
M
em

be
r 

of
 th

e 
H

el
m

ho
ltz

 A
ss

oc
ia

tio
n Development and Characterization of a Microfluidic  

Magnetic Oscillation Reactor for Enzymes 

Daniel Jussen 

Schlüsseltechnologien / Key Technologies
Band/ Volume 86
ISBN 978-3-89336-974-4 86

Sc
hl

üs
se

lt
ec

hn
ol

og
ie

n
K

ey
 T

ec
hn

ol
og

ie
s

D
ev

el
op

m
en

t 
an

d 
C

ha
ra

ct
er

iz
at

io
n 

of
 a

 M
ic

ro
flu

id
ic

 
M

ag
ne

tic
 O

sc
ill

at
io

n 
Re

ac
to

r 
fo

r 
En

zy
m

es
D

an
ie

l J
us

se
n



Forschungszentrum Jülich GmbH
Institut für Bio- und Geowissenschaften
Biotechnologie (IBG-1)

Development and Characterization  
of a Microfluidic Magnetic Oscillation  
Reactor for Enzymes

Daniel Jussen

Schriften des Forschungszentrums Jülich
Reihe Schlüsseltechnologien / Key Technologies Band / Volume 86

ISSN 1866-1807  ISBN 978-3-89336-974-4



Table of content 
 

viii 
 

Table of content 

Eidesstattliche Erklärung ............................................................................................. i 

Abstract ...................................................................................................................... iii 

Kurzfassung ............................................................................................................... iv 

List of Publications ..................................................................................................... v 

Patents .................................................................................................................... v 

Conference contributions ........................................................................................ v 

Acknowledgements .................................................................................................... vi 

Table of content ....................................................................................................... viii 

List of abbreviations .................................................................................................. xii 

List of units and prefixes ........................................................................................... xiv 

List of symbols .......................................................................................................... xv 

List of figures ........................................................................................................... xvii 

List of tables .............................................................................................................. xx 

1 Introduction .......................................................................................................... 1 

1.1 Biocatalysis ................................................................................................... 1 

1.2 Synthesis of α-Hydroxy ketones .................................................................... 3 

1.3 ThDP-dependent enzymes ........................................................................... 5 

1.3.1 General reaction mechanism .................................................................. 6 

1.3.2 Chemo and stereoselectivity of ThDP-dependent enzymes ................... 8 

1.4 BFD from Pseudomonas putida as model enzyme ..................................... 11 

1.5 Biocatalytic process development and multi-parameter optimization .......... 12 

1.6 Enzyme reactor concepts ............................................................................ 13 

1.6.1 Continuous reactors for enzyme process optimization ......................... 15 

1.7 Microfluidics ................................................................................................ 17 

1.8 Microscale flow ............................................................................................ 18 

1.9 Computational fluid dynamics ..................................................................... 19 



Table of content 

ix 
 

1.10 Microscale enzyme reactor concepts ....................................................... 20 

1.11 Enzyme immobilization ............................................................................ 21 

1.11.1 Ni-NTA-based immobilization of ThDP-dependent enzymes ............ 22 

1.12 Magnetism ............................................................................................... 24 

1.13 Active mixing in microfluidic devices ........................................................ 26 

1.14 Charge-coupled device sensor-based dye distribution analysis .............. 27 

1.15 Aim of the project ..................................................................................... 28 

1.16 Catalogue of demands ............................................................................. 29 

2 Materials and Methods ...................................................................................... 32 

2.1 Software ...................................................................................................... 32 

2.2 Chemicals ................................................................................................... 32 

2.3 Equipment ................................................................................................... 33 

2.4 Magnetic modelling ..................................................................................... 35 

2.5 CFD Simulation ........................................................................................... 36 

2.6 Relevant materials properties for construction of the µMORE .................... 36 

2.7 Microfluidic reactor chips ............................................................................. 36 

2.8 Reactor chip connection .............................................................................. 37 

2.9 Dye distribution analysis ............................................................................. 41 

2.10 Protein determination according to Bradford ............................................ 41 

2.11 Cell disruption .......................................................................................... 42 

2.12 Purification of BFD ................................................................................... 42 

2.13 Decarboxylation assay for BFD................................................................ 43 

2.14 Adsorption isotherm measurements for BFD on magnetic beads ............ 45 

2.15 BFD immobilization for carboligation ........................................................ 46 

2.16 Carboligation experiments ....................................................................... 46 

2.16.1 Substrate solution preparation........................................................... 47 

2.16.2 Carboligation activity test of immobilized BFD................................... 47 



Table of content 
 

x 
 

2.16.3 Carboligation activity test of free BFD ............................................... 48 

2.16.4 Continuous carboligation with BFD in the micro scale reactor .......... 48 

2.16.5 Bench scale continuous carboligation with BFD ................................ 49 

2.17 HPLC method .......................................................................................... 50 

3 Results & Discussion ......................................................................................... 51 

3.1 Concept for the microfluidic magnetic oscillation reactor for enzymes 

(µMORE) ............................................................................................................... 51 

3.1.1 Material properties demands of the µMORE system ............................ 53 

3.1.2 Dimensions of the magnetic agitation design ....................................... 53 

3.2 Test of the first µMORE prototype ............................................................... 54 

3.3 Microfluidic chip prototyping and characterization ....................................... 55 

3.3.1 Validation of dye distribution reactor characterization .......................... 56 

3.3.2 Dye distribution characterization of chip 1 ............................................ 59 

3.3.3 Magnetic modelling of chip 1 ................................................................ 61 

3.3.4 Development of chip 2 .......................................................................... 65 

3.3.5 Magnetic field simulation of chip 2 ........................................................ 66 

3.3.6 Dye distribution characterization of chip 2 ............................................ 67 

3.4 µMORE reaction system ............................................................................. 69 

3.5 Optimization of the µMORE prototype ......................................................... 72 

3.5.1 Optimization of the microreactor chip connection ................................. 72 

3.6 Magnetic modeling of the threefold reactor block ........................................ 75 

3.7 Syringe fine tuning adjuster ......................................................................... 76 

3.8 Enzyme immobilization ............................................................................... 77 

3.9 Activity of immobilized BFD ......................................................................... 80 

3.10 Carboligation studies in the µMORE ........................................................ 81 

3.10.1 pH-optimum of continuous BFD-catalyzed carboligation ................... 84 

3.10.2 Temperature optimum of continuous BFD-catalyzed carboligation ... 85 



Table of content 

xi 
 

3.10.3 Optimization of the acetaldehyde concentration ................................ 89 

3.10.4 Optimization of the benzaldehyde concentration ............................... 90 

3.10.5 Optimization of the residence time .................................................... 93 

3.11 Scale up of µMORE process to a 10 mL bench scale reactor .................. 96 

4 Summary ......................................................................................................... 100 

5 Outlook ............................................................................................................ 102 

5.1 Characterization of the enzyme immobilization ......................................... 102 

5.2 Reactor characterization ........................................................................... 102 

5.3 Reactor chip optimization .......................................................................... 103 

5.4 Analytics .................................................................................................... 105 

6 References ...................................................................................................... 106 

7 Appendix .......................................................................................................... 118 

7.1 Python scripts for image analysis .............................................................. 118 

7.2 Detailed carboligation reaction data .......................................................... 121 

7.3 Construction drawings ............................................................................... 131 

 

  



M
em

be
r 

of
 th

e 
H

el
m

ho
ltz

 A
ss

oc
ia

tio
n Development and Characterization of a Microfluidic  

Magnetic Oscillation Reactor for Enzymes 

Daniel Jussen 

Schlüsseltechnologien / Key Technologies
Band/ Volume 86
ISBN 978-3-89336-974-4 86

Sc
hl

üs
se

lt
ec

hn
ol

og
ie

n
K

ey
 T

ec
hn

ol
og

ie
s

D
ev

el
op

m
en

t 
an

d 
C

ha
ra

ct
er

iz
at

io
n 

of
 a

 M
ic

ro
flu

id
ic

 
M

ag
ne

tic
 O

sc
ill

at
io

n 
Re

ac
to

r 
fo

r 
En

zy
m

es
D

an
ie

l J
us

se
n


	4.PDF
	Blatt1
	Drawing View9


	Zeichnungen.pdf
	Blatt1
	Drawing View9

	3.PDF
	Blatt1(9)(2)(2)
	Drawing View51
	Section View C-C
	Section View B-B

	Blatt1(9)(2)
	Drawing View37
	Section View A-A

	Blatt1(3)
	Drawing View4
	Drawing View5
	Drawing View6

	Blatt1(4)
	Drawing View7

	Blatt1(5)
	Drawing View8
	Drawing View9

	Blatt1(6)
	Drawing View10
	Section View A-A

	Blatt1(7)
	Drawing View12
	Drawing View13

	Blatt1(8)
	Drawing View14
	Drawing View15
	Drawing View16

	Blatt1(8)(2)(2)
	Drawing View25
	Drawing View28

	Blatt1(8)(2)(3)
	Drawing View31
	Drawing View32

	Blatt1(2)
	Drawing View1
	Drawing View2
	Drawing View3

	Blatt1(9)
	Drawing View33
	Section View A-A


	2.PDF
	Blatt1(4)
	Drawing View14
	Drawing View15

	Blatt1(4)(2)
	Drawing View21

	Blatt1(4)(3)
	Drawing View25
	Drawing View26

	Blatt1
	Drawing View16

	Blatt1(3)
	Drawing View29

	Blatt1(6)
	Drawing View30

	Blatt1(5)
	Drawing View11
	Drawing View12

	Blatt1(2)
	Drawing View32


	1.PDF
	Blatt1
	Drawing View9

	Blatt1(2)
	Drawing View10


	1.PDF
	Blatt1
	Drawing View9

	Blatt1(2)
	Drawing View10


	2.PDF
	Blatt1(4)
	Drawing View14
	Drawing View15

	Blatt1(4)(2)
	Drawing View21

	Blatt1(4)(3)
	Drawing View25
	Drawing View26

	Blatt1
	Drawing View16

	Blatt1(3)
	Drawing View29

	Blatt1(6)
	Drawing View30

	Blatt1(5)
	Drawing View11
	Drawing View12

	Blatt1(2)
	Drawing View32


	3.PDF
	Blatt1(9)(2)(2)
	Drawing View51
	Section View C-C
	Section View B-B

	Blatt1(9)(2)
	Drawing View37
	Section View A-A

	Blatt1(3)
	Drawing View4
	Drawing View5
	Drawing View6

	Blatt1(4)
	Drawing View7

	Blatt1(5)
	Drawing View8
	Drawing View9

	Blatt1(6)
	Drawing View10
	Section View A-A

	Blatt1(7)
	Drawing View12
	Drawing View13

	Blatt1(8)
	Drawing View14
	Drawing View15
	Drawing View16

	Blatt1(8)(2)(2)
	Drawing View25
	Drawing View28

	Blatt1(8)(2)(3)
	Drawing View31
	Drawing View32

	Blatt1(2)
	Drawing View1
	Drawing View2
	Drawing View3

	Blatt1(9)
	Drawing View33
	Section View A-A






