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a b s t r a c t

To establish general rules for setting up an enzyme microreactor system, we studied the effect of diffusion
on enzyme activity in a microreactor. As a model system we used the hydrolysis of ortho-nitrophenyl-�-
d-galactopyranoside by �-galactosidase from Kluyveromyces lactis. We found that the Michaelis–Menten
eywords:
icroreactors
-Galactosidase
iffusion limitation
omputational fluid dynamics

kinetic parameters were similar at the microscale and bench scale. With residence times below a few
seconds, diffusion effects limited the reaction rate and therefore reduced the conversion per volume
of enzyme microreactor. The critical residence time where diffusion limits the conversion increased
quadratically with channel width, increased with enzyme concentration, and decreased with substrate
concentration. These general rules can be used for choosing parameters when setting up an enzyme
microreactor system. To use an enzyme microreactor efficiently, diffusion effects should be taken into

account.

. Introduction

Over the years microreactors have been credited with many
dvantages over conventional systems. Due to their small inter-
al dimensions, the diffusion of heat and mass can be very rapid.
urthermore, their limited use of chemicals and energy can reduce
ost and lessen environmental impact.

Enzymes have been used in microfluidic systems to catalyze
he production of very specific molecules. In the 1990s, enzyme

icroreactors were first used for enzyme assays [1,2]. Enzyme
icrofluidic systems were also used to determine enzyme kinetics

3–6], screen enzymes in droplets [7,8], and to investigate tem-
erature effects on enzyme activity [9,10] and study cascaded
nzymatic reactions [3,11,12].

The reaction rate of an enzyme is determined by its activity
nd the availability of the substrate at the enzyme’s active site.
n a system where the substrate has to bridge a large distance to
he active site, the effective reaction rate could be limited. Due to
he small dimensions, typically 10–100 �m, microreactors could
educe these diffusional limitations of enzymes.

The effect of diffusion on enzyme activity was studied as early
s in the 1960s by Lilly and co-workers [13–15]. That work focused
n the effect of diffusion on the enzyme activity of �-galactosidase

nd ficin immobilized on membranes. The effect of diffusion on
nzyme activity in microreactors was discussed in some papers.
he diffusion limitation on the effective enzyme activity was hinted
y Kanno et al. [16], but was not investigated. Maruyama et al. [17]
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did investigate the effect of diffusion, but they used an excess of
enzyme to make diffusion dominant. More recently, Ristenpart et
al. [4] investigated enzyme kinetics in a microsystem with both
diffusion and reaction limitation. Their article focused on the rapid
extraction of kinetic data from experimental results, rather than on
estimating the effect of the limitation.

In our research we investigated the effect of diffusion
limitation on the �-galactosidase catalyzed cleavage rate of ortho-
nitrophenyl-�-d-galactopyranoside (o-NPG) in a microreactor.
We chose this reaction as a model system; it results in ortho-
nitrophenol (o-NP), a yellow substance, and galactose, which is
colorless. First, the kinetics of this reaction were determined
at the bench scale and microscale and were compared. Second,
the reaction was tested under diffusion limiting circumstances
in a microreactor. Finally, the effect of diffusion combined with
a reaction was studied using computer models and theoretical
parameters. The results from this research show the conditions
under which the short diffusion paths in microreactors eliminate
diffusion limitation in an enzymatic reaction.

2. Theory

In the enzyme microreactor discussed in this paper, a Y-shaped
junction brings a substrate and an enzyme solution into a single
laminar flow reaction channel. Fig. 1 depicts this reaction chan-
nel schematically. A flow with enzyme and a flow with substrate

enter the left side of the rectangle. Even though the two laminar
streams in the microchannel do not mix by convection, there is
molecular diffusion between them. Substrate and enzyme start to
diffuse over the boundary between the two aqueous flows. The sub-
strate is a smaller molecule, so it diffuses more quickly into the

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:Anja.Janssen@wur.nl
dx.doi.org/10.1016/j.cej.2010.04.040
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Nomenclature

D diffusion coefficient (m2 s−1)
DaII second Damköhler number
[E] enzyme concentration (g L−1)
Km Michaelis–Menten constant (mM)
LD distance at which diffusion is theoretically complete

(m)
[P] product concentration (mM)
[P]t product concentration at time t (mM)
[S]0 initial substrate concentration (mM)
t time (s)
tD typical diffusion time (s)
tr typical reaction time (s)
v0 initial enzyme reaction rate (�mol s−1 g enzyme−1)
Vmax maximum enzyme reaction rate

(�mol s−1 g enzyme−1)
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x distance in flow direction (m)
y diffusion distance (m)

nzyme stream. The enzyme diffuses much more slowly into the
ubstrate stream. The curved lines indicate the theoretical fronts of
he diffusing molecules.

The reaction takes place at locations where both substrate and
nzyme are present, indicated by the dark gray area in Fig. 1. From
osition LD onwards in the x-direction, the substrate has distributed
ore or less evenly over both streams and the enzyme reaction

hould be at its kinetically determined rate over the whole width
f the channel. The position of LD relative to the total reaction chan-
el length is an indication of the importance of diffusion limitation,
esulting in a significantly lower product concentration at the exit
f the channel. In the extreme case that diffusion is very fast com-
ared to the other processes (i.e. the reaction mixture is ideally
ixed at t = 0 s); the analytical solution, shown in Eq. (1), should

pply:

m ln

(
[S]0

[S]0 − [P]t

)
+ [P]t = Vmax [E] t (1)

n this equation, Km is the Michaelis–Menten constant (mM), [S]0
s the initial substrate concentration (mM), [P]t is the product con-
entration at residence time t (mM), Vmax is the maximum enzyme
eaction rate (�mol s−1 g enzyme−1), [E] is the enzyme concentra-

ion (g enzyme m−3), and t is the residence time (s).

The second Damköhler number (DaII), a dimensionless number,
s often used to express the ratio of diffusion time to reaction time.
lthough the use of this number has been proposed for enzyme

ig. 1. Schematic diffusion profiles of substrate (bottom to top) and enzyme (top
o bottom) in the microreactor. The dotted line indicates the original position of
he interface; LD indicates the position in x-direction where diffusion of substrate is
omplete. Dashed lined indicate the supplying and exiting channels not taken into
onsideration for calculations.
ng Journal 162 (2010) 301–306

microreactor systems [18], it is not used extensively:

DaII = tD

tr
= y2

D
· v0 [E]

[S]0
(2)

tD = y2

D
(3a)

tr = [S]0
v0 [E]

(3b)

In Eq. (2), tD is the characteristic time needed for diffusion (s), tr

is the characteristic reaction time (s), y is the diffusion distance
(m), v0 is the initial reaction rate (�mol s−1 g enzyme−1), and D is
the diffusion coefficient (m2 s−1). Eq. (2) is composed of the parts of
Eqs. (3a) and (3b). Eq. (2) assumes that the reaction will continue at
a zero-order initial rate. By inserting the Michaelis–Menten kinetic
equation in the Damköhler number we obtain:

DaII = tD

tr
= y2

D
· Vmax [S] [E]

(Km + [S]) [S]
= y2

D
· Vmax [E]

(Km + [S])
(4)

Eq. (4) is again composed of the characteristic diffusion and reaction
times:

tD = y2

D
(5a)

tr = (Km + [S])
Vmax [E]

(5b)

The calculations of the characteristic diffusion times (Eq. (5a)) and
reaction times (Eq. (5b)) indicate how parameters influence the
ratio between the two. For instance, a high enzyme concentration
leads to a low characteristic reaction time and consequently to less
kinetic limitation.

Over the course of a reaction, conversion progresses, and the
substrate concentration decreases. As a result, the value of DaII
calculated using Eq. (4) is not constant as opposed to the value
calculated using Eq. (2). With very low substrate concentrations,
the reaction rate approaches zero. A full conversion, as assumed in
the DaII number, will only be reached after an infinitely long time.

To avoid complications due to the 100% conversion assump-
tion, we propose a critical time as an alternative to the DaII
number. We calculated the ratio of the product concentration
exiting the microreactor including diffusion (from numerical
models) to the concentration without diffusion limitation (from
Eq. (1)) at various residence times. For the critical time, we
chose the residence time at which this ratio is 0.9. This crit-
ical time is an indicator of the effect of diffusion on reactor
efficiency.

3. Materials and methods

3.1. Chemicals

The �-galactosidase from K. lactis (in solution, ≥3000 U/mL),
ortho-nitrophenol (o-NP, 98%), potassium phosphate (99%), and
sodium carbonate (99%) were purchased from Sigma–Aldrich
(Milwaukee, WI). The ortho-nitrophenyl-�-d-galactopyranoside
(o-NPG) was obtained from Fluka (Steinheim, Germany). The cobalt
(II) chloride (hexahydrate) was purchased from ICN Biomedicals
Inc. (Aurora, OH). Milli-Q water (Millipore, Billerica, MA) was used
for the experiments discussed in this study.
3.2. Experiments on bench scale

At 23 ◦C, two 150 mL buffer solutions were mixed in a 500-
mL stirred vessel with baffles and a 3-blade propeller type stirrer
at 350 rpm. Both buffers contained 25 mM of sodium phosphate,
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ig. 2. Schematic representation of the experimental setup; enzyme and substrate
re combined on-chip, at the end of the reaction channel, sodium carbonate is added
o stop the reaction. All fluids exit the channel and pass through a z-shaped cell for
etection at 420 nm.

5 �M cobalt chloride, and were set to pH 7.3 using sodium hydrox-
de. One buffer contained �-galactosidase at a concentration of
.2 g L−1. The other buffer contained o-NPG at concentrations vary-

ng from 1 to 20 mM. During the first 2 to 4 min, 0.5 mL samples
ere taken and mixed with 0.5 mL 1% (w/w) sodium carbonate.
ddition of sodium carbonate resulted in a hundredfold lower
ctivity (results not shown), which ensured no significant reac-
ion after sampling. The concentration of o-NP was measured with
spectrophotometer at 420 nm. The linear part of the o-NP con-

entration vs. time plots (9–11 samples, R2 > 0.995) was used to
alculate the initial enzyme activity.

.3. Experiments on microscale

The microscale enzymatic reaction was carried out at room
emperature (20–22 ◦C). The two aqueous streams were com-
ined on-chip. The microchannels were on average 83 �m wide
nd 40 �m deep and were isotropically etched in a microchip by
icronit (Enschede, the Netherlands). A schematic view of the chip

s shown in Fig. 2. The total microchannel volume on-chip was
.113 �L. An in-house constructed PEEK chipholder facilitated the
onnections between the chip and capillaries which supplied the
uids. These fused silica capillaries from Bester (Amstelveen, the
etherlands) have a 50-�m diameter and were connected to SGE
mL luer lock syringes (Austin, TX). The syringes were placed in
arvard Apparatus Pico Plus 11 syringe pumps (Holliston, MA).

The enzyme solution (approximately 0.2 g L−1) and the substrate
olution (o-NPG concentration varying from 1 to 20 mM) were pre-
ared with a 25 mM potassium phosphate buffer with 15 �M Co2+

et to pH 7.3. The two solutions were placed on the same syringe
ump and consequently pumped at the same rate. The solutions
shown at the left in Fig. 2) were combined at a 1:1 volumetric ratio.
ust before exiting the chip, this stream was joined by a 1% (w/w)
odium carbonate in Milli-Q stream (top-right in Fig. 2). The com-
ined enzyme and substrate flow was matched with this carbonate
olution in a 1:1 volumetric ratio. Due to the inhibiting effect of
odium carbonate (even at fairly low concentrations) and the rela-
ively fast diffusion (shorter diffusion distance due the compressing
f streams and the small molecule), reaction stoppage was assumed
o be instantaneous. The enzyme diffuses into the substrate domain

uch more slowly than the substrate into the enzyme domain, and
n almost every case an enzyme molecule would move from an area

ith both enzyme and substrate to another area with both enzyme
nd substrate. Therefore, the net effect on activity was negligible.

In most cases, the Reynolds number of the fluid was below unity.
epending on the flow rates and position in the system, it varied

rom approximately 0.02–25. With these values, laminar flow could
e assumed. Therefore, the dominant type of mixing was by means
f molecular diffusion. In practice, there are some limitations to
sing very high flow rates. For instance, the pressure in the system
ould become very high. This could result in leakage at connections.
urthermore, depending on the size of the channels and the viscos-

ty of the more gas-like fluids, the Reynolds number could become
oo high to assume laminar flow and simple mixing by diffusion.
owever, this latter case is very unlikely for fluids.

The reaction mixture exited the chip through a fused silica capil-
ary, which was connected to a LC Packings U–Z View capillary flow
ng Journal 162 (2010) 301–306 303

cell (Sunnydale, CA). The total post-chip volume until detection was
0.8–1.2 �L. This flow cell was placed in an UltiMate UV–VIS detec-
tor from Dionex (Sunnydale, CA) and had a 10-mm light path for
accurate measurements. The measured absorbance at 420 nm was
correlated to the o-NP concentration. The o-NP concentration was
plotted against the residence time (inversely proportional to the
flow rate), and from the linear part of this graph the initial activity
was calculated.

Two methods were used to investigate the effect of diffusion
limitation on enzyme reactions in practice. In the first method, the
original 83 �m wide microchannel was used, but both the enzyme
concentration and the flow rates were increased by a factor of 10.
The second method was to increase the time needed for diffusion
by using a wider microchannel. The same fluids as with the kinetic
experiments were pumped through microchannels with effective
channel widths of 183 and 283 �m.

3.4. Computer models

Two-dimensional numerical models were constructed to cal-
culate the concentration of all components at any position in the
channel. The models were constructed with COMSOL Multiphysics
from COMSOL (Burlington, MA). Similar to Fig. 1, two rectangular
shapes sharing one long side were used to represent the domains of
the two aqueous streams. As both streams are laminar and have the
same flow rate, we could assume that the fluids would stay in their
initial domains. All other components (o-NPG, o-NP, galactose, and
�-galactosidase) were free to diffuse over the interface between
the two domains.

The two rectangular fluid domains were 41.5 �m wide (equal to
real effective diffusion distance) and 2 mm long. The real length
of the channel was 34 mm. Assuming constant volumetric flow
rate, the superficial fluid velocity was scaled proportionally to
the ratio between the real length and the model length. The dif-
fusion coefficients D of all diffusing components in water were
calculated using the Wilke–Chang equation [19]. These coefficients
were 0.64 × 10−9 m2 s−1 for o-NPG, 0.94 × 10−9 m2 s−1 for o-NP,
0.85 × 10−9 m2 s−1 for galactose, and 0.047 × 10−9 m2 s−1 for �-
galactosidase.

The reaction was modeled using Michaelis–Menten kinetics
and parameters from microscale experimental results. Combina-
tions of substrate concentration and initial activity were fitted
to Michaelis–Menten kinetics using Athena Visual Studio V12.0
(Athena Visual Studio, Naperville, IL).

4. Results and discussion

4.1. Enzyme kinetics

Kinetic experiments were conducted at room temperature at
both bench scale and microscale. Microscale experiments were
conducted at slightly lower temperatures than at bench scale (by
approximately 2 ◦C). As the results will show, this did not affect
the enzyme activity very much. Fig. 3 shows the initial activities
from experiments and the fitted model on microscale (Fig. 3a) and
bench scale (Fig. 3b). The activity is expressed as the number of
micromoles produced per second per gram of the original enzyme
solution. The kinetic parameters obtained from these fitted models
are summarized in Table 1.

Fig. 3 shows that for increasing substrate concentrations, the

enzyme activity increases. The initial steep slope of the activity
vs. substrate curve and the subsequent leveling off is consistent
with Michealis–Menten kinetics. The values for Km are somewhat
lower, but in the same range as those from the literature; Cavaille
and Combes [20] and Dickson et al. [21] both reported a Km of
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Fig. 3. Initial �-galactosidase activity as function of the o-NPG concentration on (a) mic
indicate model based on fitted kinetic parameters.

Table 1
Kinetic parameters and 95% confidence interval determined from microscale and
bench scale experimental results.

Parameter Microscale Bench scale

Vmax 20.9 ± 2.3 �mol s−1 g enzyme−1 20.6 ± 1.0 �mol s−1 g enzyme−1

Km 1.04 ± 0.45 mM 1.05 ± 0.21 mM

F
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diffusion time increased by a factor of 4.9 and 11.6 (quadratically,

F
s

ig. 4. Concentration of o-NP from the numerical COMSOL model (symbols) and the
nalytical equation (line) at different residence times.

bout 1.7 mM. The values for the kinetic parameters as presented
n Table 1 are very close for both experimental scales.

Fig. 4 shows the product concentration in the microchannel with
ncreasing residence times. The results from the numerical COM-
OL model were compared to the analytical solution of Eq. (1).

ig. 4 shows that the numerical results generally correspond to the
nalytical solution. With increasing residence times, the product
oncentration increases. Eventually, the o-NP concentration levels
ff at 3 mM, which corresponds to 100% conversion. Only at resi-

ig. 5. The o-NP (product) concentration as function of the residence time; the dashed li
ymbols are the experimental results. The widths of the microchannels are: (a) 183 �m a
roscale and (b) bench scale, symbols indicate experimental findings, drawn lines

dence times below 10 s, the two models give different results, due
to diffusion limitation. The results from experiments to determine
the kinetic parameters in Fig. 3a, were typically obtained at resi-
dence times of around 30 s. Fig. 4 shows that ignoring the effect of
diffusion limitation at these concentrations yields a 2% overestima-
tion of the conversion. At these residence times, this overestimation
is negligible, but it becomes significant at higher flow rates (i.e.
smaller residence times).

4.2. Diffusion limitation in enzyme microreactors

Two methods were employed to investigate the effect of dif-
fusion on product concentration: the use of wider microchannels
and the combination of a high enzyme concentration with high
flow rates. Fig. 5 shows the effect of microchannels of 183 �m
(Fig. 5a) and 283 �m (Fig. 5b). Fig. 5a and b shows the increasing
product concentration with increasing residence times, as obtained
from the analytical solution (Eq. (1)), the numerical model, and
experiments. The analytical solution yields much higher product
concentrations than either the experiments or the numerical solu-
tion, indicating diffusion limitation in the latter two cases. The
numerical and experimental results are in agreement, indicating
that the lower concentrations are indeed caused by diffusion lim-
itation. The models can therefore be used to investigate the effect
of diffusion.

As shown in Fig. 5a and b, diffusion limitation clearly increased
with wider channels, which was expected. The maximum diffusion
distance in this microchannel is half the channel width. By increas-
ing the channel width from 83 to 183 and 283 �m, the characteristic
according to Eq. (3a)), while the total reaction volume increased
linearly by factors of 2.2 and 3.4, respectively.

Similar results were obtained by using the original 83 �m wide
channels with a tenfold higher flow rate and enzyme concentration.

ne represents the analytical solution, the solid line the numerical solution, and the
nd (b) 283 �m.
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ig. 6. The o-NP (product) concentration as function of residence time; dashed line
or analytical solution, solid line for numerical solution, and symbols for experimen-
al results. Microchannel with a width of 83 �m. The enzyme concentration is 10
imes higher than in the experiments shown in Figs. 4 and 5.

his means that in the right-hand term of Eq. (1), Vmax is constant,
E] is 10 times higher, and t is 10 times lower. In absence of diffusion
imitation, the product concentration should be the same. However,
ig. 6 shows that diffusion limitation is important at all residence
imes (albeit relatively more important at lower residence times).
his effect was predicted by the numerical model, which shows that
iffusion limitation is indeed the cause of the reduction in product
oncentration.

The numerical models corresponded well with experimental
esults, as was shown in Figs. 5 and 6. We could therefore use these
odels to study the effect of the system parameters on the critical
ime, where diffusion caused a 10% reduction in product concen-
ration. The enzyme reaction was kept the same, but parameters
uch as channel width and enzyme and substrate concentrations
ere varied to investigate the contribution of diffusion under these

ig. 7. Standard reaction conditions of 83 �m wide channel, 1 g L(1 enzyme, and 1 mM sub
he ratio of product concentration from numerical models to analytical solution is plotted
ine is 183 �m, dash-dot-dashed line is 283 �m), (b) effect of different channel widths; c
he channel width), (c) critical time vs. enzyme concentration on a logarithmic scale, and
ng Journal 162 (2010) 301–306 305

circumstances. Fig. 7 shows the results of variation of the model
parameters.

Fig. 7a shows the efficiency of the system (the ratio is from
numerical and analytical calculations; it is a indicator of diffusion
limitation). As a residence time approaches 0 s, the substrate and
enzyme are completely separated, and the efficiency is 0. At longer
times, a uniform distribution of all components is obtained, and the
actual reaction rate becomes equal to the intrinsic reaction rate. The
efficiency therefore approaches 1.

Fig. 7a shows that with increasing channel widths it takes longer
to approach the analytical result. To illustrate this, Fig. 7b shows
the critical time, when the numerical result is 90% of the analytical
result. This is shown as a gray dotted line in Fig. 7a. Here, diffusion
effects caused a 10% limitation on the effective reaction rate. This
critical time was plotted against the maximum diffusion distance in
the microchannel, which is the distance the substrate has to travel
to the enzyme (equal to half the channel width).

The effect of a wide range of enzyme concentrations on the crit-
ical time is shown in Fig. 7c. The critical time is fairly constant at
3.5–4 s up to an enzyme concentration of 1 g L−1. At higher enzyme
concentrations the critical time slightly increases to about 6 s. At
low enzyme concentrations (<1 g L−1) diffusion is apparently fast
enough to supply the enzyme with substrate. At higher enzyme
concentrations, the reaction is faster, leading to local depletion
of substrate. At very high enzyme concentrations (100 g L−1 and
higher) any substrate would be converted very quickly. The ana-
lytical solution gives a 99% conversion in slightly more than 2 s.
Consequently, the critical time would no longer be an expression
of diffusion limitation.

Fig. 7d shows the effect of substrate concentration on the criti-
cal time. At low substrate concentrations the critical time was high;
we only looked at diffusion of the substrate, different substrate con-
centrations did not change the shape of the theoretical diffusion
front (curved line in Fig. 1). At the diffusion front, the concentra-
tion started to become non-zero, reaching the bulk concentration

strate were varied, one parameter each time. (a) Effect of different channel widths;
against the residence time for different channel widths (solid line is 83 �m, dashed
ritical time at which this ratio is 0.9 vs. maximum diffusion distance (equal to half
(d) critical time vs. substrate concentration.
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owards the original substrate channel. This concentration profile is
imilar to an error function. When we included reaction, the shape
f the front changed, depending on this reaction.

Comparing the results of Fig. 7b–d with the DaII number from
q. (2), and its corresponding characteristic diffusion and reaction
ime from Eqs. (5a) and (5b), we can see similarities and differ-
nces. Fig. 7b shows that with increasing diffusion distances, the
ritical time increases quadratically, as does the DaII number due
o the increased diffusion time (Eq. (5a)). The DaII number thus also
redicts more diffusion limitation with an increased channel width.

According to Eq. (5b), the enzyme concentration should cor-
espond inversely to the extent of diffusion limitation. However,
umerical studies (Fig. 7c) showed an increase of the critical time,

.e. an increase in diffusion limitation, after a nearly constant level
t the beginning. Initially, the enzyme concentration and the total
eaction rate were so low that the critical time was purely diffu-
ion driven. With increasing enzyme concentrations, substrate was
epleted around the enzyme and caused a lower reaction rate per
ram of enzyme due to Michaelis–Menten kinetics.

Again, according to Eq. (4), the DaII should scale inversely with
he term (Km + [S]). A low [S] in Eq. (5b) will result in a lower limit
or the characteristic reaction time. When [S] is significant relative
o Km, the characteristic reaction time will be higher. Thus, diffusion
imitation at higher substrate concentrations is less likely. Similarly,
he critical time from numerical studies (Fig. 7d) decreased with
ncreasing substrate concentrations.

As the DaII number assumed zero-order kinetics and one-
imensional Fickian diffusion, we expected deviations, with more
omplex cases. The enzyme we used followed Michealis–Menten
inetics and diffusion results in a concentration gradient rather
han a propagating substrate front with a uniform substrate con-
entration behind it. The effect of varying parameters on the DaII
umber corresponded with our numerical findings regarding the
hannel width and the substrate concentration, but differed regard-
ng the enzyme concentration. The numerical model was a valuable
ool added to the use of dimensionless numbers, as it can deal with
on-ideal systems, demonstrated by the variation of the enzyme
oncentration.

Even though this study focused on Michaelis–Menten kinetics,
nd some of the relations are only valid for this type of kinetics, we
uggest that the approach can be adapted to other kinetics such as
ernary-complex or Ping-Pong mechanisms. The approach for both
he mathematical derivation and experimental work will be similar to
he work described in this article.

We studied a microreactor under laminar (creep) flow condi-
ions, which implies that mixing by convection does not take place.

any mixing methods have been proposed in microfluidic technol-
gy which would enhance mass transfer. However, we can draw
eneral conclusions from Fig. 7b to d.

When the goal of using enzyme microreactor is converting the
ubstrate to products, diffusion limitation is not desirable, as it
educes volumetric productivity (conversion per volume). When
he residence time is much higher than the critical time given in
his article, the reduction in the efficiency is very small. In con-
rast, when the residence time is lower than the critical time,
he reduction in reactor efficiency is significant (>10%). Such a
ignificant efficiency reduction is most likely to occur with wide
icrochannels (Fig. 7b), high enzyme concentrations (Fig. 7c), and

ow substrate concentrations (Fig. 7d).
. Conclusions

The hydrolysis of ortho-nitrophenyl-�-d-galactopyranoside cat-
lyzed by �-galactosidase from K. lactis was shown to follow
ichaelis–Menten kinetics on bench scale and microscale. The

[

[

ng Journal 162 (2010) 301–306

kinetic parameters on both scales were the same. With the time
scales applied during the experiments, the reaction seemed to
be unaffected by diffusion limitation. Diffusion limitation was
observed with experimental residence times below a few sec-
onds. At these short residence times, the volumetric efficiency
of the enzyme microreactor (conversion per volume) decreased.
The critical residence time, where diffusion significantly limits the
conversion, increased quadratically with channel width, increased
with enzyme concentration, and decreased with substrate concen-
tration. Estimations based on numerical calculations rather than
the DaII number can be used in wider range of conditions; it can be
used in non-ideal situations. An enzyme microreactor can be run
most efficiently when these factors receive appropriate attention.
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