
Self-Immobilizing Oxidoreductases for Flow
Biocatalysis in Miniaturized Packed-Bed
Reactors

The industrial implementation of enzymes in flow biocatalysis microreactors is 
expected to be essential for the emergence of a bio-based circular economy. Major 
challenges concern the efficient immobilization of delicate enzymes inside minia-
turized reactors without compromising their catalytic activity. We describe the 
exploitation of the widely used His-tag system in a microfluidic packed-bed reac-
tor that contains ketoreductase-functionalized magnetic beads. In a continuous 
process, these reactors produced highly stereoselective (R)-configured alcohols 
(d.r. 99:1) with an average conversion of > 90 % for more than 4 days. We believe 
that such miniaturized flow reactors can be of great utility for future sustainable 
production processes.
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1 Introduction

Enzymes are powerful natural catalysts that have been perfectly
tuned by evolution to accelerate a specific reaction, often much
more efficiently than catalysts for the same reaction developed
by man. Their industrial implementation is expected to have
an enormous impact on the emergence of a bio based circular
economy or ‘‘bioeconomy’’ with a net carbon emission of zero,
resulting in sustainable synthesis processes for the efficient
conversion of renewable biomass as an alternative to petro
chemicals [1]. Recent progress in the implementation of bio
catalysts for the production of pharmaceutical drugs, such as
Ipatasertib (Roche) [2], Montelukast (Singulair� by Merck
Sharp & Dohme) [3], Atorvastatin (Sortis�, Atorvalan�, or
Lipitor� by Pfizer) [4], or Sitagliptin (Merck Sharp & Dohme)
[5], clearly indicates the applicability of this approach to indus
trial production processes [6]. However, further improvement
of this approach will crucially depend on the availability of
flexible and robust technical production platforms. Towards
this end, a rich source of innovation for modular production
processes is currently drawn from biological means for the
compartmentalization and cascading of multiple enzymatic
transformations [7 16]. One important approach to implement
enzyme cascades into future biocatalytic processes takes
advantage of compartmentalized microfluidic reactors. These
microreactors offer a high level of control over temperature
profiles and diffusion based mixing [17, 18]. However, a major
challenge for the establishment of flow biocatalysis in micro
reactors concerns the immobilization of isolated enzymes [19].
In many cases, purified enzymes are immobilized through sim
ple non specific physisorption on charged carrier particles.
However, this approach can lead to a strong decrease or even

total loss of enzymatic activity [18, 19]. Several less harsh
immobilization strategies rely on enzymes that are chemically
tagged with affinity ligands, such as biotin [20, 21] or DNA
oligonucleotides [22]. Since such approaches require additional
efforts for chemical modification and purification of the
enzymes, we have recently established a set of genetically
encoded tags for enzyme immobilization [23 25]. These are
based on mild orthogonal coupling systems, such as the strep
tavidin binding peptide (SBP) tag [26], the SpyTag/SpyCatcher
(ST/SC) system [27], or a variant of the Halo tag system [28]
dubbed as HOB (Halo based oligonucleotide binder) [29]. In
deed, the self immobilizing enzymes can be used even directly
from crude cell extracts [23, 24], and the feasibility of this
approach was recently confirmed for Halo tagged enzymes
[30, 31]. Moreover, silica binding modules (SBM, also dubbed
as Zbasic2 tag) can be genetically engineered into enzymes of
interest to enable their immobilization on silica substrates, such
as, e.g., borosilicate glass [32].

However, in the light of these recent developments, it is also
necessary to consider established protein tags, such as the
hexahistidine (His) tag, which is widely applied in affinity puri
fication of recombinant proteins. Despite several drawbacks
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associated with His tag immobilization, such as a relatively low
affinity (Kd ~ 3 mM) [33] and specificity [34], as well as poten
tially adverse effects on the activity of enzymes containing diva
lent metal ions [35], this approach has been successfully
applied to one step purification and immobilization to generate
enzymatic cascade reactions in microchips [36 39], on
microbeads [40 42], or on polymer coated controlled porous
glass beads (EziGTM) [43 45]. Other advantages of the His tag
include its short six amino acid sequence that can be intro
duced conveniently in a single polymerase chain reaction
(PCR) step and the variety of well established and commer
cially available equipment for purification and analysis. To ena
ble direct comparison of the well established His tag with the
recently described self immobilization systems [23, 24], we
here report on the use of His tagged oxidoreductases for flow
biocatalysis in miniaturized packed bed reactors loaded with
enzyme functionalized magnetic beads (MB) (Fig. 1). We
employed the highly (R) stereoselective ketoreductase LbADH
(alcohol dehydrogenase from Lactobacillus brevis), in combina
tion with a glucose dehydrogenase (GDH) for continuous
cofactor regeneration, for setting up microfluidic packed bed
reactors that produce highly stereoselective (R) configured
alcohols in a continuous process for more than 4 days.

2 Experimental

2.1 Cloning of Plasmids

The cloning of the expression plasmids for His LbADH and
GDH His was done as previously described [25].

2.2 Expression, Purification, and Characterization
of Enzymes

Expression, purification, and characterization of the proteins
were done as previously described [24, 25]. In brief, Escherichia
coli BL21(DE3) cells were transformed with the corresponding
expression vectors using electroporation. The freshly trans
formed E. coli cells harboring the plasmids were selected
overnight on Luria Bertani (LB)/agar plates supplemented with
100 mg mL–1 ampicillin at 37 �C. Liquid cultures of 20 mL LB

medium containing ampicillin were started from the overnight
plate cultures. The cultures were incubated for 14 18 h at
37 �C, 180 rpm in a 150 mL shaking flask and were then trans
ferred into 4 L shaking flasks with 2 L LB medium containing
ampicillin and incubated at 37 �C, 180 rpm until the optical
density at 600 nm (OD600) reached a value of 0.6. The tempera
ture was then lowered to 25 �C and isopropyl b d 1 thiogalac
topyranoside (IPTG) was added to the media in a final concen
tration of 0.1 mM for an additional 16 h. The cells were
harvested by centrifugation (10 000·g, 10 min) and resus
pended in 30 mL buffer A (50 mM NaH2PO4, 300 mM NaCl,
1 mM MgCl2, 10 mM imidazole, pH 8.0). After disruption of
the cell membrane by ultrasonication, the cell lysate was
obtained by centrifugation (45 000·g, 1 h), filtered through a
0.45 mm Durapore polyvinylidene fluoride (PVDF) membrane
(Steriflip, Millipore) and loaded on a HisTrap FF (5 mL) Ni2+

nitrilotriacetic acid (NTA) immobilized metal affinity chroma
tography (IMAC) column (GE Healthcare, Germany) mounted
on an Äkta Pure liquid chromatography system (GE Health
care, Germany). The column was washed with 50 mL of buffer
A and the His tagged GDH and LbADH were eluted with
100 % buffer B (50 mM NaH2PO4, 300 mM NaCl, 500 mM
imidazole, pH 8.0). Subsequently, the buffer was exchanged to
KPi Mg (100 mM K2HPO4/KH2PO4 pH 7.5, 1 mM MgCl2) by
Vivaspin 10 000 MWCO (molecular weight cut off; GE Health
care). The purity of the recombinant, purified proteins was
analyzed by standard discontinuous sodium dodecylsulfate
(SDS) polyacrylamide Laemmli midi gels, visualized by
Coomassie staining. The protein concentrations were deter
mined by UV Vis spectroscopy, using the theoretical molar
extinction coefficients at 280 nm, as calculated by the Geneious
software version 8.0.5 [46].

2.3 Enzyme Immobilization on Magnetic
Microbeads

Per milligram of the MB (DynabeadsTM His tag Isolation and
Pulldown from Thermo Fisher Scientific), 1 nmol of
His LbADH or GDH His was mixed for 30 min at 30 �C in a
tube rotator. The MB were subsequently washed three times
with KPi Mg supplemeted with 0.01 % Tween 20 (KPi Mg T).

2.4 Determination of Enzyme
Activity

Determination of enzyme activity was car
ried out as previously described [24, 25]. In
brief, the reaction mixtures contained
5 mM 5 nitrononane 2,8 dione (NDK) 1 in
KPi Mg T supplemented with 100 mM
glucose, 1 mM NADP+ and an excess of
10 mM GDH His for the determination of
the average specific activity of free and
immobilized His LbADH. The mixture was
preincubated for at least 30 min at 30 �C,
before the reaction was started by adding
0.5 mM His LbADH or 200 mg enzyme

Figure 1. Compartmentalized microfluidic packed-bed reactor loaded with enzyme-
functionalized magnetic beads. The four-channel PMMA chip is mounted on a tempera-
ture-controlled chip holder which serves as chip-to-world interface. Rectangular Nd
magnets underneath the channel compartments retain the enzyme-functionalized
superparamagnetic beads inside the reactor. The beads are functionalized with Co2+, for
selective binding of the His-tagged enzymes, GDH-His or His-LbADH.



functionalized His LbADH@MB Co2+. The mixtures were in
cubated for 20 min at 30 �C, 1000 rpm in a 2 mL reaction cup.
In order to measure the GDH His activity, 0.5 mM GDH His or
200 mg GDH His@MB Co2+ was incubated together with an
excess of 10 mM His LbADH, using the same conditions as
described above. Samples were taken manually at variable time
intervals and analyzed by chiral high performance liquid
chromatography (HPLC).

2.5 Determination of the MB Binding Capacity

For SDS gel analysis of the protein binding capacity of
MB Co2+, the non covalent immobilization of the His tag with
Co2+ on the bead surface was first disrupted by heating 125 mg
enzyme functionalized beads in 1 % (v/v) SDS for 10 min at
95 �C. The supernatant from the denatured MB samples was
purified by magnetic separation and analyzed by standard dis
continuous SDS polyacrylamide Laemmli midi gels. The bands
were visualized by Coomassie staining and compared to the
PageRulerTM prestained protein ladder plus (Thermo Scientific)
as well as with calibration samples that contained predefined
amounts of the corresponding purified protein (0.25, 0.5, 1,
and 2 mg). The comparative greyscale analysis was performed
with the ImageJ 1.48v software [47].

2.6 Microfluidic Experiments

The microfluidic particle reactors were prepared as previously
described [24]. In brief, the enzyme functionalized MB Co2+

were loaded into the individual compartments of a polymethyl
methacrylate (PMMA) chip (microfluidic ChipShop, Jena,
Germany) comprising four linear flow channels that can be
connected with each other by conventional polytetrafluoro
ethylene (PTFE) tubing. The chipholder was equipped with
eight Nd permanent magnets, positioned underneath each of
the channels of the chip. Filling of the compartments with bead
suspension was achieved through a Mini Luer to pipette
adapter through an inserted pipette tip using a negative flow
rate of 50 mL min–1. This led to the formation of a non homo
genously distributed layer of MB induced by the non homoge
neous magnetic field. The dimensions of one channel are
58.5 mm (length) · 1.0 mm (width) · 0.2 mm (height), corre
sponding to a total volume of 11.7 mL. The reactor volume of
10 mL, however, was determined by the magnetic zone induced
by the Nd magnets arranged underneath. Loading of typically
4.5 mg MB Co2+ led to a filled reactor volume of approximately
7 mL. Given this volume and a flow rate of 1 mL min–1, the typi
cal residence time was 7 min. Although the performance of
packed bed reactors depends on the particle packing and liquid
flow patterns, we used the maximum reactor volume of 10 mL
to calculate the space time yield (STY) for a simplified
approach and to allow comparison with earlier work [24, 48].
The filled channels were connected with short PTFE tubing
(internal diameter 0.5 mm) using Mini Luer plugs (microfluidic
ChipShop). The same tubing and plugs were used to connect
the inlet of the assembled chip with the syringes containing the
cofactor/substrate solution controlled by a CETONI neMESYS

base module and the outlet with the CETONI Compact
Positioning System rotAXYS. The system was controlled by the
QmixElements software. The HT200 temperature controlled
chipholder (ibidi GmbH, Germany) was set to hold 30 �C. The
syringe pumps were filled with 5 mL of the reaction mixture
(Sect. 2.4) supplemented with 0.01 % sodium azide to avoid
fouling. The chip outflow was automatically fractionated by the
rotAXYS system into a 96 well plate, which contained 50 mL
7 M NaClO to stop all enzymatic reactions. The samples were
subsequently analyzed by chiral HPLC (Sect. 2.7).

2.7 Chiral HPLC Analysis

Synthesis and characterization of NDK 1 and the analysis of
the reaction products by chiral HPLC were performed as previ
ously described [49]. In brief, ethyl acetate extracts from the
reaction mixtures (described above) were dried and resus
pended in 100 mL of the mobile phase (90 % n heptane,
10 % 2 propanol) and 10 30 mL of the solution was analyzed
by chiral HPLC (Agilent 1260 series HPLC equipped with a
diode array detector (210 nm) on a Lux 3m Cellulose 1
(150 ·2.00 mm) chiral column (Phenomenex)). Specific
running conditions were used for the analysis of the hydroxy
ketones 2 (method A: chromatography solvent 90 % n heptane/
10 % 2 propanol, 10 min isocratic, a column oven temperature
of 10 �C and a flow rate of 0.5 mL min–1) and for the diols 3
(method B: chromatography solvent 98 % n heptane/2 %
2 propanol, 20 min isocratic, a column oven temperature of
45 �C and a flow rate of 1.0 mL min–1).

3 Results and Discussion

3.1 Expression, Purification, and Characterization
of the Oxidoreductases

To explore and validate the utility of the His/Co2+ system for
microfluidic biocatalysis, we chose a stereoselective ketoreduc
tase (KRED), the (R) selective alcohol dehydrogenase LbADH
(EC 1.1.1.2) from Lactobacillus brevis ATCC 14869 (Taxonomy
ID: 649758). As the substrate, we used the prochiral CS sym
metrical NDK 1, which can be reduced, depending on the
KRED selectivity, either on one or on both of the two carbonyl
functions to create four different stereoisomers of hydroxy
ketones 2 or diols 3, respectively (Fig. 2 a) [49]. Since all stereo
isomeric products can be readily analyzed by chiral HPLC
(Fig. 2 b), the enantiogroup differentiating reduction of the
prochiral NDK 1 is ideally suited to evaluate and quantitatively
analyze the biocatalytic activity of the LbADH. To cope with
the high demand for the structurally complex and expensive
KRED cofactor, nicotinamide adenine dinucleotide phosphate
(NADPH), two options were conceivable. The most simple
approach uses the ability of LbADH to regenerate its own
cosubstrate through the oxidation of 2 propanol to acetone
[50] (route I in Fig. 2). However, since the LbADH productivity
was found to be lower because of the additional oxidation step
[24], we used the NADP(H) regeneration enzyme (NRE) GDH
(EC 1.1.1.47) from Bacillus subtilis subsp. natto (Taxonomy ID:



86029) in order to supply the cofactor in situ (route II in
Fig. 2). In comparison to other NRE systems, such as formate/
lactate decarboxylases, GDH does not produce CO2 gas
bubbles, which are detrimental for microfluidic processes.

The His tagged LbADH and GDH enzymes were cloned,
heterologously overexpressed in E. coli and purified to homoge
neity using IMAC as previously described [25]. The purity of
the enzymes was found to be > 95 %, as determined by
SDS PAGE with subsequent Coomassie staining (Fig. 3).

Next, the reaction kinetics and stereoselectivity for the
conversion of NDK 1 into the hydroxyketone 2 and diol 3
products by the purified enzymes in solution was analyzed by
chiral HPLC. As expected, the (R) selective LbADH His
produced the (R) syn/anti hydroxyketones 2c/d (e.r. > 99:1;
d.r. ~60:40), which were then rapidly further reduced to form
the pseudo C2 diol 3d. The specific activities of the enzymes
are shown in Tab. 1.

We chose a flow rate of 1 mL min–1, leading to the typical res
idence time of 7 min, as well as the typical enzyme ratio and
particle loading (discussed below in Sect. 3.3) to allow the di
rect comparison with the previously described packed bed re
actor [24]. The in depth comparison of the enzymatic activities
in solution revealed that the His LbADH variant showed a
13 % lower activity than a previously described LbADH variant
with a 39 amino acid SBP tag [24] and a 30 % higher activity
than an LbADH variant [25] that contained the 113 amino
acid SpyCatcher domain for specific immobilization. The puri
fied GDH His enzyme variant showed a more than threefold
higher specific activity than a previously described GDH SBP
variant [24]; however, the activity was still 20 % lower than that
of a variant fused with the SpyTag (13 amino acid) peptide
[25]. Although all enzyme activities found here are in the same
order of magnitude, the slight changes nevertheless clearly em
phasize that genetic fusion is often accompanied by changes in
the specific activity.

Figure 2. (R)-selective reduction of the prochiral Cs-symmetrical NDK 1 by LbADH. (a) NDK 1 reduction
employing different methods for NADPH cofactor regeneration. Note that for the sake of simplicity, only
(R)-selective reaction products are shown; for the structure of the corresponding (S)-selective reaction
products, i.e., the syn/anti-hydroxyketones 2a/2b and the (S,S)-pseudo-C2-diol 3c or the meso-syn/anti-
diols 3a/3b, see [49]. The NADPH cofactor can be regenerated either by the LbADH-mediated oxidation
of 2-propanol to acetone (route I) or by the ‘‘helper’’-enzyme glucose dehydrogenase (GDH), which is
oxidizing glucose to gluconolactone (route II). (b) Exemplary chiral HPLC chromatogram showing the
separation of all educts and products of the reduction of NDK to the (R)-hydroxyketone 2c/2d and
further to the (R,R)-configured pseudo-C2-diol 3d.



3.2 Immobilization of the Purified Oxidoreductases
on MB

Apart from optimal catalytic activity of the enzymes, maximiz
ing the volumetric activity of flow reactors is of key importance
and is determined by the binding capacity of the inner reactor
surface and the carrier materials utilized. In our previous work,
we utilized Dynabeads microparticles with a diameter of
2.7 mm to increase the reactor surface/binding capacity from
approximately 140 mm2 (empty) to 6700 mm2 (filled) [24]. By
employing beads with a diameter of only 1.0 mm, we here
further increase the effective reactor surface by approximately
2 3 fold and thus improve the theoretical enzyme binding
capacity.

Next, the specific enzyme binding capacity of the commer
cially available, Co2+ functionalized superparamagnetic MB
(MB Co2+) was determined. To this end, MB Co2+ were incu
bated with an excess of the purified enzymes for 30 min and
then isolated by magnetic separation. In order to determine the
amount of enzyme immobilized on the MB (enzyme@MB), the
enzyme functionalized beads were stripped by heating for
10 min at 95 �C in 1 % SDS sample buffer. The amount of re
moved enzymes was then determined by SDS PAGE. The bind
ing capacity was calculated from comparative greyscale analysis
(Fig. 4) and the results are summarized in Tab. 2. The obtained
data indicates that similar amounts of 1 ± 0.1 nmol correspond
ing to 28 ± 2 mg of both enzymes, His LbADH and His GDH,
were immobilized per milligram of MB. These results are only
25 % lower than the nominal binding capacity for a monomeric
protein of the same size, as given by the supplier. As expected,
the application of the smaller beads with a diameter of 1.0 mm
resulted in a threefold higher binding capacity than the recently

Figure 3. Characterization of the enzymes GDH-His and His-
LbADH using a Coomassie-stained SDS-polyacrylamide gel.
Lane 1: PageRuler Prestained Protein Ladder Plus (Thermo Scien-
tific); lane 2: GDH-His (29 kDa), lane 3: His-LbADH (27.6 kDa).

Table 1. Specific activities of the purified enzymes.

MW Specific activitya)

[gprotein molsubunit
1] [mmolsubstrate min 1mgprotein

1] [mmolsubstrate min 1mmolsubunit
1)]

His LbADH 27 638 13.4 ± 0.7 371 ± 18

GDH His 29 014 3.7 ± 0.4 106 ± 11

a)Specific activities of the purified His LbADH and GDH His using NDK 1 and glucose as substrates. The specific activity data is normalized to protein
subunits because LbADH [50] and GDH [55] are homotetramers. The data represent the mean of at least triplicate analyses ± 1 SD (standard devia
tion).

Table 2. Specific enzyme binding capacity of the MB-Co2+ beads and activities of the immobilized enzymes.

MW MB Co2+ binding capacitya) Specific activityb)

[gprotein

molsubunit
1]

[mgprotein

mgMB
1]

[nmolsubunit

mgMB
1]

[nmolsubstrate

min 1mgMB
1]

[mmolsubstrate

min 1mgprotein
1]

[mmolsubstrate

min 1mmolsubunit
1]

His LbADH@MB Co2+ 27 638 30 ± 1 1.1 265 ± 15 8.9 ± 0.5 255 ± 14

GDH His@MB Co2+ 29 014 28 ± 1 1.0 14.1 ± 3.8 0.5 ± 0.1 15 ± 4

a)MB Co2+ binding capacity analyzed by comparative greyscale analysis shown in Fig. 4. The bead binding capacity data is normalized to protein sub
units because LbADH [50] and GDH [55] are homotetramers. The data represent the mean of at least triplicate analyses ± 1 SD (standard deviation).
b)Specific activities of immobilized His LbADH and GDH His, determined by using NDK 1 and glucose as substrates. The data represent the mean of
at least triplicate analyses ± 1 SD.



described 2.7 mm diameter streptavidin coated beads (MB
STV) [24].

drance and blocked active sites in the more tightly packed
enzymes on the Co2+ beads or by a changed local environment

In a next step, the catalytic activities of the 
enzyme functionalized beads were determined by 
chiral HPLC. The results are shown in Tab. 2. We 
found that the specific activity of the His 
LbADH@MB Co2+ beads was more than threefold 
higher than that of the previously described 
LbADH SBP@MB STV. This correlates with the 
approximately 2 3 fold higher binding capacity. 
However, despite the higher binding capacity, the 
GDH His@MB Co2+ beads only showed a 75 %
higher activity than GDH SBP@MB STV. This 
result suggested that immobilization of the 
GDH His on the MB Co2+ beads led to a reduction 
of the enzyme’s activity.

Indeed, careful analysis and comparison of 
enzymatic activities in either the free or bound 
state indicated that the activity of the bead immo 
bilized enzymes was reduced (Fig. 5). MB immobi 
lized His LbADH had a residual activity of 69 %, 
whereas the immobilized GDH His showed a 
residual activity of only 14 %. It is important to 
note that the previously described immobilization 
of these enzymes via the SBP tag or the HOB tag 
only led to a slight decrease in activity of 20 %. The 
observed differences in the activity of immobilized 
enzyme could be caused either by sterical hin

Figure 4. Specific MB-Co2+ bead binding capacity for the enzymes His-LbADH (a) and GDH-His (b) analyzed by comparative greyscale
analysis. The amount of protein on the MB (lanes 5 7) was determined by comparison with the band intensities of proteins with known
concentrations (lanes 1 4; M: protein ladder).

Figure 5. Specific activity of free and MB-immobilized enzymes. Data and error
bars represent the mean of triplicate analyses.



of the enzymes on these beads. Despite the loss of activity, both
types of enzyme functionalized beads were fully functional and
could thus be used in microfluidic flow through systems.

3.3 Application of Self-Immobilizing
Oxidoreductases in Miniaturized Flow Reactors

To study the performance of self immobilizing His tagged
fusion enzymes, we used the previously described compart
mentalized microfluidic packed bed reactor, which can be con
veniently loaded with magnetic beads (Fig. 1). The microfluidic
packed bed reactor consists of a PMMA chip that contains four
microchannels, each with a volume of about 10 mL (Fig. 1) [51].
The chip had rectangular Nd magnets located underneath the
microchannels to retain the superparamagnetic beads, which
were loaded by simple infusion of a bead suspension. The
channels were each loaded with 4.5 mg of a mixture of
microbeads, containing 4 mg GDH His@MB Co2+ and 0.5 mg
His LbADH@MB Co2+. This 8:1 ratio of enzyme coated
microbeads was used to allow a comparison with the previously
described packed bed reactor and to compensate for the differ
ences in catalytic turnover between GDH and LbADH [24].
The so assembled microreactor was operated at a flow rate of
1 mL min–1 at 30 �C for up to 109 h. The educt/product distribu
tion in the outflow of the reactor was determined via chiral
HPLC analysis (Fig. 6). In the first two days, the reactor showed
an average overall NDK conversion of 98 % to form 8 %
(R) syn/anti hydroketone 2c/d with 90 % of the wanted diol 3d
product, resulting in a diol STY of 131 g L–1day–1. This STY was
> 30 % higher than that of the previously described packed bed
reactor with larger beads [24] (Tab. 3). However, due to higher
amounts of protein in the channels, the specific productivity
(about 1.0 g Lreactor volume

–1day–1mgprotein
–1] was only less than

50 % of that observed in the previous study [24]. Most likely,
the lower specific productivity, as compared to the other sys
tems, is due to the lower apparent activity of the immobilized
enzymes. The reason for this is likely the crowding effect trig
gered by the high protein loadings. This could lead to mass
transport limitations for the substrates to access the immobi
lized active sites. In general, however, as indicated in Tab. 3, all
the evaluated binding tags (His, SBP, Halo or HOB) are well
suited for the fabrication of flow biocatalysis reactors. In agree
ment with the previous comparison of SBP versus HOB [24],
no substantial leakage of bound proteins occurs during reactor
operation. Hence, the present study confirms that enzyme
microreactors based on non covalent immobilization tech
niques exhibit a high process stability that is at least as good as
that observed for covalent enzyme immobilization.

4 Conclusion

In conclusion, we herein demonstrate that oxidoreductases
equipped with the commonly used His tag can be employed as
self immobilizing biocatalysts in miniaturized packed bed flow
reactors. With this approach, enzymes can be used without
extensive purification and the reactor can be assembled from
commercially available standard parts, thereby significantly
reducing time and cost for the development of new catalytic
reactions. We here used the industrially relevant LbADH for
stereoselective syntheses of chiral alcohols. However, our con
cept should also be applicable to many other industrially rele
vant enzymes, such as imine reductases [52], P450 monooxy
genases [53], or transaminases [54]. We therefore anticipate
that flow reactors equipped with self immobilizing biocatalysts
could be of tremendous utility for the future development of
sustainable production processes.

Figure 6. Stereoselective reduction of NDK 1 to (R)-syn/anti-hydroketone 2c/d and diol 3d in a microfluidic packed-bed reactor. The chip
configuration scheme is shown next to the product formation graph, indicating that the channel contained His-LbADH@MB-Co2+ and
GDH-His@ MB-Co2+ in a ratio of about 8:1. The graphs illustrate the educt/product distribution determined by chiral HPLC in the outflow
of the reactor. Note that the drop in product formation at 46 h was caused by the exchange of the substrate solution. The data and error
bars represent the mean of triplicate analyses.
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Abbreviations

d.r. diastereomeric ratio
e.r. enantiomeric ratio
GDH glucose dehydrogenase
His hexahistidine
HOB Halo based oligonucleotide binder
HPLC high performance liquid chromatography
IMAC immobilized metal affinity chromatography
IPTG isopropyl b d 1 thiogalactopyranoside
KRED ketoreductase
LbADH (R) selective alcohol dehydrogenase from

Lactobacillus brevis
MB magnetic bead
MWCO molecular weight cut off
NADP+/NADPH oxidized/reduced nicotinamide adenine

dinucleotide phosphate
NDK 5 nitrononane 2,8 dione
NRE NADP(H) regeneration enzyme
NTA nitrilotriacetic acid
OD optical density
PAGE polyacrylamide gel electrophoresis
PMMA polymethylmethacrylate
PTFE polytetrafluoroethylene
SBP streptavidin binding peptide
SC SpyCatcher
SDS sodium dodecyl sulfate
STV streptavidin
STY space time yield
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