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Abstract: The enzyme microreactor has considerable
potential for use in biotechnological syntheses and
analytical studies. Simplifying the procedure of
enzyme immobilization in a microreactor is attrac-
tive, and it is achievable by utilizing enzyme immobi-
lization techniques and taking advantage of the char-
acteristics of microfluidics. We previously developed
a facile and inexpensive preparation method for an
enzyme-immobilized microreactor. The immobiliza-
tion of enzymes can be achieved by the formation of
an enzyme-polymeric membrane on the inner wall of
the microchannel through cross-linking polymeri-
zation in a laminar flow. However, this method is un-
suitable for use in conjunction with electronegative
enzymes. Therefore, a novel preparation method
using poly-l-lysine [poly ACHTUNGTRENNUNG(Lys)] as a booster and an
adjunct for the effective polymerization of electro-
negative enzymes was developed in this study. Using

aminoacylase as a model for an electronegative
enzyme, the reaction conditions for the enzyme-
cross-linked aggregation were optimized. On the
basis of the determined conditions, an acylase-immo-
bilized tubing microreactor was successfully prepared
by cross-linking polymerization in a concentric lami-
nar flow. The resulting microreactor showed a higher
stability against heat and organic solvents compared
to those of the free enzyme. The developed method
using poly ACHTUNGTRENNUNG(Lys) was applicable to various enzymes
with low isoelectric points, suggesting that this micro-
reactor preparation utilizing a cross-linked enzyme
in a laminar flow could be expanded to microreac-
tors in which a broad range of functional proteins
are employed.

Keywords: cross-linked enzyme aggregation; enzyme
microreactor; immobilization; surface modification

Introduction

Microreactors are potentially powerful tools in the
fields of chemistry and biotechnology.[1] The excellent
performance of microreaction systems is achieved by
taking advantage of microchannel system features
such as rapid heat and mass transfer, and their larger
surface/interface area. These attractive features are
favorable for conducting catalytic reactions through
catalysts that are immobilized on the reactor.[2] En-
zymes are useful catalysts for the production of cer-
tain types of chemicals and analysis, which are fre-
quently applied to various reactors. There have been
demands for enzymatic microreaction devices includ-
ing enzyme-immobilized microreactors in several

fields, especially for high-throughput biotechnological
syntheses and bioanalyses.[3] In such microreactor
preparations, nanostructure fabrication and chemical
modification of the microchannel are useful technolo-
gies.[4] We have also developed a method for immobi-
lizing enzymes on a glass-capillary surface using a
chemical modification containing sol-gel techniques.[5]

However, these methods require high-level techni-
ques and multi-step procedures, leading to low cost
performance. More simple methods using carriers
with immobilized enzymes have also been proposed.
The carriers were constructed by forming monoliths
of a sol-gel and a polymer, and simply incorporating
commercial beads and membranes in a microchan-
nel.[6] These structures are often responsible for the
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generation of high pressure, which is unfavorable for
microsynthesis and -analysis systems with multiple
processes based on highly-controlled microfluids,[7]

and are energy-intensive to operate. Therefore, in our
previous study, we designed an enzyme-immobilized
microreactor which was simply and inexpensively pre-
pared and does not require high pressure.[8] In our mi-
croreactor process, a substrate membrane covers the
internal surface of the microchannel. The cylindrical
membrane is composed of the cross-linked polymer-
ized enzyme product. The hollow structure of this re-
actor prevents high pressure, compared to carrier-fill-
ing microreactors.[6,8] In addition, this carrier-free
method would be expected to have the advantage of
an absence of interactions between the enzyme and
the carrier material, which often leads to enzyme in-
activation.[9] This bottom-up method is suitable for
the formation of miniature structures, and has recent-
ly been utilized in various nanotechnological applica-
tions such as enzyme-polymerized nanoparticles.[10]

The enzyme-polymerized membrane was based on a
cross-linked enzyme aggregate (CLEA)[9] formed
using a cross-linker with aldehyde groups which react
with amino groups of the enzyme (Scheme 1). There-
fore, CLEAs could be not obtained for electronega-
tive enzymes due to a lack of reactive amino groups
(relatively lower number of lysine residues). In the
present study, to demonstrate the applicability of the
CLEA-based enzyme-microreactor (CEM) method
for various enzymes, we developed a novel method
for preparing a CEM that is applicable to electroneg-
ative enzymes utilizing poly-l-lysine [poly ACHTUNGTRENNUNG(Lys)]. The
successful preparation was found to realize an effi-
cient and fast CLEA formation in electronegative en-
zymes by using poly ACHTUNGTRENNUNG(Lys).

Results

The Effect of a Cationic Polymer on CLEA
Formation of an Electronegative Protein

The efficient formation of a CLEA is essential for the
successful preparation of a CEM. We first explored
an efficient method in a batchwise system. Glutaral-
dehyde (GA) and paraformaldehyde (PA) were used
as cross-linkers, as previously described.[8] When
mixing the cross-linker and enzyme, CLEAs for elec-
tropositive enzymes such as chymotrypsin and trypsin,
which contain a high number of lysine residues, are
readily formed. On the other hand, no CLEAs were
observed in the case of electronegative enzymes. The
relatively low content of lysine residues in these en-
zymes would cause a low degree of cross-linking,
leading to inefficient aggregation. To achieve effective
cross-linking polymerization, we proposed the close
packing of electronegative enzyme molecules by
enzyme-trapping using a cationic polymer matrix
prior to the cross-linking reaction.[9] The polymer
matrix, possessing multiple basic functional groups,
and electronegative enzymes will be adsorbed by elec-
trostatic interactions, and form an enzyme-enzyme
complex bridged by the matrix. Actually, poly ACHTUNGTRENNUNG(Lys)
immobilized on a carrier is frequently utilized to cap-
ture electronegative proteins.[11,12] In this study, we
used poly ACHTUNGTRENNUNG(Lys) as coupling agent for a carrier-free ag-
gregate of the electronegative enzyme.

The effect of poly ACHTUNGTRENNUNG(Lys) on CLEA formation was
compared between chymotrypsin and aminoacylase
(hereafter referred to as acylase) as electropositive
and electronegative model enzymes, respectively. The
turbidity in the reaction mixture increases with in-
creasing amounts of insoluble aggregates. Thus, the
progress of CLEA formation could be evaluated by
the turbidity of the solution, as estimated by measur-
ing the absorbance at 630 nm. As shown in Figure 1,
the cross-linker consisted of GA (0.25%, v/v) and PA
(4%, v/v) agglutinated chymotrypsin, but not acylase.
No turbidity was observed when concentrated acylase
(5-fold; 100 mgmL�1) and/or cross-linker (5-fold;
1.25% GA and 20% PA) was used (data not shown).
In contrast, the addition of the cross-linker into the
mixture of acylase and poly ACHTUNGTRENNUNG(Lys) (Mn=20 kDa) led to
a remarkable increase in the turbidity of the reaction
solution. When mixing acylase and poly ACHTUNGTRENNUNG(Lys) without
cross-linker, in which an acylase-poly ACHTUNGTRENNUNG(Lys) complex
would be formed as a result of electrostatic interac-
tions, the solution contained negligible suspended
solids (Figure 1). Poly ACHTUNGTRENNUNG(Lys) and the cross-linker mix-
ture without acylase, in which the cross-linking reac-
tion would occur between poly ACHTUNGTRENNUNG(Lys) molecules,
showed no turbidity (Figure 1). These results can be
attributed to the high hydrophilicity of poly ACHTUNGTRENNUNG(Lys)
which enables each polymeric complex to prevent in-

Scheme 1. Reaction of enzyme amino groups and/or poly-
ACHTUNGTRENNUNG(Lys) with aldehyde groups of the cross-linker.
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solubilization. It is clear that the turbidity of the acy-
lase-polyACHTUNGTRENNUNG(Lys)-cross-linker mixture is a result of the
concerted reaction of the three reagents. A reaction
using lysine instead of poly ACHTUNGTRENNUNG(Lys) showed no evidence
of CLEA formation, indicating the importance of the
polymeric structure of poly ACHTUNGTRENNUNG(Lys) for effective CLEA
formation. The addition of lysine to a mixture of chy-
motrypsin-cross-linker greatly reduced the turbidity
of the reaction mixture. This deleterious effect might
be due to competition between amino groups of the
enzyme and lysine, which possess little cross-linking
ability.

In order to achieve broad applicability for CEM for
various enzymes, we examined whether CLEAs were
formed using poly ACHTUNGTRENNUNG(Lys), using several industrially
useful enzymes with distinct isoelectric points. Table 1
shows the relationship between the isoelectric points
of each enzyme and CLEA formation. Electropositive
enzymes, including chymotrypsin, cucumisin, papain
and trypsin easily formed a CLEA without poly ACHTUNGTRENNUNG(Lys).
In other enzymes, with low isoelectric points (pI<6),
the addition of poly ACHTUNGTRENNUNG(Lys) permitted successful CLEA
formation. These results indicate that poly ACHTUNGTRENNUNG(Lys) has a
strong potential for CLEA formation for a broad
range of electronegative enzymes.

Preparation of the Acylase-CEM

Effective CLEA formation in an electronegative
enzyme was achieved utilizing poly ACHTUNGTRENNUNG(Lys). Thus, we ap-
plied this technology to a CEM preparation. The elec-
tronegative enzyme used was an acylase, which is very
interesting from a biotechnology standpoint, because
of their relevance in the production of enantiopure
amino acids from N-acyl derivatives.[13,14] In order to
achieve the effective preparation of acylase-CEM
with a high enzymatic activity, we optimized the
CLEA preparation conditions such as the concentra-
tion of cross-linker, the molecular weight of poly-
ACHTUNGTRENNUNG(Lys), and the ratio of acylase/poly ACHTUNGTRENNUNG(Lys) (see Support-
ing Information, Figures S1 and S2). The acylase-
CEM was then prepared at these optimal conditions.
The following reagents were used: acylase
(20 mgmL�1), poly ACHTUNGTRENNUNG(Lys) (Mn=50 kDa, 10 mgmL�1),
and cross-linker corresponding to GA (0.03%) and
PA (0.5%). The acylase solution was mixed with poly-
ACHTUNGTRENNUNG(Lys) solution at a 1:1 ratio to form a soluble complex
of acylase and poly ACHTUNGTRENNUNG(Lys). For a simple and inexpen-
sive preparation, a commercially available PTFE tube
was employed as a substrate for the CEM (hereafter
described as CEM-tube).[8] The CLEA-based mem-
brane in the CEM-tube was formed utilizing a charac-
teristic microflow, namely, a concentric laminar flow
consisting of two solutions of the cross-linker and acy-
lase-polyACHTUNGTRENNUNG(Lys). This flow was generated by a device
consisting of axle dual micropipes, as shown in

Table 1. CLEA formation in several enzymes of distinct iso-
electric points.

Enzyme pI[a] CLEA[b]

Alkaline phosphatase 5.9 formed with polyACHTUNGTRENNUNG(Lys)
l-Aminoacylase 4.0 formed with polyACHTUNGTRENNUNG(Lys)
d-Aminoacylase 5.2 formed with polyACHTUNGTRENNUNG(Lys)
b-d-Galactosidase 4.6 formed with polyACHTUNGTRENNUNG(Lys)
a-Chymotrypsin 8.6 formed without poly ACHTUNGTRENNUNG(Lys)
Cucumisin 10.4 formed without poly ACHTUNGTRENNUNG(Lys)
Esterase 5.0 formed with polyACHTUNGTRENNUNG(Lys)
Lipase, Candida rugosa 4.5 formed with polyACHTUNGTRENNUNG(Lys)
Papain 8.8 formed without poly ACHTUNGTRENNUNG(Lys)
Pepsin A[c] 1.0 formed with polyACHTUNGTRENNUNG(Lys)
Subtilisin A 9.4 formed without poly ACHTUNGTRENNUNG(Lys)
Thermolysin 5.3 formed with polyACHTUNGTRENNUNG(Lys)
Trypsin 10.5 formed without poly ACHTUNGTRENNUNG(Lys)
Tyrosinase 5.2 formed with polyACHTUNGTRENNUNG(Lys)
V8 protease 3.7 formed with polyACHTUNGTRENNUNG(Lys)

[a] Each value of isoelectric point (pI) was determined by
isoelectric focusing in previous studies.[31–43] A pI value of
b-d-galactosidase was obtained from manufacturerJs data
sheet.

[b] Each CLEA preparation was performed by mixing
enzyme (20 mgmL�1) and cross-linker (0.25% GA and
4% PA) in the presence or absence of poly ACHTUNGTRENNUNG(Lys) (Mn=
50 kDa, 10 mgmL�1).

[c] For pepsin, lower pH values (pH 5) was used because
pepsin is rapidly and irreversibly denaturated at alkaline
values, but is stable until pH 5.5.[44]

Figure 1. Effect of poly ACHTUNGTRENNUNG(Lys) on CLEA formation for elec-
tropositive chymotrypsin and electronegative acylase. Each
bar shows the turbidity of the suspensions after incubation
for 60 min at 4 8C. A high turbidity means effective forma-
tion of the CLEA. The addition of each solution is de-
scribed as “+” for each reagent and “�ACHTUNGTRENNUNG” for buffer without
reagents. “(+)” indicates the addition of lysine instead of
poly ACHTUNGTRENNUNG(Lys).
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Figure 2.[15] A stable laminar flow is important for the
successful formation of a CLEA-based membrane on
the internal surface of a CEM-tube,[8] and appropriate
flow rates should be selected for each solution. We
set the pumping rate of the cross-linker (correspond-
ing to a central stream) to a value 12.5 times higher
than that of the acylase-poly ACHTUNGTRENNUNG(Lys) mixture (outer
stream). The formation of a concentric laminar flow
was confirmed by confocal laser scanning microscopy
(see Supporting Information, Figure S3). Calculating
from the two distinct pumping rates and microfluidic
volumes estimated from the confocal data, average
linear velocities of the central and outer streams were
187.6 mmmin�1 and 6.4 mmmin�1, respectively. In the
CEM-tube, the residence time of the central stream
was much shorter (0.6 min) than that of the outer
stream (39.1 min). According to the kinetics of CLEA
formation in a batch (see Supporting Information,
Figure S4), this residence time for the acylase-poly-
ACHTUNGTRENNUNG(Lys) mixture solution was sufficient to form the
CLEA.

The resulting CEM was washed with distilled
water, dried and the enzyme-membrane observed.
Figure 3 shows CCD images of the cylindrical
enzyme-membrane (dry state) exposed from the
PTFE tube and a sectional view of the CEM. The cy-

lindrical membrane was shrunk by drying, and the
thickness of the obtained membrane was 35–60 mm.
When a suspension of CLEA prepared in a batchwise
system was passed through a PTFE tube, no mem-
brane was observed on the inner wall (data not
shown). This result indicates that polymerization in a
microfluid enables the enzyme-polymer product to
adopt a membrane structure on the inner wall of the
CEM tube. The amount of acylase, estimated by a
quantitative amino acid analysis as described previ-
ously,[8] was 3.25�0.17 nmol per acylase-CEM.

Performance of the Acylase-CEM

The enzymatic performance of the obtained acylase-
CEM was evaluated using the hydrolysis of acetyl-
d,l-phenylalanine (Ac-d,l-Phe) at various conditions.
The CEM was cut off at both ends to a length of
12.2 cm, corresponding to 24 mL of inner volume. The
hydrolysis at 4 mM of substrate was complete at this
flow rate (1 mL min�1) (Figure 4). The Michaelis–
Menten constant (Km) and maximal velocity (Vmax),
calculated from a Lineweaver–Burke plot, were
4.58 mM and 1.10 mMmin�1, respectively. All prod-
ucts showed high enantiopurities (99.3�0.8%) com-
pared to those obtained in a batch process (99.2�
0.4%). When treating 100 mM substrate at a flow
rate of 4 mL min�1, the highest amount of l-Phe pro-
duction was 45 nmol per minute. Under similar reac-
tion conditions, the Km and Vmax values for the free
acylase were estimated to be 2.33 mM and
4.69 mMmin�1, respectively. The Vmax value was
somewhat lower than that of the free acylase while a
higher Km value was observed for the immobilized
acylase. These results suggest that chemical modifica-
tion with the cross-linker somewhat suppressed the
hydrolytic ability of the acylase.

When a PTFE tube was passed through the acy-
lase-polyACHTUNGTRENNUNG(Lys) solution without a cross-linker, no en-

Figure 2. Schematic illustration of the procedure used to prepare an acylase-CEM. The cross-linking polymerization was per-
formed in a concentric laminar flow. A silica capillary was fitted to the outer diameter of the T-shape connector by attaching
to a PTFE tube using heat-shrink tubing. The capillary was set in the connector located at the concentric position of the
CEM tube. The cross-linker solution was supplied to the substrate PTFE tube through the silica capillary, corresponding to a
central stream in the concentric laminar flow. A solution of acylase-polyACHTUNGTRENNUNG(Lys) mixture was poured from the other inlet of the
T-shape connector, and formed an outer stream of the laminar flow.

Figure 3. CCD images of a) cylindrical enzyme-membrane
(dry state) exposed from the PTFE tube, which forms on
the inner wall of the tube and b) a sectional view of the ob-
tained CEM.
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zymatic activity was observed. This result indicates
that the enzymatic activity of the acylase-CEM was
due to the acylase immobilized in the CLEA-mem-
brane, and not by non-specific adsorbed free acylase
and/or a water soluble acylase-poly ACHTUNGTRENNUNG(Lys) complex.

It is very important for enzymes incorporated in a
microreaction system to have a high stability against
conditions such as pH, temperature, and solvent. The
pH activity profile of the free acylase and acylase-
CEM was obtained by incubating the enzyme in
50 mM phosphate buffer for pH 5–7.5, 50 mM Tris-
HCl buffer for pH 8–9 at 40 8C for 30 min. The acy-
lase in the CEM showed a maximum activity at
pH 7.0, and was found to be more acid-tolerant than

the free acylase (the optimal pH 8.0) (Figure 5a). The
thermostability of the enzyme reactor is an important
factor regarding its use for industrial applications. To
examine the effect of temperature on enzymatic activ-
ity, an enzymatic assay was performed after incubat-
ing the CEM and free acylase solution in the absence
of substrate at various temperatures for 30, 60, and
120 min. The reaction was performed at 40 8C for
30 min. The thermostability of the immobilized acy-
lase in the CEM was superior to that of the free acy-
lase (Figure 5b). In an enzymatic synthesis system, a
highly hydrophobic substrate is often unsuitable due
to its insolubility. The stability of the enzyme-reactor
to organic solvents is very important because organic
solvents improve the solubility of certain substrates.
Organic solvent tolerances for free acylase and acy-
lase-CEM were estimated using the hydrolytic effi-
ciency in the presence of N,N-dimethylformamide
(DMF). The reaction was performed at 40 8C for
30 min. The acylase-CEM showed a higher resistance
to DMF, as compared to the free enzyme (Figure 5c).
These stabilizations were observed in a-chymotryp-
sin-CEM as well.[8]

Discussion

In this study, we describe a novel and facile method
for preparing a CEM that is applicable to a broad
range of enzymes. The most important factor for the
CEM preparation is the efficiency of enzyme-enzyme
cross-linking through amino groups. Thus, it is reason-
ably difficult to prepare a CEM for amino group-poor
(electronegative) enzymes. Chemical modification of
such an enzyme, for example, by amination using car-
bodiimide, could facilitate the cross-linking,[16] but it is
a rather intricate and time-consuming process. In this
study, it was found that the simple addition of a cat-

Figure 5. (a) Effect of pH on the enzymatic activity of the acylase-CEM (*) and the free acylase (~). The activities at the
pH optima were assigned values of 100%. (b) Temperature dependence of the enzymatic activity of the acylase-CEM (solid
lines) and free acylase (dashed lines) at 40 8C (circles), 50 8C (triangles), and 60 8C (squares). The activities without pre-incu-
bation were assigned values of 100%. (c) Effect of organic solvent on the enzymatic activity of the acylase-CEM (*) and
the free acylase (~). The activities without organic solvent were assigned values of 100%. In all enzyme assays, 4 mM Ac-
d,l-Phe was used as substrate.

Figure 4. Hydrolysis of Ac-d,l-Phe in the acylase-CEM. A
solution of substrate in Tris buffer (pH 8.0) was charged into
a CEM tubing (inner volume=24 mL) for various residence
times. The reactions were carried out at three substrate con-
centrations [4 mM (*), 20 mM (~), and 100 mM (&)] at
40 8C. This acylase-based reaction converted the l-isomer
only. A PTFE tube passed through a mixture of acylase and
poly ACHTUNGTRENNUNG(Lys) had no enzymatic activity (^).
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ionic polymer, poly ACHTUNGTRENNUNG(Lys), effectively facilitated CLEA
formation for an electronegative enzyme (Figure 1,
Table 1).

A previous study showed that a cationic polymer
could effectively trap an acylase as a result electro-
static interactions.[17] In a similar manner, poly ACHTUNGTRENNUNG(Lys)
would bridge and closely pack (trap) acylase mole-
cules. GA- and PA-conjugated poly ACHTUNGTRENNUNG(Lys) would also
behave as a longer cross-linker possessing more reac-
tion sites per molecule, which would augment the
degree of cross-linking as compared to GA and PA.
These factors would lead to the effective promotion
of an acylase-polymerization based on the covalent
cross-linking. A lower-cost method for acylase-CLEA
formation has been reported, in which the acylase
was precipitated using an inexpensive low molecular
precipitant.[18] However, such precipitation (suspen-
sion) would be unsuitable for preparing a CEM due
to generating unevenness in the membrane and tube
obstruction. In contrast, the acylase-polyACHTUNGTRENNUNG(Lys) com-
plex showed no precipitation, indicating that poly-
ACHTUNGTRENNUNG(Lys) is better suited to the CEM preparation system
as a booster of CLEA formation.

When applying this method to various enzymes, the
influence on CLEA formation and enzymatic activity
should be carefully examined because poly ACHTUNGTRENNUNG(Lys) often
has different characteristics depending on the poly-
mer size.[19–22] For instance, there are interesting re-
ports that the aggregation of an acidic material with
poly ACHTUNGTRENNUNG(Lys) and activation of a protease by poly ACHTUNGTRENNUNG(Lys)
were sensitive to the size of the poly ACHTUNGTRENNUNG(Lys).[23,24] In our
acylase-CLEA, there was little influence of the poly-
ACHTUNGTRENNUNG(Lys) size on enzymatic activity. On the other hand,
the degree and the kinetics of CLEA formation were
dependent on poly ACHTUNGTRENNUNG(Lys) size (see Supporting Informa-
tion, Figure S2). These size effects can be attributed
to several factors such as electrostatic properties and
the number of interaction sites of poly ACHTUNGTRENNUNG(Lys).

The cross-linker also plays an important role in
CEM preparation. It was found that the use of a com-
bination of GA and PA was suitable for acylase-CEM
preparation, and that the acylase was more sensitive
to the GA/PA than chymotrypsin.[8] For applications
of various enzymes to CEM preparations, the total
amount of aldehyde reagents and the GA/PA ratio
must be optimized for each enzyme.

In this study, a CEM was prepared by utilizing a
combination of membrane-formation and microfluidic
manipulation. A concentric laminar flow is geometri-
cally appropriate to form the reaction interface along
the internal wall of the CEM-tube. In comparison to
our previous system, in which a laminar flow consist-
ing of three parallel streams using a simple cross-
shaped connector was used,[8] the present system pos-
sesses several advantages such as the simplification of
pumping work by decreasing the number of inlets, the
non-occurrence of aggregates in the inner space of

the connector because polymerization began in the
CEM-tube (leading to non-obstruction at the connec-
tor region), and a more homogeneous and stable for-
mation of the CLEA-based membrane occurred along
the inner wall of the CEM-tube.

A previous study reported on a polymer-membrane
formation in a microchannel utilizing interfacial poly-
merization and multilayer flow inside a microchan-
nel.[25] In a similar manner, the enzyme polymeri-
zation reaction was considered to mainly occur at the
interface between the central and the outer flows, and
also at the outer side, in preference to the central
stream. When the acylase-poly ACHTUNGTRENNUNG(Lys) complex diffuses
from the outer stream into the central stream and
polymerizes at the central region, the complex begins
to polymerize and would be unable to have sufficient
reaction time (at least 5–10 min from Supporting In-
formation, Figure S4) to mature into an insoluble ag-
gregate due to the shorter residence time (0.6 min) in
the central stream. In addition, the diffusion rate of
the acylase-poly ACHTUNGTRENNUNG(Lys) complex from the outer stream
to the central stream is lower than the cross-linker
from the central to the outer stream. (Roughly calcu-
lating based on the literature,[26] the diffusion coeffi-
cients are 910 mm2 sec�1 for the cross-linker and
70 mm2 sec�1 for acylase.) These factors would lead to
the enzyme-polymer being promoted more preferen-
tially in the vicinity of the inner wall of CEM-tube
than at the central region.

It is highly possible that the enzyme of the CEM
can have altered enzymatic characteristics compared
to the native state. The obtained acylase-CEM
showed an decrease in hydrolytic efficiency and an in-
crease in acid-, heat-, and organic solvent-tolerance
(Figure 4 and Figure 5). These results were consistent
with previous reports on acylase immobilization[11,12,27]

and similar results have been observed for other en-
zymes.[28] Immobilization-based conformational rigidi-
fication would allow the acylase to avoid conforma-
tional collapse which is responsible for inactivation by
heat, pH, and organic solvents. The observed change
in pH-sensitivity might also be caused by the modifi-
cation of amino groups in the acylase and/or the buf-
fering action of poly ACHTUNGTRENNUNG(Lys) matrix in the microenviron-
ment of the enzyme as described in a previous
report.[11]

There were little differences in enzymatic perfor-
mance between batchwise CLEA and CEM. Howev-
er, the handling ability of CEM was obviously higher
than the batchwise CLEA. For example, in reaction
assay and washing procedures, batchwise systems re-
quire a series of operations including mechanical agi-
tation, centrifugation, and removal of the supernatant.
In the CEM system, such procedures were simply re-
placed by pumping, leading to more simple, efficient,
and accurate handling. Dealing with multiple micro-
scale samples in a batchwise CLEA system is also

2168 www.asc.wiley-vch.de E 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Adv. Synth. Catal. 2006, 348, 2163 – 2171

FULL PAPERS Takeshi Honda et al.

www.asc.wiley-vch.de


considered to be technically difficult and troublesome.
The CEM would lead to the establishment of a dis-
posable enzyme-reactor system which enables easy
microscale-handling in a multi-parallel manner.

A combination of such advantageous handling abil-
ity of CEM and the enzymatic characteristics of acy-
lase has strong potential for the high throughput mi-
croprocess of optical separation in a combinatorial
enantiopure amino acid production system. Thus, the
establishment of such system would be attractive in
fields such as basic research of proteins and drug
(functional biomaterial) discovery[29] because diverse
unnatural amino acids are required on-demand.

In this study, we propose the applicability of the
CEM preparation method for other enzymes active in
various biotechnological fields as well as acylases. At
present, a great interest in such fields is being direct-
ed towards the development of combinatorial synthe-
sis and high throughput analysis systems. CEM could
have significant potentials as a platform technology of
enzyme-microreactions which could be used in the ex-
ploration of new applications.

Conclusions

A novel CEM preparation method applicable to elec-
tronegative enzymes previously incapable of CLEA
formation by our previous method is described. An
acylase-CEM model was successfully constructed with
an acylase-CLEA using poly ACHTUNGTRENNUNG(Lys) and cross-linker
containing GA and PA under optimal conditions. A
cationic bio-polymer poly ACHTUNGTRENNUNG(Lys) is a useful booster for
CLEA formation in the case of electronegative pro-
teins, which closely packs such proteins as a result of
electrostatic interactions, and forms a soluble protein-
poly ACHTUNGTRENNUNG(Lys) complex. The simple CLEA preparation
method developed here is applicable to various en-
zymes with distinct isoelectric points, suggesting that
this CEM preparation technology could be expanded
to a broad range of functional proteins including en-
zymes. Such broad applicability would lead to the
construction of a flexible technology platform for
screening and designing a potential protein-immobi-
lized microreactor for broad applications.

Experimental Section

Materials

Poly(tetrafluoroethylene) (PTFE) microtubes (250 mm inner
diameter (i.d.), 1.59 mm outer diameter (o.d.) and 500 mm
i.d., 1.59 mm o.d.), PTFE adapter, and heat-shrink tubing
were obtained from Flon Chemical Inc. (Osaka, Japan). GL
Science Co., Ltd. (Tokyo, Japan) provided a silica-fused mi-
crocapillary (100 mm i.d., 350 mm o.d.) and a stainless-steel
T-shaped connector (Union Tee, SUS-316). When using the

microcapillary, the polyimide coating was removed (310 mm
o.d.). Glutaraldehyde (GA) and paraformaldehyde (PA) as
cross-linker agents, aminoacylase I, d-aminoacylase, a-chy-
motrypsin, b-d-galactosidase, and other reagents for amino
acid analysis were obtained from Wako Pure Chemical Ind.,
Ltd (Osaka, Japan). Poly-l-lysine hydrobromides of a series
of distinct molecular weights were synthesized from Ne-ben-
zyloxycarbonyl-l-lysine N-carboxyanhydride as described
previously.[30] High molecular weight poly ACHTUNGTRENNUNG(Lys) (>300 kDa,
Mn=360 kDa), cucumisin, esterase, lipase, papain, pepsin A,
thermolysin, sodium cyanoborohydride (NaCNBH3), and
other reagents for buffers were obtained from Sigma–Al-
drich Co. (St. Louis, MO, USA). Trypsin, tyrosinase, and V8
protease were purchased from Worthington Biochemical
Co., Ltd. (Lakewood, NJ, USA). Alkaline phosphatase was
obtained from Biozyme Laboratories Co., Ltd. (San Diego,
CA, USA). N-Acetyl d,l-phenylalanine (Ac-d,l-Phe), l-
phenylalanine (l-Phe), and d-phenylalanine (d-Phe) were
purchased from Watanabe Chemical Industries Ltd. (Hir-
oshima, Japan). All enzymes were ultrafiltered using a mi-
crocon YM-10 (molecular weight cut-off=10 kDa) filter ob-
tained from the Millipore Co. (Bedford, MA, USA). The
poly ACHTUNGTRENNUNG(Lys)s were dialyzed with a dialysis tube (molecular
weight cut-off=500 Da) against phosphate buffer (PB) or
gel-filtered in PB for smaller poly ACHTUNGTRENNUNG(Lys)s.

Typical Preparation of CLEAs in Batchwise System
and Measurement of Turbidity

The enzyme and poly ACHTUNGTRENNUNG(Lys) were dissolved in phosphate-buf-
fered saline; PBS (10 mM, pH 7.2) at final concentrations of
20 and 10 mgmL�1, respectively. The cross-linker reagents
containing GA (0.016–0.25%) and PA (0.25–4%) in PB
(0.1M, pH 8.0) were used at a constant ratio (1:16, v/v). All
solutions were filtered (pore size 0.2 mm). The enzyme, poly-
ACHTUNGTRENNUNG(Lys), and cross-linker solutions were mixed at a volume
ratio (50 mL:50 mL:100 mL) in a 96-microwell plate (Nunc,
Kamstrup, Denmark). After incubation at 4 8C, the turbidity
of the mixture was estimated by measuring the absorbance
at 630 nm using a microplate reader Multiscan JX (Thermo
Electron Co., Milford, MA, USA).

Acylase-CEM Preparation using a Laminar Flow
System

The CEM preparation system was assembled as shown in
Figure 2. A fused silica microcapillary (5 cm length) and a
PTFE tube (250 mm i.d., 5 cm length) for introducing re-
agents and a PTFE tube (500 mm i.d., 13 cm length) corre-
sponding to the CEM substrate were attached to a T-shaped
connector as shown in Figure 2. In order to form a concen-
tric laminar flow in the CEM preparation, the silica capillary
was set in the T-shape connector and positioned at the con-
centric position of the CEM tube. The enzyme and poly-
ACHTUNGTRENNUNG(Lys) solutions were mixed at 1:1 volume ratios on ice. All
solutions were filtered and charged into 1 mL plastic syring-
es (Terumo Co., Tokyo, Japan). The cross-linker and
enzyme/polyACHTUNGTRENNUNG(Lys) solutions were supplied to the CEM tube
through the capillary and another inlet of the T-shape con-
nector using a PTFE tube, respectively. Solution introduc-
tion was performed at different pumping rates (6.25 mL
min�1 for the cross-linker and 0.5 mL min�1 for the enzyme)
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by a Harvard 11 Pico Plus Syringe Pump (Harvard Appara-
tus, Inc., Holliston, MA, USA). After the polymerization
was performed for 3 h, the obtained CEM was rinsed with
Tris-HCl (1M, pH 9.0), which simultaneously quenched any
active aldehyde groups remaining on the formed membrane.
In order to reduce the resulting Schiff base, CEM was treat-
ed with NaCNBH3 in borate buffer (50 mM, pH 9.0). The
CEM was extensively washed with PBS (pH 7.5) and no elu-
tion of protein was confirmed by measurement of absorb-
ance at 220 nm. All preparations were performed at 4 8C.
The obtained CEM was filled with PBS and stored at 4 8C.
An enzyme-polymerizing membrane of the obtained CEM
was observed using a color CCD digital microscope system
(HI-SCOPE DH-2700; Hirox Co., Ltd, Tokyo, Japan).

Estimation of the Amount of Enzyme

To estimate the amount of the immobilized enzyme in the
CLEA, a quantitative amino acid analysis was carried out.
The tube was lightly washed with distilled water, and the
enzyme-membrane was then dried using a vacuum pump,
and peeled from the tube by means of a forceps. The ob-
tained membrane was hydrolyzed by HCl (6M) at 110 8C
for 24 h. The CLEA obtained in a batchwise system was
also treated in a similar manner. The hydrolyzed product
was reacted to phenyl isothiocyanate (PITC), the PITC-la-
beled amino acids were analyzed on an HPLC system using
a Wakosil-PTC (4.0 mmP200 mm, Wako Pure Chemical
Ind., Ltd) with a linear gradient of acetonitrile (60%, v/v)
over 15 min at a flow rate of 1 mLmin�1 at 25 8C. The pro-
tein content was quantified by amino acid analysis using the
standard PITC procedure. The amount of the immobilized
acylase was calculated by comparison with the amino acid
composition of the acylase protein. In the immobilized poly-
ACHTUNGTRENNUNG(Lys), it is very difficult to estimate the precise amount due
to the difficulty of detecting cross-linker-conjugated lysine
residues by amino acid analysis.

Enzymatic Enantioselective Deacetylation of N-
Acetyl-d,l-amino Acids

Acylase activity was estimated using a hydrolytic assay with
Ac-d,l-Phe as a racemic substrate. The substrate was dis-
solved in Tris buffer (50 mM), and adjusted the pH 8.0 with
NaOH (6M). In a batchwise system using free acylase and
acylase-CLEA, an equal amount of substrate solution was
mixed with free acylase dissolved or acylase-CLEA suspend-
ed in Tris-HCl buffer (50 mM, pH 8.0) by vigorous stirring
at 3,000 rpm in a microtest tube. The enzymatic reaction
was terminated by the addition of 0.2M HCl (final concen-
tration of 0.1M pH 2.0). In the CEM system, the substrate
solution was charged into a 1 mL syringe, and supplied to
the tubing CEM using a syringe pump. The flow rate affect-
ed the reaction time which corresponded to the residence
time in which the substrate solution flowed through the
CEM. Standard enzymatic reactions were performed at
40 8C in a thermostated incubator. The reaction product was
analyzed by an HPLC system using a Wakosil C18 AR
column (3.0P250 mm, Wako Pure Chemical Ind., Ltd) with
a linear gradient of TFA (0.05%)-acetonitrile over 30 min at
a flow rate of 0.5 mLmin�1 at 25 8C. The reaction yields
were calculated from the peak area calibrated with the stan-
dard compound. Km and Vmax were computed by fitting the

data to the Michaelis–Menten equation using a public
domain program, GNUPLOT. The optical yields of the ob-
tained products were calculated from the peaks of l-Phe
and d-Phe which were analyzed by HPLC system using a
Chirobiotic T column (4.6P250 mm, Tokyo Kasei Kogyo
Co., Ltd) with an isocratic flow of 50% ethanol for 12 min
at a flow rate of 0.8 mLmin�1 at 30 8C.
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