highly fluorescent fluorescein and galactose, see Fig. 4(a). The turnover rate for the hydroly-
sis of FDG to FMG (1.9 umol - min~ ' mg ") is significantly slower than of FMG to fluorescein
(22.7 ymol - min~'mg").*® Therefore, all produced FMG is fully hydrolyzed to fluorescein.
Furthermore, as the fluorescence quantum yield of fluorescein is as high as 0.92, a very low
concentration of 1 pmol/ul is detectable with our setup.
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FIG. 4. Hydrolysis of FDG by f3-galactosidase and fluorescent calibration curve. (a) FDG is hydrolyzed to the fluorescent
compound, fluorescein, and two galactose residues by f-galactosidase. (b) The calibration curve used to link the measured
fluorescent intensity to the produced amount of fluorescein.
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lll. EXPERIMENTAL
A. Device preparation

Although all materials used for fabrication are biocompatible, a preparation of the micro-
fluidic device for the measurements is necessary. At the beginning, the device was flushed with
8:1 (H,0: Ethanol) solution for 2min at a total flow rate of 10 ul/min to clean residuals from
previous measurements. Subsequently, the channels were flushed with a 10 mg/ml bovine serum
albumin (BSA) solution to inactivate the channel walls and prevent adhesion of the enzyme.
Before the measurement, the channels were flushed with the same 8:1:1 (H,O: Ethanol: DMSO)
solution that was also used for preparing the FDG stock solution.

B. Enzyme preparation

In solid form FDG is not very stable and has to be stored at —20°C. A more stable 20 mM
stock solution in a 1:1 mixture of (DMSO: ethanol) was prepared and also stored at —20°C.
For experiments, it was diluted with a 8:1:1 (H,O: DMSO: ethanol) solution to a concentration
of 200 uM. f-galactosidase is also delivered at —20 °C as lyophilized powder with a concentra-
tion of approximately 140 U/mg. (One unit (U) corresponds to the amount of enzyme which
hydrolyzes 1 umol of substrate per minute.) Before the measurement, the enzyme is mixed with
200 ul ice-cold DI-water. To make sure all the enzyme is dissolved completely, it was vortexed
and centrifuged several times. To keep reagent consumption to a minimum, syringes and tub-
ings were filled with a 8:1:1 (H,O: DMSO: ethanol) solution. For the measurement, only 50 ul
of enzyme and FDG solution is pumped into the fluid tubing.

C. Results and discussion

For the experiments, a pure enzyme concentration of 0.7 U/ul and an initial FDG substrate
solution of 200 uM were used. Fig. 5 shows a greyscale photograph of the measurement in the
mixing channel. The images were cropped at the sides to an evaluation range of 150 yum and
processed with MATLAB. The reaction time was calculated from the distance in the mixing chan-
nel and the total flow rate. The fluorescent signal was integrated over the evaluation range to
gain a two dimensional plot, as shown in Fig. 6. The total measurement time for the used total
flow rate of 0.6 ul/min in the channel is about 800 ms with a time resolution of 500 us.

By the hydrolysis of 1 uM of non-fluorescent FDG, the same concentration of fluorescein is
formed which is measured during the experiment. A calibration curve, recorded with defined
values of fluorescein, was averaged over 20 measurements; see Fig. 4(b). A linear trend-line
was fitted to the measured values and is used to link the fluorescent intensity to a concentration
of fluorescein. A fluorescent intensity of 10 AU in the experiments corresponds to about 10%
of the total FDG present. This shows that the recorded kinetics is in the pre-steady state.

Reagent 1
Vo Mixing channel

Evaluation
range

t t 100pm 2 160ms y
Reagent 2 | X

FIG. 5. Greyscale image of the enzyme measurement with a concentration of 0.7 U/ul ff-galactosidase and 200 uM FDG.
The picture shows the hydrolysis of the non-fluorescent FDG (dark) to highly fluorescent fluorescein (bright) and galactose.
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FIG. 6. Fluorescent signal of the pre-steady state kinetics of FDG after it is hydrolyzed by f-galactosidase. In the measure-
ment, the ratio between substrate and enzyme was varied resulting in different concentrations (see Table I). The left y-axis
shows the measured fluorescent intensity, while the right y-axis shows the amount of fluorescein present in the channel.

TABLE I. Calculated enzyme and substrate concentrations resulting from varying the flow rate ratio between substrate and
enzyme for an initial enzyme concentration of 0.7 U/pul.

Flow rate ratio Enzyme (U/ul) Substrate (uM)
1:1 0.35 100
2:1 0.47 67
1:2 0.23 133
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FIG. 7. Pre-steady state measurement of [-galactosidase with a substrate concentration of 100 uM and two different
enzyme concentrations of 0.35 U/ul and 0.175 U/ul. The left y-axis shows the measured fluorescent intensity, while the
right y-axis shows the amount of fluorescein present in the channel. By varying the enzyme concentration the rate of hydro-
lysis and hence the speed of the reaction can be adjusted.
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Three different curves were recorded by changing the flow rate ratio between substrate and
enzyme, while the total flow rate was kept constant, see Table 1. The resulting measurement in
Fig. 6 shows the kinetics for the three enzyme-substrate combinations. Additionally, the total
observation time of the enzyme reaction could be varied by modifying the total flow rate in the
mixing channel. In such a second measurement series, an initial enzyme concentration of 0.35
U/ul was used. With these two measurements, it is possible to compare the reaction of two dif-
ferent enzyme concentrations with the same amount of substrate, see Fig. 7. The difference in
the recorded measurement time results from different total flow rates in the channel. The slower
enzyme reaction was driven with a flow rate of 0.3 ul/min, whereas the faster one was recorded
with 0.6 ul/min. The non-linear increase at the beginning of the measurement shows the pre-
steady state of the enzyme reaction before the equilibrium, i.e., a constant rate of product for-
mation is reached.

IV. CONCLUSIONS

A multilaminar continuous flow mixer that enables the investigation of the dynamics of bio-
chemical reactions up to 2.5s reaction time and a resolution of 500 us, has been presented. A
wide operating range of flow rates (0.3 ul/min up to 30 ul/min) makes it possible to adjust the
observed time range in the reaction channel. The formation of horizontal fluid layers, which ena-
ble very fast mixing, were proven by confocal fluorescence measurements. By varying the inlet
flow rates of the reagents, different substrate/enzyme concentrations can be investigated in one
measurement cycle. This makes the device a versatile tool for investigating enzyme reactions.
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