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Abstract

Microstructured reactors are promising engineering tools to develop emerging flow-chemistry
applications. Apart from their purely chemical applications, microreactors have also drawn
significant attention for use in biocatalysis. A promising layout involves flow microchannels
that are wall-coated with enzyme. In this study, an immobilization procedure was developed
that involves fusion of the target enzyme to the cationic binding module Zpasic2 (58 amino
acids; 7 kDa mass) to enable oriented immobilization on negatively charged surfaces based on
convenient charge complementarity. The effects of multiple Zpssicc modules in a single
enzyme molecule on immobilized performance in a glass microreactor were studied for
sucrose phosphorylase (SPase). Results showed that multivalent constructs reached a higher
value of space-time yield and operational stability as compared to monovalent construct
contains one Zpgsico.

A fundamental problem of enzyme microreactor design is that plain microchannels without
extensive static internals, or packings, offer limited exposed surface area for immobilizing the
enzyme. To boost the immobilization in a manner broadly applicable to enzymes, we coated
borosilicate microchannels with silica nanosprings. Using a multivalent Zp,sico construct of
SPase, it was shown that the nanosprings-coated microchannel boosted the conversion rate,
but also the operational stability, as compared to the plain microchannel.

To explore the application of immobilized enzyme microreactors in another aspect, we also
studied the easy integration of O, sensor systems into microreactors to study the performance
of an O,-dependent enzyme, namely glucose oxidase.

Considering the high efficiency of the Zpasico immobilization method demonstrated in proof of
principle studies, we expanded the research to the development of a self-sufficient
monooxygenase biocatalyst. Cytochrome P450 monooxygenases (P450s) promote
hydroxylations, via oxygen insertion from O, in a broad variety of substrates. However,
operating P450 reactions involves complex management of the main substrate, O, and
NADPH reducing equivalents against an overall background of low enzyme operational
stability. Using enzymes as fusion proteins with Zpasic2, the canonical P450 monooxygenase
(P450 BM3) was co-immobilized with glucose dehydrogenase (as a cofactor regeneration
enzyme) on anionic sulfopropyl-activated carrier (ReliSorb SP). The immobilized P450 BM3
showed a high total turnover number and remarkable number of reusability. This study
therefore supports the idea of practical heterogeneous catalysis by P450 monoxygenase
systems immobilized on solid support. The results provide an important step towards the
application of complex biocatalysts in continuous microreactors.



Zusammenfassung

Mikrostrukturierte Reaktoren sind vielversprechende technische Werkzeuge fur die
Entwicklung von Anwendungen der Flow Chemistry. Abgesehen von ihrer reinen chemischen
Anwendung, haben Mikroreaktoren auch durch ihre Anwendung in der Biokatalyse
Aufmerksamkeit auf sich gezogen. Eine vielversprechende Ausfuihrung beinhaltet Durchfluss-
Mikrokandle, deren Wé&nde mit Enzym gesattigt sind. In dieser Arbeit wurde eine
Immobilisierungsmethode entwickelt, welche auch die Fusion des gewunschten Enzyms an
ein kationisches Bindungsmodul Zpsic; (58 Aminoséuren; 7 kDa Masse) miteinschlief3t, um
eine geordnete Immobilisierung an negativ geladene Oberflachen basierend auf ndtzlicher
Ladungskomplementaritat zu ermdglichen. Untersucht wurden die Effekte auf die
Immobilisierungseffizienz von mehreren Zpasicc Modulen an einem einzigen Enzym Molekill
fir Sucrose Phosphorylase (SPase). Die Resultate zeigten, dass Konstrukte mit mehreren
Modulen Zpgsicz, im Vergleich zu Konstrukten mit einem Modul einen hoheren Wert bei der
Space-Time-Yield und der operative Stabilitat erreichten.

Ein elementares Problem des Enzym-Mikroreaktor-Designs ist das einfache Mikrokandle
ohne umfangreiche statische Einbauten oder Fillkdrper nur wenig freiliegende Oberfléache fiir
die Immobilisierung der Enzyme anbieten. Um die Immobilisierung fur eine erweiterte
Anwendbarkeit fir Enzyme zu steigern, haben wir die Oberflache der Borosilikat-
Mikrokandle mit Silica-Nanosprings beschichtet. Durch Verwendung von einem Konstrukt
mit mehreren Modulen Zyico, konnte gezeigt werden, dass mit Nanosprings-beschichteten
Mikrokanélen im Vergleich zu unbeschichteten Mikrokanélen sowohl die Konversionsrate als
auch die operative Stabilitat gesteigert werden konnte.
Um einen anderen Aspekt der Anwendung von immobilisierten Enzym-Mikroreaktoren zu
erforschen, haben wir die einfache Integration von O, Sensorsystemen untersucht, um die
Effizienz des O, abhdngigen Enzyms Glucose Oxidase zu erforschen.
Unter Beriicksichtigung der hohen Effizienz der Immobilisierungsmethode mit Zpaic, in
,Beweis des Prinzips“-Studien, haben wir unsere Erforschung auf die Entwicklung eines
autarken Monooxygenase Biokatalysators erweitert. Cytochrome P450 Monooxygenasen
(P450s) begunstigen Hydroxylierungen durch die Einbringung von Sauerstoff in eine
breitgefacherte Menge an Substraten. Allerdings ist fur die Anwendung von P450 Reaktionen
ein komplexes Management des Hauptsubstrats, O, und NADPH reduzierende Aquivalente
notwendig im Gegenzug zur niedrigen operativen Enzymstabilitdt. Durch Verwendung von
Enzymen als Fusionsproteine mit Zy,sico, Wurde die kanonische P450 Monooxygenase (P450
BM3) mit Glucose Dehydrogenase (als Cofaktor regenerierendes Enzym) auf anionischem
Sulfopropyl-aktiviertem Tragermaterial (ReliSorb SP) coimmobilisiert. Das immobilisierte
P450 BM3 zeigte eine hohe total turn over number und eine bemerkenswerte
Wiederverwendbarkeit. Diese Arbeit unterstiitzt aufgrund dessen die Idee der praktischen
heterogenen Katalyse von P450 Monooxygenase Systemen immobilisiert auf festen
Tragermaterialien. Die Resultate liefern einen wichtigen Beitrag fir die Anwendung von
komplexen Biokatalysatoren in kontinuierlichen Mikroreaktoren.
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Multivalency Effects on the Immobilization of Sucrose
Phosphorylase in Flow Microchannels and Their Use in the
Development of a High-Performance Biocatalytic

Microreactor

Donya Valikhani,” Juan M. Bolivar,”™ Martin Pfeiffer,™ and Bernd Nidetzky*™® !

Microstructured reactors are emerging engineering tools for
the development of biocatalytic conversions in continuous
flow. A promising layout involves flow microchannels that are
wall-coated with enzyme. As protein immobilization within
closed microstructures is challenging, we suggested a confluent
design of enzyme and microreactor: fusion to the silica-bind-
ing module Z,.. is used to engineer enzymes for high-affinity
oriented attachment to the plain wall surface of glass micro-
channels. In this study of sucrose phosphorylase, we examined
the effects of multiple Z,,, modules in a single enzyme mole-
cule on the activity and adsorption stability of the phosphory-
lase immobilized in a glass microchannel reactor. Compared to
the “monovalent” enzyme, two Z,.., modules, present in
tandem repeat at the N-terminus, separated at the N- and C-

Introduction

Flow chemistry has aroused a great deal of interest in various
fields."® Microstructured reactors are promising engineering
tools to develop emerging flow-chemistry applications. Their
design usually involves a functional network of narrow micro-
channels, each 10-100 pm wide, into which the fluid flow is di-
rected. In addition to offering a general “flow format” for
chemical conversions, microstructured reactors support highly
efficient mass and heat transport because of the large specific
surface area and short diffusion distances in the microchan-
nels.®”" Apart from their purely chemical applications, micro-
reactors have also drawn significant attention for use in bioca-
talysis.®'” However, whenever enzymes are applied to contin-
uous conversions, the question about their recycling arises,
enzyme reuse is then a practical necessity."*' As in macro-
scale reactors, the use of solid-supported immobilized enzymes

[al D. Valikhani, Dr. J. M. Bolivar, M. Pfeiffer, Prof. Dr. B. Nidetzky
Institute of Biotechnology and Biochemical Engineering
Graz University of Technology, NAWI Graz
Petersgasse 12
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Petersgasse 14
A-8010 Graz (Austria)
E1 Supporting information for this article can be found under:
http://dx.doi.org/10.1002/cctc.201601019.
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terminus of an enzyme monomer, or arranged N-terminally in
a protein homodimer, boosted the effectiveness of the immo-
bilized phosphorylase by up to twofold. They attenuated (up
to 12-fold) the elution of the wall-coated enzyme during con-
tinuous reactor operation. The divalent phosphorylase was dis-
tributed uniformly on the microchannel surface and approxi-
mately 70% activity could still be retained after 690 reactor
cycles. Reaction—diffusion regime analysis in terms of the
second Damkdhler number (Da, <0.02) revealed the absence
of mass transport limitations on the conversion rate. The syn-
thesis of «-p-glucose 1-phosphate occurred with a productivity
of ~14mmmin~' at 50% substrate conversion (50 mm). The
use of wall-coated enzyme microreactors in high-performance
biocatalytic reaction engineering is supported strongly.

is appropriate,"®?¥ but in closed microstructures enzyme im-
mobilization is a difficult problem.”"*! A promising micro-
reactor design that integrates the immobilization is one in
which the flow microchannels are wall-coated with the
enzyme used.”"*! However, to create a wall surface that
offers the enzyme activity in the required amount presents
a fundamental challenge in biocatalytic microreactor
development.

To overcome these limitations, we suggested fusion to the
strongly positively charged silica-binding module 7., (58
amino acids; 7 kDa mass) to engineer enzymes for immobiliza-
tion on the wall surface of silica microchannels based on con-
venient charge complementarity.”®*” Silica was considered for
its widespread use in microstructure fabrication. Fixation
through Z,,.., offers decisive advantages for enzyme immobili-
zation on silica materials. By decoupling the function of surface
adsorption from the enzymatic function in the protein struc-
ture, the immobilization is generally applicable to enzymes. It
is highly selective for enzymes that contain Z,;., SO a one-step
purification and immobilization from crude protein mixtures is
usually possible.””*" It does not require the derivatization of
the silica surface. As a result of the defined molecular orienta-
tion of the adsorption, the immobilized enzyme usually retains
its intrinsic activity. The immobilization is readily reversible. By
simply washing the enzyme off, the recycling of the micro-
structured element is achieved conveniently.

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Scheme 1. Development and operation of a biocatalytic microreactor fabricated from glass that features sucrose phosphorylase immobilized on the walls of
the meandering flow microchannel. A) The enzyme is attached to microchannel walls through its Z,,,, binding module, which is highly positively charged
and, therefore, binds to negatively charged silica surfaces with high affinity. The enzymatic reaction that gives aGlc 1-P as the product is shown. B) Different
chimeric forms of sucrose phosphorylase are used to explore multivalency effects from two Z,,,, modules on activity and stability of the immobilized
enzyme. The locations of the N- and C-termini of the enzyme constructs used are indicated. The enzyme from Leuconostoc mesenteroides (LmSPase) is a -
functional monomer, whereas the enzyme from Bifidobacterium longum (BISPase) is a homodimer.

Surface attachment through Z,,, involves only noncovalent
bonds, which gives rise to the caveat that the immobilized
enzyme might be washed off quickly on application of the
fluid flow. Therefore, this study was performed to analyze mul-
tivalency effects from two Z,;, modules in the functional
enzyme, instead of just one, on the activity and adsorption sta-
bility of enzyme immobilized in a glass microchannel reactor. A
comparison between the “divalent” and “monovalent” enzyme
was done using sucrose phosphorylase (EC 2.4.1.7), a well-
known transglucosidase that has important applications in
glycoside and sugar phosphate synthesis.?"" Irrespective of
the spatial arrangement in the phosphorylase structure
(Scheme 1), the presence of two Z,,,, modules compared to
only one was correlated with a strong boost in enzyme reactor
stability during continuous operation. It is also shown that the
wall-coated enzyme was distributed homogeneously on the
microchannel surface; and that, contrary to monovalent bind-
ing, which gave relatively fast “bleeding” of the immobilized
phosphorylase, divalent binding attenuated the enzyme elu-
tion strongly under continuous-flow conditions. We analyzed
the synthesis of a-pb-glucose 1-phosphate (aGlc 1-P) from su-
crose and phosphate (Scheme 1), and the immobilized enzyme
microreactor gave an outstanding performance regarding con-
version rate and space-time yield in the absence of diffusional
limitations.

Results and Discussion

Creating multivalency from two Z,,,;, modules within
a single enzyme molecule

We used the monomeric sucrose phosphorylase from Leuco-
nostoc mesenteroides (LmSPase) as the “monovalent reference”,
and two approaches to induce Z,,;., multivalency were pur-

ChemCatChem 2017, 9, 161-166 www.chemcatchem.org

sued (Scheme 1; Figure S1). One was to append Z.q, to the
N-terminus of the homodimeric sucrose phosphorylase from
Bifidobacterium longum (BISPase), and the other was to incor-
porate two Z,,,, modules in tandem repeat at the N-terminus
of the LmSPase. The effect of the presence of two Z,,,, mod-
ules separated from each other in the LmSPase structure was
examined with a fusion protein that contained Z,,,., both at
the N- and the C-termini. All constructs were expressed in E.
coli to a level of 10% of total intracellular protein or greater.
Purified proteins (Figure S2) showed specific phosphorylase ac-
tivities (69-90 Umg ') comparable to that of the LmSPase ref-
erence. Some basic properties of the enzymes used are
reported in Table S1.

Immobilization in the glass microchannel reactor

A microfluidic chip fabricated from borosilicate glass was used.
It contained a single meandering flow channel (width: 150 pm;
depth: 150 pm; length: 771 mm) with an approximately trian-
gular cross-section (Scheme 1; Figure S3). The hydraulic diame-
ter was calculated to be 92 um.”” The internal surface area
was calculated as 374 mm? by assuming a flat wall surface,
which is explained in the Supporting Information (subsec-
tion S2.1). The calculated volume of the microreactor was
8.67 pulL. The atomic resolution structure of the dimeric sucrose
phosphorylase from Bifidobacterium adolescentis was used to
assess the footprint area of the adsorbed enzymes (Supporting
Information, subsection S2.1). We estimated that approximately
1.0-1.3 pg of protein could be bound maximally to the micro-
channel wall surface by monolayer adsorption (Table S1). With
the known specific enzyme activity, a maximum volumetric
rate in the range 8-12 mmmin~' was calculated (Table S1). In
the immobilization experiments described below, the amount
of enzyme was offered in suitable excess (~40%) over the esti-

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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mated monolayer adsorption in the case that all of the soluble
target protein had been immobilized.

The parameters varied in the immobilization were flow con-
ditions and time, and representative results are shown in Fig-
ure 54. The immobilization was evaluated based on the appar-
ent enzyme activity bound to the plate (E,,,), determined from
the aGlc 1-P released at steady state under standard micro-
reactor conditions (25°C, pH 7.0, [substrate] =50 mm substrate,
flow rate F=5 uLmin™"). Notably, E,pp=[aGIc 1-P] x F. As the
substrate conversion was typically below 50% and diffusional
limitations were also absent (see later), £, was an appropriate
value of the immobilized enzyme activity.

Static immobilization in which the plate was soaked with
enzyme solution for a certain time (1-24 h) was superior to im-
mobilization under flow in which the enzyme solution was re-
circulated over the microplate at a low F of 1 pLmin . The
monovalent enzyme showed weak immobilization under recir-
culation conditions (Figure S4). The immobilization was rela-
tively slow, which suggests that specific interactions between
the enzyme and the surface must be formed for tight binding.
However, after approximately 2 h of static incubation, the im-
mobilization appeared to be complete (Figure S4). Interesting-
ly, the repeated immobilization under static conditions (three
times), which offered ~1 pg of the target protein in each step
with extensive washing of the plate between the steps, did
not enhance the amount of immobilized enzymes. Based on
these results (Figure S4), a comparison of the different Z,,;,—
enzyme fusions (Scheme 1) was made after a static immobiliza-
tion for 2 h. Significant differences were observed among the
individual enzymes with regard to the £, achieved (Figure 1).

200 -

160 A

-
n
=]

/mU —>

Eapp

80 A

40 4

1 2 3 4 5
Immobilized enzyme microreactor

Figure 1. Comparison of sucrose phosphorylase constructs that harbor two
Zy,.52 modules to the monovalent Z_LmSPase reference in terms of £, 1,
Z_LmSPase; 2, Z-Z_LmSPase; 3, Z_LmSPase_Z; 4, Z_BISPase; and 5, purified
Z_BISPase. Error bars show standard deviations from four independent
experiments.

The Z_LmSPase_7 and Z_BISPase constructs reached a mark-
edly high value of E,,, which each exceeded the maximum
level of the immobilized phosphorylase activity for an assumed
protein monolayer adsorption on a flat microchannel surface
(Table S1). The Z_LmSPase and Z-Z_LmSPase constructs fell

ChemCatChem 2017, 9, 161 - 166 www.chemcatchem.org
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behind clearly (up to fivefold) in terms of £, the value of
which was less than half of the calculated maximum (Table S1).
A purified preparation of Z_BISPase was also immobilized,
which gave a value of E,,, comparable to that obtained if the
same enzyme was immobilized in an identical amount from
the E. coli cell extract (Figure 1). This suggests that the immobi-
lization of BISPase was highly selective and not affected by
impurities in the crude enzyme preparation.

We used a simple wash at a high ionic strength (4.75m NaCl
in 50 mM potassium phosphate buffer, pH 7.0; 0.5% Tween 20
added) to elute the immobilized phosphorylase constructs
completely, and the microplate thus regenerated could be ap-
plied to a new immobilization without a loss of adsorption
efficiency.

Multivalency effects on the catalytic effectiveness of the
immobilized enzymes

If we compare different phosphorylase constructs, differences
in E,,, could arise because of differences in the protein
amount and/or the intrinsic activity of the enzymes immobi-
lized. To determine effects in E,,, caused by a change in the in-
trinsic activity of the immobilized relative to the free enzyme,
we recovered the immobilized phosphorylases under elution
conditions known to fully maintain their activity, measured the
activity in the eluate (E,,.) and compared it to the E,,, deter-
mined just before for the immobilized preparation. The ratio
Eypp/Eeune is the effectiveness factor () of the immobilized
enzyme. Notably, the more common and simpler procedure to
determine 5 by comparing the specific activities of immobi-
lized and free enzyme was not applicable here as the amount
of the protein attached to the microstructured plate was too
small to be quantified by the assays used. The immobilized
phosphorylases that contained two Z,,;,, modules exhibited
the same or greater 5 (0.67 £0.05; N=4) within limits of the
experimental error. The generally high value of # supports the
notion that oriented immobilization on silica through the two
Zpasico modules succeeded in maintaining, to a large extent, the
original phosphorylase activity in the immobilized preparations
of these chimeric proteins. Additionally, the results show that
the decreased £, of Z-Z_LmSPase compared to Z_ImSPase_7
and Z_BISPase was not because of an enzyme-construct-specif-
ic effect of the immobilization on the intrinsic activity. The
binding of Z-Z_LmSPase apparently in a lower amount than
that in the other two constructs was not pursued because the
fine-tuned optimization of the immobilization conditions for
each enzyme was not an immediate goal of this study. We also
determined the 5 of each phosphorylase after different times
of microreactor operation and found it to be constant.

The monovalent Z_LmSPase behaved differently to the other
constructs in that its  varied in the range of 0.30-0.65. This
might be the consequence of a heterogeneous population of
immobilized enzymes, probably caused by different modes of
Z_ImSPase binding to the silica surface.

The combined evidence from determination of £,
(Figure 1) and # shows that the multivalency derived from two
Z,..c2 modules instead of just one was highly beneficial for the

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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immobilization of sucrose phosphorylase in silica microchan-
nels. Not only the quantity but also the catalytic “quality” of
the immobilized enzyme could be enhanced in that way. The
dimeric Z_BISPase had a natural advantage over the monomer-
ic LmSPase in that Z,,,, multivalency was intrinsic to its pro-
tein structure. However, we show that the creation of function-
al multivalency from Z,.,, modules was also possible in the
monomeric enzyme in which both Z-Z_LmSPase and Z_
LmSPase_Z constructs exhibited clearly elevated » compared
to the monovalent Z_ImSPase reference.

Multivalency effects on adsorption stability under
continuous flow

To examine whether the multivalency in the enzyme-surface
interaction derived from two Z,,,,, modules would also boost
the adsorption stability of the immobilized phosphorylases
under conditions of fluid flow, we performed time-course ex-
periments with each enzyme construct (Figure 2). To measure

100 1B
.
4
\

@
=)
o

@
1=

Relative E,, | % —>
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20 "Og

[} 200 400 600 800 1000
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Figure 2. Dependence of E,,, (normalized on the initial value) on the time of
reactor operation, expressed as the number of operational cycles, is shown
for the different enzyme constructs used. The symbols show Z_LmSPase (1),
Z-Z_LmSPase (@), Z_LmSPase_Z (c) and Z_BISPase (m). The conditions used
were: F=5 pLmin ', equivalent to ,.,=1.73 min; 50 mm of each sucrose
and potassium phosphate; 25°C, pH 7.0. The number of cycles is calculated
dividing the actual time of operation by ...

the aGlc 1-P concentration at steady state with respect to the
time of reactor operation, the course of £,,, was determined
for each phosphorylase. Time was normalized to the average
residence time used (r.,=microreactor volume/F) to give
a number of reactor operational cycles. The benefit of the
presence of two Z,,;, modules instead of one in the enzyme
is plainly evident from the results presented in Figure 2. The
relative E,,, of Z_LmSPase decreased rapidly so that virtually
80% activity was lost after around 730 cycles. An operational
half-life of around 200 cycles was calculated for Z_LmSPase
from the data. The loss in £,,, was only apparent in that it re-
flected exclusively the washing out but it was not a real inacti-
vation of the enzyme. Z_LmSPase was completely stable in the
time span of the experiment under the conditions used. The
divalent phosphorylase constructs exhibited strongly improved
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operational stability compared to Z_LmSPase, which retained
approximately 70% of the initial £,,, even after 690 reactor
cycles.

Visualization of enzymes immobilized on microchannel
walls

Z_BISPase was immobilized on the microchannel plate, and
the bound enzyme was labeled with fluorescein isothiocyanate
(FITC). The protein wall coating was then visualized by using
confocal laser scanning microscopy (CLSM). The images pre-
sented in Figure 3A and C suggest a quite uniform distribution

A gl ; B !
| $ ' '
100 ym 100 pm
C D
i i
§ &
’z\*u /
100 pm 100 pm

Figure 3. CLSM images recorded from the microstructured plate having Z_
BISPase immobilized on the microchannel walls and subsequently labeled
with FITC. Images from the horizontal section (A, B) and the cross-section (C,
D) of the microchannel are shown. Images were recorded immediately after
immobilization and labeling (A, C). The immobilized enzyme microreactor
was continuously operated, and after approximately 1600 reactor cycles,
when the relative £, was already low (< 0.10), the enzyme was labeled
with FITC (B, D). Notably, because images analysis was done only qualitative-
ly, possible effects from fluorescence saturation are not relevant.

of the enzyme on the channel walls. This was as expected
from, and thus also provides support for, the proposed specific
and oriented molecular interaction of the positively charged
Zyasc2 module with the negatively charged surfaces of the glass
microchannel. To examine the decrease in the E,, of Z_BISPase
(Figure 2) if the underlying cause is protein elution or enzyme
inactivation, we subjected the immobilized enzyme to fluid
flow, exactly as described in Figure 2. After approximately 1600
reactor cycles, if the relative E,pp Was already low (< 0.10), the
remaining enzyme was labeled with FITC and images were re-
corded (Figure 3B and D). These images show a very low fluo-
rescence intensity, which suggests that protein elution is still
mainly responsible for the slow but gradual decrease in the
E,pp Of the multivalent dimeric phosphorylase.

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim



.-(I\?"*ChemPuhSoc
ek Europe

Microreactor performance study and reaction—diffusion
regime analysis

After we had shown that the divalent phosphorylases are
promising catalysts to be used in an immobilized enzyme mi-
croreactor, the question about the actual performance charac-
teristics of such a reactor in the synthesis of aGlc 1-P arose.
Therefore, we used Z_BISPase as an example to analyze the de-
pendence of [0Glc 1-P] released at steady state on the 7,
used.

The 7., was varied by ramping the F up and down in the
range of 1-50 uLmin~', and the results are shown in Figure 4A.
For conditions in which residual substrate (initial concentra-
tion: 50 mm) was still available at steady state, the relationship
between [aGlc 1-P] and 1, was linear, as expected for this
type of reactor if the overall reaction rate is limited solely by
the enzyme activity. At the highest 7., of 8.67 min used, sub-
strate conversion was complete, and a productivity of
5.8 mmmin ' was reached under these conditions. If we take
50% conversion as the target value, the productivity was more
than doubled to 14 mmmin . Notably, these are significant

o
o

30

20

[aGlc 1-P]ImM —— 3>

1.0

2]

0.8

0.6

Conversion ——>

0.4

0.2

0.0
0.00 0.01 0.02
Da, —>

Figure 4. A) Performance characterization and B) reaction-diffusion regime
analysis for the microreactor that contained immobilized Z_B/SPase are
shown. In panel A, the results are from ramping up the F value from 1 to

50 uLmin~' (). In panel B, the conversion is [uGlc 1-P] released divided by
the initial [sucrose], which was 50 mm. Results are shown for F values of
1(0)and 5 pLmin ' (@) and an overall operation time of 48 h. The low
value of Da, indicates limitation of the overall conversion by the biocatalytic
reaction.
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productivities for an enzyme reactor. During flow rate excur-
sion up and down, exactly the same steady-state concentra-
tions of aGlc 1-P were reached again on returning to the origi-
nal F value, which thus provides a clear indication of a stably
immobilized enzyme.

We applied reaction engineering analysis to the microreactor
used to determine the dimensionless Reynolds number
(Re).**** This value varied between 0.26 and 12.81 dependent
on F, which suggests the fully developed laminar conditions
for the fluid flow (FigureS5 and Table S2). The Peclet
number®#*! and its dependence on F (Figure S6) indicates that
the axial dispersion is controlled by convection. Reaction-diffu-
sion regime analysis was performed in terms of the determina-
tion of the second Damkdhler number (Da,),****' which is de-
fined as the ratio of characteristic time of diffusion () per
characteristic time of reaction (t,.,.). The determination of 7,.,.
and 144 from the data presented here is shown in Table S3.
Correlations between Da, and the substrate conversion are
shown for two representative values of F in Figure 4B. The re-
sults indicate that Da, remained extremely low for the com-
plete range of conversion up to a value of 1.0. In other words,
the overall conversion was limited entirely by the enzyme-cata-
lyzed reaction and the effect of diffusion was negligible. Under
the conditions used, an F value of 5 uLmin~' was already too
high to attain full substrate conversion.

Conclusions

This study reveals, and shows the practical use of, multivalency
effects from two Z,,,., modules on enzyme immobilization in
a glass microchannel flow reactor. The example of sucrose
phosphorylase demonstrates the exploitation of the suggested
general principle of protein design for effective immobilization
for biocatalytic microreactor development. Compared to mon-
ovalent binding, the multivalent binding from two Z,,., mod-
ules enhanced the binding affinity and stimulated the intrinsic
activity of the immobilized phosphorylase. In particular, it
boosted the operational stability of the biocatalytic microreac-
tor significantly by reducing the wash-out of the reversibly im-
mobilized enzyme activity under conditions of continuous op-
eration. The microreactor showed excellent performance met-
rics with regard to the productivity as well as the utilization of
the available enzyme activity in the absence of mass transfer
limitations. The use of wall-coated enzyme microreactors in
high-performance biocatalytic reaction engineering is, there-
fore, supported strongly. Glass microstructures that feature an
enhanced internal surface area®>? might be even used to fur-
ther increase the productivity. This could be relevant if
enzymes of low specific activity are used.

Experimental Section
Chemicals and materials

The glass microreactor (product code: FC_R150.676.2_PACK) and
the Fluidic Connect PRO Chip Holder (product code: FC_PRO_
CH4515) were from Micronit Microfluidics (Enschede, Netherlands).

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Teflon tubing (250 um diameter) and connection parts were also
from Micronit Microfluidics. Liquid flow was delivered by using
a New Era NE-1000 syringe pump (Next Advance, Averill Park, NY)
or a Smartline 1000 double-piston pump (Knauer, Berlin, GE).
Chemicals and oligonucleotide primers were from Sigma-Aldrich
(Vienna, Austria). DNA sequencing was performed at LGC Genom-
ics (Berlin, Germany). Other reagents were of analytical grade and
obtained as elsewhere reported.

Enzymes

Cloning work, protein expression and purification, enzyme assays
used and standard methods are described in the Supporting
Information.

Enzyme immobilization and operation of the microreactor
under continuous flow

Enzyme immobilization utilized procedures described in earlier
work.?”?* Briefly, the plate was filled with an immobilization mix
comprised of 0.5% Tween 20, the enzyme (loading more than the
estimated binding capacity of the plain glass surface), and 0.25m
NaCl in potassium phosphate buffer (pH 8.0). Incubation was at
25°C for 1-24 h, typically in the absence of liquid flow or agitation.
Afterwards, the microreactor was washed with potassium phos-
phate buffer at 5 uLmin~' flow rate (25°C, pH 7.0). The enzyme im-
mobilization (Figure 54) was evaluated from continuous microreac-
tor experiments. To calculate E,;,, the produced uGlc 1-P was mea-
sured at different 7. The reaction mixture that contained sucrose
and potassium phosphate (50 mm each, 25°C, pH 7.0) was flowed
through the microreactor. The concentration of aGlc 1-P in the
outlet was measured by assays described in the Supporting
Information.

Confocal laser scanning microscopy

The labeling of surface immobilized enzyme with FITC was per-
formed according to literature.®® Briefly, 1 mgmL ' of FITC solution
in DMSO was flowed through the microreactor that contained im-
mobilized enzyme and incubated for 1 h in 25°C followed by rins-
ing with 50 mm potassium phosphate (25°C, pH 7.0). Images A
and C in Figure 3 were recorded. A Leica TCS SPE confocal micro-
scope (Mannheim, GE) was used for analysis. Confocal fluorescence
images (excitation wavelength: 488 nm; emission wavelength:
500-600 nm) were recorded by using a Leica 20x/0.5 water im-
mersion objective. In another experiment, the immobilized enzyme
microreactor was operated with substrates (50 mm each) at a flow
rate of 5 uLmin~' (25°C, pH 7.0), and after approximately 1600 re-
actor cycles the remaining enzyme was labeled with FITC by the
same procedure, and images B and D presented in Figure 3 were
recorded.
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S1. Cloning of the chimeric enzymes, their expression and
purification, and enzyme assays

S1.1. Enzyme cloning

Using the monomeric sucrose phosphorylase from Leuconostoc mesenteroides (LmSPase)
as the "monovalent reference", two approaches of inducing Zp.sicc multivalency were
pursued. One was to append Z,... to the N-terminus of the homodimeric sucrose
phosphorylase from Bifidobacterium longum (BISPase). Another was to incorporate two
Zyasicc modules in tandem repeat at the N-terminus of the LmSPase. Effect of having two
Zyasicz modules separated from each other in the LmSPase structure was examined with a
fusion protein containing Zyasic2 both at the N- and the C-terminus.

For preparing Z_BISPase, the SPase gene was amplified from pUC57-BISPase by PCR
using Phusion DNA polymerase (Thermo Scientific, Waltham, USA) and the following pair of
oligonucleotide primers: 5-CGCTCTATATCTTTGATGGATCCAAAAACAAAG-3" and 5'-
cagccaactcagcttcAAGCTTTTAGTCGATA-3". The resulting PCR product comprised 5°- and
3’-overhangs (shown in lower case letters) complementary to the target sequence of the
pT7ZbHAD4 destination vector."! Vector pT7ZbHAD4 was amplified by PCR using Phusion
DNA polymerase and the following pair of oligonucleotide primers: 5'-
TATCGACTAAAAGCTTgaagctgagttggcetg-3° and 5-CTTTGTTTTTGGATCCATCAAAGATA
TAGAGCG-3'. The resulting construct encodes a fusion protein where the small module
Zyasic2 is joined by a flexible linker (11 amino acids) to the N-terminus of BISPase. Sequenced
plasmid vector encoding the Z BISPase fusion protein was transformed into
electrocompetent cells of E. coli BL21-Gold (DE3), and single-colony transformants were
selected on agar plates containing 50 pg mL™" kanamycin.??

Z_LmSPase was produced in E. coli by subcloning in plasmid vector pT7ZbQGKlenow
(including the 3C protease cleavage site) to achieve fusion of Zp,sic2 at the N-terminus.*”

The Z_LmSPase_Z expression vector was created by insertion of a second copy of the
Zyasicc module preceded by an 24 amino acid linker to the C-terminal end of the coding
sequence of Z_LmSPase encoded by pT7ZLmSPase. The Z,.si» Sequence was amplified
using following set of primers: 5-GATCCGTAGACAACAAATTCAACAAAG-3; 5-
CAATAACTCGAGTTTCGGCGCCTGAG-3" and fused to the linker sequence by PCR using
following set of primers: 5-GTTATTAAGCTTCCAGATATGTTGTCTATATCTCGCGTC
AGGTCCTGTCTCGAATTGAATCCGATGGGTCGCGGATCCGTAGACAACAAATTC-3', 5'-
CAATAACTCGAGTTTCGGCGCCTGAG-3". Xhol and Hindlll restriction sites were
introduced into the vector backbone using the following set of primers: 5'-
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GTTATTCTCGAGCACCACCACC-3" and 5- CAATAAAAGCTTGTTCTGAGTCAAATTATC-
3. PCR products were digested with Xhol and Hindlll, ligated with T4-ligase and
transformed into E. coli XL-1 Blue. Transformants were selected on LB-agar plates
containing 50 pg mL" kanamycin. Isolated vector was sequenced and transformed into the
E. coli BL21 DE3 expression strain. Please note that as consequence of the subcloning
procedure, a hexahistidine tag is found at the N-terminus Z,s.c module. Due to the deletion
of the natural stop codon in the gene, the translation continued into the hexahistidine tag
present in the vector coding the Z.cc2. Nevertheless, based on our earlier experiments,
His_LmSPase binds only very weakly to negatively activated surfaces so that the presence
of the his-tag is unlikely to have affected the immobilization of the Z_LmSPase_Z construct.
Z-Z L mSPase was created by insertion of a second copy of the Zy.c module into the
pT7ZLmSPase vector. Therefore the Z,.si.2 Sequence was amplified using the following set
of primers: 5-ATTATTATTATTGGATCCGTAGACAACAAATTC-3"; 5'-TTTATTATAGA
GCTCATTCGGACCCTGGAA-3. Sacl and EcoRl restriction sites were introduced into the
vector backbone using following set of primers: 5-AGGTTATTAGAGCTCGTAGACA
ACAAATTCAACAAAG-3° and 5 -TTATTTATTGGATCCGCGACCCATTTGCTG-3". PCR
products were digested with Sacl and EcoRl, ligated with T4-ligase and transformed into E.
coli XL-1 Blue. Transformants were selected on LB-agar plates containing 50 pug mL™ of
kanamycin. The isolated vector was sequenced and transformed into the E. coli BL21 DE3

expression strain.
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S1.2. Schematic representation of the created Z_SPase fusion proteins

All created fusion proteins contain at least one Zy,sic module connected to the SPase via a

short linker are shown in Figure S1.

15 Sr
Z_BISPase [@ [ |
[
74
15 87

|
Z_LmSPase Doesc? LnPuse ]
| |
74 5§73
598 656

15

T
Z_LmSPase_Z Latree 1
575
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15 86 156

Z_Z_LmSPase (5P |

74 145

Figure S1. Module organisation of the enzyme constructs used.

14



Multivalency Effects on the Immobilization of Sucrose Phosphorylase in Flow Microchannels and Their Use
in the Development of a High-Performance Biocatalytic Microreactor

S1.3. Amino acids sequences of the Z_SPase constructs

The amino acids sequences of Z_SPases defined by colors are shown below. The Zyugico
module is always shown in green color. The linkers used to fuse the Zy,sic module to the N-
terminus of the enzyme are shown in purple color. The linker used to fuse the Zyas.c module
to the C-terminus of the enzyme is shown in blue. The enzymes are shown in orange
(BISPase) or red (LmSPase) color.

Z_ BISPase

MASMTGGQQOMGRGSVDNKFNKERRRARREIRHLPNLNREQRRAFIRSLRDDPSQSANLLAEAKKLNDA
QAPKPNLEALFQGPLYIFDGSKNKVQLITYADRLGDGTLSSMADILRTREFDGVYDGVHILPFFTPEFDG
ADAGFDPIDHTKVDERLGSWDDVAELSKTHNIMVDAIVNHMSWESKQFQDVLEKGEESEYYPMFLTMS
SVEFPNGATEEDLAGIYRPRPGLPFTHYKFAGKTRLVWVSFTPQQVDIDTDSDKGWEYLMSIFDQOMAAS
HVSYIRLDAVGYGAKEAGTSCFMTPKTFKLISRLREEGVKRGLEILIEVHSYYKKQVEIASKVDRVYD
FALPPLLLHSLFTGHVEPVAHWTEIRPNNAVTVLDTHDGIGVIDIGSDQLDRSLKGLVPDEDVDNLVN
TIHANTHGESQAATGAAASNLDLYQVNSTYYSALGCNDQHYLAARAVQFFLPGVPQVYYVGALAGRND
MELLRRTNNGRDINRHYYSTAEIDENLERPVVKALNALAKFRNELPAFDGEFSYEVDGDTSITFRWTA
ADGTSTAALTFEPGRGLGTDNATPVASLAWSDAAGDHETRDLLANPPIADID

Z_LmSPase

MASMTGGQQMGRGSVDNKFNKERRRARREIRHLPNLNREQRRAFIRSLRDDPSQSANLLAEAKKLNDA
QOAPKPNLEALFQGPNSEIQNKAMLITYADSLGKNLKDVHQVLKEDIGDAIGGVHLLPFFPSTGDRGFA
PADYTRVDAAFGDWADVEALGEEYYLMFDFMINHISRESVMYQDFKKNHDDSKYKDFFIRWEKFWAKA
GENRPTQADVDLIYKRKDKAPTQEITFDDGTTENLWNTFGEEQIDIDVNSAIAKEFIKTTLEDMVKHG
ANLIRLDAFAYAVKKVDTNDFFVEPEIWDTLNEVREILTPLKAEILPEIHEHYSIPKKINDHGYFTYD
FALPMTTLYTLYSGKTNQLAKWLKMSPMKQFTTLDTHDGIGVVDARDILTDDEIDYASEQLYKVGANV
KKTYSSASYNNLDIYQINSTYYSALGNDDAAYLLSRVFQVFAPGIPQIYYVGLLAGENDIALLESTKE
GRNINRHYYTREEVKSEVKRPVVANLLKLLSWRNESPAFDLAGSITVDTPTDTTIVVTRQDENGONKA
VLTADAANKTFEIVENGQTVMSSDNLTQN

Z_LmSPase_Z

MASMTGGQOMGRGSVDNKFNKERRRARREIRHLPNLNREQRRAFIRSLRDDPSQSANLLAEAKKLNDA
QAPKPNLEALFQGPNSEIQNKAMLITYADSLGKNLKDVHQVLKEDIGDAIGGVHLLPFFPSTGDRGFA
PADYTRVDAAFGDWADVEALGEEYYLMFDFMINHISRESVMYQDFKKNHDDSKYKDFFIRWEKFWAKA
GENRPTQADVDLIYKRKDKAPTQEITFDDGTTENLWNTFGEEQIDIDVNSAIAKEFIKTTLEDMVKHG
ANLIRLDAFAYAVKKVDTNDFFVEPEIWDTLNEVREILTPLKAEILPEIHEHYSIPKKINDHGYFTYD
FALPMTTLYTLYSGKTNQLAKWLKMSPMKQFTTLDTHDGIGVVDARDILTDDEIDYASEQLYKVGANV
KKTYSSASYNNLDIYQINSTYYSALGNDDAAYLLSRVFQVFAPGIPQIYYVGLLAGENDIALLESTKE
GRNINRHYYTREEVKSEVKRPVVANLLKLLSWRNESPAFDLAGSITVDTPTDTTIVVTRQDENGONKA
VLTADAANKTFEIVENGQTVMSSDNLTQONKLPDMLSISRVRSCLELNPMGRGSVDNKFNKERRRARRE
IRHLPNLNREQRRAFIRSLRDDPSQSANLLAEAKKLNDAQAPKLEHHHHHH
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Z-Z L mSPase

MASMTGGQOMGRGSVDNKFNKERRRARREIRHLPNLNREQRRAFIRSLRDDPSQSANLLAEAKKLNDA
QAPKPNLEALFQGPNELVDNKFNKERRRARREIRHLPNLNREQRRAFIRSLRDDPSQSANLLAEAKKL
NDAQAPKPNLEALFQGPNSEIQNKAMLITYADSLGKNLKDVHQVLKEDIGDAIGGVHLLPFFPSTGDR
GFAPADYTRVDAAFGDWADVEALGEEYYLMFDFMINHISRESVMYQDFKKNHDDSKYKDFFIRWEKEW
AKAGENRPTQADVDLIYKRKDKAPTQEITFDDGTTENLWNTFGEEQIDIDVNSAIAKEFIKTTLEDMV
KHGANLIRLDAFAYAVKKVDTNDFFVEPEIWDTLNEVREILTPLKAEILPEIHEHYSIPKKINDHGYF
TYDFALPMTTLYTLYSGKTNQLAKWLKMSPMKQFTTLDTHDGIGVVDARDILTDDEIDYASEQLYKVG
ANVKKTYSSASYNNLDIYQINSTYYSALGNDDAAYLLSRVFQVFAPGIPQIYYVGLLAGENDIALLES
TKEGRNINRHYYTREEVKSEVKRPVVANLLKLLSWRNESPAFDLAGSITVDTPTDTTIVVTRQDENGQ
NKAVLTADAANKTFEIVENGQTVMSSDNLTOQN

S1.4. Enzyme expression

Enzyme expression was done recombinantly in E. coli as described in earlier work.*® E. coli
cell extract containing the relevant enzyme was obtained by disrupting the cells, suspended
in a 2-fold volume of 50 mM potassium phosphate buffer (pH 7.0), in a French press at 150
bar. After centrifugation (13200 rpm, 15 min, 4°C), the clear supernatant was used further.
Protein was determined with the Bio-Rad Protein Assay referenced against BSA.

S1.5. Enzyme purification

Protein was purified at 25 °C using pre-packed (1.6 cm x 2.5 cm; 5 mL) HiTrap SP FF
columns (GE Healthcare Life Sciences) fitted on a AKTA prime plus system. The column
was equilibrated with buffer A (50 mM potassium phosphate buffer, pH 7.0) and 8 mL of the
cell extract were loaded onto the column. Protein elution was performed using a continuous
salt gradient from 0 to 100% of buffer B (50 mM potassium phosphate buffer containing 2 M
NaCl, pH 7.0) in 75 mL at a flow rate of 3 mL min™. The target protein (all constructs) eluted
at around 40-50% buffer B. Pooled fractions were collected and buffer was exchanged to
buffer A. Protein purification was monitored by SDS-PAGE, as shown in Figure S2.
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Figure S2. Purification of Z_SPase constructs analyzed by SDS PAGE, comparing the purified
enzyme (PE) and the corresponding cell extract (CE). Thermo Scientific PageRuler™ Unstained
Protein Ladder was used as the size standard. The purified samples of LmSPase migrated as one
major protein band of the expected mass plus an additional band of smaller size. The slight
heterogeneity of the preparations is explainable by a small amount of degradation whereby one Z.gic»
module was likely cleaved off from the doubly tagged fusion protein. Note, however, that because all
immobilizations were performed by offering the enzyme in suitable excess (~40%) over the estimated
maximum binding capacity of the plain glass surface available on the microplate, the relatively small
extent of protein cleavage could not have affected the results of the binding study.

S1.6. Enzyme assay

Phosphorylase activity was measured in an assay performed at 30 °C and pH 7.0. A
previously reported continuous coupled enzyme assay was used.*® The reaction mixture
contained 250 mM sucrose and 50 mM potassium phosphate. The aGlc 1-P released by the
action of the phosphorylase was determined in the presence of phosphoglucomutase (PGM)
and glucose 6-phosphate dehydrogenase (G6P-DH) as the formation of NADH (measured at
340 nm). Note: one unit (U) of enzyme activity is defined as the amount of enzyme that
produces 1 pmol of aGlc 1-P per minute.

17



Multivalency Effects on the Immobilization of Sucrose Phosphorylase in Flow Microchannels and Their Use
in the Development of a High-Performance Biocatalytic Microreactor

S2. Immobilization in the glass microreactor

S2.1. Estimating the theoretical maximum loading of Z_SPase on the microchannel
plate

A completely flat microchannel wall surface was assumed. From the geometry of the
microchannel (based on technical drawing provided by Micronit Microfluidics, Chip Drawing
R150.676.2) a total surface area of 374 mm? was calculated as follows. The cross section of
the microchannel (Figure S3) was approximated as a triangle and the perimeter was
calculated. By using the reported length of meander channel (771 mm) the surface area was
calculated to 374 mm®.

150 um

—

150 uym

Figure S3. The cross-section of flow channel

The overall dimension of the BISPase molecule (Uniprot entry: Q84BY1) was assessed from
the crystal structure of the homologous SPase from Bifidobacterium adolescentis (Uniprot
entry: Q84HQ2, PDB code 1R7A). Both enzymes are functional homodimers and have
subunits consisting of similar amino acids (B/SPase: 508 amino acids, 56.414 kDa;
BaSPase: 504 amino acids, 56.190 kDa). The program PyMOL 0.99rc6 was used for protein
structure visualization. The largest footprint of the enzyme was taken from an orthogonal
rectangle projection and determined to be 64.31 nm?. Regarding the variant of Z_LmSPase
(LmSPase Uniprot entry: Q59495) the same crystal structure was used in which one subunit
was removed prior to determining the dimensions of the remaining subunit. The footprint was
40.5 nm®. The plain area of the plate divided by the enzyme area gave the maximum number
of enzyme molecules immobilizable per plate which was transferred with Avogadro’s
constant, the size of the Z_SPase and the specific activity of the enzyme into the theoretical
activity loading per plate. Estimated data and basic properties of Z,.sico-enzyme fusions are
reported in Table S1.
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Table S1. Basic properties and estimated theoretical maximum loading of Zy.sico.enzyme
fusions on the microchannel plate.

Zyasico-enzyme fusion Z_BISPase Z _LmSPase Z_LmSPase_ Z Z-Z_LmSPase
Specific activity®

g 77 75 90 69
(Umg')
Expression level®

23 10 11 14
(%)
Total mass®

132834 65151 75749 73465
(Da)
Monolayer enzyme
adsorption e’ 1.28 1.00 1.16 1.13
(H9)
Monolayer apparent
enzyme activitymay® 99 75 104 78
(mU)
Volumetric ratenay

11.42 8.65 12.00 9.00

(mM min™)

*The specific activities of the purified Zy.sic.-€nzyme fusions are comparable within a factor of 2 or less
to the specific activities of the corresponding "native" (untagged or His-tagged) enzymes, indicating
that the module has no major influence of the enzymes' catalytic performance. Specific activity of E.
coli crude extract/specific activity of purified enzyme. °Total mass is calculated from the aminoacids
sequence of Z_SPase constructs with ProtParam tool. “The amount of enzyme required to form an
adsorbed protein monolayer on the microreactor’s surface with an internal surface area of 374 mm?Z.
eSpecific activity x monolayer enzyme adsorption. ‘Monolayer apparent enzyme activity/microreactor
volume.

S2.2. Enzyme immobilization procedure
S2.2.1. Determination of [aGlc 1-P]

The immobilization was evaluated based on the apparent enzyme activity bound to the plate
(Eapp), determined from the [aGlc 1-P) released at steady state under standard microreactor
conditions. Samples from the microreactor outlet were collected and the concentration of
aGlc 1-P was measured by the application of reported coupled assays!"“® in which aGlc 1-P
was measured as the NADH produced in a reaction by phosphoglucomutase and glucose 6-
phosphate dehydrogenase. Concentration of reagents were identical to the phosphorylase
activity assay with the modifications that sucrose phosphorylase was not present, sucrose
and potassium phosphate were not added, 50 mM Tris/HCI buffer (pH 7.7) was used and
final concentration of NAD* was 0.7 mM. Formation of NADH was monitored at 340 nm and
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the NADH end concentration was used to calculate the corresponding oGlc 1-P

concentration. Suitable calibration using aGlc 1-P using standard was performed.

S2.2.2. Evaluation of flow conditions and times on the immobilization

Z LmSPase and Z BISPase were used to optimize the enzyme immobilization in the
microreactor. Results are shown in Figure S4. Note: E,,, is defined as [aGlc 1-P] x F under
standard microreactor conditions (25 °C, pH 7.0, [substrate] = 50 mM, F=5 pL min™).

160 -

120 -

i | | I I
0 - T T T T T ]
1 2 3 4 S 6

Immobilization procedure

Eipp/ MU
3

Figure S4. Evaluation of immobilization procedures of Z_BISPase (black bars) and Z_LmSPase (gray
bars) in terms of apparent enzyme activity bound to the plate, E,,,, under standard conditions of
microreactor operation. 1, 1 h static incubation; 2, 2 h static incubation; 3, 4 h static incubation; 4, 24 h
static incubation; 5, 3-times repeated static incubation (each time 2 h); 6, 24 h recirculation with 1 pL

min .

S3. Characterization of the performance of the enzymatic
microreactor

The Reynolds number (Re) was calculated with Equation S1 in which u is the dynamic

viscosity, u,, is the mean velocity, p is the density of liquid and dj is the hydraulic diameter.*
11]
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Re = M'% Equation S1

Calculations are based on a cross sectional area of 1.125 x 10% mm?2 and a hydraulic
diameter of 9.27 x 10° m.l¥! The density and a dynamic viscosity of water at 25 °C were used
(Note that the substrate solution contains only 1.7 % w/v of sucrose), the values were 997.04
kg m® and 8.9 x 10* Pa.s, respectively.®'? The calculated data (Figure S5) indicate laminar
flow under all F conditions used (Re < 2100 is laminar). The parameters used in the
calculations are shown in Table S2.

14 -

Re

0 10 20 30 40 50
F / pL min-

Figure S5. The Reynolds number is shown for fluid flow in the microreactor for the range of flow rates

used.

Table S2. The related parameters for Reynolds
number calculations

(ZL min™) (‘n'q”s-') Re

1 0.002 0.26
5 0.012 1.28
10 0.025 2.56
20 0.049 5.12
30 0.074 7.68
40 0.099 10.24
50 0.123 12.81
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The radial diffusive Peclet number *'" (Pep)is shown in Figure S6 and defined in Equation

S2 where D is the coefficient of diffusion of sucrose which is 5.15 x 10" m? s' at 25 °C in

water.[™®

Pe, = tmdn Equation S2

25 -

20 A

10 - P

Pep (x 10%)
\

0 10 20 30 40 50
F/ pL min-!

Figure S6. The radial diffusive channel Peclet number is shown for the range of applied flow rates in
the microreactor.

The second Damkdhler number (Day) was calculated by Equation S$3.°""

Day = 4L Equation S3

Treac

In Equation S3, t... is the characteristic reaction time and 4y is the characteristic diffusion
time. 14 was calculated by Equation S4 for diffusive mass transfer and 1., was calculated
by Equation S5.

x%=2D1qip5 Equation S4

60 Vol .
Treac = ——% Equation S5
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In Equation S4, x is the diffusional distance (= 75 pum; half of the flow channel width and
height).”! In Equation S5 [sucrose], Vol, and E.y, are used in mM, mL and U respectively.
The Treac and the tag for the flow rate of 5 uL min™ are shown in Table S3.

Table S3. Reaction-diffusion regime analysis of the microreactor operation based
on Dayis shown. The flow rate was 5 pL min.

Conversion® Eeor S o Day
(mU) (s) (s)

0.34 85 306 5.46 0.0179
0.28 71 365 5.46 0.0149
0.22 54 482 5.46 0.0113
0.19 48 543 5.46 0.0101
0.18 46 567 5.46 0.0096
0.15 38 692 5.46 0.0079
0.14 34 771 5.46 0.0071
0.06 15 1721 5.46 0.0032
0.05 12 2223 5.46 0.0025
0.04 10 2596 5.46 0.0021
0.03 8 3211 5.46 0.0017

2 Conversion is the ratio of the concentrations of aGlc 1-P (product) and sucrose
(substrate). The different conversions were obtained during the operation of
microreactor for a total time of 48 h.
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ABSTRACT: Enzyme microreactors are important tools of
miniaturized analytics and have promising applications in
continuous biomanufacturing. A fundamental problem of their
design is that plain microchannels without extensive static
internals, or packings, offer limited exposed surface area for
immobilizing the enzyme. To boost the immobilization in a
manner broadly applicable to enzymes, we coated borosilicate
microchannels with silica nanosprings and attached the
enzyme, sucrose phosphorylase, via a silica-binding module
genetically fused to it. We showed with confocal fluorescence
microscopy that the enzyme was able to penetrate the ~70
pm-thick nanospring layer and became distributed uniformly
in it. Compared with the plain surface, the activity of

-
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immobilized enzyme was enhanced 4.5-fold upon surface coating with nanosprings and further increased up to 10-fold by
modifying the surface of the nanosprings with sulfonate groups. Operational stability during continuous-flow biocatalytic
synthesis of a-glucose 1-phosphate was improved by a factor of 11 when the microreactor coated with nanosprings was used.
More than 85% of the initial conversion rate was retained after 840 reactor cycles performed with a single loading of enzyme. By
varying the substrate flow rate, the microreactor performance was conveniently switched between steady states of quantitative
product yield (50 mM) and optimum productivity (19 mM min~") at a lower product yield of 40%. Surface coating with silica
nanosprings thus extends the possibilities for enzyme immobilization in microchannels. It effectively boosts the biocatalytic
function of a microstructured reactor limited otherwise by the solid surface available for immobilizing the enzyme.

KEYWORDS: surface modification, silica nanosprings, microreactor, biocatalysis, enzyme immobilization

1. INTRODUCTION

Continuous-flow microfluidics is the key enabling technology
for many important applications, from the lab-on-the-chip
implementations in analytics, cell biology, and medicine' ~ to
the advanced tools of microprocess engineering in chemistry
and biotechnology.‘i_l‘j' Microfluidic biocatalysis plays a central
role in biochips for DNA sequencing, proteomic analysis, and
clinical metabolite detection.'”''® It has furthermore aroused
significant interest for use in various flow chemistry
applications. The idea in general is that by combining the
high selectivity of enzymes with the efficient fluidics of a
microstructured flow reactor, the performance characteristics of
certain chemical transformations can be enhanced substantially.
Fundamental problem of all microfluidic biocatalysis in
continuous flow is, however, that irrespective of the enzyme’s
actual use for sample pretreatment, analytical detection, or
organic synthesis, the enzyme must be applied in a form that

V ACS Pu bliCBtiOﬂS © 2017 American Chemical Society
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prevents it from being washed away.'®”'*'® Immobilizing the

enzyme on the wall surface of the microchannels presents the
most  straightforward solution, %7722 Doing so, however,
demands a strongly integrated development of the microfluidic
system considered. The flow channels must be designed to
accommodate a suitable amount of active enzyme immobilized
on their solid walls because the conversion rate scales directly
with that amount."******* The contrast to enzyme immobiliza-
tion in conventional reactors is immediately noted. Bulk-scale
immobilization is usually done on porous particles and so
represents a task of the overall bioprocess development that is
pursued somewhat independently of the actual bioreactor
design,*
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Figure 1. Preparation of the nanosprings—flowcell is shown. Panel A shows fabrication of the nanosprings glass slide. The gasket glass slide is also
shown. Panel B illustrates stacking of the two glass slides on each other. Panel C shows the assembled nanosprings—flowcell (not to scale).

Microchannel design for efficient immobilization needs to
join aspects of overall geometry and internal structure of the
microchannels with those of the material used for micro-
fabrication. The core problem is that plain microchannels,
lacking extensive static internals or packings, offer only a limited
amount of solid surface for immobilizing the enzyme. Because
microparticle packings result in large pressure drops, and static
internals alter the liquid flow pattern'”’” usually more than
they help increase the surface area, enhancement of the
enzyme-accessible surface directly on the microchannel walls
remains the most promising option. Among the materials
widely used in microfluidics, silica has excellent properties,
includin& high compatibility with enzymes, substrates, and
solvents.” Immobilization technology based on silica-binding
modules (SBMs) enables convenient immobilization of
enzymes on plain silica (e.g., borosilicate glass). The SBM is
a small three-helical protein, often referred to also as Zy, ., that
is highly positively charged on one protein face due to multiple
Arg residues pointing outward.'”~*"*” The SBM is genetically
fused to the enzyme of interest, and the resulting enzyme
chimera becomes attached to underivatized silica surfaces via
the SBM. Under conditions in which the silica material is
negatively charged, binding occurs with high affinity and
selectivity. Immobilization likely involves a high degree of
molecular alignment of the enzyme via its SBM toward the
silica surface. In contrast to silica, polymeric materials also
popular in microreactor development, polydimethylsiloxane, for
instance, is not directly accessible and so requires extensive
surface derivatization for enzyme immobilization.”'"'**" In the
current study, therefore, we made an effort to bring surface
engineering for efficient SBM—enzyme immobilization into the
design of silica microchannel reactors.

Coating the microchannel walls with a suitably porous silica
microstructure represents a promising approach to increase the
enzyme-available surface for immobilization. Among different
options available, silica nanosprings represent a well-charac-
terized type of nanomaterial and have recently gained attention
in particul;u'.j2 3 Nanospring coatings provide a high solvent-
accessible surface area, and their Darcy permeability (~3 x
107 cm?) indicates low resistance to fluid flow.™

Their specific surface is extremely large (~300 m* g™') and
fully accessible, and many surface silanol groups are available
for chemical functionalization. Similarly, these silanol groups
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present surface sites for enzymes to become anchored via their
SBM. Using a modified vapor—liquid—solid (VLS) process,
nanosprings can be deposited on essentially any solid surface
able to tolerate a growth temperature of 370 °C, thus making
their applications quite versatile.** Nanosprings were previously
used as a support in immobilized enzyme microreactors.’>>
However, lacking the advantages of SBM technology, the
overall immobilization required multiple steps, including
enzyme purification and surface functionalization, and involved
87% loss of active enzyme in the process. Nanospring layers of
different thickness were compared, but the enzyme distribution
within was not clarified.”

‘We show here that the major performance characteristics of a
biocatalytic microreactor were consistently improved in
immediate consequence of immobilizing the SBM—enzyme
on microchannel walls coated with silica nanosprings compared
to immobilizing the same enzyme on plain silica walls. The
immobilized enzyme activity was enhanced, and the obtainable
productivity was boosted accordingly. Due to increased
retention of the enzyme into the nanospring layer, the
operational stability of the microreactor increased. We did
our evaluation using sucrose phosphorylase, a well-known
transglucosidase that has important applications in glycoside
and sugar phosphate synthesis.”> We present evidence that
surface coating with silica nanosprings extends the current
possibilities significantly and so addresses relevant limitations of
enzyme immobilization in microchannels. Combined with
immobilization technology based on SBM, it appears broadly
useful in microfluidic systems limited otherwise by the solid
surface available for immobilizing the enzyme.

2. EXPERIMENTAL SECTION

2.1. Materials used. Resealable flowcells made of borosilicate glass
were used.”® Their design, fabrication and use are described elsewhere
in detail.”® The complete flowcell consists of a microstructured
element placed into a suitably interfaced and conveniently opened and
closed chip holder. Fluidic Connect Pro Resealable flowcell 4515
holder, Teflon tubings, and connection parts were from Micronit
Microtechnologies B.V (Enschede, NL). A New Era NE-1000 syringe
pump (Next Advance, Averill Park, NY) was used to deliver the liquid
flow. All chemicals were of analytical grade and reported else-
where.'**

2.2. Fabrication of the Nanosprings—Flowcell. 2.2.1. Integra-
tion of the Nanosprings in the Resealable Flowcell. Fabrication of

DOI: 10.1021/acsami.7b09875
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Figure 2. SEM images of the nanosprings coating are shown from three different positions on the glass slide. Each row shows one position at

different magnifications.

the plain flowcell was by an established standard process.** Design of

the flowcell implied that the bottom glass slide was conveniently
usable for surface derivatization. The procedure applied to attach
nanosprings onto the glass surface is summarized in Figure 1. The
surface was masked with Kapton tape, thus ensuring that only the
center area (i.e., the area eventually exposed to liquid flow inside the
fully assembled flowcell) was used for growth of the nanosprings
(Figure 1). The process of nanosprings growth on glass slides was
described in detail before.** Synthesis was performed in a furnace
operated at atmospheric pressure. A thin gold film prepared by
sputtering on glass was used as catalyst. Nanosprings were formed by
exposure to constant flows of a proprietary silicon precursor and
oxygen in a nitrogen atmosphere. About 9 mg of the nanosprings,
covering a surface area of ~3 cm® and forming a layer of 70 um
thickness, was grown on the glass slide. The coated area was then
enclosed with a gasket made of perfluorinated elastomer. As shown in
Figure 1, the gasket was present on a second glass slide, which also
contained the fluidic channel pattern. The glass slides were inserted
into the flowcell holder and connected with Teflon tubings (250 ym
inner diameter). The gasket had a thickness of 250 ym, which was
compressed by about 10% on usage in the flowcell holder.

2.2.2. Functionalization of the Nanosprings—Flowcell. The
nanosprings glass slide was functionalized with sulfonic acid groups
(~SO;H) using a procedure from the literature.”” The glass slide was
immersed in 1 M sodium hydroxide for 30 min followed by rinsing
with deionized water. It was incubated in 10% (v/v) aqueous solution
of 3-(trihydroxysilyl)-1-propane-sulfonic acid for 3 h (80 °C, pH 8.0)
and after that washed extensively with 50 mM potassium phosphate,
pH 7.0.

2.3. Enzyme Immobilization in the Flowcell. 2.3.1. Enzyme
Immobilization Procedure. A chimeric form of sucrose phosphorylase
from Bifidobacterium longum (BISPase) was used that had the binding
module 7., fused to its N-terminus. BISPase is a functional
homodimer, so each enzyme chimera used here contained two Z .,
modules. The enzyme is referred to as Z BISPase throughout.
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Z_BISPase was produced in Escherichia coli BL21(DE3) as reported
elsewhere.'” Unless mentioned otherwise, bacterial cell extract
containing Z_BISPase was used for immobilization. The general
procedure was described in earlier papers.'”*”*” For reference from
pure Z_BISPase, the enzyme was isolated according to a reported
protocol'” and shown to exhibit a specific activity of 77 U mg™' of
protein. One unit (U) of enzyme activity is the enzyme amount
producing 1 ymol a-p-glucose 1-phosphate (aGlc 1-p) min™" under
assay conditions (25 °C, pH 7.0). The immobilization described here
only briefly involved filling of the flowcell with immobilization mixture,
which comprised the enzyme in 50 mM potassium phosphate, pH 8.0,
supplemented with 0.25 M sodium chloride. After incubation for 2 h,
the flowcell was washed with 50 mM potassium phosphate (25 °C, pH
7.0) at a flow rate (F) of 50 uL min~'. We note, because it will be
important for the discussion later, that by washing with the same
phosphate buffer containing 2 M sodium chloride, it was possible to
elute the immobilized enzyme from the plain glass without causing any
inactivation. Enzyme still bound to the nanosprings matrix after
elution at high salt concentration (S M sodium chloride) was removed
from the nanosprings—flowcell by rinsing with 1 M hydrochloric acid
and then with deionized water.

2.3.2. Measurement of the Enzyme Activity in Solution and
Immobilized in the Flowcell. The activity of Z_BISPase in solution
and immobilized on the glass slide was measured by a spectrophoto-
metric assay described elsewhere.'” Briefly, the aGlc 1-p released on
conversion of sucrose (S0 mM) and potassium phosphate (S0 mM) by
Z,_BISPase was measured as the reduced form of nicotinamide adenine
dinucleotide (NADH) formed in a coupled enzymatic reaction (25 °C,
pH 7.0). The NADH was determined from absorbance at 340 nm. To
obtain the apparent activity (E,,) of immobilized Z_ BISPase, a
continuous reaction was performed in which solution of sucrose and
potassium phosphate (50 mM each, 25 °C, pH 7.0) was delivered to
the microreactor at different flow rates. The aGlc 1-p produced at
steady state was measured dependent on F. E,, was calculated from
the relationship, E,,, = [aGlc 1-p] X F. It is reported in U.

DOI: 10.1021/acsami.7b09875
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Figure 3. An analysis of immobilization in different flowcells is shown. Panel A shows the [@Glc 1-p] at steady state produced in continuous
reactions in different flowcells (black, plain flowcell; gray, nanosprings—flowcell; red, nanosprings—SO; —flowcell). Panel B shows the effect of
increasing the E,,, on the performance of the nanosprings—SO; —flowcell in terms of E,,,,,, and E,,. Data in panel A are used to calculate E,,. The
conditions used were: F = 40 uL min~', 50 mM of each sucrose and potassium phosphate, 25 °C, and pH 7.0. Results in panel A are from three
independent experiments. Average values are shown with a standard deviation of 5%.

2.3.3. Immobilization Efficiency. Immobilization yield (Y) and
catalytic effectiveness of immobilized enzyme (;7) were used to
characterize the efficiency of Z_BISPase immobilization in the
nanosprings—S0, —flowcell. Y is the ratio of the enzyme activity
immobilized on the surface (E,,,) to the total enzyme activity offered
in solution (Ey). iy is the difference in E,, and the enzyme activity
left in solution after the immobilization. An alternative way of
determining E,,.,, was to elute the immobilized enzyme from the glass
surface and measure its activity in solution. The latter approach was
useful when activity differences in solution were too small for a reliable
determination; hence, when Y is very low. 7 is the ratio of E,, to E;ypn.

2.4. Fluorescence Labeling of the Immobilized Enzyme.
Protocol from literature was used.” A solution of fluorescein
isothiocyanate (FITC) was prepared in dimethyl sulfoxide and diluted
in 50 mM potassium phosphate, pH 7.0. The FITC solution (20 mol
FITC/mol enzyme) was passed through the nanosprings—SO; —
flowcell containing immobilized enzyme and incubated for 1 h at 25
°C. Afterward, the flowcell was washed extensively with 50 mM
potassium phosphate, pH 7.0.

2.5. Material Characterization. Scanning electron microscopy
(SEM) was performed with an FEI NOVA 200 dual beam system
(Thermo Fisher) using secondary electron imaging at 10 keV and 130
pA with the lowest possible doses unless otherwise specified. The
samples were covered with a 20 nm-thick carbon layer prior to
scanning.

Confocal laser scanning microscopy (CLSM) was performed using
a Leica TCS SPE confocal microscope (Mannheim, Germany). The
samples were excited at 488 nm, and the emission was detected in the
range of 500—700 nm. A water immersion objective HCX APO LU-V-
[20 X /0.50 W was used, and a drop of glycerol was placed onto the
nanosprings before covering the sample with a microscope coverslip.
This was done to improve the match in refractive index between the
medium and the nanosprings layer.

The surface area of nanosprings was determined by the Brunauer—
Emmett—Teller (BET) gas adsorption method.**

3. RESULTS AND DISCUSSION

The shown data are from multiple independent experiments,
typically three or more. Mean values were calculated from the
data and are given together with the corresponding standard
deviation in text.

3.1. Characteristics of the Nanosprings—Flowcell. The
plain flowcell offered a total wall surface area of 740 mm?

which was contributed from the top and bottom glass slides.

34644

29

The calculated internal volume of the flow channel was ~83 uL
(Figure 1C). Note that the effect of the nanosprings layer on
reduction of internal volume was not considered in that value.
On the basis of the nanosprings surface area determined by
gravimetric BET (300 m® g™'), the extra surface area
introduced with the nanosprings was estimated as ~2.7 m?.

The structure of the nanosprings coating was characterized
by SEM. Analysis was performed at different positions along the
glass slide using varied magnification. The complete set of SEM
images recorded is given in Figure S1. SEM images from three
different positions are shown in Figure 2. The overall structure
of the nanosprings coating was best described as a highly
irregular network of fibers arranged into a fine-mesh
heterogeneous layer of material. Irregularity persisted at the
level of individual nanosprings in terms of both size and shape.
Nanosprings generally had strongly elongated form but differed
widely in their length and thickness. Certain nanosprings had a
strongly strung-out shape and appeared almost linear in shape,
exhibiting only a slight internal twist. Others adopted spiral-
wound conformations, differing widely, however, in the size of
the individual coils forming the spiral. Nanosprings often
displayed helicoidal shape of varying diameter (0.3—3 pm). The
overall nanosprings layer exhibited nonuniform density and
hence surface area, as shown in a representative cross-section
image in Figure S2.

Density increased from the surface to the bottom of the
nanosprings matrix. The overall solid layer did not contain
defined pores but featured multiple interstices of variable size
(from nm to um scale). In principle, these interstices were
sufficiently large to enable the enzyme (10.9 X 5.9 X § nm;
deduced from the crystal structure of the highly similar enzyme
from Bifidobacterium adolescentis) to penetrate the matrix by
diffusion. The nanosprings layer, therefore, seemed promising
for use as a densely woven, three-dimensional scaffold for
Z_BISPase immobilization. Besides offering a substantially
enlarged surface area for the enzyme to become attached to, as
compared to the plain surface, we also considered that the
nanosprings layer might help improving the immobilization
efficiency through effect on E,,,. Although immobilization of
Z_BISPase is steered mainly by the Z;,;, module, nonspecific
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protein adsorption on the solid surface might occur to a limited
degree, as shown in our earlier study.'” A fibrous layer of solid
material could be useful to avoid nonspecific binding of the
enzyme and, in consequence, help to maximize E,,,. We finally
considered that adsorption stability of immobilized Z BISPase
might be increased on entrapment of the enzyme in the
nanosprings matrix. Experiments were performed to explore
these possibilities.

3.2. Performance Analysis of Immobilized Enzyme
Flowcell. 3.2.1. Enzyme Immobilization in Nanosprings—
Flowcells. Nanosprings—flowcells were prepared with and
without surface functionalization by sulfonate groups. The
surface sulfonate groups were introduced because they could
potentially enhance enzyme immobilization via the Zy, .
module. The plain flowcell was used as reference. Immobiliza-
tion involved offering Z_ BISPase in an amount that was the
same for each flowcell and exceeded by a factor of 9 the
estimated maximum binding capacity of the plain surface for
that enzyme (B, = 2.54 pg). The Supporting Information
describes the assumptions and calculations used in binding
capacity assessment. It was thus ensured that enzyme in
solution was not limiting the immobilization. From continuous
reactor experiments performed as described in the Exper-
imental Section, we determined the concentration of aGlc 1-p
released at steady state (Figure 3A). Results show that the plain
flowcell exhibited an E,,, of 83 + 3 mU. From the value of B,,,,
and the specific activity of purified Z_BISPase (77 U mg™'), we
calculated that the observed E,,, corresponded to 40% of the
E,,, expected for maximum monolayer adsorption of the
enzyme on the microchannel wall under the condition that all
of the immobilized Z_BISPase was fully active (§ = 1). The
flowcell containing nanosprings exhibited an increase in E,, to
378 + 8 mU. The presence of sulfonate groups gave a further
increase in E,,, (583 % 11 mU), thus boosting the
immobilization 7-fold compared to the plain reference.

Effect of varying the amount of enzyme offered (E,,,) on the
performance of nanosprings flowcell containing sulfonate
groups was studied at conditions of reactor steady state (Figure
3A). The conversions reached were up to 10-fold higher
compared to the plain flowcell. Critical parameters of the
immobilization of Z_BISPase (E;,., Y, 77) were also determined
from these experiments. Figure 3B shows that E;  increased
steadily on raising E,,,, indicating that the surface area available
for immobilization was not saturated under the conditions used.
Interestingly, therefore, ¥ was always below a value of unity
(<0.80) that would indicate incomplete adsorption of the E,,
present. Further, Y did not have a pronounced dependent
change on E, in the range used. The result suggests that, for
reasons not known at the time, irrespective of E,, a certain
portion (>20%) of the Z_BISPase present as active enzyme in
solution was unable to bind to the solid surface. Considering
the large increase in E,,,,, dependent on E,, it was important to
determine what the corresponding change in E,,, would be.
Somewhat to our surprise, a 6-fold enhancement in E;,, due to
increase in E was reflected in only a 1.5-fold gain in E,.
Therefore, this implies a dramatic decrease in #, from a value of
0.52 to one of just 0.11 in response to the increase in E,.

In the ideal case of oriented immobilization via the Z,, .
module in which becoming attached to the solid surface did not
interfere with enzyme function in any way, 7 would have a value
of unity, for the immobilized enzyme (Eapp) had exactly the
same activity as the identical amount of enzyme would have in
solution (Ej,,). We showed in earlier studies using different
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Zy1sic» chimeras of sucrose phosphorylase, including Z_BISPase,
that the practical upper limit of # for these enzymes
immobilized on silica surface was consistently lower than 1,
typically in the range 0.45—0.65."° Molecular account of 7 is
notoriously difficult to give for immobilized enzymes, but
suffice it to say that the = 0.52 at low E,,, of Z_BISPase was in
good agreement with literature.'” To the extent that different
enzymes and different methods of immobilization can be
compared directly, oriented immobilization via the Z; .,
module enhanced the efficiency of the immobilized enzyme
up to fourfold compared to random enzyme immobilization in
the nanosprings.’”’ Substantial drop in 5 at high E,, was
unexpected, however, and only a very tentative explanation can
be offered at this point. It must be emphasized for the sake of
clarity that a decrease in E,,, and hence 77, was not caused by
substrate depletion or any other limitation in the experiment.
At the highest E,;, we were able to reach in continuous flow
reactions (~880 mU), the substrate conversion was just around
40% when up to 90% conversion would have been possible at
thermodynamic equilibrium. However, given the structure of
the nanosprings matrix (Figure 2), it is conceivable that by
increasing the enzyme loading, the portion of Z_BISPase
localized at nanointerstices within the matrix might also
increase. Due to the highly irregular network of nanowires
present at these interstices, it may no longer be possible for the
immobilized enzyme to have a well-defined orientation toward,
and interaction with, the solid material, contrary to the more
compactly organized surfaces of plain glass, like those in plates
and porous beads, that exhibit a moderate or even a null
curvature.'”***”*” An immobilization of Z_BISPase in the
nanosprings matrix that is not any more steered by the Zy .,
module might be responsible for the decrease in # dependent
on E,,. In addition, the extreme irregularity of the solid matrix
and the variation in local density associated with it might
hinder, more strongly than anticipated, the diffusion of even
small molecules. The possibility of diffusional limitations in
supplying substrates to the immobilized enzyme could
therefore not be excluded.

Using again the specific activity of the purified Z_BISPase, we
calculated from the values of E,, that between 15 and 100 ug
of enzyme was bound onto the nanosprings—SO; —flowcell.
These loadings are equivalent to an immobilization of 1.7—11
mg of protein/g of nanosprings. Compared to the B,
(calculated with the assumption of a strictly two-dimensional
adsorption of the enzyme) normalized on the unit surface area
(343 ng mm™?), these amounts of immobilized enzyme
represent a 6- to 40-fold enhancement over immobilization
on the plain surface. These results show that nanosprings
significantly increased the enzyme-loading capacity of the
microchannel surface. There are, of course, other methods of
surface modification to enhance the amount of immobilized
enzyme. Layer-by-layer immobilization and surface-anchored
polymer brushes are two interesting examples. However, in
each case, the surface functionalization requires multiple
steps.” ™" It is evident from the considerations just made
that immobilization of Z_BISPase in the nanosprings—SO; —
flowcell must have involved enzyme adsorption in all three
dimensions of the nanosprings matrix. However, distribution of
Z_BISPase within the nanosprings layer was unknown, and
visualization experiments were performed for clarification.

3.2.2. Visualizing Enzymes Immobilized in the Nano-
springs—SO;~—Flowcell. Z_BiSPase (15 pg) was immobilized
in the nanosprings—SO; —flowcell, labeled fluorescently with
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Figure 4. CLSM images of the nanosprings—SO; —glass slide containing FITC-labeled Z_BISPase are shown.
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Figure 5. Performance analysis of the nanosprings—SO; —flowcell containing immobilized Z_BISPase (100 ug) is shown. The substrate solution
contained sucrose and phosphate (50 mM of each). The concentration of aGlc 1-p released at steady state was measured. Conversion and
productivity were calculated from the data. F was varied as indicated, and 7, was calculated with a volume V of 83 uL. Results are from three

independent experiments. Average values are shown with a standard deviation of 5%.

FITC, and analyzed with CLSM. Results are shown in Figure 4.
A vertical cross-section image in panel A shows the nanosprings
layer of about 70 ym thickness (height) on the glass surface.
Close-up images (panels B—E) from different points between
top and bottom of the layer are also shown. The control was a

31

nanosprings—SO; —flowcell labeled with FITC but lacking the
enzyme. It did not show fluorescence, thus validating the

evidence in Figure 4. One recognizes immediately from Figure
4 that fluorescence was present all through the nanosprings
layer, indicating that the enzyme was able to penetrate laterally
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and vertically and so became distributed broadly across the
solid matrix. Images in Figure 4 (panels B—E) reveal the
increase in solid matrix density on moving from top to bottom
of the nanosprings layer. The nanosprings material located
closer to the glass surface exhibited areas in which nanosprings
were extremely strongly interwoven with relatively large
interstice in between (see Figure 4E). To the extent that
fluorescence intensity informs about the amount of labeled
protein present locally, Z_BISPase seemed to be distributed
somewhat uniformly in the nanosprings matrix irrespective of
local differences in material density. The results in Figure 4 are
from an immobilization of Z BISPase that used enzyme
directly from the crude E. coli cell extract. To exclude the
possibility of artifact, namely that FITC fluorescence in the
nanosprings matrix was not from Z_BISPase but actually from
another E. coli protein, we repeated the experiment under
exactly comparable conditions but used purified 7 BISPase
instead. The results are shown in Figure S3. Ability of
Z_BISPase to penetrate the nanosprings layer and become
immobilized in it was confirmed unambiguously.

3.2.3. Substrate Conversion in the Biocatalytic Micro-
reactor Dependent on Liquid Flow Rate. Flow chemistry
involves the liquid flow rate F as a key process variable. F
determines the average residence time (t,,,) via the relationship
Ts = V/F, where V is liquid volume of reactor. Using
Z_BISPase immobilized in the nanosprings—SO; —flowcell,
effect of F on substrate conversion at steady state was analyzed.
Note that microreactor steady state implies time invariance of
the substrate conversion at constant F. For each F used,
therefore, it was ensured that steady state was maintained for a
reaction time equivalent to 10 times the 7. The change in F
was achieved via ramp-up and ramp-down of the flow rate in
the range 10—150 uL min™". Direction of the F excursion, up or
down, did not affect the conversions obtained. Results are
summarized in Figure 5.

The conversion increased dependent on 7, as expected
from conventional fluidic behavior of a tubular reactor, and full
conversion was reached within about 8 min. The productivity
increased dependent on F to reach a maximum at 80 4L min~"
or greater. Figure 5 shows that through systematic variation of
F, the microreactor performance was switched between steady
states of quantitative product yield (50 mM; 100% conversion)
and optimum productivity (19 mM min™") at a lower product
yield of about 40%. We previously showed a productivity of 14
mM min " at a product yield of $50% when the same enzymatic
conversion was performed in a meander-shaped fluid micro-
channel.' Increased productivity of the nanosprings—SO;™—
floweell, even at a lower degree of miniaturization compared to
the previously used microchannel reactor, emphasizes the
efficiency of the nanosprings coating for enzyme immobiliza-
tion.

3.2.4. Enhanced Operational Stability of Enzyme Immo-
bilized in Nanosprings Layer. Operational stability represents
a critically important parameter of efficiency of the enzymatic
microreactor applied to continuous flow synthesis. Enzyme
immobilization via the Z, ., module is readily reversible by its
design. However, lacking the high endurance of enzyme
immobilization via covalent fixation, its stability under
continuous operation is a problem requiring special attention.
Besides actual loss of enzyme activity due to denaturation
under conditions of use, limited operational stability might
involve effect of washing out of the enzyme. We evaluated the
operational stability of immobilized Z_BISPase in time-course
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experiments comparing the nanosprings—SO;” —floweell to the
plain flowcell. The reaction setup (F = 40 pL min~') was
selected such that the aGlc 1-p released at steady state was an
immediate measure of E,,,. The initial E,,, was 874 + 8 mU for
the nanosprings—SQO; —flowcell, while it was 83 £ 3 mU for
the plain flowcell. The actual reaction time was normalized on
T,es (= 2.08 min) to show the number of reactor cycles run
through. The results are shown in Figure 6.
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Figure 6. Comparison of nanosprings—SQ; —flowcell ( ) and plain
flowcell (A) in terms of their operational stability is shown.
Operational stability was evaluated as decrease in E, over time.
The total reaction time is expressed relative to the 7., of 2.08 min and
given as number of reactor cycles. The conditions used were: F = 40
uL min™!, 50 mM of each sucrose and potassium phosphate, 25 °C,
and pH 7.0. Results are from three independent experiments. Average
values are shown with standard deviation of 8%.

Using the nanosprings—SO;™—flowcell, about 85% of the
initial E,,, was retained after 840 reactor cycles. Using the plain
flowcell, by contrast, Epp decreased continuously to just 20% of
the initial value after 450 reactor cycles. An operational half-life
of about 269 cycles, equivalent to 560 min, was determined for
Z,_BISPase immobilized in the plain flowcell. The correspond-
ing half-life of enzyme immobilized in the nanosprings—SO;™—
flowcell was approximately 6160 min, representing a substantial
11-fold enhancement of stability. Because Z_BISPase does not
lose activity in the timespan of these experiments under the
conditions used, the decrease in Ep solely reflects washing out
of the immobilized enzyme. Enhanced operational stability of
immobilized Z_BISPase is therefore ascribed to the incorpo-
ration of the enzyme into the solid matrix of nanosprings of the
glass surface. This is consistent with evidence obtained with
other silica-based microreactors lacking the coating with
nanosprings. 1936

4, CONCLUSION

The current study demonstrates significant advance in enzyme
immobilization in flow microchannels through well-coordinated
designs of the enzyme and the material used. Design of the
enzyme’s molecular structure as to promote efficient “affinity-
like” binding to silica surfaces involved fusion to the silica-
binding module Z,,.,. Evidence for the 7., fusion of
Bifidobacterium longum sucrose phosphorylase herein obtained
revealed that surface coating with a layer of silica nanosprings
boosted the immobilization in flow microchannels in two
important ways. First, enzyme binding was enhanced by an
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order of magnitude or more as compared to binding to the
plain wall surface of uncoated microchannels. Second,
resistance of the (noncovalently) bound enzyme to washing
out under conditions of continuous liquid flow was also
enhanced compared to the plain surface reference, likewise by
an order of magnitude or more. The surface layer of
nanosprings was characterized in its morphology as a fibrous
network of material that was readily penetrated by the enzyme.
The enzyme efficiency factor, which is typically quite good
(20.5) for immobilizations to silica steered by the Z,.
module, decreased to an unusually low value of 0.11 at high
enzyme loadings into the silica nanosprings matrix. While the
effect must wait further study for deeper understanding, a
nanosprings synthesis mainly via lateral growth on the surface
so as to lower the thickness of the final layer might help to
increase the efficiency of the immobilized enzyme. Evidence
from continuous reaction studies suggested that the micro-
channel reactor, containing enzyme immobilized on nano-
springs-coated wall surface, is a flexible and powerful tool for
both chemistry and chemical engineering to characterize and
optimize biocatalytic transformations in flow. The operational
stability of the continuous Z BISPase reactor would enable
over 1000 cycles (reactor volumes processed) to be performed
with only a single load of enzyme. In summary, therefore,
surface coating with silica nanosprings extends the possibilities
for enzyme immobilization in flow microchannels. It effectively
boosts the performance in biocatalytic synthesis of a micro-
structured reactor limited otherwise by the solid surface
available for immobilizing the enzyme. The approach appears
to be broadly applicable to different enzymes as well as
microreactor designs.
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Supporting methods

Evaluation of the theoretical maximum loading of enzyme on the plain microchannel

From the geometry of the microchannel patterned by the gasket, the plain flowcell is
calculated to have a total surface area of 740 mm® The overall dimension of the BISPase
molecule (Uniprot entry: Q84BY 1) was assessed from the crystal structure of the homologous
SPase from Bifidobacterium adolescentis (Uniprot entry: Q84HQ2, PDB code 1R7A). The
total mass of the homodimeric Z_BISPase was calculated from the amino acid sequence using
ProtParam tool. It was 132.83 kDa. The program PyMOL 0.99rc6 was used for protein
structure visualization. The largest footprint of the enzyme was taken from an orthogonal
rectangle projection and determined to be 64.31 nm?* The plain area of the plate divided by
the enzyme area gave the maximum number of enzyme molecules immobilizable per plate (n
=1.15 x 10'3) which was transferred with Avogadro’s constant (6.02 x 10%), the size of the
Z_BISPase and the specific activity of the enzyme (77 U mg) into the theoretical activity

loading per plate. Therefore, we calculated that B, = 2.54 pg and max_E,,, = 0.19 U.
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Supporting Figures

Figure S1. SEM images of the nanosprings-coated glass slide from different positions of the

nanosprings matrix. Each row indicates one position at different magnifications.
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Figure S2. SEM image of the cross-section of the nanosprings-coated glass slide is shown. It

is shown that the bottom areas of the nanosprings are denser than the top ones.
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Liquid —»

Labeled enzyme nanosprings-SO5
matrix Glass —»

Figure S3. CLSM images showing purified enzyme immobilized in the nanosprings-SO3

matrix.
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Abstract

CrossMark

Flow microreactors utilizing immobilized enzymes are of great interest in biocatalysis
development. Most of the common devices are permanently closed, single-use systems,

which allow limited physical and chemical surface modifications and evaluation methods. In
this paper we will present resealable flowcells that overcome these limitations and moreover
allow a quick and easy integration of sensor systems, because of the use of modular building
blocks. The devices were utilized to study the enzyme activity of glucose oxidase immobilized
on chemically modified glass surfaces under flow conditions, employing integrated optical

oxygen sensors for on-line monitoring.

Keywords: micro(bio)reactor, glucose oxidase, modular system, oxygen sensor, resealable

flowcell
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(Some figures may appear in colour only in the online journal)

1. Introduction

One field of applications of microfluidic flowcells is the
screening and characterization of biocatalytic processes at
small scale. Microfluidic devices provide a huge surface area
to volume ratio, thus they represent a clear opportunity for sur-
face-immobilized enzyme microreactors [1-5]. The latter also
can be used for continuous flow operations [2, 6-8]. In addi-
tion, the control over temperature and reaction time is improved
compared to conventional batch reactors using enzymatic
reactions. Also the diffusion distances are reduced, which pro-
vides a potentially better mixing and contact with the reaction
substrates. Implementation of enzyme immobilization in micro-
reactors still faces many drawbacks, especially when different
approaches, e.g. surface functionalizations, are to be studied
systemically [9-11].

1361-6439/17/065012+11$33.00
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The ideal micro(bio)reactors provide highly customiz-
able flow paths and controlled surface modification, e.g.
different enzymes can be immobilized at localized areas
of the device. Most of the flowcells and micro(bio)reactors
that are commercially available are made of glass, plastics,
silicon or combinations of these materials [12]. The majority
of the devices have in common that they consist of perma-
nently closed systems and the only way to access the inside
of the channels is through the inlet and outlet [11, 13-15].
Thus localized modifications are challenging and need a huge
effort in order to develop surface modification processes
and analysis tools. Additionally, those flowcells have a one
directional, linear path from development to application in
common, which is defined by the conception and design, the
production and sensor integration followed by enzyme immo-
bilization and characterization.

© 2017 IOP Publishing Ltd  Printed in the UK



J. Micromech. Microeng. 27 (2017) 065012

Tailor-made resealable micro(bio)reactors providing easy integration of in situ sensors

M Viefhues et a/

Figure 1. Drawing of the holder used for the experiments. (Left) exploded view of the resealable flowcell in the open holder with the
tubings and optical fibers connected. (Right) drawing of the closed holder.

Resealable devices, thus, devices that could be sealed
and reopened, are presented in [16-20]. Tkachento et al and
Reichen ef al used devices [16, 18] that were made of PDMS
using soft lithography. Their master molds were made by
means of either photo lithography or micromilling. Alam et al
used PDMS as gasket material to form a flowcell that could be
reopened [20]. However, PDMS is not compatible for many
organic solvents as used for cleaning and sterilization [21].
The devices in [17, 19] were made by micromilling of PMMA
and plastics and needed specific gaskets to form tight seals.
The milling process enables easy adaptation of the device
layout, but the need for separate gasket rings, of exact flowcell
geometry, limits the flexibility. A new approach of fabricating
microfluidic devices towards more flexible, modular systems
can therefore improve biocatalysis studies fundamentally.

The goal was to develop a new fabrication strategy for
highly customizable resealable flowcells for applications in
enzyme reaction studies, with at the same time high repro-
ducibility. The new flowcells constitute a modular system,
since individually components can be suited independently
and then assembled. The idea behind the modular system was
that separate features can be optimized individually to build
tailor-made layouts. This modular system in its current form
was composed of two parts combining to form a resealable
flowcell. One part forms the microfluidic structures utilizing
chemically inert elastomers and the second part is used to
close the system, see figure 1. Both parts can be designed and
modified independently from each other, as long as the outer
boundaries are identical. Thus, the inner surfaces of the flow-
cell could be functionalized for example with combinations
of enzymes to study heterogeneous catalysis and with in situ
sensor elements like electrodes or chemical sensing layers.
The microfluidic structures were fabricated by dispensing
onto the substrates a pre-polymer that is cured to form an
elastomer. The new fabrication strategy offers great utility for
many microfluidic users due to its ability for quick and easy
adaptation of designs. Moreover, easy connecting and discon-
necting of the modules enables effective characterization of
modified surfaces.
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The applicability of the resealable flowcells for enzyme
studies was assessed using a heterogeneous biocatalysis with
glucose oxidases (GOX) as a model system, which has an
immediate need to have an in situ advanced sensing [22] due
to the oxygen dependence. The new device provided easy
integration of in situ sensor features. The modular approach
makes it possible to decide for each experiment which type
of sensor would be suitable. Super et al connected a separate
oxygen probe device via Luer-lock adapters to their microflu-
idic cultivation chip to monitor the oxygen consumption [23].
Nevertheless, integration of the oxygen sensor directly in the
reaction region would offer better control of processes. The
impact of different surface activation methods on the enzyme
immobilization was studied. The amount of immobilized
activity and stability were the observed parameters for three
surfaces with different surface modifications. The enzyme
activity was determined using off-line and on-line methods.

In this work, integration of oxygen sensors is shown for
prove of concept of easy surface modification. A lumines-
cence lifetime measurement was used for accurate oxygen
monitoring. The oxygen sensing layer was deposited in a
well-controlled way in the area of interest for that purpose.
With the integrated oxygen sensor the oxygen permeability
of the resealable flowcells, which might impact oxygen sen-
sitive reactions, was analyzed. Finally, integration of an
oxygen sensor provided a better insight view of the enzy-
matic behavior with respect to substrate limitations as well as
long-term stability measurements.

2. Materials and methods

2.1. Fabrication of resealable flowcells

The gasket was made by dispensing a liquid prepolymer onto
a borosilicate glass (Schott, Germany) surface, which, when
cured, forms an elastomer. The gasket was made from two
types of material: perfluorinated elastomer (PFE) or med-
ical grade silicone (MED). The pre-polymers were cured
by heating the material for 10min on a hotplate set to 140
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Figure 2. (Left) examples of various modules that could be combined to form a tailor-made flowcell. One module from section I-III and
one from section 1-3 were selected and stacked. (I) Represents a homogeneous surface modification, e.g. with catalytic biomolecules or
sensing layers. (II) Represents a modification for spot measurements. (III) Represents a heterogeneous surface modification, e.g. with two
different enzymes. These modifications could also be applied to the fluidic part, i.e. 1-3. (Right) microfluidic chip with meandering channel
and oxygen sensing layer (green) as used for the experiments. Please note, this example chip did not contain the access through holes.

°C. Both materials were tested with respect to the chemical
resistance against organic solvents and mild acids and bases
often used in biocatalytic and enzymatic reactions, i.e. eth-
anol, isopropanol, acetone, methanol, sodium hydroxide, and
hydrochloric acid. Incubation of the flowcells in those chemi-
cals for 60 min did not affect the size, shape or sealing ability
of the gaskets.

The outer dimensions of the glass plates were
15 mm x 45 mm and the thickness was 1.1 mm for the top
part and 0.7mm for the bottom part. The top glass slide was
equipped with through holes at well-defined positions with
respect to the gasket structure forming the fluidic inlet and
outlet.

The two modular parts were stacked, shown in figure 1,
and placed into a fluidic connect pro chip holder (Micronit
Microtechnologies, The Netherlands), which compressed the
stack, resulting in a liquid tight seal. The 10 mm wide straight
and the meandering channel (structures 1 and 3 in figure 2)
were used in combination with either plain glass slides or
slides covered with oxygen sensors, see section 2.4. The test
setup for determining the leakage pressure of the resealable
flowcells, was composed of the flowcell in the holder, a syringe
pump with water connected to the flowcell, a pressure sensor
connected in series to the flowcell, and a capillary downstream
of the resealable flowcell to generate a back-pressure.

2.2. Surface functionalization

Before use, the surfaces of the top and bottom part could be
functionalized with enzymes or sensing layers, see figure 2.
Two surface activation protocols were used for the generation
of an amino-activated surface on the glass. Glucose oxidase
was subsequently immobilized on the modified surfaces by
ionic adsorption.

2.2.1. Surface functionalization with AAPTES and PEIl. The
first step of the surface functionalization of the top part, con-
taining the gasket, was to clean and remove organic residues.
The disassembled flowcell was immersed in a mixture of
methanol/HCI (1:1) for 30 min, rinsed with deionized water,
immersed in sodium hydroxide solution (1M in water) for
30min and rinsed with deionized water again. Finally, the
flowcell was rinsed with SOmM potassium phosphate buffer
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(PPB), pH 7.0. For the N-(2-aminoethyl)-3-aminopropyl-
triethoxysilane (AAPTES) functionalization the procedure
described in [24] was followed.

The poly(ethyleneimine) (PEI) surface functionalization
was started by incubating a cleaned disassembled flowcell in
5% (v v™!) solution of (3-glycidoxypropyl)trimethoxysilane,
pH 8.5, for 16h at 25 °C as described in [24]. Afterward, the
glass slides were rinsed with deionized water and incubated in
asolution of 0.1 g ml~! PEI in water, pH 10.0, at room temper-
ature while gently stirred in an end-over-end rotator. Finally,
rinsing with ethanol and deionized water removed weakly
bound residues. The surface functionalization also could be
performed in an assembled flowcell if only specific regions
should be modified, e.g. as shown in figure 2(I).

2.2.2. Enzyme immobilization procedure. Enzymes were
immobilized on non-modified glass surfaces and surfaces
with AAPTES or PEI functionalization. The flowcell part was
placed into enzyme immobilization mixture (6U ml~! GOX
in 50mM PPB, pH 7.0), and incubated for 2h without agita-
tion at room temperature. After that, the flowcell was assem-
bled and flushed with 50 mM PPB, pH 7.0, at a flow rate of 50
40 min~! using a syringe pump to remove enzyme that was not
strongly bound to the surface. The effluent was analyzed by a
coupled peroxidase assay.

2.3. Determination of enzyme activity by colorimetric assay

The activity of GOX was analyzed by a coupled peroxi-
dase assay, i.e. colorimetric assay, which was performed as
described elsewhere [24]. A quinonediimine dye was used for
the activity determination, see SI for more information.

The activity of GOX immobilized in the resealable flow-
cells was analyzed off-line by flushing the assay mixture
through the flowcell, containing the immobilized enzyme,
and collecting the effluent at the outlet. The collected sam-
ples were stored on ice to quench the reaction in case enzyme
was eluted. Afterward, the collected volume was analyzed
spectrometrically to determine off-line the hydrogen peroxide
concentration. The hydrogen peroxide concentration formed
was used to calculate the volumetric activity (U ml~"). The vol-
umetric activity is defined as the amount of hydrogen peroxide
produced (mM) per applied residence time. Note: one activity
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Figure 3. Setup for on-line spot oxygen consumption measurement. An oxygen sensitive layer was integrated into the resealable flowcell.
Optical fibers were led to the spots of interest through the top of the holder and the signals were monitored in real-time.

unit (U) is the amount of GOX that produces 1 gmol min~'

hydrogen peroxide or consumes 1 gzmol min~' oxygen at the
conditions used. This procedure is referred to as continuous
coupled peroxidase assay.

2.4. Oxygen sensing

On-line oxygen consumption monitoring and imaging was
conducted by integrating oxygen sensor layers into the reseal-
able flowcells. The resealable flowcell was disassembled and
the oxygen sensor layer was deposited by spray coating an
oxygen sensor cocktail on a roughened glass slide, to be used
for closing the resealable flowcell. The oxygen sensor cocktail
was made by dissolving the oxygen sensitive dye, platinum(II)
meso-tetra(4-fluorophenyl)tetrabenzoporphyrin  (PtTPTBP)
[25], and silicone rubber adhesive E4 (DRAWIN Vertriebs-
GmbH, Germany) in chloroform [26].

Spray coating was done with a custom built device as
described in [26]. The airbrush was led over each substrate in
spirals to cover the whole area inside the flowcell with sensor
material. Adequate layer thickness was verified by checking
the signal intensity.

An optical fiber (tip diameter 1 mm) was directed to the
outer surface of the resealable flowcell, see figure 3. The optical
fibers were led through access holes in the chip holder and
connected to an oxygen meter ‘FireStingO2’ (PyroScience,
Germany) for the spot on-line oxygen monitoring. The theory
of optical oxygen sensing is described in the supplementary
information (stacks.iop.org/JIMM/27/065012/mmedia).

Time-resolved oxygen imaging of a large area was per-
formed using a PCO sensiCam (PCO, Kehlheim, Germany)
for rapid lifetime determination (RLD) as described by Moser
et al [27]. A blue ultra-bright LED with emission maximum at
450nm (Luxeon Lambert emitter, 5 W, Germany) was applied
as the triggered excitation light source for phosphorescence
lifetime imaging and combined with a filter set consisting of
Schott BG12 and Schott RG 9 (Schott, Germany) as the exci-
tation filter and barrier filter, respectively.

Before starting the measurement the sensing system
was calibrated using a two-point calibration. The flowcell,
containing the sensing layer, was flushed with air-saturated
buffer to determine the phase shift between excitation and
emitted light. Afterward, the flowcell was flushed with de-
oxygenated buffer to again determine the phase shift.
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The activity of immobilized enzyme was determined by
flushing 100mM glucose through the flowcell whilst moni-
toring the oxygen concentration near the inlet and outlet.
The amount of oxygen consumed by the enzyme was cal-
culated from the difference between the two signals and the
volumetric activity was calculated by the consumed oxygen
concentration per applied residence time.

2.4.1. Long-term  stability —test of immobilized GOX-
flowcell. The long-term stability of GOX immobilized in a
PEI functionalized resealable flowcell was studied by moni-
toring the oxygen consumption for 24h. To decrease deacti-
vation of the oxidase by hydrogen peroxide that is produced
during the experiment 0.01 mg ml~! catalase was added to the
substrate solution, consisting of 100mM glucose in 50 mM
PPB, pH 7.0. This mixture was then pumped through the flow-
cell, whilst simultaneously monitoring the oxygen concentra-
tion. The mixture was recirculated for 24 h at a flow rate of 20
4 min~! with a HPLC pump.

3. Results

3.1 Resealable flowcells

3.1.1. Fabrication of resealable flowcells. The goal was to
produce a micro(bio)reactor that provides easy access to the
inside surfaces during the pre- and post-processing steps. The
sealing method needs to be compatible with biological mat-
erials when these are present on the surfaces before sealing,
i.e. excluding the use of high temperatures and pressures or
organic solvents. Additionally, the production should allow
customization. Therefore, the concept of a resealable flowcell
was developed where an elastomeric gasket on a glass slide
defines the shape of the flow path and the flowcell is closed
with a second glass slide, see figure 1. A leak tight sealing was
achieved by mechanical compression using a holder (fluidic
connect PRO), hence no permanent bonding of the layers was
necessary.

In this work, we used the heat curing materials PFE and
MED for the gaskets. Additionally, to heat curing elastomers
also UV curing materials could be used easily, for example
polyurethane methacrylate (PUMA).

The elastomeric gaskets were made by dispensing a
prepolymer onto a glass slide, using a dispensing robot,
and curing it. For instance, the programmed dispensing
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Figure 4. Various layouts of structured flowcells that have been successfully fabricated. The structures in (a)—(d) are all of the same height
on a single device. In (e)—(f) the structures inside the outline are lower than the height of the outline.

path defines the the final gasket layout, see also figure SII.
Thus, no soft lithographic or casting steps were necessary.
Moreover, this is a very efficient use of materials since almost
no material is wasted. The gasket height was controlled by the
dispensing parameters, like the x/y-writing velocity and the
applied supply pressure.

The advantage of the production using a dispensing robot
was that it allowed very fast prototyping since the layout of
the part could be exported to the instrument directly. Figure 4
displays a few examples of layouts that have been fabricated
successfully. The ease to adapt the fabrication to different lay-
outs on demand is a powerful asset.

To prove the very good reproducibility of the dispensing
production 425 PFE flowcells were made with a single loop,
shown in figure 2(1), during a period of several months and
the gasket height was measured. With the dispensing robot
set to dispense a 355 pm high gasket, the resulting mean
height was 354 pum with a standard deviation of 6 pm, illus-
trated in figure SI2. The total thickness variation for a single
flowcell was within instrumental error. The final flowcell
height strongly depended on the compression of the gasket.
Measurements of 354 pm gaskets revealed a compression of
about 10% for usage of the Fluidic Connect Pro holder.

We achieved a minimum channel width of 450 ym in a
meandering channel with a PFE gasket, at a height of 354 pim.
However the minimum height strongly depends on the gasket
material and the dispensing tip, see also SI. So far, the thinnest
gasket that led to a sealing flowcell was 70 pm in height.

More complex structures can be made as shown in figure 4
in order for example to elongate the path length through the
flowcell or serve to assist in mixing or trapping microparticles.

Regarding resealable flowcells with inner structuring one
can further distinguish between features that are all of the
same height as the outer border, e.g. forming a meandering
channel, and features that do not extend to the bottom of the
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flowcell, e.g. forming ridges. For the latter ones it needed to
be taken into account that the elastomeric gasket was com-
pressed when placed inside the holder, thus, the compressed
height of the flowcell structure had to be higher than the ridges
in order not to block the fluidic path completely.

3.1.2. Sealing performance under pressurized flow. A reli-
able device has to be leak tight for the pressures used during
the experiments. For applications with biological samples,
e.g. cells, or with enzymes the shear stress and the maximum
pressure have to be limited, the latter to about 0.3 bar, to not
degrade the samples or destroy weak bindings.

Flowcells were fabricated using two different elastomers
to form the gasket consisting of a single closed loop and the
maximum operating pressure was determined. During the
experiments it was found that the absolute height deviation
along a single structure had to be less than 10 um to get a
tightly sealing flowcell. Figure SI3(a) depicts the results from
14 flowcells, all made of PFE and with a gasket height of 354
pm. The leakage pressure of the flowcells was 0.7 bar +/— 0.1
bar, which is higher than the typical maximum pressures used
in biological or enzymatic applications [28-30]. Hence, a reli-
able and reproducible sealing performance of the resealable
flowcells was observed proving the suitability for micro(bio)
reactors.

Additional experiments using a higher clamping force
revealed that the leakage pressure could be increased (results
not shown here). The only limitation was the stability of the
glass slides as they bent and broke for a too high clamping
force. This might be prevented when using additional sup-
porting layers.

Meandering channels, illustrated in figure 4(b), were
tested as well and exhibited leakage pressures above 0.45
bar (figure SI4), which was less than for straight flowcells of
the same height but still sufficient for many applications. An
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Figure 5. Evaluation of the oxygen transfer through the gasket. (a) Oxygen resaturation versus time in the gas phase, two different layouts,
straight (figure 2(1) and meandering (figure 2(3)), and two different materials, PFE and medical silicone. (b) Time-lapse pictures of the first
6min, 1 per min, of resaturation in the gas phase for a meandering MED channel. A 8 pixel by 8 pixel region of interest was chosen in the

center of the fluorescence lifetime image for the numerical evaluation in (a). (c) Time-lapse pictures of the first 6min, 1 picture per minute,

of resaturation in water for a meandering MED channel.

explanation of the reduced pressure resistance is that slight
height variations were observed at the regions where two
lines cross each other. This was also in accordance with the
observation that the leakage pressure demonstrated poor cor-
relation with the gasket height since the height deviation at the
crossing points was almost independent from the total gasket
height. In addition, the larger contact area between the gasket
and cover resulted in less compression of the gasket. Instead
the elastic ferrules connecting the tubing to the flowcell would
be compressed more and the glass or support structure in the
holder underneath the flowcell could bend.

Flow rates of 8ml min~! have been tested in a single loop
flowcell without observing a leakage for a gasket height of
355 pm. This was in good agreement with calculated flow
rates of 7ml min~! for a hydrodynamic pressure of 0.7 bar
and 8ml min~! for 0.8 bar. Since the devices are aimed at
bio or enzymatic applications, no higher flow rates have been
tested according to the very high shear stress that would apply
to the surfaces of the bio or enzymatic samples. Moreover,
the resulting residence time would be too short for oxygen
consumption by immobilized enzymes. Nevertheless, with
the right combination of gasket material and thickness a max-
imum operating pressure up to 2.4 bar was achieved.
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3.2. Applications of surface modifications

So far the general concept of resealable flowcells and a char-
acterization of them, with respect to production and sealing
performance, have been presented. The results demonstrate
the versatility of the production method to create customized
devices. In the previous section this was shown for the flu-
idic path, but this also applies for surface modifications with
enzymes or sensor layers.

3.2.1. Oxygen transfer through the gasket. The oxygen trans-
fer through the gasket was determined in gas phase as well as
in liquid phase. For the gas phase the flowcell with a mean-
dering gasket made from MED and straight flowcells made
of PFE and MED were tested. We flushed the flowcell with
nitrogen until no oxygen was measured. Then the nitrogen
flow was stopped and the connections were closed. Phospho-
rescence lifetime images were recorded every minute (dem-
onstrated in figure 5(b)) and the oxygen saturation level was
plotted versus time (figure 5(a)). To measure oxygen resatur-
ation of an aqueous phase, de-oxygenated water was flushed
through the flowcell. The flowcell was closed and phosphores-
cence lifetime images were taken, at an interval of one minute.
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Figure 5(a) reveals that the oxygen transfer rate through
the gasket was different for all configurations. The medical
silicone exhibited a higher oxygen transfer rate than the PFE
when comparing structures of the same gasket height. This
is assumed due to the following reasons; first, the medical
silicone had narrower gasket widths than the PFE reducing
the diffusion distance, and second, the medical silicone could
have a higher gas permeability. A comparison of the straight
and meander channels made of MED revealed that the straight
channel exhibited a faster resaturation. One reason for the
faster resaturation of that channel was because the oxygen
could diffuse more freely without the ridges.

Regarding the re-oxygenation of water, figure 5(c), it was
significantly slower than in gas phase, figure 5(b). The MED
resealable flowcells reached 50% oxygen saturation after
thirty minutes in the gas phase, whereas in the liquid phase
the mean oxygen saturation after thirty minutes was about
20%, see figure SIS. In water there was a clear gradient visible
from the channel wall to the center of the channel. In contrast,
no gradient was visible for the gas phase, figure 5(b). This is
assumed to be due to the much faster diffusion of oxygen in
air versus water.

The results of the permeability test proved two things. First,
the gaskets made of PFE and MED are oxygen permeable,
but the re-oxygenation is very slow and in many applications
the consumption of oxygen would be higher than the replen-
ishing. Second, a concentration gradient over the flowcell will
appear in oxygen consumption applications, which might not
be desirable. Additionally, we have shown that integrating
oxygen sensing layers inside of the flowcell is a powerful ana-
lytical tool. It provided information of the oxygen distribution
over the whole chamber, as well as further information on
oxygen related enzymatic reactions.

3.2.2. Surface modifications for enzyme immobilization. The
modular concept of the resealable flowcells provides easy
access to the internal surfaces of the devices. This feature was
exploited to apply specific surface functionalization on the
glass to increase the binding capacity and stability of enzymes.

The use of AAPTES- and PEl-linkers was investigated to
functionalize the surface and introduce binding sites for the
glucose oxidase. During surface modification the resealable
flowcell was disassembled and the top parts were immersed
in the functionalization mixture. This offered several advan-
tages compared to closed systems. The first advantage was
that by this procedure a homogeneous distribution of linker
molecules could be achieved easily because the functionaliza-
tion mixture was not flushed through a closed system, which
could have led to different linker concentrations at the inlet
compared to the outlet. Furthermore, several disassembled
flowcells could be treated simultaneously in the same vessel
whereas for closed systems that might be tedious because
each cell needs to be connected to a pump.

During the PEI modification a precipitation was observed
in some devices, which would lead to blockage in permanently
closed channel systems. This can be very complicated if the
device cannot be cleaned properly. In contrast, the reseal-
able flowcells offer an easy access to the inner surfaces when
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Figure 6. Volumetric activities of glucose oxidase modified flowcell
as function of the flow rate with different activated surfaces -non-
modified bare glass, AAPTES modified, and PEI modified. Assay
mixture was flushed through the resealable flowcell and collected at
the outlet. The volumetric activity was calculated via the hydrogen
peroxide formed (see experimental information for more details,
section 2.3).

disassembled. Thus, those could be cleaned thoroughly and
even precipitated material could be removed.

GOX was subsequently adsorbed on bare glass surfaces
activated with AAPTES or PEI Increased binding capability
and stability were expected for the linker functionalized
surfaces. This was confirmed by performing a continuous
coupled assay, figure 6. The volumetric activity was then cal-
culated, section 2.3.

The enzyme activity was higher for surfaces with modifica-
tion than for the bare glass surface and the PEI modification
resulted in a higher activity than the AAPTES coating. The
increased binding for the amino-linker functionalized surfaces
compares well with literature [31, 32]. It was observed that
the activity in the non-modified flowcell and AAPTES modi-
fied one significantly decreased for higher flow rates. The
decreased activity can be explained via desorption of enzymes
or inactivation. This behavior was not observed for the PEI
modified flowcell. However, the off-line approach did not
allow differentiating between these effects and the contrib-
ution of eluted enzyme to the detected hydrogen peroxide was
unknown.

It is important to note that each flow cell was submitted
to a wash-off procedure (see experimental section) to com-
pletely elute the bound enzyme. Hence, the flowcells could
be used for several rounds of immobilization/elution without
difference between the experiments. Results shown here are
representative of multiple experiments.

3.3. Advanced characterization—on-line sensing

In the previous sections the modular feature of the resealable
flowcells, the ease for tailor-made surface modifications,
and the ability to perform enzymatic binding and activity
studies have been shown. Beyond that all those features
were combined, i.e. one surface of the resealable flowcell
(meandering channel made of MED) has been modified with
an amino functionalization followed by immobilization of
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Figure 7. On-line monitoring with integrated oxygen sensor.

(a) Two point on-line monitoring of oxygen concentration at the
inlet and outlet. GOX was bound to a PEI modified surface and

a glucose mixture was flushed at different flow rates through the
resealable flowcell, whilst the oxygen consumption was monitored
simultaneously. The vertical lines indicate changes of the flow rates
in the range of 50 to 5 yl min~'. (b) Volumetric activity of GOX,
bound to different modified surfaces, calculated from the oxygen
consumption.

GOX on that surface and the second surface of the resealable
flowcell has been modified with an oxygen sensing layer.
This enabled an advanced characterization of the enzymatic
microbioreactor.

In figure 7(a) the oxygen concentration is shown for a
resealable flowcell with GOX immobilized on a PEI modi-
fied surface. The oxygen concentration has been monitored
at the inlet and at the outlet of the flowcell. Via the on-line
monitoring a change in the oxygen consumption depending
on the flow rate became visible. The flow rate, thus, the resi-
dence time depending oxygen concentration at the inlet was
due to GOX immobilized in the region between the inlet and
the position of the optical fiber 5mm downstream of the inlet.

The impact of various surface modification on the perfor-
mance of immobilized enzyme reactor was monitored via
on-line measurement exploiting the oxygen consumption
as analytical parameter. Figure 7(b) shows the volumetric
activity of different immobilized enzyme flowcells. The volu-
metric activity was very low for the non-mofidied flowcell,
and it got lost when the flow rate increased. The volumetric
activity was higher for the AAPTES-modified flowcell one but
it also decreased when the flow rate increased. It seems that
slightly elution of enzyme under continuous flow conditions
caused the reduction of enzyme activity.
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A quantitative comparison revealed that the volumetric
activity of AAPTS- and non-modified flowcells were higher
for the off-line method than for the on-line monitoring. It is
plausible that, due to analytical limitations of the colorimetric
assay, the enzyme elution was not observable with the off-line
method.

Regarding the PEI-modified flowcell, which provided
higher binding capacities to load enzymes, the volumetric
activity was higher and increased with the flow rate. The
dependence between apparent volumetric activity and resi-
dence time have been attributed to co-substrate (oxygen)
limitation in oxidase immobilized microreactors [33] but
it can be only probed via direct oxygen measurements.
Measurement of the net oxygen consumption indicated that
at long enough residence times, the oxygen concentration was
depleted to a level of first-order dependency between reaction
rate and concentration [33, 34]. Additionally, imaging of the
oxygen concentration through the microchannel could be per-
formed to support this continuous depletion.

As summary, the comparison between the two analytical
methods demonstrated that the on-line monitoring provided
a better insight view because the on-line monitoring was
not affected by eluted enzymes since the product concen-
tration was directly measured in the flowcell. Therefore, the
product concentration in the flowcell was determined without
the overestimation of the enzyme activity due to additional
products by eluted enzymes. This highlights once again the
advantage of the modular character of the resealable flowcell,
enabling various modification scenarios and integration of in
Siti Sensors.

For oxidase immobilized reactors, there is the hypothesis
that, at long enough residence time, oxygen will limit and
the calculate volumetric activity will be flow-dependent (the
shorter the residence time, the higher the volumetric activity)
[33]. On-line sensing provide an insight on that, whereas
imaging the oxygen concentration along the whole fluidic
path allows to overcome the restriction of using outlet-inlet
data. Thus, in addition to the spot measurements near inlet and
outlet also the oxygen concentration distribution was imaged.
PEI modification was used because that led to the best binding
stability of enzyme in the previous experiments. Pictures of
the phosphorescence lifetime were taken, see figure 8. The
oxygen concentration distribution was determined for six dif-
ferent flow rates between 5 pl min~! and 50 g1 min~'. Tt is
obvious that the oxygen concentration at the outlet dropped
significantly for low flow rates of 5 and 10 ul min~'. This
was due to the long residence time and led to an underesti-
mated volumetric activity due to oxygen limitations. Thus,
these results further explain and confirm the results that have
been gained by the coupled assay and the on-line monitoring.
For flow rates of 20 gl min™'-50 zl min~' the gradient of
oxygen concentration along the fluidic path was significantly
smaller compared to those with flow rates of 5 pl min~' and
10 gl min~'. Thus, it is assumed that for those flow rates no
oxygen limitation would lead to underestimated volumetric
activities [33], while at the same time an oxygen depletion by
the immobilized enzymes could be observed. Previous sys-
tems with oxidases in microfluidic reactors have been limited
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Figure 8. Oxygen consumption monitoring of GOX immobilized on a PEI functionalized surface. Images were taken for various flow rates
after equilibrium was reached, checked with two point monitoring. Flow rates: (a) 5 pl min~ 1 (b) 10 41 min -1 (c) 20 41 min () 30

41 min !, (e) 40 ! min~", and (f) 50 ul min~ '

to using oxygen imaging and free enzymes [26, 35] or sur-
face-immobilized enzymes and inlet-outlet detection [33].

Finally, an on-line monitoring experiment was carried out
to study the stability of the enzyme during constant perfusion
at 20 1 min~', to prevent oxygen limitation, over a period of
24h. The results of the long-term measurement are depicted
in figure 9. The volumetric activity at the beginning of the
experiment was comparable to the previous experiments.
The subsequent decrease of enzymatic activity could have
two causes. First, the enzyme might desorb from the surface.
Secondly, the enzymes might have degraded, for example due
to the presence of hydrogen peroxide [36]. That effect could
be reduced through the addition of catalase to the mixture.
These results prove that the on-line monitoring via spot meas-
urements was very effective in detecting slow changes over
time as well as events.

In order to investigate the cause of the decay in enzymatic
activity during long-term measurements, imaging analysis
could be exploited, e.g. labeling the enzymes with a dye and
performing surface scanning microscopy to check whether
the enzymes detached from the surface. Beyond that in next
studies the combined effect of the oxygen concentration and
the pH of the substrate solution on the enzymatic conversion
could be implemented in the presented devices.

An inspection of the oxygen sensing layer after the long-
term measurement revealed that the experiment had no impact
on the sensing layer. Furthermore, no changes were observed
for the resealable flowcell, thus both, the sensing layer and
the resealable flowcell could be reused, the latter was already
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proven to resist treatment with organic solvents, hydrochloric
acid, or sodium hydroxide to remove organic residues if
needed.

4. Conclusion

In this work, we presented a new type of resealable micro(bio)
reactors for biocatalysis studies. The device was based on
modular building blocks. The idea behind the modular system
was that microfluidic flow paths and surface functionalization,
e.g. with sensor elements, can be adapted and combined indi-
vidually to build a customized device. The device was easily
closed and re-opened by stacking and un-stacking the two
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parts and provided easy access to the inner surfaces before or
after experiments.

The resealable flowcells were produced by a dispensing
technique, which offered a quick and easy adaptation towards
a tailor-made device. The production reproducibility and
sealing performance was characterized and it was found that
the production was very reliable with a relative standard devi-
ation of the gasket height of approximately 1.7% for 355 ym
high gaskets. Those could be operated with pressures up to
0.7 bar £0.1 bar. Flow tests revealed a correlation between
the gasket height and the sealing performance. The burst pres-
sure increased with height and was sufficiently high for use
as a micro(bio)reactor. With the right combination of gasket
material and thickness a maximum operating pressure up to
2.4 bar was achieved.

Optical oxygen sensing layers were integrated in the
resealable flowcells. Oxygen concentration imaging was used
to investigate the oxygen diffusion into the flowcell from the
outside through the gasket. The experiments proved that the
used gasket materials were permeable to oxygen, though only
to a limited extend.

As a proof-of-concept of the applicability of the devices
to enzyme studies, glucose oxidase was immobilized in the
resealable flowcells and the enzymatic activity was determined
by a well-established coupled assay. Additionally, the impact
of surface activations on the binding stability and enzymatic
activity was studied and the results were in good agreement
with literature. An integrated oxygen sensor for on-line moni-
toring of the oxygen consumption of the enzyme was superior
to the off-line coupled assay. There were indications that the
latter method was biased due to enzyme leaching out of the
reactor and contaminating the collected samples.

In conclusion, the most suitable device, regarding the flow
path design and surface activations, could be tailor-made for
enzymatic studies. The easy integration of the respective nec-
essary sensing layers offers access to versatile applications.
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Determination of enzyme activity by colorimetric assay

The dye was measured photometrically at 565 nm. For blanks the assay mixture plus 50 uL of 50 mM
PPB, pH 7.0, was used instead of the sample. The colorimetric dye, quinonediimine, was formed via
the reaction

Glucose Oxidase
D — Glucose + H,0 + 0, ——— > D — gluconic acid + H,0

HRP
2H,0, + 4 — AAP + DMA — Quinonediimine dye + 4 H,0

where 4-AAP, DMA, and HRP denote 4-aminoantipyrine, N,N-dimethylaniline, and horseradish
peroxidase.

Theory of oxygen sensing

The sensing mechanism of most optical oxygen sensors is based on collisional quenching. It requires
the luminescent probe to be sensitive to quenching by the desired analyte [1, 2]. In the case of
oxygen sensing, the excited oxygen sensitive probe gets quenched by molecular oxygen. And oxygen
molecules at triplet state (ground state) get excited to singlet state (excited stated). This reaction is
described by the equation below:

A" +30,(32) > A + 10,(1A)

where 4" (4) is the molecule of the oxygen sensitive probe at excited (ground) state; 30, (*0,) is
molecular oxygen at triplet (singlet) state.

The dynamic quenching of the oxygen indicator can be described theoretically by the two-side Stern-
Volmer equation [3],

Y B S e )"1
F oz 1+ Kgy1 - [02] 1+ Ky, - [0,]

where F; (ty) and F (t) are the luminescence intensities (lifetimes) in the absence and presence of
the quencher, oxygen; K4 and Ky, are the respective Stern-Volmer constants, which describe the
quenching efficiency for two micro-environments; f is the distribution coefficient between the two
media, and [0, ] is the oxygen concentration in the sample.

For the sensor read-out, a frequency-domain lifetime-based measurement was used. Different from

time-domain lifetime measurement, the frequency-domain measurement utilizes a sinusoidal
intensity-modulated light. The time delay between photon absorption and emission causes a
measurable shift in the phase angle between the excitation light and emitted light. The relation
between the phase angle shift and the lifetime of the oxygen sensitive dye can be written as

tan(¢) = 2mvt

with ¢ the phase shift angle and v the modulation frequency of the excitation light source [4].
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Dispensing production of resealable flowcells

The resealable flowcells were produced by dispensing the prepolymer of the gasket onto a plain glass
slide. Thus, no masks or soft lithographic steps are needed, which allows quick and easy in-process
adaption of the device layout. The dispensing process is shown in Figure SI1. The final gasket height
depended on various dispensing settings. For instance the supply pressure that is applied to the
cartridge containing the prepolymer, thus, the higher the applied pressure was the thicker the
dispensed line became. The diameter of the dispensing tip also had impact on the gasket height, so
with smaller diameters the dispensed line became thinner. Finally, the gasket thickness could be
adapted by tuning the writing velocity during dispensing.

Figure SI1: Dispensing of prepolymer of gasket onto glass slides. The gasket height depended on the
dispensing settings and the respective polymer, e.g. its viscosity. The prepolymer was dispensed to the
surface by applying a pressure to the prepolymer cartridge. By controlled movement in x,y,z-direction the
flowcell boundary was made.

Characterization of resealable flowcells

The production of resealable flowcells had to be reproducible with respect to the design, the shape,
and the height of the gasket. The latter was measured for many flowcells that were produced over
months. For the measurement a 6x25 mm? piece of a microscope cover slide with a thickness of 0.2
mm was placed on top of the gasket. Then the outer boundary of the contact area of gasket and
cover slide was focused with a microscope. A Mitutoyo gauge was mounted to the microscope to
measure differences in z-direction and set to zero. Then the boundary of the gasket was focused and
the respective height of the gasket was read from the gauge. The instrumental tolerance was +/- 5
um. This was repeated at four different positions along the gasket.

The dispensing parameters were set to reach the desired value and then production was started. The
height distribution of PFE flowcells (single loop design, i.e. figure 2.1 in main text) is shown in Figure
SI12 In case of fitting the distribution with a Gaussian distribution 95.44% would be in the range of 343
pum and 365 pm, thus within a range of 22 um, which is 6.2% of the total height.
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Figure SI2: Height distribution for one set of dispensing parameters. The mean height is 354 um with a
standard deviation of 6 um. If a normal distribution is fitted, 95.44 %, which is the definition of 20, of the
produced structures have a height in the range of 343 um and 365 pum.

Besides characterization of the height reproducibility the sealing ability was tested as well. The test
setup for determining the leakage pressure, i.e. the lowest pressure for which leakage was observed,
was composed of the flowcell, assembled in a holder, a syringe pump with water connected to the
flowcell, a pressure sensor connected in series to the flowcell, and a capillary downstream of the
resealable flowcell to generate a backpressure. The results are shown in Figure SI3.

~

o

liquid pressure [bar]

W PFE

leakage pressure [bar]
~
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[ 10 20 30 40 50 60 0 250 500 750 1000 1250 1500
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Figure SI3: Sealing abilities of resealable flowcells. a) Sealing ability test results of 14 flowcells of same gasket
height, 354 pm, all with extended shape. A fixed pumping scheme was programmed starting at a flow rate of
0.1 ml/min and increasing the flow rate every 30 s by 0.1 ml/min. When leakage appeared the pressure did
not increase further and the pump was stopped. b) Leakage pressures for different materials and gasket
heights, the design was kept the same for all.

Figure SI3 a) depicts the results from 14 flowcells, all made of the same material and with a gasket
height of 354 um. The flow rates were stepwise increased with a repetition of 30 s and it is obvious
that the behaviors were the same as well as the leakage pressure with 0.7 bar +/- 0.1 bar. Hence, a
reliable and reproducible sealing ability of the resealable flowcells was observed.

Two things became obvious from the sealing tests of various heights and gasket materials, Figure SI3
b) . First, the leakage pressure was dependent on the gasket height, i.e. it increased linearly with the
thickness over a certain range. That was due to the fact that the applied pressure onto the thicker
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gaskets was higher. Additionally, their width increased and thereby the increased contact area
between the gasket and the glass led to a higher leakage resistance. Thus, both effects combined led
to better sealing abilities of thicker gaskets. The second observation was that the materials also
affected the leakage pressures although of same gasket height. That was due to different durometer
hardness's of the material. For instance, a softer material was deformed easier, thus was able to level
out small height variations, whereas a harder material could not. A third observation was made for
the medical silicone, whose leakage pressure reached a plateau at 2.5 bar. This is assumed to be
related to the holder, which also has compressible parts.

The sealing ability of meandering channels was not directly dependent on the gasket height; see
Figure SI2 and Figure Sl4. When a leakage appeared that happened mostly at the crossing points of
the ridges and the outer structure due to a tendency to small height variations at these points
compared to the rest of the structure. This was independent from the total height of the gasket.

0.7 meander 2.8

r ~———meander 2.2

© o
u_o

pressure [bar]
©
»

T T T T T

0 10 20 30 40 S0
time [s]

Figure SI4: Sealing test of meandering channels of different height. Meander 2.8 had a height of 350 um and
meander 2.2 had a height of 300 um.

An overview of the oxygen re-saturation in a water filled meandering channel is shown in Figure SI5
in detail. It is clear that the re-saturation in the gasket was faster than in water. A close look revealed
this tendency along the whole re-saturation process.
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Figure SI5: Time-lapse fluorescence life-time images, 1 per minute, of the re-oxygenation of water in a
meandering MED channel. The oxygen concentration is color-coded from red, no oxygen, to dark blue, fully
saturated.
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Abstract. Cytochrome P450 monooxygenases (P450s) promote hydroxylations, via oxygen insertion
from Oy, in a broad variety of substrates. Their prowess in C-H bond functionalization renders P450s
promising catalysts for organic synthesis. However, operating P450 reactions involves complex
management of main substrates, O, and NADPH reducing equivalents against an overall background
of low enzyme operational stability. Whole cell biocatalysis, although often used, offers no general
solution to this problem. Herein, we present a tailor-made design of a self-sufficient, operationally
stabilized and recyclable P450 catalyst on porous solid support. Using enzymes as fusion proteins
with the positively charged binding module Zysic2, the canonical P450 monooxygenase (P450 BM3)
was co-immobilized with glucose dehydrogenase (type IV; from Bacillus megaterium) on anionic
sulfopropyl-activated carrier (ReliSorb SP). Affinity-like immobilization via Zysic; enabled each
enzyme to be loaded in controllable amount, thus maximizing the relative portion of the limiting
P450 M3 (90 nmol/gcariers) In total enzyme immobilized. Using lauric acid (2 mM) as a
representative P450 substrate that is poorly accessible to whole-cell catalysts, we demonstrate
complete hydroxylation of substrate under efficient coupling, inside of catalyst particle, to the
regeneration of NADPH from glucose (20 cycles). The immobilized P450 BM3 showed a total
turnover number of 11,000, thus allowing fully active catalyst to be recycled at least 10 times. This
study therefore supports the idea of practical heterogeneous catalysis by P450 monoxygenase

systems immobilized on solid support.

Keywords: Hydroxylation; Cytochrome P450; Glucose dehydrogenase; Immobilization;

Heterogeneous biocatalysis
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Introduction

Cytochrome P450 monooxygenases (CYPs or P450s) are heme-containing enzymes that catalyze
chemically challenging reactions such as the introduction of molecular oxygen into non-activated
carbon atoms (Kang et al., 2014; O'Reilly, Kohler, Flitsch, & Turner, 2011; Ortiz de Montellano,
2010; Urlacher & Eiben, 2006; Urlacher & Girhard, 2012). P450 BM3 from Bacillus megaterium, a
well-characterized and self-sufficient P450 monooxygenase (monooxygenase and reductase domains
are fused via a short linker), hydroxylates a broad variety of substrates at high activity rates with
NAD(P)H as electron source and O, (air) as oxidant (Munro et al., 2002; Whitehouse, Bell, & Wong,

2012).

Despite its large synthetic and industrial potential, the effective use of P450 BM3, especially in
large-scale production processes, has been hindered since operating P450 reactions involves complex
management of the target substrates, O, and NADPH reducing equivalents (Dennig, Lilsdorf, Liu, &
Schwaneberg, 2013; Schoemaker, Mink, & Wubbolts, 2003). In addition, low operational stability
and high uncoupling efficiency (% NADPH that is oxidized but no product is formed) when

converting non-natural substrates are usually found.

Whole cells catalysis solves some of the aforementioned limitations and they allow the successful
use of P450s (Hernandez-Martin et al., 2014; Park et al., 2015). However, in some cases the activity
is too low, or the reaction is not viable. For example, while using fatty acids as natural substrates,
P450 BM3 displays a high activity (>1000 turnovers/min) and nearly 100% coupling efficiency (Di
Nardo & Gilardi, 2012), medium and long chain fatty acids are notoriously challenging in whole cell
catalysis due to their poor uptake and metabolizing activities in whole cells (Schewe, Holtmann, &

Schrader,2009).
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To gain versatility, isolated enzymes can be used, but stability issues arise. When using cell-free
P450 BM3 preparations the hydrophobicity of fatty acids, their low solubility in water and
heterogeneous character at higher concentrations often impairs with the typically polar environment
needed for efficient enzyme catalysis. At high substrate loading, further challenges become the
efficient regeneration of NADPH and related pH changes as well as transfer of O, into water
(Dennig, Busto, Kroutil, & Faber, 2015). The use of solid-supported immobilized enzymes proved to
be a good strategy to address many of the mentioned challenges. Enzyme immobilizates generally
further offer the significant advantages of facile re-use and clean separation from the liquid phase
containing the product (Lépez-Gallego, Jackson, & Betancor, 2017; Mateo, Palomo, Fernandez-

Lorente, Guisan, & Fernandez-Lafuente, 2007; Santos et al., 2015; D. N. Tran & Balkus, 2011).

Compared to other enzyme families, there are only a few reports on the immobilization of
monooxygenases and mainly P450 BM3 has been used due to its self-sufficient character that
simplifies electron transfer (Ducharme & Auclair, 2018). For instance, the cross-linking-adsorption
of P450 BM3 on Ni*-functionalized magnetic nanoparticles via its His-tag succeeded in
hydroxylation of 10-(4-nitro-phenoxy) decanoic acid (10-pNCA). The catalyst was used for six
cycles and the corresponding TTN was reached 2983 (Bahrami et al., 2017). Through fusion with
phasin, P450 BM3 was immobilized on biopolymer where using 7-ethoxucoumarin as a substrate,
the catalyst showed the TTN of ~2400 (J. H. Lee et al., 2014). In another study, encapsulation of
P450 BM3 in a sol-gel matrix obtained the TTN of 2460 for the oxidation of 10-pNCA (Maurer,
Schulze, Schmid, & Urlacher, 2003). The immobilization of P450 BM3 on metal surface via binding
peptide (Zernia et al., 2016) or using mesoporous molecular sieves to immobilize the isolated heme
domain of P450 BM3 (Weber et al., 2010) showed other techniques of P450s immobilization.
Reported concepts utilized colorimetric/fluorogenic substrates during development and

characterization (robustness and rapid development), however, examples for conversion of relevant
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industrial substrates and/or relevant product titers are often lacking. Consequently, there is a clear
demand to develop robust and practical methods of immobilized preparations involving

monooxygenases.

In P450 catalysis, NAD(P)H needs to be recycled in-situ ideally from a renewable and cheap electron
sources such as glucose or formate by a dehydrogenase (Lu & Mei, 2007; Maurer et al., 2003; Nagao
et al., 1992). Alternatively electrons can be supplied/regenerated by chemical, electrochemical or
photochemical setups (Hollmann, Hofstetter, & Schmid, 2006; S. H. Lee, Kwon, Kim, & Park, 2013;
N. H. Tran et al.,, 2013; Wang et al., 2017; Wu et al., 2013) and non-natural cofactor mimics
(Nowak, Pick, Lommes, & Sieber, 2017). However, enzymatic approaches for cofactor regeneration
provide noticeable highest compatibility as NAD(P)H is universally accepted in Nature and mild
reaction conditions are used that are favored by most enzymes. Glucose dehydrogenase (GDH) from
Bacillus megaterium is widely applied and highly active enzyme that catalyzes the oxidation of
glucose to gluconolactone with participant reduction of NAD" and/or NADP™ (Miiller et al., 2013;
Nagao et al., 1992; Nowak et al., 2017). Although, there are some reports on the co-expression of
GDH and P450 monooxygenase in E. coli, the low amount of product remained as the main
challenge (Lu & Mei, 2007; Pham, Gao, & Li, 2013). As the example of cofactor regeneration
system, NADP"-dependent formate dehydrogenase co-immobilized with P450 BM3 in a sol-gel
matrix showed the TTN of 235 increased to 630 using immobilized single enzymes for the oxidation
of 10-pNCA (Maurer et al., 2003). An ideal immobilization procedure for P450 BM3 should provide
conditions to load P450 BM3 and the regeneration enzyme in one platform which can offer the “self-

sufficient” system only requires substrate, O, and source of reducing equivalents.

A well-established immobilization technology based on cationic binding via Zpasico, Would suggest a
novel, mild and selective method for immobilization of P450 BM3 WT and the regeneration enzyme
on solid carriers. Zyasico, @ 7 kDa protein containing three a-helices with clustered positive charges
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from multiple arginine residues, allows creating protein chimeras that bind very tightly to negatively
charged surfaces at physiological pH. Due to the high pl of Zyssic2 (~10), the immobilized enzyme
can be applied over a broad range of pH values, which is relevant in particular for pH
sensitive/changing reactions by oxidoreductases (one mol H* released per mol NAD(P)H
regenerated). The immobilization with Zp.sico is highly selective, most likely because it appears to
occur in a well-defined orientation via the cationic residues. It is stable under operation, yet readily
reversible which allows reusability of carriers (Bolivar, Gascon, Marquez-Alvarez, Blanco, &
Nidetzky, 2017; Bolivar & Nidetzky, 2012a, 2012b; Wiesbauer, Bolivar, Mueller, Schiller, &

Nidetzky, 2011).

Here, we show the development of an efficient and re-usable heterogenous P450 BM3 WT
monooxygenase co-immobilized with a GDH. We use lauric acid and anisole as the two model
substrates both having a specific challenge due to their low solubility in water. The co-immobilized

system serves as off-the-shelf-catalyst to catalyze hydroxylation of industrially relevant substrates.
Materials and Methods
Materials

ReliSorb SP400/SS was a gift from Resindion (Milano, Italy) with the following specifications: 50-
150 pm diameter and 80-100 nm pore size. Unless stated otherwise, chemicals were of the highest
available purity and obtained from Sigma-Aldrich (Vienna, Austria) or Carl Roth (Karlsruhe,
Germany). Catalase bovine liver (2000-5000 U/mg) was from Sigma-Aldrich (Steinheim, Germany).

DNA sequencing was done at LGC Genomics (Berlin, Germany).
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Molecular cloning and expression of enzymes

Enzyme cloning

The plasmids containing either GDH or P450 BM3 WT fused at the N-terminal part with Zpssico
(Z_P450 BM3, Z_GDH) were constructed by using a modified the megaprimer/megawoop protocol
approach (Miyazaki, 2011). For this, a pT7ZbQGKIlenow plasmid (Wiesbauer et al., 2011)
containing the N-terminal Zpasico was used as recipient vector. DNA amplifications by PCR were
done using Q5 high-fidelity DNA polymerase (New England Biolabs, U.S.) and following the
producer’s manual. Underlined letters in primer sequences indicate the complementary area between
vector and inserted genes used for mega-primer amplification. The plasmid backbone was amplified
by PCR with primers pT7NZbas_fw (5°-
GGTTCTAGCGGCGGTAGCGGCTAAAAGCTTGAAGCTGAGTTGGCT-3") and pT7NZbas rv

(5’- CTACCGCTCTGAAAGTACAGATCCTCGCTACCGCCGCTCTGGAA

CAGAGCTTCCAAATTCG-3’) (in total 30 cycles; each cycle: 98 °C/15 s; 62 °C/30 s; 72 °C/10
min; 20 min at 72 °C final extension). BM3 WT and GDH genes were amplified by PCR from
plasmid DNA using ZBFw_BM3/ZBRv_BM3 (ZBFw_BM3:
AGCGAGGATCTGTACTTTCAGAGCGGTAGCATGACAATTAAAGAAATGCCTCAGC-3;

ZBRv_BM3: 5’-GCCGCTACCGCCGCTAGAACCCCCAGCCCACACGTCTTTTGCG

TATC-3") and Zbas GDH_fw/Zbas GDH._rv (Zbas GDH_fw: 5>’AGCGAGGATCTGTACT

TTCAGAGCGGTAGCATGTATACAGATTTAAAAGATAAAGTAG-3’; Zbas GDH rv  5°-
GCCGCTACCGCCGCTAGAACCCTATTAGCCTCTTCCTGCTTGGAAAGAAG-3’) as primers.
The following PCR programs were used to execute amplification of BM3 WT and GDH: BM3 WT:
98 °C/15 s; 55 °C/15 s; 68 °C/5 min, one fill-up cycle: 10 min at 68 °C final extension; GDH: 98

°C/15 s; 55 °C/15 s; 72 °C/1 min; 25 cycles; 5 min at 72 °C final extension. Successful PCR

66



Tailor-made, Self-sufficient and Recyclable Monooxygenase Catalyst Based on Co-immobilized Cytochrome

P450 BM3 and Glucose Dehydrogenase

amplification was verified by agarose gel-electrophoreses and template DNA was removed from
PCR mixtures by Dpnl (Thermo Scientific, U.S.) digest overnight at 37 °C following the supplier’s
manual. The digested PCR products were purified by PCR clean-up KIT (Blirt DNA GDANSIC,
Poland) and mixed in a 2:1 gene to vector ratio (2 mol gene to 1 mol vector; 100 ng vector was
used) followed by 25 cycles of DNA amplification using Q5 DNA polymerase (95 °C/15 s; 55 °C/30
min; 72 °C/10 min). PCR products were directly transformed without further treatment into chemical
competent Topl0 cells (New England Biolabs, U.S.). To verify successful DNA assembly, colony
PCR was performed using gene specific primers for GDH and P450 BM3 WT. Clones harboring the
constructs with correct size were sequenced and used for protein expression (see Supporting

Information for full length DNA and amino acid sequences of fused constructs).

Enzyme expression

Z_P450 BM3 was produced from E. coli strain Lemo2l1 cell cultures that were grown in 1-L
Erlenmeyer flasks at 37 °C using an agitation rate of 110 rpm. Flasks contained 200 mL terrific broth
medium supplemented with 0.05 mg/mL kanamycin and 0.034 mg/mL chloramphenicol. At ODgg Of
1.0, the protein expression was induced upon addition of 0.5 mM isopropyl p-D-1-
thiogalactopyranoside (IPTG) and 0.5 mM aminolevulinic acid (heme pre-cursor). The induced cells
were cultivated for 40 h at 15 °C and harvested by centrifugation (4500 x g, 15 min, 4 °C). The cell
pellet was resuspended (1:1 by volume) in potassium phosphate buffer (50 mM, pH 7.5). The
suspension was centrifuged, and the cell pellet was stored until use at -20 °C. Z_GDH was produced
from E. coli strain Lemo21 cells grown in 1-L baffled shaken flasks contained 200 mL Lennox broth
medium supplemented with 0.05 mg/mL kanamycin and 0.034 mg/mL chloramphenicol under the
same condition used for Z_P450 BM3 expression. At ODgy 0Of 1.0, expression of the Z_GDH gene
was induced by addition of 0.5 mM IPTG. The induced cells were cultivated overnight at 25 °C and
harvested with the same procedure mentioned above.
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Cell lysis preparation and enzyme purification procedure are described in Supporting Information.

Immobilization of enzymes

Immobilization of single enzyme

Enzyme immobilization via Zpsicz was performed as reported elsewhere in detail (Bolivar &
Nidetzky, 2012a). Briefly, ReliSorb SP400 (~100 mg) was incubated under mild stirring in
potassium phosphate buffer (50 mM, pH 7.5, 250 mM NacCl). E. coli cell extract containing Z_P450
BM3 (4 uM) or Z GDH (60-90 U/mL), with total protein concentration varied between 18 to 24
mg/mL, was supplemented with NaCl (250 mM) followed by adjusting the pH to 7.5. The carriers
(~100 mg) were then mixed with 1 mL of cell extract and incubated under gentle mixing at room
temperature (~25 °C) for 1 h. If not mentioned otherwise, an end-over-end rotator (20 rpm) was used
for mixing. At the end of incubation time, samples were taken from the supernatant after
sedimentation of the carriers, and the residual enzyme concentration (Z_P450 BM3; uM) or enzyme
activity (Z_GDH; U/mL) in the supernatant was measured using the assays described later. The
immobilization step was repeated four times under the conditions described with an intermediate
washing step with loading buffer in each round. For each step, the immobilization yield (%) was
calculated as 100 x (co — €) /co, Where ¢q is the initial enzyme activity/concentration, and c is the

enzyme activity/concentration in solution after the immobilization.

Co-immobilization of P450 BM3 WT and GDH

The immobilization conditions were the same as mentioned before. The P450 BM3-GDH co-
immobilization was performed sequentially. After the immobilization of Z_P450 BM3 (four loading

steps), the carriers were washed with the loading buffer, and then incubated with cell extract
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containing Z_GDH at room temperature for 1 h (one loading step). Afterwards the carriers were

washed with loading buffer and kept until use at 4 °C.

Z P450 BM3 activity assay

The procedure of Omura and Sato was used to measure the active Z P450 BM3 concentration
(Omura & Sato, 1964). To evaluate the catalytic activity of Z P450 BM3, anisole was used as a
substrate. Therefore, 0.6 nmol of free enzymes or 6 mg of carriers with the same amount of bound
enzyme were incubated with anisole (20 mM) in 1 mL of potassium phosphate buffer (50 mM, pH
7.5) for 5 minutes. Unless mentioned otherwise, anisole was pre-dissolved in ethanol to give a final
ethanol concentration of 2.2 % (v/v) in the reaction mixture. The reaction was commenced by adding
NADPH (0.2 mM final concentration) and incubated under gentle mixing at room temperature. At
defined time points, samples were withdrawn and the concentration of produced guaiacol was
measured by 4-AAP assay (Dennig et al., 2013) Coupling efficiency of free and immobilized enzyme
were determined by measuring the concentration of guaiacol obtained after full depletion of NADPH
(monitored spectrophotometrically at 340 nm under the stirred condition at 25 °C).

To test the dependence of enzyme activity on the concentration of NADPH, the same reaction setup
was performed using different concentration of NADPH (0.1-1.6 mM). The samples were taken at
defined time and the concentration of guaiacol was measured accordingly.

Z GDH activity assay

Z GDH activity was obtained from the initial rate measurements that recorded the formation of
NADPH spectrophotometrically at 340 nm. The reaction was performed in potassium phosphate
buffer (50 mM, pH 7.5), containing NADP™ (5 mM), glucose (200 mM) and the enzyme solution in
appropriate dilution at 25 °C. One unit (U) of GDH activity corresponds to the amount of enzyme
that produces 1 umol of NADPH per minute. Furthermore, the activity of soluble and immobilized

preparations of Z_GDH were studied at different concentrations of NADP®. Reactions consisted of
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0.03 U soluble or immobilized enzyme and NADP* (0.5-10 mM) in a final volume of 1 mL of
potassium phosphate buffer (50 mM, pH 7.5). Reaction was started by adding glucose (200 mM final
concentration) under the stirred condition at 25 °C.

Evaluation of enzyme co-immobilizates in hydroxylation reactions

Time-course measurement of anisole hydroxylation reaction

Each reaction contained anisole (20 mM), NADP" (0.8 mM) and 100 mg of carriers (9 nmol Z_P450
BM3 and 70 U of Z_GDH) in a final volume of 5 mL potassium phosphate buffer (50 mM, pH 7.5).
Catalase (1000 U/mL) was added to one of the reaction mixture to remove H,0O, potentially formed
during uncoupling of Z_P450 BM3. Reactions were performed in 15 mL tubes under gentle mixing
at room temperature. Samples were taken at defined time-points and analyzed with the 4-AAP assay.
Time-course measurement of lauric acid hydroxylation reaction

The reaction setup contained lauric acid (2 mM), NADP" (0.1 mM), free enzymes or 20 mg carriers
(1.8 nmol Z_P450 BM3 and 14 U Z_GDH, respectively) and catalase (1000 U/mL) in a final volume
of 5 mL potassium phosphate buffer (50 mM, pH 7.5). Lauric acid was pre-dissolved in ethanol to
give a final ethanol concentration of 2.2 % (v/v) in the reaction mixture. The formation of
hydroxylated products was determined by GC-MS analysis. The same reaction setup was operated
with native carriers (no catalyst bound) and the taken sample was calculated as 100 % substrate in
GC-MS analysis (single point calibration). For GC-MS analysis, samples were acidified with HCI (3
M) and extracted with an equal volume of EtOAc that contained 0.1 % (V/V) l-octanol as the
internal standard. Following that, the organic phase dried over Na,SO, to remove traces of water.
Samples were centrifuged, and the taken sample (120 pL) was mixed with MeOH (60 uL) and

CH,N; (10 pL).
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Scale-up and reusability study of co-immobilized enzymes

To test the reusability of co-immobilized enzymes, lauric acid was used as the substrate. Each cycle
of reaction contained lauric acid (2 mM), NADP" (0.8 mM), catalase (1000 U/mL) and 100 mg
carriers (9 nmol Z_P450 BM3 and 70 U of Z_GDH) in a final volume of 5 mL potassium phosphate
buffer (50 mM, pH 7.5). Each cycle was stopped after 15 minutes, and the sample was withdrawn
and analyzed by GC-MS. To perform another reaction cycle, the carriers were separated, washed
with 4 mL loading buffer and added to a fresh reaction mixture.

Results and Discussion

Preparation and characterization of enzymes

A chimeric Z_P450 BM3 was constructed by fusing the binding module, Zyasic; to the N-terminal
part of P450 BM3 WT. Z P450 BM3 was functionally expressed in E.coli. Using anisole as the
substrate, cell extracts containing Z_P450 BM3 showed specific activity of 0.02 U/mg, while the
total protein content was 20 mg/mL. The Z_P450 BM3 was obtained highly purified in the expected
mass of 127.29 kDa (Figure S1). The chimeric construct was expressed in E. coli to a level of 6.6 %
of total intracellular protein indicating a sufficient expression of the enzyme. The purified Z_P450
BM3 displayed a specific activity of 0.3 U/mg, which represents a moderate conservation of the
specific activity of the native enzyme (0.65 U/mg) reported in literature (Dennig et al., 2013).
Unexpectedly, the coupling efficiency of Z_P450 BM3 (40 %) was around 4-fold higher than the
reported values for the untagged protein (Dennig et al., 2013). Note: the coupling efficiency was
defined as 100 x [product]/[consumed NADPH]. Results indicate that fusion t0 Zpssicz, t0 some
extent, interfered with the P450 BM3 activity. The chimeric construct of GDH was designed by the
fusing Zpasic2 to the N-terminus of enzyme. The E.coli cell extract containing Z_GDH displayed a
specific activity of 3.4 U/mg and the total protein content was 21 mg/mL. The purified enzyme

showed the calculated mass of 37.67 kDa (Figure S1) reaching expression level of 6 %, thus

71



Tailor-made, Self-sufficient and Recyclable Monooxygenase Catalyst Based on Co-immobilized Cytochrome

P450 BM3 and Glucose Dehydrogenase

indicating as useful expression of the GDH chimera. The specific activity of the purified Z_ GDH
was determined as 57 U/mg while the specific activity of the native form was ~ 800 U/mg reported
in literature (Nagao et al., 1992).

Immobilization of single enzymes

ReliSorb SP400 was used as a support for the immobilization of enzymes. The carriers are spherical
particles made from polymethacrylate-based material harboring sulfonate groups on the surface. The
internal structure of ReliSorb SP400 displays available pores (80-100 nm) that should enable
relatively unrestricted access of Z_P450 BM3 (~ 9 nm) and Z_GDH (7.8 nm) to the entire available
surface area. Note: the characteristic diameters for the enzymes were calculated using the CalcTool

protein mass calculator based on the numbers of amino acids.

To design the efficient co-immobilized enzymes system, at first, it is essential to study the binding
capacity of carriers for each enzyme. Previously, we showed that the immobilization can be
effectively performed directly from E.coli cell extract without previous purification due to exquisite
selectivity of the immobilization (Wiesbauer et al., 2011). Therefore, to simplify preparation of
heterogeneous catalysts, bacterial cell extract of each enzyme was used for the immobilization. The
amount of bound enzyme (Z_P450 BM3; nmol/gcarriers OF Z_GDH; U/Qcariers) and subsequently the
immobilization yield (%) were calculated for each step. Figure 1 shows that in the first step > 90 %
of offered enzyme bound to the carriers after 1 h incubation at room temperature. The
immobilization yield decreased stepwise for both enzymes indicating the practical saturation of
carriers with the respective enzyme. It is shown that unlike Z_GDH, the maximum enzyme loading
was not reached for Z P450 BM3, but a trend of approaching a “saturated” value was also noticeable
in the experiment. In total, 100 nMOlpsso BM3/Ucarriers and 1280 Ugpn/Qearriers (€Quivalent to 22
MJcpn/Jearriers) Were efficiently bound to the carriers. These results suggest that the binding capacity

of ReliSorb SP400 for Z-enzyme constructs can be generally useful for the envisioned application.
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Figure 1. An analysis of enzyme immobilization on ReliSorb SP carriers. Panel A shows the immobilization of Z_P450
BM3 in terms of bound enzyme on carriers and immobilization yield (%) in each step. Panel B shows the immobilization
of Z_GDH in the terms of bound enzyme on carriers and immobilization yield (%) in each step. The immobilization mix
contained defined amount of enzymes, NaCl (0.25 M) and potassium phosphate buffer (50 mM, pH 7.5). The incubation

time was 1h under gentle mixing at 25 °C. Error bars show standard deviations from 4 independent experiments.

Characterization of immobilized Z_GDH

It is quite common for immobilized enzymes that the actual activity of solid immobilizate (Eops) iS
not the same as, typically lower than, expected from bound enzyme obtained from immobilization
yield (Epouna), Where the ratio between them is generally referred to as the effectiveness factor
(N=Eobs/Epound)- Eobs for Z_GDH was studied and the measured activity was 4-fold lower than Epgyng.
To explore this effect more precisely, we studied the dependence of initial rates on NADP*
concentrations (0.5 to 10 mM) for both free and immobilized Z_GDH. Figure 2A illustrates the
initial-rate measurements of free enzyme where the obtained Ky, (~3 mM) has a reasonable
agreement with the K, value (1.9 mM) reported in literature (Nagao et al., 1992). By contrast, Figure
2B shows that GDH immobilizates was able to retain a linear dependence of reaction velocity on the
NADP" concentrations up to 10 mM. The shape of the curve suggests a transport hindrance of the

NADP" through the ReliSorb harboring sulfonate groups, which it can be plausible given the
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negatively charged state of the molecule. The calculated n ~ 0.25+0.05 showed suitability of the

immobilization for the good preservation of enzyme functionally on solid phase.
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Figure 2. Kinetic profile of free and immobilized Z_GDH at different concentration of NADP™ .Panel A illustrates the
effect of initial rates of free enzyme (0.03 U/mL) and Panel B shows the effect of initial rates of immobilized enzyme.

The reactions were commenced by adding glucose (200 mM) in 50 mM potassium phosphate; 25°C, pH 7.5.

Characterization of immobilized Z_P450 BM3

The hydroxylation of anisole was used to assay the performance of immobilized Z_P450 BM3.
Conditions of the experiment were designed to capture the initial linear product formation as shown
in Figure 3A. From the graph, Eqys for the immobilized Z_P450 BM3 can be reliably calculated and
compared with the maximum expected based on the amount of the enzyme immobilized: Epoung. AS a
result, the immobilized enzyme exhibited the n ~ 0.4 that supports the notion that oriented
immobilization on ReliSorb carriers through Zpasicc module succeeded in maintaining, to some extent,
the original enzyme activity in the immobilization procedure. The coupling efficiency of the Z_P450
BM3 immobilizates was also measured which showed roughly the same amount obtained from free
enzyme (~ 40-50 %). Considering n, it seems that the reaction rate of immobilizate is slower than the

free one, however, coupling efficiency showed that irrespective of reaction time, the amount of

74



Tailor-made, Self-sufficient and Recyclable Monooxygenase Catalyst Based on Co-immobilized Cytochrome

P450 BM3 and Glucose Dehydrogenase

product is the same after complete depletion of NADPH for both free and immobilized enzymes.
Therefore, using enzyme immobilizates, it is plausible that production yield of anisole hydroxylation

could raise within the long-term operation in the presence of sufficient NADPH.

To investigate the sufficiency of NADPH concentration on the catalytic performance of Z P450
BM3, the productivity of immobilized P450 BM3 at different NADPH concentrations (0.1-1.6 mM)
was examined. Figure 3B illustrates the increase in the range from 0.1 to 0.4 mM NADPH where it
had a gradual decrease at 0.8 mM NADPH followed by the sharp decline at 1.6 mM NADP. It is
possible that the enzyme might be inactivated due to uncoupling pathways which could produce
superoxide and peroxide during the reaction. Although 0.4 mM showed the highest catalytic activity,
we considered 0.8 mM NADPH as a value to be adequate for the long-term operation of Z_P450

BM3, in case some amount of NADPH degrades during reactions.
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Figure 3. An analysis of immobilized Z_P450 BM3 in the terms of conversion rate and NADPH dependency. Panel A
shows the product formation per time using 0.2 mM NADPH. Panel B shows the effect of NADPH concentration on the

activity of enzyme. The reaction mixture contained 20 mM anisole in 50 mM potassium phosphate; 25°C, pH 7.5.
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Co-immobilization of Z_P450 BM3;and Z_GDH

Having in mind the application of immobilized P450 BM3 for long-term operation and considering
the continuous requirement of expensive cofactor (NADPH), we co-immobilized Z_P450 BM3 and
Z GDH. Previously we proved that our immobilization technique can be efficiently applied to load
sufficient amount of each enzyme. As the main benefit, immobilization of enzymes occurred under
the same conditions (50 mM potassium phosphate buffer, pH 7.5, 250 mM NaCl), consequently, the
co-immobilization of enzymes can be done with no changes in situation. However, due to low
activity of Z_P450 BM3 WT for anisole (0.3 U/mg) and the high activity of Z GDH (57 U/mg), the
aim was to a maximize quantity of bound Z_P450 BM3 as this might be the limiting catalyst in the
overall reaction. Therefore Z P450 BM3 immobilized on the carrier in four repetitive steps (100
NMOlenzyme/Qearriers) followed by adding Z_GDH (90 U/mL). Results are shown in Figure 4 where the
high immobilization yield of Z GDH (~80 %) indicated the vacant spaces remained after P450 BM3
immobilization. Due to ionic and therefore competitive adsorption of both enzymes to the carrier, 10
% of initially immobilized Z_P450 BM3 leaked from the carriers during co-immobilization.
Therefore, at the end, 90 NMolp4s0Mm3/Jcarriers aNd 700 Ugpr/Qearriers Was obtained. This system showed

the facile and practical procedure for immobilized multienzymatic systems.
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Figure 4. An analysis of co-immobilization of Z_P450 BM; and Z_GDH. The immobilization mix contained defined
amount of enzymes, NaCl (0.25 M) and potassium phosphate buffer (50 mM, pH 7.5). The incubation time was 1 h under

gentle mixing at 25 °C.

Evaluation of co-immobilized enzymes as the self-sufficient system

To demonstrate that NADPH was indeed being produced and recycled by the co-immobilized
enzyme preparations, the hydroxylation of anisole was kept as assay reaction. Goals: feasibility of
cofactor recycling and studying the performance of the co-immobilizates on conversion profile of
anisole. Therefore, using the co-immobilized P450 BM3-GDH (1.8 uM Z_P450 BM3 and 14 U/mL
Z_GDH), the hydroxylation of anisole was operated under the long-term operation in the presence of
air from headspace. Note: the concentration of oxygen available for the reaction was not measured at
this point, since we were just interested in time-point measurements of anisole hydroxylation. The
pH of the reaction monitored, and no significant change observed over time. Figure 5 shows the
time-dependent conversion of anisole hydroxylation where the amount of product increased linearly
up to 2 mM which was lower compared with the data reported (Dennig et al., 2013). As mentioned

before, the low conversion of the reaction might be related to the uncoupling pathways where

77



Tailor-made, Self-sufficient and Recyclable Monooxygenase Catalyst Based on Co-immobilized Cytochrome

P450 BM3 and Glucose Dehydrogenase

increasing levels of H,0, affects the stability of enzyme. To tackle this problem, catalase (1000
U/mL) was added to the reaction (not bound to carriers). Figure 5 shows that the amount of product
rose by 2-fold using catalase indicating significant amount of H,O,. The total product concentration
reached 4 mM, corresponding to a total turnover (TTN; pumol total product. pmol catalyst™) of ~2000
and the cofactor was recycled >10 times (40% coupling efficiency). The co-immobilizates proved the
efficient cofactor regeneration system where the initial reaction rates can be transferred to continuous
product formation. However, the low obtained conversion, expected for P450 BM3 WT, might be

associated to the high uncoupling efficiency (Dennig et al., 2013).
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Figure 5. Time course analysis of product formation with co-immobilized enzymes system. The reaction was performed
in the presence (@) and in the absence (o) of catalase. The reaction mixture contained 1.8 uM Z_P450 BM3, 14 U/mL
Z_GDH, 1000 U/mL catalase, 20 mM anisole, 0.8 mM NADP* and 200 mM glucose in 50 mM potassium phosphate;

25°C, pH 7.5.
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Analyzing the efficiency performance of co-immobilized system

To exploit the suitability of the co-immobilizates, we chose the hydroxylation of lauric acid as the
target reaction for P450 BM3 WT where the uncoupling inactivation might not have effect on the
overall performance of the system. First, the hydroxylation of lauric acid was performed at high
concentration of NADP* (0.8 mM) and co-immobilized enzymes (1.8 pM Z_P450 BM3 and 14
U/mL Z_GDH) under air headspace conditions. The full conversion was obtained after 15 minutes
reaction and the calculated TTN was 1100. Encouraged by the results, we decreased the amount of
applied enzymes (0.36 uM Z _P450 BM3 and 2.8 U/mL Z_GDH) to capture the kinetic of the
conversion and study specific catalyst productivity. The concentration of NADP* was also decreased
(0.1 mM) to study the potential of cofactor recycling at high level. Using the same amount of free
and immobilized, the hydroxylation of lauric acid was studied. Figure 6 shows that activity of free
enzyme was 3-fold higher than the immobilized one (n ~ 0.3), which can be assigned to diffusion
limitation of substrates in the porous carrier catalyst. A TTN of 5500 was calculated as well as 20
cycles of NADPH regeneration. Results decisively confirmed that the co-immobilized Z_P450 BM3

and Z_GDH can fulfill the application of heterogenous P450 BM3 in biocatalytic reactions.
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Figure 6. Time course of lauric acid hydroxylation reaction. The reaction was performed with free (o) and immobilized
(@) enzymes. The reaction was a mixture of 0.36 uM Z P450 BM3, 2.8 U/mL Z GDH, 1000 U/mL catalase, 2 mM

lauric acid, 0.1 mM NADP™ and 200 mM glucose in 50 mM potassium phosphate; 25°C, pH 7.5.

Co-immobilized enzymes reuse

A beneficial parameter for heterogenous catalyst is its reusability which can compensate the time and
cost used for immobilization compared to whole cells. Therefore, the BM3-GDH co-immobilizates
(1.8 uM Z_P450 BM3 and 14 U/mL Z_GDH) were tested and reused for up to 20 catalytic cycles
under air headspace conditions. Figure 7 shows the reusability of the system in which more than 90
% conversion was obtained for up to 10 cycles followed by a gradual decline reaching the half
lifetime after 19 cycles of reuse. After the first 10 cycles where 2 mM lauric acid was efficiently

converted into hydroxylauric acid, the corresponding TTN reached to ~11000.
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Figure 7. Evaluation of the reusability of co-immobilized enzyme system. The conversion (%) of the lauric acid
hydroxylation versus number of cycles was studied for 20 cycles. Each column is defined as one cycle. The reaction
mixture contained 1.8 uM Z_P450 BM3, 14 U/mL Z_GDH, 1000 U/mL catalase, 2 mM lauric acid, 0.8 mM NADP" and

200 mM glucose in 50 mM potassium phosphate; 25°C, pH 7.5.

Conclusion

This study reveals, and shows a practical application of P450 BM3 as a heterogeneous biocatalyst on
porous solid supports applied for the hydroxylation of lauric acid. Using enzymes as fusion proteins
with the cationic binding module Zpgsico, P450 BM3 was co-immobilized with GDH on ReliSorb SP
carriers. Tailored electrostatic complementarity between Zpasico and the carrier surface, each enzyme
could be immobilized on the carriers in controllable amount, thus maximizing the relative portion of
the limiting P450 BM3 in total enzymes co-immobilizates. Using lauric acid as the ideal substrate of
P450 BM3 WT, we demonstrated the full conversion of substrate hydroxylation under sufficient
coupling to the regeneration of NADPH from glucose. The system showed high reusability which

provided the opportunity to boost the amount of hydroxylated fatty acid in total. This approach offers
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the stable immobilized P450 BM3 combined with the efficient cofactor regeneration system which

can be easily used by other P450s.
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S1. Enzymes

S1.1. DNA sequences and amino acid sequences of Z-enzyme constructs

T7-Tag (gene 10 leader)

Zyasico-Tag

Linker between Z4sic2 Tag and BM3/GDH

GDH/P450 BM3 WT

GDH IV from Bacillus megaterium: synthetic gene (WP_013055759.1)
Assembled open reading frame: “Z_GDH” construct (after DNA sequencing):

ATGGCTAGCATGACTGGTGGACAGCAAATGGGTCGCGGATCCGTAGACAACAAATTCA
ACAAAGAACGTCGCCGTGCTCGCCGTGAAATCCGTCACTTACCTAACTTAAACCGTGAA
CAACGCCGTGCTTTCATTCGTTCCCTGCGTGATGACCCAAGCCAAAGCGCTAACTTGCTA
GCAGAAGCTAAAAAGCTAAATGATGCTCAGGCGCCGAAACCGAATAGCGGCGGTAGCG
AGGATCTGTACTTTCAGAGCGGTAGCATGTATACAGATTTAAAAGATAAAGTAGTTGTA
ATTACAGGTGGATCAACAGGTTTAGGACGTGCAATGGCTGTTCGTTTCGGTCAAGAAGA
AGCAAAAGTTGTTATTAACTATTACAACAATGAAGAAGAAGCTTTAGATGCGAAAAAA
GAAGTAGAAGAAGCAGGCGGACAAGCAATCATCGTTCAAGGCGACGTAACAAAAGAA
GAAGACGTTGTAAACCTTGTTCAAACAGCTATTAAAGAATTCGGAACATTAGACGTTAT
GATTAATAACGCTGGTGTTGAAAACCCAGTTCCTTCTCATGAGCTATCTTTAGACAACTG
GAACAAAGTTATTGATACAAACTTAACAGGTGCATTCTTAGGAAGCCGTGAAGCAATTA
AATATTTCGTTGAAAATGACATTAAAGGAAACGTTATTAACATGTCCAGCGTTCACGAA
ATGATTCCTTGGCCATTATTTGTTCACTACGCAGCAAGTAAAGGCGGTATGAAACTAAT
GACGGAAACATTGGCTCTTGAATATGCGCCAAAAGGTATCCGAGTAAATAACATTGGAC
CAGGTGCGATGAACACACCAATTAACGCTGAAAAATTCGCTGATCCTGTACAACGTGCA
GACGTAGAAAGCATGATTCCAATGGGTTACATCGGTAAGCCAGAAGAAGTAGCAGCAG
TTGCAGCATTCTTAGCATCATCACAAGCAAGCTATGTAACAGGTATTACATTATTTGCTG
ATGGTGGTATGACGAAATACCCTTCTTTCCAAGCAGGAAGAGGCTAA

Amino acid sequence [Z_GDH]

MTGGQOMGRGSVDNKFNKERRRARRE TRHLPNLNREQRRAFIRSLRDDPSQSANLLAEAK
KLNDAQAPKPNSGGSEDLYFQSGSMYTDLKDKVVVITGGSTGLGRAMAVRFGOEEAKVVI
NYYNNEEEALDAKKEVEEAGGQATIIVQGDVTKEEDVVNLVQTATKEFGTLDVMINNAGVE
NPVPSHELSLDNWNKVIDTNLTGAFLGSREATKYFVENDIKGNVINMSSVHEMIPWPLEV
HYAASKGGMKLMTETLALEYAPKGIRVNNIGPGAMNTPINAEKFADPVQORADVESMIPMG
YIGKPEEVAAVAAFLASSQASYVTGITLFADGGMTKYPSFQAGRG
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Assembled open reading frame: “Z_P450 BM3WT” (after DNA sequencing):

ATGGCTAGCATGACTGGTGGACAGCAAATGGGTCGCGGATCCGTAGACAACAAATTCA
ACAAAGAACGTCGCCGTGCTCGCCGTGAAATCCGTCACTTACCTAACTTAAACCGTGAA
CAACGCCGTGCTTTCATTCGTTCCCTGCGTGATGACCCAAGCCAAAGCGCTAACTTGCTA
GCAGAAGCTAAAAAGCTAAATGATGCTCAGGCGCCGAAACCGAATAGCGGCGGTAGCG
AGGATCTGTACTTTCAGAGCGGTAGCATGACAATTAAAGAAATGCCTCAGCCAAAAAC
GTTTGGAGAGCTTAAAAATTTACCGTTATTAAACACAGATAAACCGGTTCAAGCTTTGA
TGAAAATTGCGGATGAATTAGGAGAAATCTTTAAATTCGAGGCGCCTGGTCGTGTAACG
CGCTACTTATCAAGTCAGCGTCTAATTAAAGAAGCATGCGATGAATCACGCTTTGATAA
AAACTTAAGTCAAGCGCTTAAATTTGTACGTGATTTTGCAGGAGACGGGTTATTTACAA
GCTGGACGCATGAAAAAAATTGGAAAAAAGCGCATAATATCTTACTTCCAAGCTTCAGT
CAGCAGGCAATGAAAGGCTATCATGCGATGATGGTCGATATCGCCGTGCAGCTTGTTCA
AAAGTGGGAGCGTCTAAATGCAGATGAGCATATTGAAGTACCGGAAGACATGACACGT
TTAACGCTTGATACAATTGGTCTTTGCGGCTTTAACTATCGCTTTAACAGCTTTTACCGA
GATCAGCCTCATCCATTTATTACAAGTATGGTCCGTGCACTGGATGAAGCAATGAACAA
GCTGCAGCGAGCAAATCCAGACGACCCAGCTTATGATGAAAACAAGCGCCAGTTTCAA
GAAGATATCAAGGTGATGAACGACCTAGTAGATAAAATTATTGCAGATCGCAAAGCAA
GCGGTGAACAAAGCGATGATTTATTAACGCATATGCTAAACGGAAAAGATCCAGAAAC
GGGTGAGCCGCTTGATGACGAGAACATTCGCTATCAAATTATTACATTCTTAATTGCGG
GACACGAAACAACAAGTGGTCTTTTATCATTTGCGCTGTATTTCTTAGTGAAAAATCCAC
ATGTATTACAAAAAGCAGCAGAAGAAGCAGCACGAGTTCTAGTAGATCCTGTTCCAAG
CTACAAACAAGTCAAACAGCTTAAATATGTCGGCATGGTCTTAAACGAAGCGCTGCGCT
TATGGCCAACTGCTCCTGCGTTTTCCCTATATGCAAAAGAAGATACGGTGCTTGGAGGA
GAATATCCTTTAGAAAAAGGCGACGAACTAATGGTTCTGATTCCTCAGCTTCACCGTGA
TAAAACAATTTGGGGAGACGATGTGGAAGAGTTCCGTCCAGAGCGTTTTGAAAATCCAA
GTGCGATTCCGCAGCATGCGTTTAAACCGTTTGGAAACGGTCAGCGTGCGTGTATCGGT
CAGCAGTTCGCTCTTCATGAAGCAACGCTGGTACTTGGTATGATGCTAAAACACTTTGA
CTTTGAAGATCATACAAACTACGAGCTGGATATTAAAGAAACTTTAACGTTAAAACCTG
AAGGCTTTGTGGTAAAAGCAAAATCGAAAAAAATTCCGCTTGGCGGTATTCCTTCACCT
AGCACTGAACAGTCTGCTAAAAAAGTACGCAAAAAGGCAGAAAACGCTCATAATACGC
CGCTGCTTGTGCTATACGGTTCAAATATGGGAACAGCTGAAGGAACGGCGCGTGATTTA
GCAGATATTGCAATGAGCAAAGGATTTGCACCGCAGGTCGCAACGCTTGATTCACACGC
CGGAAATCTTCCGCGCGAAGGAGCTGTATTAATTGTAACGGCGTCTTATAACGGTCATC
CGCCTGATAACGCAAAGCAATTTGTCGACTGGTTAGACCAAGCGTCTGCTGATGAAGTA
AAAGGCGTTCGCTACTCCGTATTTGGATGCGGCGATAAAAACTGGGCTACTACGTATCA
AAAAGTGCCTGCTTTTATCGATGAAACGCTTGCCGCTAAAGGGGCAGAAAACATCGCTG
ACCGCGGTGAAGCAGATGCAAGCGACGACTTTGAAGGCACATATGAAGAATGGCGTGA
ACATATGTGGAGTGACGTAGCAGCCTACTTTAACCTCGACATTGAAAACAGTGAAGATA
ATAAATCTACTCTTTCACTTCAATTTGTCGACAGCGCCGCGGATATGCCGCTTGCGAAAA
TGCACGGTGCGTTTTCAACGAACGTCGTAGCAAGCAAAGAACTTCAACAGCCAGGCAGT
GCACGAAGCACGCGACATCTTGAAATTGAACTTCCAAAAGAAGCTTCTTATCAAGAAGG
AGATCATTTAGGTGTTATTCCTCGCAACTATGAAGGAATAGTAAACCGTGTAACAGCAA
GGTTCGGCCTAGATGCATCACAGCAAATCCGTCTGGAAGCAGAAGAAGAAAAATTAGC
TCATTTGCCACTCGCTAAAACAGTATCCGTAGAAGAGCTTCTGCAATACGTGGAGCTTC
AAGATCCTGTTACGCGCACGCAGCTTCGCGCAATGGCTGCTAAAACGGTCTGCCCGCCG
CATAAAGTAGAGCTTGAAGCCTTGCTTGAAAAGCAAGCCTACAAAGAACAAGTGCTGG
CAAAACGTTTAACAATGCTTGAACTGCTTGAAAAATACCCGGCGTGTGAAATGAAATTC
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AGCGAATTTATCGCCCTTCTGCCAAGCATACGCCCGCGCTATTACTCGATTTCTTCATCA
CCTCGTGTCGATGAAAAACAAGCAAGCATCACGGTCAGCGTTGTCTCAGGAGAAGCGT
GGAGCGGATATGGAGAATATAAAGGAATTGCGTCGAACTATCTTGCCGAGCTGCAAGA
AGGAGATACGATTACGTGCTTTATTTCCACACCGCAGTCAGAATTTACGCTGCCAAAAG
ACCCTGAAACGCCGCTTATCATGGTCGGACCGGGAACAGGCGTCGCGCCGTTTAGAGGC
TTTGTGCAGGCGCGCAAACAGCTAAAAGAACAAGGACAGTCACTTGGAGAAGCACATT
TATACTTCGGCTGCCGTTCACCTCATGAAGACTATCTGTATCAAGAAGAGCTTGAAAAC
GCCCAAAGCGAAGGCATCATTACGCTTCATACCGCTTTTTCTCGCATGCCAAATCAGCC
GAAAACATACGTTCAGCACGTAATGGAACAAGACGGCAAGAAATTGATTGAACTTCTT
GATCAAGGAGCGCACTTCTATATTTGCGGAGACGGAAGCCAAATGGCACCTGCCGTTGA
AGCAACGCTTATGAAAAGCTATGCTGACGTTCACCAAGTGAGTGAAGCAGACGCTCGCT
TATGGCTGCAGCAGCTAGAAGAAAAAGGCCGATACGCAAAAGACGTGTGGGCTGGGTA
A

Amino acid sequence: [Z_P450 BM3]

MTGGQOMGRGSVDNKEFNKERRRARRE TRHLPNLNREQRRAFIRSLRDDPSQSANLLAEAK
KLNDAQAPKPNSGGSEDLYFQSGSMTIKEMPOPKTFGELKNLPLLNTDKPVQALMKIADE
LGETFKFEAPGRVTRYLSSQRLIKEACDESREFDKNLSQATLKFVRDFAGDGLEFTSWTHEKN
WKKAHNILLPSEFSQQOAMKGYHAMMVDIAVOQLVOKWERLNADEHTEVPEDMTRLTLDTIGL
CGFNYRFNSFYRDQPHPFITSMVRALDEAMNKLORANPDDPAYDENKRQFQEDIKVMNDL
VDKIIADRKASGEQSDDLLTHMLNGKDPETGEPLDDENIRYQITTFLIAGHETTSGLLSE
ALYFLVKNPHVLOKAAEEAARVLVDPVPSYKQVKQOLKYVGMVLNEALRLWPTAPAFSLYA
KEDTVLGGEYPLEKGDELMVLIPOLHRDKTIWGDDVEEFRPERFENPSATIPOQHAFKPEGN
GORACIGOQFALHEATLVLGMMLKHFDFEDHTNYELDIKETLTLKPEGEFVVKAKSKKIPL
GGIPSPSTEQSAKKVRKKAENAHNTPLLVLYGSNMGTAEGTARDLADIAMSKGFAPQVAT
LDSHAGNLPREGAVLIVTASYNGHPPDNAKQFVDWLDQASADEVKGVRYSVFGCGDKNWA
TTYQKVPAFIDETLAAKGAENTIADRGEADASDDFEGTYEEWREHMWSDVAAYFNLDIENS
EDNKSTLSLQFVDSAADMPLAKMHGAFSTNVVASKELOQPGSARSTRHLEIELPKEASYQ
EGDHLGVIPRNYEGIVNRVTARFGLDASQQIRLEAEEEKLAHLPLAKTVSVEELLQYVEL
QDPVTRTQLRAMAAKTVCPPHKVELEALLEKQAYKEQVLAKRLTMLELLEKYPACEMKES
EFIALLPSIRPRYYSISSSPRVDEKQASITVSVVSGEAWSGYGEYKGIASNYLAELQEGD
TITCFISTPOSEFTLPKDPETPLIMVGPGTGVAPFRGEFVQARKQLKEQGQSLGEAHLYFG
CRSPHEDYLYQEELENAQSEGIITLHTAFSRMPNQPKTYVQHVMEQDGKKLIELLDQGAH
FYTICGDGSOMAPAVEATLMKSYADVHQVSEADARLWLOOLEEKGRYAKDVWAG

S1.2. Enzyme purification

The cell pellet was thawed on ice and resuspended in potassium phosphate buffer (50 mM, pH 7.5).
Resuspended cells were placed on ice and disrupted by sonication. Lysed cells were centrifuged
(20000 x g, 10 min, 4°C) for entire removal of cell debris and the clear supernatant was used for
further experiments. Protein was purified at 25 °C using pre-packed (1.6 cm x 2.5 cm; 5 mL) HiTrap

SPFF columns (GE Healthcare Life Sciences) fitted on a AKTA prime plus system. The column was
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equilibrated with buffer A (50 mM potassium phosphate buffer, pH 7.5) and 10 mL of the cell
extract were loaded onto the column. Protein elution was performed using a continuous salt gradient
from 0 to 100% of buffer B (50 mM potassium phosphate buffer containing 2 M NaCl, pH 7.5) in 75
mL at a flow rate of 3 mL min™’. The target protein (all constructs) eluted at around 40-50% buffer B.
Pooled fractions were collected and buffer was exchanged to buffer A. Protein purification was

monitored by SDS-PAGE. Protein elution profile during fractionation and SDS-PAGE are shown in

Figure S1.
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Figure S1. Purification of Z_P450 BM3 and Z_GDH. Panel A and Panel B show protein elution profile
during fractionation of E. coli cell extract on HiTrap SPFF columns. Panel C shows the purification of Z-
enzyme constructs analyzed by SDS PAGE, comparing the purified enzyme (PE) and the corresponding cell

extract (CE). Thermo Scientific PageRuler™ Unstained Protein Ladder was used as the size standard.
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