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GLOSSARY 

 

LentiKats®  Porous, lens-shaped poly(vinyl alcohol) hydrogel particles 

containing entrapped ω-transaminases. 

Novozym® 435  Commercially available biocatalyst preparation with Candida 

antarctica lipase B immobilized on a hydrophobic macroporous 

acrylate-based polymeric resin by physical adsorption.  

Systematic scale-up Increasing the characteristic dimension of the reactor to achieve 

increased internal volume and therefore higher throughput, 

concomitantly keeping other two dimensions constant. 
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Latin symbols 

 

A cross-sectional area of the tube/channel [m2] 

a radius of the LentiKats® circular base [mm] 

Bo Bond number [–] 

BPN biocatalyst productivity number [µmolACP gATA-wt
‒1; mmolBB gCaLB

‒1] 

C concentration [mol m‒3] 

Ca capillary number [–] 

CACP concentration of acetophenone [mol m‒3] 

CALA concentration of L-alanine [mol m‒3] 

CATA-wt concentration of ATA-wt [gATA-wt L
‒1] 

Calg concentration of alginate [g L‒1] 

CBB concentration of butyl butyrate [mol m‒3] 

CBUT concentration of 1-butanol [mol m‒3] 

CBUTin inlet concentration of 1-butanol [mol m‒3] 

CCaLB concentration of CaLB [gCaLB L
‒1; gCaLB m‒3] 

Ce enzyme concentration expressed per reactor volume [g L
‒1; g m‒3] 

Ce,v enzyme concentration expressed per reactor void volume [g L
‒1] 

Cglu glucose concentration [mM] 

CLK concentration of LentiKats® [gLK L‒1] 

CN435 concentration of Novozym® 435 [gN435 L
‒1] 

CMBA concentration of (S)-(–)-α-methylbenzylamine [mol m‒3] 

CPout product outlet concentration [mM] 

CPYR concentration of pyruvate [mol m‒3] 

CSin substrate inlet/initial concentration [mM; mol m‒3] 

CSout substrate outlet concentration [mM] 

CVB concentration of vinyl butyrate [mM; mol m‒3] 

CVBin inlet concentration of vinyl butyrate [mM; mol m‒3] 

d channel depth [µm; mm; m] 

D diffusion coefficient [m2 s‒1]  

Da Damköhler number [–] 
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DACP diffusion coefficient of acetophenone in water [m2 s‒1] 

DALA diffusion coefficient of L-alanine in water [m2 s‒1] 

DaI first Damköhler number [–] 

DaII second Damköhler number [–] 

DBB diffusion coefficient of of butyl butyrate in n-heptane [m2 s‒1] 

DBUT diffusion coefficient of of 1-butanol in n-heptane [m2 s‒1] 

De effective diffusion coefficient [m2 s‒1]  

de equivalent particle diameter [m]  

DeACP effective diffusion coefficient of acetophenone in LentiKats® [m2 s‒1] 

DeALA effective diffusion coefficient of L-alanine in LentiKats® [m2 s‒1] 

DeBB effective diffusion coefficient of butyl butyrate in Novozym® 435 [m2 s‒1] 

DeBUT effective diffusion coefficient of 1-butanol in Novozym® 435 [m2 s‒1] 

DeMBA effective diffusion coefficient of (S)-α-MBA in LentiKats® [m2 s‒1] 

DePYR effective diffusion coefficient of pyruvate in LentiKats® [m2 s‒1] 

DeVB  effective diffusion coefficient of vinyl butyrate in Novozym® 435 [m2 s‒1] 

DMBA diffusion coefficient of (S)-(–)-α-methylbenzylamine in water [m2 s‒1] 

dN435   average diameter of Novozym® 435 [μm; m] 

DPYR diffusion coefficient of pyruvate in water [m2 s‒1] 

dh channel hydraulic diameter [m] 

dp particle diameter [µm; m] 

DVB diffusion coefficient of of vinyl butyrate in n-heptane [m2 s‒1] 

d32 Sauter mean diameter of LentiKats® [mm; m] 

𝔇 axial dispersion coefficient [m2 s‒1] 

E exit age distribution [min‒1] 

g gravitational acceleration [m s‒2] 

h height of LentiKats® [mm] 

KBUT binding constant of 1-butanol [mol m‒3] 

kcat turnover number [s‒1]  

KiBUT inhibition constant of 1-butanol [mol m‒3] 

KiVB inhibition constant of vinyl butyrate [mol m‒3] 

KVB binding constant of vinyl butyrate [mol m‒3] 

L characteristic length [m] 

l channel length [mm; m] 
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logP octanol/water partition coefficient [–] 

MB molecular weight of the solvent [g mol‒1] 

N molar flux [mol m‒2 s‒1] 

n ⃗⃗  flux vector normal to the interfacial surface [–] 

N⃗⃗ ACP molar flux of acetophenone normal to the interfacial surface [mol m‒2 s‒1] 

N⃗⃗ ALA molar flux of L-alanine normal to the interfacial surface [mol m‒2 s‒1] 

N⃗⃗ MBA molar flux of (S)-α-MBA normal to the interfacial surface [mol m‒2 s‒1] 

N⃗⃗ PYR molar flux of pyruvate normal to the interfacial surface [mol m‒2 s‒1] 

OD600 optical density measured at a wavelength of 600 nm [–] 

Oh Ohnesorge number [–] 

Pe  Péclet number [–] 

Pep Péclet number for inert particle [–] 

PR production rate [µmolACP h‒1; mmolBB h‒1] 

P1 energy dissipation rate [kW m‒3]   

Q volumetric flow rate [µL min‒1; m3 s‒1] 

Qc  volumetric flow rate of continuous phase [µL min‒1; m3 s‒1] 

Qd volumetric flow rate of droplet phase [µL min‒1; m3 s‒1] 

QP volumetric productivity [mmolACP L‒1 min‒1; mmolBB L‒1 min‒1] 

ra reaction rate [mol m‒3 s‒1] 

Re Reynolds number [–] 

Rep particle Reynolds number [–] 

s skewness [–] 

SLK area of the upper curved surface of LentiKats® [mm2] 

SLKtotal total surface area of LentiKats® [mm2] 

T temperature [ºC; K] 

t time [s; min; h; day] 

t' relative time with respect to when a particular volume enters the system [min] 

U voltage output [V] 

Ud moving velocity of aqueous microdroplets [m s‒1]  

V volume of empty reactor [µL] 

v mean superficial fluid velocity [m s‒1] 

vi mean interstitial fluid velocity [m s‒1] 
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v0 initial reaction rate [mol g‒1 s‒1; mol g‒1 min‒1] 

v ⃗⃗  velocity vector [m s‒1] 

VA molar volume of the solute [mL mol‒1] 

Vf maximum velocity of the forward reaction [mol g‒1 s‒1] 

VLK volume of LentiKats® [mm3] 

Vv reactor void volume [µL] 

vx average fluid velocity in x-direction [m s‒1] 

w channel width [µm; mm; m] 

wc channel width for continuous phase [µm; m; mm] 

wd channel width for droplet phase [mm; m] 

X conversion [%] 

x space co-ordinate/space co-ordinate in the direction of the channel length [m] 

  

Greek symbols 

 

γ interfacial tension [mN m‒1; N m‒1] 

γe enzyme load [U μL‒1; U mL‒1] 

δCaLB thickness of shell containing Candida antarctica lipase B [μm; m] 

Δp pressure drop [P; kPa] 

Δpheptane pressure drop when flowing n-heptane [Pa] 

Δpwater pressure drop when flowing water [Pa] 

Δρ fluid density difference [kg m‒3] 

ε bed porosity [–] 

εp particle porosity [–] 

εLK porosity of LentiKats® [–] 

εN435 porozity of Novozym® 435 [–]  

ζp particle tortuosity [–] 

ζLK tortuosity of LentiKats® [–] 

ζN435 tortuosity of Novozym® 435 [–]   

η fluid dynamic viscosity [Pa s] 

ηB dynamic viscosity of the solvent [mPa s] 

ηc fluid dynamic viscosity of continuous phase [Pa s] 

ηd fluid dynamic viscosity of droplet phase [Pa s] 
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ρ fluid density [kg m‒3] 

ρc fluid density of continuous phase [kg m‒3] 

ρd fluid density of droplet phase [kg m‒3]  

σ2 variance [s2; min2] 

τ mean residence time [min] 

τp diffusion time in a porous particle [s; min] 

τr reaction time [s; min] 

τt transport time [s; min] 

τt-diff transport time by diffusion [s; min] 

ΦB association factor of the solvent [–] 

ψ particle sphericity [–] 
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ACE acetaldehyde 

ACP acetophenone 

Asp aspartate 

ATA-wt amine transaminase – wild-type 

ATA-117 amine transaminase 117 

BB butyl butyrate 

BUT 1-butanol 

CaLB Candida antarctica lipase B 

CPBR conventional packed bed reactor 

CTAB cetrimonium bromide 

ePTFE expanded polytetrafluoroethylene 

FEP fluorinated ethylene propylene 

G α-L-guluronate residue residue in alginate 

GC gas chromatography 

GOx glucose oxidase 

His histidine 

HPLC high-performance liquid chromatography 

ID inner diameter 

IScPR      in situ co-product removal 

ISPR in situ product removal 

LK LentiKats® 

Lys  lysine  

L-ALA L-alanine 

M β-D-mannuronate residue in alginate 

MPBR miniaturized packed bed reactor 

MPPA 1-methyl-3-phenylpropylamine 

N435 Novozym® 435 

OD outer diameter 

PBS phosphate buffered saline 

PDMS polydimethylsiloxane 

PEEK polyetheretherketone 
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PFA  perfluoroalkoxy 

PLP pyridoxal-5’-phosphate 

PMMA  poly(methyl methacrylate) 

PMP pyridoxamine-5’-phosphate 

PTFE polytetrafluoroethylene 

PVA poly(vinyl alcohol) 

PYR sodium pyruvate 

RTD residence time distribution 

Ser serine 

Tris tris(hydroxymethyl)aminomethane 

VB vinyl butyrate 

(S)-α-MBA   (S)-(–)-α-methylbenzylamine 

α-TA            α-transaminase 

ω-TA ω-transaminase 

 

 



Bajić M. Development of miniaturized packed bed reactors with immobilized enzymes for biocatalytic processes. 

   Doctoral dissertation. Ljubljana, University of Ljubljana, Biotechnical Faculty, 2017 

  

1 

 

1 INTRODUCTION 

 

Chemical industry is facing with the high demands towards the implementation of the 

environment-friendly production. Such aspirations mostly involve processes capable of 

preventing waste generation already at an early stage of development as well as avoiding 

utilization of toxic or hazardous auxiliaries. This trend practically dates from the period 

before early 1990s, when Japan, Italy, and the United Kingdom launched major initiatives 

towards the production which is nowadays known as ‘Green Chemistry’ or alternatively 

‘Sustainable Technology’ (Sheldon et al., 2007). Since then, the concept has been gaining 

importance rapidly and becoming a synonym for an innovative, modern and sustainable 

industrial manufacturing.  

Biocatalysis has emerged as a technology which perfectly fits the above-mentioned concept, 

and because of that is becoming a very attractive complement or alternative to chemical 

catalysis (Bommarius and Riebel, 2004; Straathof and Adlercreutz, 2005; Buchholz et al., 

2012). Its application in various industrial productions of chemicals is increasing due to 

several advantages, including high selectivity, diversity, and environment-friendly nature of 

biocatalytic processes (Wohlgemuth, 2010). Various enzymes and whole cells are powerful 

biocatalysts capable of catalyzing immense and diverse set of chemical reactions, which 

makes them very convenient for a broad application. Indeed, there are certain prognostics 

saying that in the following years a growth of the global market for industrial enzymes at a 

rate of about 5% annually will be driven by innovations in various areas of biotechnology as 

well as by replacing conventional chemical catalysis with biocatalysis (Grunwald, 2015). On 

the contrary, a relatively high price of isolated enzymes stemming from complicated 

production processes limits their potential in various applications, which might be overcome 

by their immobilization (Cao, 2005; Sheldon, 2007).  

There is a strong need to find a reactor system capable of providing high productivities when 

using immobilized biocatalysts. Within this context, a synergy between biocatalysis and 

reactor/unit operation miniaturization has recently been shown to be a powerful tool for the 

rapid development of biocatalytic processes through both ‒ process intensification (Marques 

and Fernandes 2011; Karande et al., 2016) and process design intensification (Hessel et al., 

2012), as well as the possibility to explore novel process windows (Pohar and Plazl, 2009; 

Hessel et al., 2009, 2013). Such miniaturized systems have revealed numerous advantages 

over the conventional ones, primarily due to high surface-to-volume ratio stemming from 

their small dimensions, and consequently favorable mass and heat transfer (Bolivar et al., 

2011). The fact that such devices can be of a modular type and operated in a continuous flow 

mode brings additional advantages in favour of the process efficiency and good spatial and 

temporal control (Wegner et al., 2011; Bieringer et al., 2013; Munirathinam et al., 2015; 

Wohlgemuth et al., 2015; Jensen, 2017), as well as ability to perform multi-step 
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bioconversions by consecutively coupling reactors with various enzymes (Matosevic et al., 

2011a; Halim A. A. et al., 2013; Gruber et al., 2017).  

Although biocatalytic processes performed in miniaturized reactors have gained increased 

attention over the last decade, they still can be treated as novel tools in comparison with the 

chemical miniaturized reactors which are about 20 years old (Matosevic et al., 2011b; Hessel 

et al., 2014; Žnidaršič-Plazl, 2014; Laurenti and dos Santos Vianna Jr., 2016). 

Accordingly, the literature review has revealed that miniaturized biocatalytic reactors are 

disproportionately less reported than their counterparts used in the chemical synthesis. 

Regarding the biocatalytic miniaturized reactors, those with surface immobilized 

biocatalysts (Stojkovič et al., 2011, 2014; Bolivar and Nidetzky, 2012; Stojkovič and 

Žnidaršič-Plazl, 2012), biocatalysts entrapped into monolithic structures (Krenkova and 

Svec, 2009) as well as packed bed reactors are the most frequently reported.  

Continuously operated miniaturized packed bed reactors (MPBRs) with immobilized 

enzymes or whole cells are stemming from the conventional packed bed reactors (CPBRs) 

which have been occupying a meaningful place in the chemical industry, as well as in 

preparative and analytical chromatography over many decades, particularly due to their 

uncomplicated but concurrently convenient design (Ganetsos and Barker, 1991; Kolev, 

2006; Sen et al., 2017). Despite the fact that MPBRs are endowed by many advantages 

compared to CPBRs, they are not fully commercialized yet. Therefore, finding the 

sustainable solution for an efficient scale-up of MPBRs and at the same time retaining the 

benefits of microscale reactors is the key point towards their implementation on the industrial 

scale.  

Many important processes in the modern industrial production rely on mathematical 

modeling since it, among many other tasks, may be of a great importance in data collection, 

statistical analysis, as well as process planning, development and simulation (Bailey, 1998; 

Aris, 1999). Modeling of MPBRs with immobilized enzymes could be of great help in a 

practical facet of their development and design optimization (Azevedo et al., 2004a; Pohar 

et al., 2012; Denčić et al., 2013; Fischer et al., 2013; Tibhe et al., 2013).  

In order to develop efficient MPBRs, adequate carriers for biocatalyst immobilization should 

be considered. For that purpose, natural and synthetic polymers are oftentimes used for the 

production of polymer particles, preferably with small dimensions in order to reduce mass 

transfer limitations (Wang J.-T. et al., 2011; Datta et al., 2012; Rathore et al., 2013). The use 

of miniaturized reactors for polymer microparticles generation could be a promising path 

towards the preparation of efficient porous carriers applicable in MPBRs (Kumacheva and 

Garstecki, 2011; Mazzitelli et al., 2013). 
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1.1 THE PURPOSE OF THE WORK  

 

The purpose of the work was the development and characterization of MPBRs with 

immobilized biocatalysts, an ω-transaminase entrapped in the lens-shaped poly(vinyl 

alcohol) (PVA) particles (LentiKats®) and Candida antarctica lipase B adsorbed on acrylic 

resin (Novozym® 435). The systematic scale-up of the MPBRs for transaminase- and lipase-

catalyzed processes was done with the objective of increasing the reactor capacity and at the 

same time to enable efficient biocatalyst use. Therefore, the influence of rectangular and 

hexagonal channel geometries with various lengths, widths, and depths on the reactor’s 

performances were evaluated regarding the reactor productivity. Temperature effects on the 

immobilized enzymes and operational stability of the continuously operated MPBRs were 

evaluated as well. Moreover, pressure drop measurements and a residence time distribution 

analysis of MPBRs were among the aims. 

A microfluidic-based method suitable for the entrapment of E. coli cells overexpressing                

ω-transaminase in alginate microparticles and applicability of resulting biocatalyst were 

shown as a proof-of-concept to pave the path towards the application of miniaturized devices 

in biocatalyst immobilization with a great potential to be used in MPBRs.  
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2 LITERATURE REVIEW 

 

2.1 BIOCATALYSIS AND BIOCATALYTIC PROCESSES 

 

The history of biocatalysis, as prominent part of much broader biotechnology field (Figure 

1), is essentially related to the vinegar production, probably the most familiar example of 

microbial biotransformation throughout history (Vasic-Racki, 2006). Nowadays, 

biocatalysis is broadly applied in order to achieve desired transformations of many 

compounds into value-added products (Straathof and Adlercreutz, 2005; Liese et al., 2006; 

Fessner and Anthonsen, 2009). That can be achieved by using a biocatalyst – an enzyme, an 

enzyme complex, a cell organelle or a whole cell, either viable growing, non-growing or 

non-viable (Buchholz and Poulsen, 2005).  

 

Figure 1: The role of biocatalysis and biotechnology between the interdisciplinary sciences and industries 

including other users (Bommarius and Riebel, 2004: 7).  

Slika 1: Vloga biokatalize in biotehnologije med interdisciplinarnimi vedami in industrijo ter ostalimi 

uporabniki (Bommarius in Riebel, 2004: 7). 

 

Enzymes are in the core of every biocatalytic process and may be reasonably considered as 

the cornerstone of industrially important processes (Choi J.-M. et al., 2015). They are 

remarkable and ubiquitous catalysts endowed by a distinct mechanism of action that allows 

them conversion of many important substances at a significant rate without being altered 

(Voet D. and Voet J. G., 2011). As any other catalysts, enzymes reduce the magnitude of the 

energy barrier needful to be overcome for a reaction to take place, and bring the reaction to 

equilibrium more quickly than would occur without their presence (Aehle, 2004; Illanes, 

2008).  

Enzymes differ from ordinary chemical catalysts in an advantageous way through several 

facets. They show greater specificity with respect to the substrate molecules than the 
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chemical catalysts, because their active site consists of an indentation or cleft in the 

molecule’s surface and has a high geometric complementarity to the substrate’s shape and 

size (Voet D. and Voet J. G., 2011). Enzymes are exclusively composed of L-amino acids 

and possess high regio-, chemo- and stereospecificity (Voet D. and Voet J. G., 2011). This 

is a unique property of enzymes because it usually means no side reactions and less pollution 

as well as easier downstream processing and lower production costs, which is particularly 

useful in the processes where the high purity of the final product is an imperative. 

Unlike ordinary chemical catalysts, enzymes have been tailored in vivo and due to it, they 

express high activity under mild conditions, usually at nearly neutral pH values, temperatures 

below 100 ºC and atmospheric pressure. Enzymes are biodegradable, non-toxic, 

environment-friendly and generally considered as a natural product.  

Natural origin of enzymes sometimes could be an obstacle for the industrial application 

because they have high molecular complexity, and thus the production and purification of 

isolated enzymes are often economically unfavorable. The enzymes’ intrinsic fragility might 

be unsuitable for the applications under tough conditions occurring in vitro (Illanes, 2008). 

Therefore, in addition to their application in an isolated form, enzymes are applied in the 

form of whole cells, which is more convenient for the biotransformations that require 

presence of cofactors (Faber, 2011). Pros and cons of enzymes as biocatalysts are 

summarized in Table 1. 

 
Table 1: Advantages and disadvantages of enzymes as biocatalysts (Illanes, 2008: 3). 

Tabela 1: Prednosti in slabosti encimov kot biokatalizatorjev (Illanes, 2008: 3).  

Advantages Drawbacks  

High specificity High molecular complexity 

High activity under moderate conditions High production costs 

High turnover number Intrinsic fragility 

Highly biodegradable Long-term stability and activity 

Generally considered as natural products 

 

Current trends in biocatalysis strive towards the application of non-conventional media (such 

as organic solvents, ionic liquids, deep eutectic solvents, supercritical fluids and fluorous 

solvents) in order to overcome potential problems of poorly water-soluble organic substrates 

(Žnidaršič-Plazl, 2014; Grunwald, 2015). New advances in the fields of functional 

metagenomics and in vitro evolution of enzymes may immeasurably contribute to the 

development of novel processes and generation of many value-added products (Yeh W.-K. 

et al., 2010). 
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2.1.1 Properties and application of ω-transaminases  

 

The amino-acid breakdown in metabolic pathways ordinarily begins with the removal of       

α-amino groups (deamination). Most of the amino acids are deaminated in the process known 

as transamination, the reaction in which their amino group is transferred to an α-keto acid, 

concomitantly yielding the α-keto acid of the original amino acid and a new amino acid as 

product and co-product, respectively (Voet D. and Voet J. G., 2011).  

This reaction is catalyzed by transaminases (EC 2.6.1.X), an enzyme subclass belonging to 

transferases whose occurrence is essential for the amino acid metabolism (Figure 2a). 

Transamination would be impossible without the presence of pyridoxal-5’-phosphate (PLP), 

a biologically important derivative of pyridoxine (vitamin B6) which participates in the 

amino group accommodation (Figure 2b) by its conversion throughout different forms 

(Mukherjee et al., 2011; Voet D. and Voet J. G., 2011).  

 

 

Figure 2: Transaminase and PLP: a) crystal structure of a wild-type transaminase in a complex with PLP 

(Börner et al., 2017a: 3, Supporting Information); b) biological forms of PLP (Voet D. and Voet J. G., 2011: 

1020). 

Slika 2: Transaminaza in PLP: a) kristalna struktura divjega tipa transaminaze v kompleksu s PLP (Börner in 

sod., 2017a: 3, priloga); b) biološke oblike PLP (Voet D. in Voet J. G., 2011: 1020).   

 

Stemming from the amino-acid sequence alignment of 51 enzymes, transaminases are 

divided into groups I, II, III and IV (Mehta et al., 1993; Malik et al., 2012a), where 

transaminases from the second group exclusively transfer the amino functionality from an 

amino donor onto an amino acceptor, whereby at least one of the two substances is not an  

α-amino acid or an α-keto acid (Koszelewski et al., 2010a). Such transaminases are 

collectively named ω-transaminases (ω-TAs), opposite to other three groups denoted as         

α-transaminases (α-TAs) (Koszelewski et al., 2010a; Malik et al., 2012a).  
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ω-TAs (EC 2.6.1.18) have been gaining a significant attention as industrially desired 

biocatalysts because they utilize a broad range of substrates and have high enantioselectivity 

(Fuchs M. et al., 2015). This trend has been spurred during 1990s by the achievement of 

Celgene Corporation who applied ω-TAs for the preparation of chiral amines (Stirling et al., 

1990; Matcham and Bowen, 1996). The chiral prim-, sec-, and tert-amines are 

pharmaceutically relevant as building blocks for many bioactive molecules, and their 

industrial-scale synthesis in the enantiomerically pure form is literally a driving force for        

ω-TAs application (Koszelewski et al., 2010a; Mathew and Yun, 2012; Kroutil et al., 2013; 

Kohls et al., 2014). 

On a preparative scale, ω-TAs can be applied via three different reaction schemes which 

together stand for the transamination reaction run in forward and backward direction: kinetic 

resolution of racemic (rac) amines (Figure 3a), asymmetric synthesis from prochiral ketones 

(Figure 3b), and deracemization (Figure 3c) (Nestl et al., 2014).  

 

Figure 3: ω-TAs-catalyzed reactions: a) kinetic resolution; b) asymmetric synthesis and c) deracemization 

(Nestl et al., 2014: 3078). 

Slika 3: Reakcije katalizirane z ω-transaminazo: a) kinetična resolucija; b) asimetrična sinteza in c) 

deracemizacija (Nestl in sod., 2014: 3078). 

 

Kinetic resolution of rac-amines is commonly applied strategy, although it theoretically 

generates only 50% yield (Shin and Kim, 1997; Shin J.-S. et al., 2001a, 2001b; Malik et al., 

2012b; Park E.-S. et al., 2014; Shin G. et al., 2015), in contrast to the asymmetric synthesis 

from prochiral ketones which allows a 100% yield of the optically pure target product (Shin 

and Kim, 1999a; Mutti et al., 2011; Mutti and Kroutil, 2012; Park E.-S. et al., 2013; Kroutil 

et al., 2013; Halim M. et al., 2014; Mallin et al., 2014). Deracemization is also able to achieve 

the theoretical yield of 100%, but it remains the least attractive strategy due to its complexity 

(Shin G. et al., 2013; Nestl et al., 2014; Park and Shin, 2014). 
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A broader utilization of (S)- and (R)-selective ω-TAs on the industrial scale is highly 

desirable, primarily through the strategy of direct asymmetric synthesis, which is seen as the 

state-of-the-art of the technology (Koszelewski et al., 2010a; Tufvesson et al., 2011). 

However, this is quite a challenging task due to several typical problems such as substrate 

and/or (co-)product inhibition, thermodynamic limitations mirrored in an unfavorable 

equilibrium position which is highly influenced by the choice of the amino donor/amino 

acceptor system (Tufvesson et al., 2012; Gundersen et al., 2015), as well as biocatalyst and 

substrates/products solubility limitations (Tufvesson et al., 2011; Green et al., 2014).  

The strategies proposed for overcoming such problems mainly rely on shifting the 

equilibrium towards the product side by using stronger amino donor or its excess (Tufvesson 

et al., 2015), reducing the product or co-product inhibition by in situ product removal (ISPR) 

(Shin and Kim, 1999b; Shin J.-S. et al., 2001a; Rehn et al., 2014; Heintz et al., 2016a) or in 

situ co-product removal (IScPR) (Tufvesson et al., 2014) as well as using enzymatic cascade 

reactions (Simon et al., 2014), also possibly coupled to ISPR (Börner et al., 2015). 

Biocatalyst limitations are being solved by its improvement (Casablancas et al., 2013), by 

separation and recycling achieved by means of immobilization (Koszelewski et al., 2010b; 

Päiviö and Kanerva, 2013; Mallin et al., 2014; Neto et al., 2015) and by using the whole-cell 

biocatalysts (Cárdenas-Fernández et al., 2012), even those with surface expressed ω-TA 

(Gustavsson et al., 2014). Low substrate or product water-solubility is highly undesirable 

since the application of low substrate concentration leads to poor volumetric productivities 

and negatively affects the downstream step as well as economic feasibility of the process. 

Hence, the main strategies focus on the application of water-miscible solvents acting towards 

better substrate solubility in the water phase or water-immiscible solvents acting as a 

substrate reservoir (Mutti and Kroutil, 2012; Truppo et al., 2012; Fuchs C. S. et al., 2014).  

The enzyme used in this study is a wild-type ω-TA (Figure 2a), a homotetramer with a high 

sequence identity to Pseudomonas sp. obtained from a metagenomic library (Börner et al., 

2017a). Other widely applied ω-TAs originate from Chromobacterium violaceum DSM 

30191 (Kaulmann et al., 2007; Smithies et al., 2009; Halim M. et al., 2014), Vibrio fluvialis 

JS17 (Shin J.-S. et al., 2001a, 2001b; Yi et al., 2007), Bacillus thuringiensis JS64 (Shin and 

Kim, 1999b; Shin J.-S. et al., 2001a), Burkholderia vietnamiensis (Jiang et al., 2014), 

Mycobacterium vanbaalenii (Shin G. et al., 2015), or from Ochrobactrum anthropi 

expressing an ω-TA reported to devoid the substrate and product inhibition (Park and Shin, 

2013). Different strategies for improvements, such as redesigning the substrate specificity of 

ω-TAs (Cho et al., 2008), and the quest for wild-type microorganisms showing ω-TA activity 

(Koszelewski et al., 2010a), are in full swing. 
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2.1.1.1 Transaminase-catalyzed synthesis of acetophenone  

 

The first selected model reaction studied in this work is the transamination of (S)-(–)-α-

methylbenzylamine ((S)-α-MBA) using sodium pyruvate (PYR) as an amino acceptor, 

yielding acetophenone (ACP) and L-alanine (L-ALA) as the product and co-product, 

respectively (Figure 4). This reaction is used for testing alginate microparticles with 

immobilized recombinant E. coli cells overexpressing ω-TA (Section 4.1) as well as for 

evaluation of MPBRs with LentiKats® (Section 4.2).  

 

 

Figure 4: Reaction scheme of transamination using (S)-α-MBA as an amino donor and PYR as an amino 

acceptor, yielding ACP and L-ALA as the product and co-product, respectively (Engelmark Cassimjee et al., 

2015: 3). 

Slika 4: Reakcijska shema za transaminacijo z (S)-α-MBA kot amino donorjem in PYR kot amino akceptorjem, 

ki prinašata ACP in L-ALA kot produkt in stranski produkt (Engelmark Cassimjee in sod., 2015: 3). 

 

In this ω-TA-catalyzed reaction, PLP is firstly bonded as a Schiff-base to a lysine (Lys) 

residue in the enzyme’s active site, forming a stable intermediate enzyme-PLP complex 

(internal aldimine) (Engelmark Cassimjee et al., 2015). The mechanism of the internal 

aldimine formation could be found throughout the literature and stands for the most of PLP-

dependent enzymes including ω-TAs (Oliveira et al., 2011). Further on, PLP reacts with       

(S)-α-MBA over the formation of a new intermediate complex (external aldimine), which 

consequently results in the formation of ACP with the consumption of a water molecule and 

simultaneous conversion of PLP to pyridoxamine-5'-phosphate (PMP), afterwards the amino 

acceptor PYR is converted to L-ALA to complete the catalytic cycle by regenerating the 

internal aldimine and the water molecule (Figure 4) (Toney, 2005; Engelmark Cassimjee et 

al., 2015). In sum, the amino donor (S)-α-MBA is bound first, and then the product ACP is 
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released before PYR is added, while the co-product L-ALA leaves the enzyme last. Such 

sequentially ordered interaction between the enzyme and substrate/product molecules is 

typical for transaminases, and can be described by a ping-pong bi-bi reaction mechanism 

(Bisswanger, 2002; Leskovac, 2003; Engelmark Cassimjee et al., 2015). 

(S)-α-MBA has been reported to be a strong amino donor capable of displacing the resulting 

reaction thermodynamic equilibrium towards the product side whereby the generation of 

ACP and L-ALA is greatly favored (Fesko et al., 2013; Jiang et al., 2014; Tufvesson et al., 

2015). The economic considerations of a process should not be neglected, because the price 

of the amino donor strongly affects the operating costs and the price of optically pure            

(S)-α-MBA is relatively low (100‒150 € kg‒1), which could not be said for the cofactor PLP 

(1,000‒2,115 € kg‒1) (Tufvesson et al., 2015). A potential drawback of this reaction is the 

low reaction yield, caused by the poor water solubility of ACP, which is cca. 9-, 38-, and 

228-times lower than the solubility of (S)-α-MBA, L-ALA and PYR, respectively (Tufvesson 

et al., 2011). This problem may be solved by performing the reaction in organic solvents 

(Truppo et al., 2012), or using a two-liquid-phase reaction system (Shin J.-S. et al., 2001a). 

Although the chosen reaction does not reflect an industrially relevant one for an attractive 

product, e.g. synthesis of 1-methyl-3-phenylpropylamine (MPPA) using a cheap amino 

donors, it is a frequently used as an assay/model reaction (Martin et al., 2007; Mallin et al., 

2014; Rehn et al., 2014; Heintz et al., 2016b; Börner et al., 2016, 2017a; Miložič et al., 2017). 

Likewise, Börner et al. (2016) have reported that 40 mM equimolar concentrations of both 

substrates together with 0.1 mM PLP has been found as the optimal reaction conditions for 

the same enzyme as in this study. Besides, the reaction hardly affects the pH in sodium 

phosphate buffer where the enzyme had the highest relative activity at pH 8.0 (Börner et al., 

2016).   

 

2.1.2 Properties and application of Candida antarctica lipase B  

 

Lipases or triacylglycerol ester hydrolases (EC 3.1.1.3) constitute a versatile, omnipresent, 

robust and highly promiscuous group of enzymes capable of catalyzing a broad range of 

hydrolytic and synthetic reactions under natural as well as unnatural conditions (Kapoor and 

Gupta, 2012; Stergiou et al., 2013; De Miranda et al., 2015; Salihu and Alam, 2015). Most 

lipases manifest the best catalytic activity when the reaction takes place in an organic solvent 

with some water activity present (Adlercreutz, 2013; Sharma and Kanwar, 2014; Kumar et 

al., 2016), or at an organic-aqueous interface due to the phenomenon of interfacial activation 

(Reis et al., 2009). 

Yeast Candida antarctica, an extremophile originally isolated on Antarctica, produces two 

quite different lipases denoted as A and B (Goto et al., 1969; Nielsen et al., 1999). Candida 

antarctica lipase B (CaLB) is frequently discussed as an atypical lipase due to its specific 
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characteristic compared to other enzymes from the same group (Anderson et al., 1998). Such 

characteristics in the first instance imply an insignificant homology to other known lipase 

sequences, low activity towards the large triglyceride molecules and eventually lack of the 

interfacial activation (Uppenberg et al., 1994; Martinelle et al., 1995), albeit a recent study 

by Zisis et al. (2015) has provided arguments in favor of the interfacial activation of CaLB 

on highly hydrophobic surfaces.  

CaLB is a globular, cofactor-independent, approximately 30 × 40 × 50 Å large, and α/β type-

folded enzyme composed of 317 amino acid residues with a molecular weight of 33 kDa and 

pI of 6.0 (Uppenberg et al., 1994). Its active site, which is accessible through approximately 

10 × 4 Å wide and 12 Å deep hydrophobic channel, is made of a Serine-Histidine-Aspartate 

(Ser105-His224-Asp187) catalytic triad and has flexible α5 and α10 helix regions potentially 

acting as a lid (Uppenberg et al., 1994, 1995; Ganjalikhany et al., 2012; Stauch et al., 2015). 

The channel consists of an acyl and secondary alcohol binding ’pockets’ (Trodler and Pleiss, 

2008). The channel is spatially-limited which causes physical restriction for the substrate, 

and together with its hydrophobic nature lead to a high substrate selectivity (Uppenberg et 

al., 1995; Anderson et al., 1998). According to Pleiss et al. (1998), the pocket is large enough 

to accept substrate molecules with total carbon-chain length up to 13 –CH– moieties. Figure 

5a shows the crystal structure of CaLB at 1.55 Å resolution (Uppenberg et al., 1994), where 

the active site was modified to represent an intermediate of an acetylation reaction (Klähn et 

al., 2011).  

 

 

Figure 5: Candida antarctica lipase B: a) crystal structure with highlighted catalytic triad in the active site 

showing Ser105 (red), His224 (orange) and Asp187 (yellow) (Klähn et al., 2011: 1651); b) hydrophobic and 

hydrophilic surface areas (Basso et al., 2007: 882).  

Slika 5: Lipaza B iz kvasovke Candida antarctica: a) kristalna struktura z poudarjeno katalitsko triado v 

aktivnem mestu, ki kaže aminokisline Ser105 (rdeče), His224 (oranžno) and Asp187 (rumeno) (Klähn in sod., 

2011: 1651); b) hidrofobne in hidrofilne površine (Basso in sod., 2007: 882).  

 

Many reactions with CaLB are performed in organic solvents, and therefore molecular 

dynamic simulations are frequently used for investigation of CaLB conformational stability 

and activity in both polar (logP < 2) and non-polar (logP > 4) solvents (Trodler and Pleiss, 

2008; Li C. et al., 2010; Adlercreutz, 2013). It has been shown that CaLB has lower activity 
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in polar solvents, because solvent’s molecules intensively interact with the enzyme’s active 

site and lead to its conformational change by destroying the hydrogen bonds between Ser105 

and His224 (Li C. et al., 2010; Park H. J. et al., 2013). On the other side, the enzyme’s overall 

conformation remains stable in organic solvents, but its flexibility is affected compared to 

that in an aqueous environment mainly due to the creation of a spanning water network on 

the protein's surface, changing the ratio between hydrophilic and hydrophobic areas shown 

in Figure 5b (Trodler and Pleiss, 2008; Li C. et al., 2010). Therefore, it may be concluded 

that CaLB would have the highest activity when used in a non-polar solvent with a low water 

content.  

CaLB was immobilized in many different ways (Kramer et al., 2010; Idris and Bukhari, 

2012; Nicoletti et al., 2015; Jakovetić Tanasković et al., 2016), but the best known is 

immobilized on acrylic resin, a preparation commercially available under the trademark 

Novozym® 435. It is widely used in the production of biodiesel (Casas et al., 2013; José et 

al., 2013), isoamyl acetate (Pohar et al., 2009; Žnidaršič-Plazl and Plazl, 2009; Cvjetko et 

al., 2012), butyl butyrate (De los Ríos et al., 2008; Pohar et al., 2012; Denčić et al., 2013), 

polycaprolactone (Kundu et al., 2011), propyl caffeate (Wang J. et al., 2013), caffeic acid 

phenethyl ester (Wang J. et al., 2014), and several other chemicals. 

 

2.1.2.1 Lipase-catalyzed synthesis of butyl butyrate 

 

Transesterification of vinyl butyrate (VB) and 1-butanol (BUT) to butyl butyrate (BB) and 

acetaldehyde (ACE) was selected as the model reaction with immobilized CaLB (Figure 6a).  

As seen from the general transesterification scheme (Figure 6b), after entering the enzyme's 

active site, the first substrate undergoes a nucleophilic attack by the catalytic Ser105 and 

covalently binds to its oxygen atom, forming the first tetrahedral intermediate and releasing 

the first product. Consequently an acylated enzyme is created, which further undergoes the 

nucleophilic attack by the second substrate resulting in the creation of the second tetrahedral 

intermediate and releasing the second product, whereby the enzyme is regenerated 

eventually (Ferrario et al., 2015). Such reaction scenario obeys a ping-pong bi-bi mechanism 

(Bisswanger, 2002; Leskovac 2003, Ferrario et al., 2015). 
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Figure 6: Transesterification of VB and BUT to BB and ACE: a) an overall reaction scheme; b) schematic 

illustration of the reaction catalytic mechanism (Ferrario et al., 2015: 88). 

Slika 6: Transesterifikacija VB in BUT v BB in ACE: a) splošna shema reakcije; b) shematski prikaz 

katalitskega mehanizma reakcije (Ferrario in sod., 2015: 88). 

 

The synthesis of BB from VB and BUT is commonly performed by CaLB, because it is a 

highly demanded industrial fragrance that resembles a pineapple (Santos and De Castro, 

2006; De los Ríos et al., 2007, 2008; Pohar et al., 2012). Furthermore, VB is easily accepted 

by the enzyme’s active site as a short-chain vinyl ester. CaLB is also remarkably stable 

towards ACE, an inevitable co-product of acyl transfer reactions with vinyl esters (Weber et 

al., 1995). Inhibition by both substrates was determined for this reaction using an ionic liquid 

as a solvent (Pohar et al., 2012). Among various solvents, n-heptane presents a good choice 

primarily due to its non-polarity (logP > 4) and low water content (0.004%) (Sangster, 1989 

and ref. therein; KEM Kyoto Electronics). 

 

 

 



Bajić M. Development of miniaturized packed bed reactors with immobilized enzymes for biocatalytic processes. 

   Doctoral dissertation. Ljubljana, University of Ljubljana, Biotechnical Faculty, 2017 

14 
 

2.2 BIOCATALYST IMMOBILIZATION 

 

According to the International Union of Pure and Applied Chemistry, immobilization is 

defined as “the technique used for the physical or chemical fixation of cells, organelles, 

enzymes, or other proteins onto a solid support, into a solid matrix or retained by a 

membrane, in order to increase their stability and enable their repeated or continuous use“ 

(Nagel et al., 1992).  

Modern industrial production is routinely using immobilized biocatalysts (Cantone et al., 

2013; DiCosimo et al., 2013), either isolated enzymes (Cao, 2005) or whole cells (Nedović 

and Willaert, 2004). Immobilization offers improved catalytic and non-catalytic functions, 

including enhanced solvent and high temperature resistance, stability, and selectivity of the 

biocatalyst as well as its facilitated separation, purification and reuse, which altogether lead 

to an efficient biocatalytic process (Eş et al., 2015). A lower risk of contamination caused 

by the presence of biocatalyst residues in the final product is also expected when using 

immobilized systems (Sheldon and van Pelt, 2013). However, mass transfer limitations 

potentially occurring in a heterogeneous biocatalyst could present a significant problem 

(Adlercreutz, 2013). 

Every immobilization process actually includes an interplay between the biocatalyst and 

carrier, and hence a careful choice of support material is required together with a suitable 

immobilization technique. Support material strongly depends on the reactor configuration 

and must provide a high biocatalyst load and sufficient chemical and mechanical stability 

(Eş et al., 2015). Hanefeld et al. (2009) have highlighted important parameters related to the 

biocatalyst, carrier and specific factors of the reaction system which have to be considered 

when planning an immobilization. 

The most commonly applied immobilization methods are entrapment in a carrier, 

immobilization via ionic interactions, carrier-free immobilization (cross-linking), covalent 

attachment (tethering) and non-covalent adsorption on a carrier, whereby the last two 

methods often use a different kind of short or long spacers to enhance stability and 

conformational flexibility of immobilized enzymes (Hanefeld et al., 2009). The effectiveness 

of immobilization methods can be assessed regarding the immobilization yield and 

efficiency, activity recovery and biocatalyst load (Sheldon and van Pelt, 2013). 

Immobilization by entrapment and adsorption on a carrier are the methods used for the 

preparation of biocatalysts applied in this study, and hence pros and cons of these two 

approaches will be more thoroughly considered in the following subchapters. 

 

 

 



Bajić M. Development of miniaturized packed bed reactors with immobilized enzymes for biocatalytic processes. 

   Doctoral dissertation. Ljubljana, University of Ljubljana, Biotechnical Faculty, 2017 

15 
 

2.2.1 Immobilization by entrapment  

 

Entrapment refers to the procedure by which a biocatalyst is embedded in a matrix (a three-

dimensional polymer network) chemically or physically formed by means of cross-linking 

or gelation (Cao, 2005). The biocatalyst is pre-mixed with the components for matrix 

formation, where the cross-linking or gelation is performed during the immobilization 

process. Entrapment is preferably used for immobilization of whole cells rather than free 

enzymes, because they are larger and could be easily retained within the formed matrix 

(Sheldon and van Pelt, 2013). However, there are numerous examples of enzyme 

immobilization by this method throughout the literature (Rebroš et al., 2007; Fernandes et 

al., 2009; Nunes et al., 2012). 

Immobilization by entrapment is carried out under mild conditions by using harmless 

chemical agents, concomitantly preventing biocatalyst denaturation and activity loss, so that 

possible damage caused by immobilization can be minimized. The biocatalyst is also 

protected from the shear stress in the matrix (Eş et al., 2015). In the case of enzymes as 

immobilization subject, an additional advantage is that they are not chemically bonded to the 

carrier, and disruption of the enzyme native configuration is less likely to occur. But 

sometimes enzyme leakage from the matrix may happen and an additional covalent 

attachment is required (Sheldon and van Pelt, 2013).  

On the other side, possible diffusion limitations in the matrix could be pronounced by using 

whole cells due to hampered transport of reactive species through the cell membrane 

(Willaert et al., 2004). Relatively low mechanical strength of the carrier could be another 

potential problem for application in robust processes. Therefore, a high attention should be 

devoted to physical (pore size, particle size, nature of the pore, morphology, shape and 

mechanical stability) and chemical (hydrophilicity and hydrophobicity, nature of the active 

and inactive functionality) requirements of the carrier (Cao, 2005; Cantone et al., 2013). 

The most commonly used materials for the immobilization by entrapment are synthetic and 

natural polymers (Riddle and Mooney, 2004), especially highly hydrophilic which are 

capable of forming hydrogels, three-dimensional networks with a large amount of water 

(Ahmed, 2015). For the purpose of this study two polymers were used for the immobilization 

of biocatalysts, namely alginate as a representative of the natural group of polymers, and 

poly(vinyl alcohol) as a representative of the synthetic group of polymers in the form of 

commercially available preparation LentiKats®. 
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2.2.1.1 Alginate  

 

Alginate is an ubiquitous, highly exploited and extensively studied biopolymer broadly used 

for biocatalyst immobilization (Melvik and Dornish, 2004). The main source for alginate 

extraction are brown algae members of the class Phaeophyceae, including Laminaria 

hyperborea, Laminaria digitata, Laminaria japonica, Ascophyllum nodosum and 

Macrocystis pyrifera (Smidsrød and Skjåk-Bræk, 1990). 

This is highly biocompatible, non-toxic and relatively inexpensive polyelectrolyte, 

composed of unbranched blocks of copolymers containing (1,4)-glycosidically linked β-D-

mannuronate (M) and α-L-guluronate (G) residues interconnected in such manner to form 

consecutive G-residues (GGGGGG), consecutive M-residues (MMMMMM), and 

alternating M- and G-residues (GMGMGM), respectively (Figure 7a) (Lee and Mooney, 

2012). Such structure is capable of gelling under mild conditions and yielding a porous 

hydrogel, usually in the form of spherical particles (Melvik and Dornish, 2004; Manojlovic 

et al., 2008). Gelation takes place between G-blocks and divalent cations (mostly Ca2+), 

which replace monovalent cations (Na+) in alginate structure, forming in that way cross-

linked regions (so-called ‘egg-box’ model) which are the basis of the matrix (Figure 7b) 

(Braccini and Pérez, 2001; Lee and Mooney, 2012). 

 

 

Figure 7: Structure of alginate and resulting hydrogel: a) G-block, M-block, and alternating block (Lee and 

Mooney, 2012: 108); b) schematic drawing of the ‘egg-box’ model (Braccini and Pérez, 2001: 1090). 

Slika 7: Struktura alginata in nastalega hidrogela: a) G-blok, M-blok in izmenični blok (Lee in Mooney, 2012: 

108); b) shematski prikaz modela ‘škatla za jajca’ (Braccini in Pérez, 2001: 1090). 

 

It has been found that the rate of gelling in 50 mM CaCl2 solution is around 100 µm min‒1, 

so a hypothetical spherical particle with a diameter of 500 µm is gelled in cca. 2.5 min, which 

is close to the rate of freely diffusing Ca2+ (Gåserød 1998; Melvik and Dornish, 2004). 

Additionally, an electron microscopic observation of a 2% Ca-alginate hydrogel particle has 

revealed that the pore size is between 5 and 200 nm (Buchholz et al., 2012). However, the 
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physicochemical and functional properties of resulting hydrogel highly depend on the 

concentration of gelling agent and biological material to be immobilized as well as 

concentration of alginate, its M/G ratio, G-block length and molecular weight, which in turn 

depends on the origin of alginate (Melvik and Dornish, 2004; Lee and Mooney, 2012). In 

general, bacterial biosynthesis is foreseen to provide more chemically- and structurally-

defined alginate than that which could be obtained by extraction from brown algae (Hay et 

al., 2013). Alginate is sometimes used to make copolymers as immobilization matrixes, for 

instance with PVA (Levic et al., 2013). The main disadvantage of alginate hydrogels is their 

instability in the presence of chelating compounds and cations such as phosphate, lactate, 

citrate, Na+ and Mg2+ (Smidsrød and Skjåk-Bræk 1990; Melvik and Dornish, 2004).  

A vast number of different macro-scale methods including emulsification, spray drying, 

coaxial bead generator, jet cutter and electrostatic droplet generation have been applied to 

produce alginate microparticles with immobilized biocatalysts (Rathore et al., 2013; Kang 

et al., 2014). Robustness and relatively high price of the used equipment which usually 

generates highly polydisperse particles sometimes present a serious deficiency in their 

application. Miniaturized devices have appeared as an alternative to such equipment because 

they provide better control over size, shape and composition of resulting microparticles     

(Xu S. et al., 2005; Kumacheva and Garstecki, 2011; Mazzitelli et al., 2013). Production of 

alginate microparticles in that way mostly relies on the integration of two steps: 

emulsification in a microfluidic device resulting in the generation of aqueous alginate 

droplets as a semi-product, and in situ or ex situ gelation of generated droplets into solid 

alginate microparticles (Zhang et al., 2007; Dang and Joo, 2013; Hu et al., 2015).  

Different biological materials have been immobilized in alginate microparticles of various 

sizes by microfluidic-based methods (Table 2). According to author’s best knowledge, with 

the exception of an assay in alginate microparticles containing immobilized glucose oxidase 

(Um et al., 2008), none of the studies listed in Table 2 has considered the application of 

alginate microparticles as a biocatalyst support in a continuous biotransformation process.  
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Table 2: Biological materials immobilized in alginate microparticles obtained by microfluidic devices. 

Tabela 2: Biološki material imobiliziran v alginatne mikrodelce pridobljene z uporabo mikrofluidnih naprav. 

Immobilized biological material Reference 

Human embryonic kidney cells (Sugiura et al., 2005; Workman et al., 2007, 2008) 

Yeast cells expressing green fluorescence protein  (Choi C.-H. et al., 2007) 

Mouse erythroleukaemia cells  (Shintaku et al., 2007) 

Jurkat cells  
(Tan and Takeuchi, 2007; Hong et al., 2010; Onoe 

et al., 2014) 

Human osteosarcoma cells; Cells derived from a rat 

pheochromocytoma 
(Workman et al., 2008) 

Glucose oxidase (Um et al., 2008) 

Chlamydomonas (Morimoto et al., 2009) 

Human breast cancer cells (Kim C. et al., 2009) 

Chondrocytes (Huang S.-B. et al., 2010; Wu and Pan, 2010) 

Breast tumor cells (Yu et al., 2010) 

Sertoli cells (Capretto et al., 2010) 

Bovine serum albumin (Yeh C.-H. et al., 2011) 

Mouse embryonic carcinoma cell (Kim C. et al., 2009, 2011, 2014; Kim C., 2015) 

Mouse myeloma NS0 (Cheng et al., 2011) 

Saccharomyces cerevisiae (Martinez et al., 2012) 

Pancreatic islets cells (Tendulkar et al., 2012) 

Anti-Mycobacterium tuberculosis and Anti-

Escherichia coli antibody 
(Chen W. et al., 2013) 

Dental-derived mesenchymal stem cells (Moshaverinia et al., 2013) 

Antibody-secreting hybridoma cells; Mouse breast 

cancer cells    
(Akbari and Pirbodaghi, 2013) 

Human liver cancer cells (Um et al., 2008; Kim C. et al., 2009) 

 

2.2.1.2 LentiKats® 

 

LentiKats® refers to PVA lens-shaped hydrogel particles typically used for biocatalysts 

immobilization (Wittlich et al., 2004; Boušková et al., 2011; Cárdenas-Fernández et al., 

2012; Schenkmayerová et al., 2014; Krasňan et al. 2016). PVA is a hydrophilic polymer 

whose aqueous solutions spontaneously form hydrogen bonds between hydroxyl groups of 

the adjacent polymer chains over time, resulting in the creation of a non-covalent matrix 

(Figure 8a) (Wittlich et al., 2004). Thus produced porous hydrogel is stable to above 60 ºC 

and possesses excellent physico-mechanical characteristics, such as high elasticity and low 

https://en.wikipedia.org/wiki/Cell_line
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abrasion that provide for robustness and long lifetimes (Wittlich et al., 2004; 

Schenkmayerová et al., 2014). Besides, PVA is biologically non-degradable and has zero 

toxicity without any negative effect on the biochemical process, which makes it a desirable 

material for biocatalyst immobilization (Boušková et al., 2011).  

Difficulties with PVA application in biotechnology lay in the fact that a spontaneous gelation 

at temperatures above 0 ºC is a long-term process and the resulting hydrogels are too weak 

and inappropriate (Wittlich et al., 2004). The mechanical characteristics of PVA hydrogels 

were improved when the PVA solution was subjected to cryogelation (Lozinsky, 1998), or 

to gelation with boric acid (Wang H.-H. et al., 1999), but all procedures lead to the significant 

loss of immobilized biocatalyst activity (Wittlich et al., 2004; Krasňan et al., 2016). These 

problems were neutralized by Ding and Vorlop who developed a method based on the 

gelation under mild temperature and pH conditions, using non-toxic and inexpensive mixture 

of PVA and polyethylene glycol, and sodium sulfate as a stabilizing solution (Ding and 

Vorlop, 1995; Krasňan et al., 2016). Such gentle conditions allow the immobilization of any 

enzyme or microorganism and offer relatively simple production procedure and high 

retention of biocatalyst activity (Ding and Vorlop, 1995; Rebroš et al., 2007).  

 

 

Figure 8: LentiKats®: a) chemical structure of PVA gel (Wittlich et al., 2004: 54); b) lens-shaped hydrogel 

particles; c) micrograph of fractured particle showing the outer layer and porous internal structure (photo: 

LentiKat's a.s., 2016; internal company's material); d) micrograph showing a detail of the internal porous 

structure (photo: LentiKat's a.s., 2016; internal company's material).   

Slika 8: LentiKats®: a) kemijska struktura PVA gela (Wittlich in sod., 2004: 54); b) delci hidrogela v obliki 

leče; c) mikrograf odlomljenega delca, ki prikazuje zunanjo plast in porozno notranjo strukturo (slika: 

LentiKat's a.s., 2016; interni material podjetja); d) mikrograf, ki podrobno prikazuje notranjo porozno strukturo 

(slika: LentiKat's a.s., 2016; interni material podjetja).     
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Resulting PVA lens-shaped hydrogel particles, namely LentiKats® (Wittlich et al., 2004), are 

presented in Figure 8b. Controlled drying of particles enables the formation of a thin layer 

on the surface shown in Figure 8c, acting as a membrane with the molecular weight cut-off 

for polysaccharides and proteins of 7.6 and 14.2 kDa, respectively (Schenkmayerová et al., 

2014). The particles have a porous ’sponge-like’ internal structure with a pore size ranging 

between 1 and 10 µm (Figures 8c and 8d), and a lens shape that combines the advantages of 

small and large particles and favors diffusion due to the high surface-to-volume ratio 

(Wittlich et al., 2004). Diverse application of LentiKats® in biotechnology is distinctly 

featured in the review article by Krasňan et al. (2016). 

 

2.2.2 Immobilization by adsorption on a carrier 

 

Immobilization of a biocatalyst onto the surface of a carrier could be obtained via physical 

adsorption that includes non-specific (van der Waals forces), biospecific (using immobilized 

ligands), affinity (using immobilized dyes or metals), electrostatic (ionic) and hydrophobic 

interactions (Cao, 2005). This is probably the simplest method initiated only by the 

biocatalyst-carrier contact (Adlercreutz, 2013), and therewith it was among the first methods 

used for the enzyme immobilization (Nelson and Griffin, 1916).  

Advantages of the immobilization by adsorption encompass the possibility for carrier reuse 

and potentially high retention of enzyme activity compared to the covalent attachment, which 

implies chemical modifications. Disadvantages include relative weakness of the interactions 

involved in the adsorption which may cause enzyme leakage from the support as well as 

change of the enzyme microenvironment leading to undesirable disruption of the forces that 

maintain the enzyme’s native conformation (Cao, 2005).  

Numerous carriers such as organic and inorganic polymers or mesoporous silica have been 

applied for immobilization by adsorption (Adlercreutz, 2013; Sheldon and van Pelt, 2013). 

The selected carrier has to meet certain physical and chemical requirements essential for an 

efficient immobilization. The physical requirements mainly relate to the particle size, i.e. 

indirectly sufficient surface area for immobilization (> 100 m2 g‒1), capable of achieving 

high enzyme loads with an even monolayer distribution, as well as pore size large enough to 

be accessed by the enzyme and to avoid diffusion constraints (e.g. > 100 nm based on lipases) 

(Bosley, 1997; Cantone et al., 2013). Chemical requirements relate to the composition of the 

carrier, i.e. the nature of functionality that directly interacts with the enzyme (Cao, 2005).  
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2.2.2.1 Novozym® 435 

 

Novozym® 435 represents one of the most popular catalysts available on the market. In this 

preparation, CaLB is immobilized on a hydrophobic macroporous polymeric resin (Lewatit 

VP OC 1600), which is based on methyl and butyl methacrylic esters cross-linked with 

divinylbenzene (Heinsman et al., 2003; Poojari and Clarson, 2013). Although the main 

enzyme-carrier interactions in Novozym® 435 are van der Waals forces, the immobilization 

is rather entropy driven, because the enzyme displaces a large number of water molecules 

from the carrier and its own surface. Such gain in entropy is also known as hydrophobic 

interaction (Hanefeld et al., 2009). However, these forces are relatively weak, and CaLB 

tends to leak from the carrier in the aqueous environments, which is the biggest problem to 

be solved in order to enhance the stability of Novozym® 435 (Wiemann et al., 2009a, 2009b; 

Saunders and Brask, 2010).  

Observation of Novozym® 435 by infrared microspectroscopy has revealed that the radial 

distribution of CaLB is uneven, whereby the enzyme is localized in an outer shell of the 

particle (thickness 80‒100 µm) in a non-uniform density throughout it, as depicted in Figure 

9 (Mei et al., 2003). It has also been reported that the average pore size of Novozym® 435 is 

100 nm, which is large enough to allow an unhindered diffusion of macromolecules with 

molecular masses up to 46 kDa (Mei et al., 2003; Wiemann et al., 2009a).  

   

 

Figure 9: Visible light image (left) of a Novozym® 435 together with the area imaged by the infrared 

microscope (the yellow box), and the enzyme distribution (right) throughout the center section of the 

Novozym® 435 (Mei et al., 2003: 72).   

Slika 9: Slika delca Novozym® 435 v vidnem spektru (levo) skupaj z površino, ki je posneta z infrardečim 

mikroskopom (rumeni kvadrat, levo) in porazdelitev encima po preseku Novozym® 435 delca (desno) (Mei in 

sod., 2003: 72). 
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Application of Novozym® 435 is widely discussed in the part considering CaLB (Section 

2.1.2). The most important physical characteristics of commercial preparation Novozym® 

435 are listed in Table 3.  

 
Table 3: The most important physical characteristics of commercial preparation Novozym® 435. 

Tabela 3: Najpomembnejše fizikalne lastnosti komercialnega pripravka Novozym® 435. 

Characteristic Value Reference 

Amount of CaLB  0.1 mgCaLB mgN435
‒1 (Kundu et al., 2011) 

Shell thickness  80‒100 μm (Mei et al., 2003) 

Density  0.555 mgN435 µL‒1 (Denčić et al., 2013) 

Diameter 315‒1,000 µm (Chen B. et al., 2008) 

Moisture content  1%‒2% (w/w) (Chen H.-C. et al., 2011) 

Specific surface area  130 m2 gN435
‒1 (Chen B. et al., 2008) 

Pore size 100 nm (Mei et al., 2003) 

Tortuosity 6 (Dong et al., 2010) 

Porosity 0.5 (Dong et al., 2010) 

 

2.3 MINIATURIZATION AND MICROSYSTEMS 

 

The main feature of miniaturized reactors is their micro scale. Such reactors present a wide 

spectrum of devices fabricated predominantly by microengineering, with at least one 

characteristic dimension below 1 mm and surface-to-volume ratio much higher than 

traditional reactors, typically from 10,000 to 50,000 m2 m‒3 (Ehrfeld et al., 2001; Hessel et 

al., 2004; Renken and Kiwi-Minsker, 2010; Wirth, 2013). Continuous flow processing 

occurring under laminar flow conditions allows nearly gradientless mass and heat transfer 

leading to the process intensification (Kockmann, 2008; Pohar and Plazl, 2009; Wegner et 

al., 2011; Hessel et al., 2012). Good spatial and temporal control, as well as possibilities for 

building mobile manufacturing plants with reduced environmental, financial and safety 

burdens, are additional advantages of miniaturization (Wohlgemuth et al., 2015).    

 

2.3.1 Transport phenomena at small scale  

 

Miniaturized devices are endowed by reduced and precisely defined transport paths, and 

therefore momentum and mass transport occur in a very efficient manner and within short 

times (Kockmann, 2008). The ratio between surface and volume forces changes in favor of 

the first ones by switching to the small scale, whereby the relative importance of such forces 
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is represented by a set of dimensionless numbers. Some of the most important dimensionless 

numbers will be presented below, while the others could be found throughout the literature 

(Green and Perry, 2008; Berthier and Silberzan, 2010). 

  

2.3.1.1 Fluid dynamics 

 

The Reynolds number (Re) arises from the non-dimensionalization of the Navier-Stokes 

equation and reflects the relative importance of the inertial and viscous forces (Kumacheva 

and Garstecki, 2011; Marques and Fernandes, 2011). The three distinct parameters that Re 

(Equation 1) relies on are channel geometry, fluid properties embodied in its density (ρ) and 

dynamic viscosity (η), and flow conditions embodied in the mean superficial (or empty 

channel) fluid velocity (v), which is obtained when the volumetric flow rate is divided by the 

channel cross-sectional area. In the case of a fluid flow through the tubular channel, 

characteristic length (L) stands for the tube internal diameter, while in the case of a fluid 

flow through the rectangular channel L stands for the hydraulic diameter (dh), as 

demonstrated by Equation 2. 

 

Re = 
inertial forces

viscous forces
 = 

ρ v L

η
 

 

... (1) 

L = dh = 
4 d w

(2 d + 2 w)
 

 

... (2) 

 

Re Reynolds number [–] 

ρ fluid density [kg m‒3] 

v mean superficial fluid velocity [m s‒1] 

L characteristic length [m] 

dh channel hydraulic diameter [m] 

η fluid dynamic viscosity [Pa s] 

d channel depth [m] 

w channel width [m] 

 

Values of Re in miniaturized devices are ordinarily small which implies laminar flow with 

typically parabolic velocity profile governed by the dominance of viscous forces over inertial 

ones (Atencia and Beebe 2005; Žnidaršič-Plazl and Plazl, 2011). Application of highly 

viscous fluids in miniaturized devices is therefore disadvantageous because it may cause a 

large friction between the fluid and channel surface that leads to the high pressure drop and 

consequently high energy dissipation. 
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Another significant dimensionless number is the capillary number (Ca), which compares 

viscous and interfacial forces and allows a distinction between two-phase flow patterns and 

the mechanism of droplet break-up (Equation 3) (Kumacheva and Garstecki, 2011; Zhao and 

Middelberg, 2011).  

Ca = 
viscous forces

interfacial forces
 = 

η v

γ
     ... (3) 

 

Ca capillary number [–] 

γ interfacial tension [N m‒1] 

    

In the case of droplet formation, the calculation of Bond number (Bo) could tell us if the 

droplets will adopt a flattened shape (Bo > 1) determined mostly by the gravitational effects, 

or the shape of a sphere (Bo < 1) determined mostly by the interfacial forces (Equation 4) 

(Kumacheva and Garstecki, 2011; Zhao and Middelberg, 2011).   

Bo = 
gravitational force

interfacial forces
 = 

Δρ g L2

γ
 

 

                                                            ... (4) 

 

Bo Bond number [–] 

Δρ fluid density difference [kg m‒3] 

g gravitational acceleration [m s‒2] 

 

Finally, the relative importance of the inertial and viscous forces on the motion of an 

interface between two immiscible fluids is given by the Ohnesorge number (Oh) (McKinley 

and Renardy, 2011), which is oftentimes also called “the Reynolds number for free surface 

flows” (Equation 5) (Kumacheva and Garstecki, 2011; Zhao and Middelberg, 2011).   

Oh = 
viscous forces

inertial forces
 = 

η

 (ρ γ L)
 1/2

 = (
Ca

Re
)

1/2

 

 

                                                      ... (5) 

  

Oh Ohnesorge number [–] 

 

The hydrodynamic behavior of flowing systems is extensively characterized using the 

residence time distribution (RTD) analysis (Levenspiel, 1999). Briefly, a given volume of 

fluid entering the system at time t0 can be partitioned into fractional volumes that exit the 

system after t0. The fractional volumes could take various paths through the reactor causing 

different lengths of time to pass through it, and hence creating a distribution that can be 

plotted versus time. Such obtained distribution of times is a density function denoted as E(t′) 

which is in continuous form described by the convolution integral (Equation 6) (Levenspiel, 

1999).  
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Cout(t) = ∫ Cin(t – t') E(t') dt'

t

0

 

 

                                                           ... (6) 

 

Cout(t) output signal     

Cin(t−t′) input signal 

t time [min]  

t’ relative time with respect to when a particular volume enters the system [min]  

E exit age distribution [min‒1] 

 

Although the four moments of distribution may be calculated (mean, variance, skewness and 

kurtosis), the mean and variance are particularly useful in the analysis, since they present the 

average age of the fluid exiting the system and variation of fluid age or dispersion, 

respectively (Levenspiel, 2012; Coblyn et al., 2016). The easiest way for obtaining the RTDs 

is to inject a known concentration of a non-reactive tracer as a pulse or step input and to 

follow its outlet concentration (Levenspiel, 1999, 2012).    

In practical terms, RTD analysis helps in detection of possible presence of stagnant flow 

regions or flow maldistribution (channeling, bypassing and recirculation) in the reactor. The 

method has been used to study hydrodynamic behavior of miniaturized reactors in general 

(Trachsel et al., 2005; Bošković et al., 2011; Cantu-Perez et al., 2011; Georget et al., 2013; 

Kashid et al., 2015; Coblyn et al., 2016), as well as MPBRs (Tang et al., 2004; Márquez et 

al., 2008; Faridkhou et al., 2013).   

 

2.3.1.2 Mass transfer  

 

Transport of reactant species at small scale occurs merely by molecular diffusion defined by 

Fick’s law, as demonstrated by Equation 7 (Cussler, 2009).  

N = – D 
∂C

∂x
 

 

... (7) 

  

N molar flux [mol m‒2 s‒1] 

D diffusion coefficient [m2 s‒1] 

C concentration [mol m‒3] 

x space coordinate [m] 

 

Although molecular diffusion coefficient (D) can be determined by different experimental 

methods (Fate and Lynn, 1990; Delgado et al., 2005; Miložič et al., 2014), in the practical 

work one often uses an appropriate empirical correlation from several of them that have been 

proposed for a quick estimation of this constant (Scheibel, 1954; Wilke and Chang, 1955; 

Reddy and Doraiswamy, 1967; Lusis and Ratcliff, 1968; Hayduk and Laudie, 1974). 

Certainly one of the most commonly used correlations is the empirically modified Stokes-
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Einstein equation proposed by Wilke and Chang (1955) (Equation 8). This correlation is 

employed for the estimation of diffusivity of a solute in a solvent, usually in the liquid binary 

mixtures of non-electrolytic and low molecular weight chemical species and has an estimated 

error up to 20% (Li and Carr, 1997). 

 

D = 
7.4 ×10

‒8
 (ΦB MB)

0.5
 T

η
B
 VA

0.6
 

... (8) 

 

ΦB association factor of the solvent [–] 

MB molecular weight of the solvent [g mol‒1] 

T temperature [K] 

ηB dynamic viscosity of the solvent [mPa s] 

VA molar volume of the solute [mL mol‒1]  

 

Mass transfer limitations at small scale are stated to be less pronounced when compared to 

the large-scale reactors, but they are still present and have to be taken into consideration 

(Walter et al., 2005; Roy et al., 2011). They are especially important in miniaturized 

biocatalytic reactors where an integrated approach addressing biocatalyst features, reaction 

kinetics, mass transfer, and reactor engineering is required (Marques and Fernandes, 2011; 

Karande et al., 2016). Renken and Kiwi-Minsker (2010) have defined a time scale showing 

that the physical processes (mixing, heat and mass transfer) occur within the characteristic 

times roughly spanning from 10 to 10‒3 s for conventional and from 10‒2 to 10‒5 s for 

microstructured reactors. Therefore, it is essential that the reaction time scales are within the 

same time window as the time scales of physical processes, i.e. preferably one order of 

magnitude higher, in order to completely eliminate mass transfer limitations (Kiwi-Minsker, 

2010; Hartman et al., 2011). Stemming form this, it would be meaningful to merge 

microstructured reactors only with very fast reactions having a time scale in the range of   

10‒3 to 10‒5 s (Kiwi-Minsker, 2010; Karande et al., 2016). For example, Karande et al. (2016) 

have calculated that a poorly soluble (< 20 mM) organic compound would require 20 to 0.2 

s for the conversion in an aqueous environment assuming the presence of an enzyme (1 mM) 

with the average turnover number (kcat) estimated to be between 1 and 100 s‒1. 

Dimensionless Damköhler number (Da) is also very convenient tool for the time-scale 

analysis because it relates transport time of reacting species (τt) and reaction time (τr), as 

shown in Equation 9 (Berthier and Silberzan, 2010). 

 

Da =
transport time

reaction time
 = 

τt

τr

 ... (9) 

 

Da Damköhler number [–] 

τt transport time [s] 

τr reaction time [s] 
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There are two Damköhler numbers that correlate the reaction rate with convective (DaI) or 

diffusive (DaII) transport (Kockmann, 2008). It is considered that the mass transfer is the rate 

limiting step of the overall process if Da >> 1, whereas for Da << 1 the overall process is 

limited by reaction rate (Marques and Fernandes, 2011). However, a generic model-based 

methodology for evaluation of mass transfer limitations in micro devices could give better 

predictions for the reactor design (Van Daele et al., 2016). 

Characteristic diffusion (τt-diff) and reaction times are given by Equations 10 and 11, 

respectively (Swarts et al., 2010; Hartman et al., 2011; Bolivar and Nidetzky, 2013).  

 

τt-diff  = 
x2

D
 ... (10) 

τr = 
CSin

v0 Ce

 ... (11) 

 
τt-diff transport time by diffusion [s] 

CSin substrate inlet/initial concentration [mol m‒3] 

v0 initial reaction rate [mol g‒1 s‒1] 

Ce enzyme concentration expressed per reactor volume [g m‒3] 

 

In the flow reaction concepts, the ratio embodied in the dimensionless Péclet number 

(Equation 12) should be used to quantify the dominance of convective (Pe > 1) or diffusive 

(Pe < 1) mass transport in the system (Kockmann, 2008; Hartman et al., 2011). 

  

Pe = 
convective transport 

diffusive transport
=

v l

D
 ... (12) 

 

Pe Péclet number [–] 

l channel length [m] 

 

2.3.2 Droplet generation in miniaturized devices 

 

High-throughput microfluidic devices with different channel geometries capable of 

performing diverse ‘digital fluidic’ operations are widely applied for generation of 

monodispersed droplets (Teh et al., 2008; Kumacheva and Garstecki, 2011; Mashaghi et al., 

2016). The most commonly used geometry is a T-junction (Figure 10), firstly introduced by 

Thorsen et al. (2001), in which the mechanism of droplet formation has recently been 

extensively studied (Bai et al., 2016; Chen S. et al., 2016; Pang et al., 2016; Soh et al., 2016; 

Prileszky et al., 2016; Yagodnitsyna, et al., 2016).   
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Figure 10: An example of a microfluidic T-junction presented in 3D geometry (Yang et al., 2013: 103). 

Slika 10: Primer mikrofluidnega T-stičišča, predstavljenega v 3D geometriji (Yang in sod., 2013: 103). 

 

Generation of droplets in a T-junction is based on an emulsification of two immiscible fluids, 

e.g. an oil and water, resulting in an inverted water-in-oil emulsion (Xu J. H. et al., 2006a). 

The fluid with higher viscosity (oil) enters the main channel as the continuous phase, while 

the fluid of less viscosity that is to be dispersed (water) enters the side channel (Figure 10). 

The system dynamics is determined by three groups of parameters (Bai et al., 2016). The 

first group involves the structural parameters specified by the channel aspect ratio (d/wc) and 

the ratio of inlet channels widths (wd/wc), where the subscripts d and c denote droplet 

(discontinuous/dispersed) and continuous phase, respectively (Figure 10). The second group 

involves the operating conditions, i.e. the flow rates of a droplet (Qd) and a continuous (Qc) 

phase, as well as their flow ratio (Qd/Qc). Finally, in the third group are parameters related 

to the fluids’ physical properties like viscosities and their ratio (ηd/ηc), densities and their 

ratio (ρd/ρc) and the interfacial tension between them (γ). The channel wall wettability and 

possible application of surfactants also play a big role in this process (Dreyfus et al., 2003; 

Kumacheva and Garstecki, 2011).   

When Ca decreases below a certain limiting value, the dominant surface tension forces break 

the fluid into droplets and minimize the interfacial area, which is a phenomenon known as 

Rayleigh-Plateau instability (Kumacheva and Garstecki, 2011). Four different flow patterns 

have been observed during the droplet formation in a T-junction using highly viscous fluids: 

laminar, squeezing, dripping and jetting (Figure 11) (Bai et al., 2016).  
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Figure 11: Micrographs of typical flow patterns in a T-junction (Bai et al., 2016: 145).  

Slika 11: Mikrografi tipičnih tokovnih režimov tekočine v T-stičišču (Bai in sod., 2016: 145). 

 

2.3.2.1 Production of alginate microparticles using miniaturized devices 

  

The principles of droplet-based microfluidics can bring enormous benefit in the production 

of various polymeric microparticles (Xu S. et al., 2005; Dendukuri and Doyle, 2009; Wang 

J.-T. et al., 2011; Wan, 2012; Zamora-Mora et al., 2014; Marquis et al., 2015). Monodisperse 

droplets generated by means of microfluidic devices are usually subjected to solidification 

in order to obtain mechanically and chemically stable as well as advanced and multipurpose 

microparticles (Zhang et al., 2007; Dendukuri and Doyle, 2009; Huang K.-S. et al., 2011; 

Wan, 2012).  

Alginate, as well as other biopolymers, are widely used to produce microparticles and 

therefore the routes for its production in microfluidic systems are widely explored (Zhang et 

al., 2007). If an aqueous solution of alginate is used as a droplet phase and an oil as a 

continuous phase, then is possible to produce a stable emulsion resulting in the formation of 

monodispersed alginate droplets (Capretto et al., 2010; Chen W. et al., 2013). So far, alginate 

droplets formation was done using ‘in-house’ produced microfluidic devices with channel 

geometries such as flow-focusing (Zhang et al., 2006; Dang and Joo, 2013), or cross- (Huang 

K.-S. et al., 2006, 2007; Xu J. et al., 2008; Lin et al., 2013), Y- (Capretto et al., 2008, 2010), 

and T-junction (Tan and Takeuchi, 2007; Amici et al., 2008; Yeh C.-H. et al., 2009). 

Utilization of devices with even more complex manifold structure is also reported in the 

literature (Chuah et al., 2009; Kim C. et al., 2014). 

Alginate droplets produced in this fashion were further solidified by applying internal (Tan 

and Takeuchi, 2007; Zhang et al., 2007; Liu L. et al., 2013; Akbari and Pirbodaghi, 2013) or 

external (Zhang et al., 2007; Capretto et al., 2008, 2010; Yeh C.-H. et al., 2009; Chuah et al., 

2009; Hu et al., 2012; Chen W. et al., 2013) gelation procedure, done either in situ (Zhang 

et al., 2006; Choi C.-H. et al., 2007; Xu J. et al., 2008) or ex situ (Yeh C.-H. et al., 2009; 

Capretto et al., 2010; Dang and Joo, 2013; Lin et al., 2013). The latter one sometimes results 

in formation of tail-shaped (also ‘teardrop-shaped’ or ‘tadpole-shaped’) microparticles 
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(Capretto et al., 2008, 2010; Hu et al., 2012; Dang and Joo 2013; Lin et al., 2013; Wang Q. 

et al., 2015), which is undesirable in the most cases. Otherwise, alginate microparticles have 

a big potential as biocatalysts carriers and as such for successful application in packed bed 

reactors (Shin J.-S. et al., 2001b; Tepe and Dursun, 2008; Al-Mayah, 2012; Hussain et al., 

2015).  

 

2.3.3 Miniaturized packed bed reactors 

 

System miniaturization has emerged as an efficient tool for biocatalytic processes 

development and intensification (Bolivar and Nidetzky, 2013; Krühne et al., 2014; 

Wohlgemuth et al., 2015; Laurenti and dos Santos Vianna Jr., 2016). Different types of 

miniaturized enzymatic bioreactors have been presented so far, including those with free 

biocatalyst in one phase (Tišma et al., 2009; Kolfschoten et al., 2011; Rosinha Grundtvig et 

al., 2017), in a two-phase system with parallel flow (Žnidaršič-Plazl and Plazl, 2009; 

Marques et al., 2012) and in a two-phase system with droplet or segmented flow (Pohar et 

al., 2009, Šalić et al., 2011; Novak and Žnidaršič-Plazl, 2013; Novak et al., 2016) (Figures 

12a‒12c). Besides, biocatalysts could be immobilized on a membrane placed in a 

microreactor (Honda et al., 2006; Machsun et al., 2010), on a microreactor inner surface by 

silanization (Stojkovič and Žnidaršič-Plazl, 2012; Stojkovič et al., 2014) or using Zbasic2 tag 

(Bolivar et al., 2016; Miložič et al., 2017), on the inner surface and pillars (Koch et al., 2008), 

on nanosprings inserted in microreactors (Schilke et al., 2010; Fu et al., 2012), as well as 

immobilized into different particles packed in the reactor (Cvjetko et al., 2012; Pohar et al., 

2012) (Figures 12d‒12h). Magnetic field-assisted microreactors have also been reported as 

efficient biocatalytic systems (Šalić et al., 2013, 2016). 

Generally, packed bed reactors (Figure 12h) have a simple but concurrently conducive 

design made of a column/channel packed with catalytic particles continuously perfused by 

medium (liquid, gas or both in the case of multiphase reactors) containing reactants 

(Obradovic et al., 2004; Warnock et al., 2005). MPBRs are capable of providing relatively 

small pressure drops, but also a large surface area for liquid-particle contact, biocatalyst 

reusability without prior separation, high biocatalyst load and long-term operational life 

(Pohar et al., 2012; Žnidaršič-Plazl, 2014; Wohlgemuth et al., 2015).  
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Figure 12: Types of miniaturized reactors for biocatalytic processes: a) reactor with free biocatalyst in an one-

phase laminar flow; b) reactor with free biocatalyst in a two-phase parallel flow; c) reactor with free biocatalyst 

in a droplet flow; d) reactor with biocatalyst immobilized on the membrane; e) reactor with biocatalyst 

immobilized on the inner surface of a microchannel; f) reactor with biocatalyst immobilized on the inner surface 

and pillars; g) reactor with nanospring supports for biocatalyst immobilization and h) packed bed reactor with 

particles containing immobilized biocatalyst (Wohlgemuth et al., 2015: 309). 

Slika 12: Vrste miniaturiziranih reaktorjev za biokatalitske procese: a) reaktor s prostim biokatalizatorjem v 

enofaznem laminarnem toku; b) reaktor s prostim biokatalizatorjem v dvofaznem vzporednem toku; c) reaktor 

s prostim biokatalizatorjem v kapljičastem toku; d) reaktor z biokatalizatorjem, ki je imobiliziran na membrano; 

e) reaktor s biokatalizatorjem, ki je imobiliziran na notranjo površino mikrokanala; f) reaktor s 

biokatalizatorjem, ki je imobiliziran na notranjo površino mikrokanala in stebre; g) reaktor z nanovzmetmi za 

imobilizacijo biokatalizatorja, in h) reaktor s strnjenim slojem, ki vsebuje delce z imobiliziranim 

biokatalizatorjem (Wohlgemuth in sod., 2015: 309).  

 

2.3.3.1 Design and characteristics of miniaturized packed bed reactors  

 

MPBRs are designed to act as an easily assembled, reusable, robust and chemically inert 

casing for performing processes under a wide range of operational conditions. They could 

be produced from materials such as glass (Azevedo et al., 2004a), stainless steel (Tomin et 

al., 2010), aluminium (Kundu et al., 2011), polydimethylsiloxane (PDMS) (Wang J. et al., 

2014), fluorinated ethylene propylene (FEP) (Halim A. A. et al., 2013) and poly(methyl 

methacrylate) (PMMA) (Cvjetko et al., 2012; Pohar et al., 2012). Even an HPLC column 

could be used as an MPBR (Babich et al., 2012). However, the priority is given to glass and 

polymer-based materials due to their transparency, low-cost and facile processing (Pohar et 

al., 2012). A simple and efficient catalyst load could be achieved by using modular, 
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‘sandwich-like’ assembled MPBRs, but a special attention has to be devoted to an efficient 

sealing system in order to avoid fluid leakage (Kundu et al., 2011; Pohar et al., 2012).  

The overall volumetric productivity represents the average reactor production capacity per 

unit of volume and time, and its maximization stands for minimization of the investment and 

operating costs (Cabral and Tramper, 2005). The amount of product that can be produced 

per mass of biocatalyst (biocatalyst productivity number, BPN (Valinger et al., 2014)) is 

another important parameter and its maximization is highly desirable for the favorable 

process economy (Tufvesson et al., 2015). The reactor efficiency is not limited only by 

biocatalyst concentration and its activity, but also by physical constraints such as 

hydrodynamics and mass transfer (Cabral and Tramper, 2005). Therefore, maximization of 

these parameters is expected in MPBRs, since they can provide facilitated mass transfer and 

more favorable hydrodynamics compared to their large-scale counterparts, which for the 

same purpose require an initial fluid distribution performed with various types of complex 

and usually very expensive fluid distributors (Bozzano et al., 2014a, 2014b). 

In order to estimate the fluid flow characteristics in packed bed reactors, the Reynolds 

number has been modified into the particle Reynolds number, Rep (Equation 13) which can 

be calculated based on the equivalent particle diameter (de) and the mean interstitial fluid 

velocity (vi) that prevails in the spaces between the packing material, indicated by Equation 

14 (Dwivedi and Upadhyay, 1977; Delgado, 2006).   

  

Rep = 
 vi de ρ 

 η
 

 

... (13) 

vi = 
v

ε
 

 

... (14) 

 
Rep particle Reynolds number [–] 

vi mean interstitial fluid velocity [m s‒1] 

ε bed porosity [–] 

de equivalent particle diameter[m] 

 

Besides, there are two additional equations for Rep, but Equation 13 is the most commonly 

used for the liquid-phase packed bed reactors (Dwivedi and Upadhyay, 1977). The flow 

regime is assumed to be laminar if Rep < 10, transitional if 10 ≤ Rep ≤ 300 and turbulent if 

Rep > 300 (Ribeiro et al., 2010). Rep is also used to evaluate a friction factor caused by fluid 

flow, i.e. the pressure drop through the packed bed, which might be predicted by the Ergun 

equation (Equation 15) (Ergun and Orning, 1949; Ozahi et al., 2008). 
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Δp

l
 = 150 

(1 – ε)2

ψ2 ε3

η v

dp
2
 + 1.75 

1 – ε

ε3
 
ρ v2

ψ dp

 
... (15) 

  

Δp pressure drop [Pa] 

ψ particle sphericity [–] 

dp particle diameter [m] 

 

Particles’ shape, size distribution and packing arrangement (e.g. loose, dense, uniform, 

random) in general determine the void size distribution and consequently play a significant 

role on the pressure drop and hydrodynamics in packed bed reactors (Allen et al., 2013; 

Faridkhou and Larachi, 2014; Koekemoer and Luckos, 2015; Du et al., 2016).   

In heterogeneous liquid-solid (bio-)catalysis performed on meso and macro scales, the 

reactor effectiveness often depends on the rate of transport of reactant(s) to and product(s) 

from the biocatalyst particle (external mass transfer), as well as on the rate of transport inside 

the immobilized system (internal mass transfer) (Buchholz et al., 2012; Doran, 2013; Illanes 

et al., 2014). External transfer occurs in the bulk of the flow, where reactants have to exceed 

a certain pathway and to diffuse through a hypothesized stagnant hydrodynamic boundary 

layer surrounding the solid (bio-)catalyst, and imposing the most prominent mass transfer 

resistance (Doran, 2013). The mass transfer through this layer as the rate-limiting factor 

highly depends on the reactor hydrodynamics (applied flow rate/mixing speed and fluid 

viscosity), and is expected to appear in e.g. mixed batch reactors with submerged                 

(bio-)catalytic particles or meso-scaled packed bed reactors whereby it can be diminished by 

increasing the agitation speed/fluid velocity (Trubiano et al., 2006; Halim S. F. A. et al., 

2009; Dong et al., 2010). Many authors consider the hydrodynamic boundary layer as a 

significant mass transfer limitation factor in the MPBRs (Tidona et al., 2012; Denčić et al., 

2013; Faridkhou et al., 2016), but more likely that is not the case because the layer should 

have to be enough thick (presumably in the length scale of μm) to cause a significant 

resistance. If we take into consideration the length scale of the MPBRs and the size of 

employed catalytic particles, the existence of the layer could be neglected. An overview of 

the most commonly used particles/carriers in MPBRs is given elsewhere in the literature 

(Bajić et al., 2017). 

However, the MPBRs are not deprived of the internal mass transfer limitations caused by 

the nature and/or size and shape of the carrier. The movement of reactant molecules and 

possible mass transfer limitations in the interior of a porous particle (e.g. a hydrogel particle) 

is highly dependent on its structure that might impose a big resistance to molecular diffusion 

towards the interior. In that case the diffusion decreases and becomes lower than the 

diffusion in the aqueous phase without any limitations, which stands for so-called effective 

diffusivity (Willaert et al., 2004). This happens due to exclusion and obstruction effects 

caused by supporting material because a portion of the total volume is unapproachable for 
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diffusing molecules leading to longer diffusional path lengths (Amsden, 1998). The path 

length depends on the size of the (bio-)catalyst particle (a bigger particle leads to longer path 

of reactant to be surmounted in order to reach the (bio-)catalyst’s active site), and its 

morphology (primarily porosity and tortuosity) (Willaert et al., 2004; Matyka et al., 2008). 

The effect of both particle porosity (εp) and tortuosity (ζp) on the effective diffusivity 

coefficient (De) can be represented by Equation 16 (Willaert et al., 2004).  

De = 
εp

ζp

 D ... (16) 

 

De effective diffusion coefficient [m2 s‒1] 

εp particle porosity [–] 

ζp particle tortuosity [–] 

 

In heterogeneous biocatalysis the mass transfer phenomena occur simultaneously with the 

reaction, and due to it these two processes are interdependent and have to be observed as a 

whole (Doran, 2013). Instead of tedious estimation of the influence of external and internal 

mass transfer limitations using proposed dimensionless numbers (such as Observable and 

Weisz’s modulus), one can perform an analysis of characteristic times pertinent to the overall 

process flow to see which phenomenon imposes the largest resistance (Bolivar and Nidetzky, 

2013; Jovanovic et al., 2015; Miložič et al., 2017). Apropos the time-scale analysis, the 

characteristic diffusion time in a porous particle (τp) can be defined as demonstrated by 

Equation 17 (Jovanovic et al., 2015), and used for the analysis in packed bed reactors.   

τp = 
de

2

4 De

 

 

... (17) 

  
τp diffusion time in a porous particle [s] 

 

Quantification of the dominance of convective or diffusive transport in packed bed reactors 

is usually done using (equivalent) particle diameter as the characteristic length, which is 

defined by the Péclet number for inert particle (Pep), as indicated by Equation 18 (Delgado, 

2006; Márquez et al., 2008).  

Pep = 
vi 𝑑𝑒

D
 ... (18) 

 

Pep Péclet number for inert particle [–] 
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2.3.3.2 Biotransformations in miniaturized packed bed reactors   

 

Trends in the application of miniaturized reactors have been striving towards broader 

utilization of MPBRs for continuous biocatalytic processes. The highest number of 

continuously operated MPBRs reported so far has been used for lipase-catalyzed  

biotransformations (Veny et al., 2014; Csajági et al., 2008; Falus et al., 2010; Tomin et al., 

2010), especially those utilizing Novozym® 435 as a biocatalyst for ester synthesis 

(Woodcock et al., 2008). Very notable studies consider application of Novozym® 435 for 

synthesis of isoamyl acetate (Cvjetko et al., 2012), propyl caffeate (Wang J. et al., 2013), 

caffeic acid phenethyl ester (Wang J. et al., 2014), and butyl butyrate in a selected ionic 

liquid (Pohar et al., 2012) or in a solvent-free system using a high concentration of one 

substrate (Denčić et al., 2013). Solvent-free approach has also been applied for biolubricant 

production (Madarász et al., 2015). Furthermore, the first continuous enzyme-catalyzed  

polymerization reaction in a packed bed microreactor was performed with Novozym® 435 

(Kundu et al., 2011). The chemo-enzymatic oxidation of alkenes in a borosilicate glass 

capillary with Novozym® 435 was also reported (Wiles et al., 2009).  

Besides lipase-based processes, E. coli cells overexpressing ω-TA attached to methacrylate 

beads were used in an MPBR for the efficient and clean synthesis of chiral amines in methyl 

tert-butyl ether (Andrade et al., 2014). Alcohol oxidase (Azevedo et al., 2004a) and 

horseradish peroxidase (Azevedo et al., 2004b) covalently immobilized on a controlled pore 

glass were employed in an MPBR used for analytics. Removal of endocrine disrupting 

chemicals was reported in meso-scale packed bed reactors using laccase immobilized in a 

sol-gel matrix (Lloret et al., 2011) and on Eupergit® (Lloret et al., 2012). Furthermore, an 

immobilized β-galactosidase was broadly applied for various biotransformations using 

micro- and meso-scaled MPBRs (Sotowa et al., 2005; Fischer et al., 2013; Warmerdam et 

al., 2014; Sen et al., 2014). 

Other reported biocatalytic processes with continuously operated enzymatic micro- and 

meso-scaled MPBRs encompass sucrose hydrolysis (Carvalho and Fernandes, 2015), steroid 

biotransformations (Marques et al., 2012), ellagic acid production (Buenrostro-Figueroa et 

al., 2014), synthesis of phenylserine (Tibhe et al., 2013), kinetic resolution of chiral amines 

(Shin J.-S. et al., 2001b) and de novo designed multi-step synthesis of a chiral amino alcohol 

(Halim A. A. et al., 2013). Meso- and micro-scaled MPBRs with immobilized enzymes have 

also found application as efficient analytical tools for determination of kinetic parameters 

providing low material consumption (Seong et al., 2003; Kerby et al., 2006; Özdural et al., 

2008). In addition, magnetic field-assisted enzymatic MPBRs with trypsin immobilized on 

nano- and microparticles have been reported as an easily fabricated and efficient tool for 

protein digestion (Liu J. et al., 2007; Li Y. et al., 2007). 



Bajić M. Development of miniaturized packed bed reactors with immobilized enzymes for biocatalytic processes. 

   Doctoral dissertation. Ljubljana, University of Ljubljana, Biotechnical Faculty, 2017 

36 
 

The MPBRs utilizing PVA particles with immobilized naringinase and ω-TAs were 

employed for naringin hydrolysis (Nunes et al., 2014) and asymmetric synthesis of MPPA 

(Heintz, et al., 2016b), respectively.  

 

2.3.3.3 Mathematical modeling of miniaturized packed bed reactors 

 

In the engineering practice, mathematical models and numerical simulations are prominent 

tools that could be of paramount importance for design and optimization of miniaturized 

devices at the expense of time and costs (Bodla et al., 2013; Jovanovic et al., 2015; Lubej et 

al., 2015; Miložič et al., 2017). In silico process data acquiring has been recently successfully 

performed for studying of various catalytic and non-catalytic packed bed reactors (Rong et 

al., 2013; Pohar et al., 2014; Tran et al., 2014; Boccardo et al., 2015; Dorn and Hekmat, 

2016; Mohanty et al., 2016; Kashani et al., 2016; Singhal et al., 2016; Das et al., 2017). 

However, the exact mathematical description of a packed bed reactor is not an easy task due 

to complex physical and chemical phenomena simultaneously taking place in heterogeneous 

systems (Iordanidis, 2002; Froment et al., 2011; Petera et al., 2013). Diffusion-reaction 

dynamics in a (bio-)catalytic packed bed reactor with (bio-)catalysts immobilized in a porous 

carrier depends on many parameters, whereby the most of them can hardly be individually 

and independently evaluated, and hence more detailed models may suffer from a low 

accuracy (Iordanidis, 2002; Froment et al., 2011; Doran, 2013).  

On this basis, it can be concluded that there is no a universal model, and different model 

simplifications capturing the most important features of the system under consideration are 

often applied to describe packed bed reactors (Iordanidis, 2002). One of the most common 

approaches involves a continuum-based heterogeneous model in which the physical domain 

is separated into two parts: the fluid phase comprising convective and diffusive transport of 

species around the particle, and solid (carrier) phase usually comprising only diffusive 

transport (if the biocatalyst is not immobilized on the carrier's surface, which implies the 

absence of the internal mass transfer) (Iordanidis, 2002; Allain and Dixon, 2010; Petera et 

al., 2013; Dixon et al., 2014). Anyhow, modeling of packed bed reactors was also discussed 

in another, simpler ways in the literature (Iordanidis, 2002).   

In respect of the MPBRs with immobilized enzymes, there are several studies proposing 

different mathematical models (Azevedo et al., 2004a; Pohar et al., 2012; Denčić et al., 2013; 

Fischer et al., 2013; Tibhe et al., 2013). The study by Pohar et al. (2012) is particularly 

interesting because it basically can be applied to the MPBRs with Novozym® 435 developed 

in this work, and some conclusions stemming from the reported kinetic model are discussed 

in Section 4.3.5. On the other hand, a detailed mathematical model capable of predicting the 

performance of an MPBR with LentiKats® is lacking in the literature, and due to it a proposal 

on how the model could be developed is presented in Annex A. However, the proposed 
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model does not contain the kinetic parameters which are necessary in order to perform a 

simulation, but they could be obtained using one of the ways described for various ω-TAs 

(Shin and Kim, 1998; Tufvesson et al., 2014; Börner et al., 2016).  

 

2.3.4 Scale-up of miniaturized devices 

 

Successful scale-up of a biocatalytic process from lab to the industrial scale is the key point 

towards the practical, economically competitive and sustainable application of biocatalysis 

(Tufvesson et al., 2010). Nevertheless, this is not an easy task since the hydrodynamics and 

mass transfer which govern any biocatalytic process are scale dependent, and the scale-up of 

the reactor would typically lead to the reduced process performances (Marques et al., 2010; 

Duduković and Mills, 2015; Najafpour, 2015; Morchain, 2017). The main issue is how to 

efficiently scale-up devices that operate over the length scales spanning from micrometers 

to millimeters and corresponding time scales from microseconds onwards (Figure 13).  

 

 

Figure 13: An example of the various time and space scales encountered in hierarchical multiscale modeling 

(Wohlgemuth et al., 2015: 311). 

Slika 13: Primer različnih časovnih in prostorskih nivojev, ki se srečajo v hierarhičnem multinivojskem 

modeliranju (Wohlgemuth in sod., 2015: 311). 

 

A powerful tool for addressing the scale-up is dimensional analysis based on the 

Buckingham’s π-theorem (Delaplace et al., 2015; Zlokarnik, 2006). Stemming from that, 

Zlokarnik (2006) stated the following assertion: “Two processes may be considered 

completely similar if they take place in a similar geometrical space and if all the 

dimensionless numbers necessary to describe them have the same numerical value”. This 
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statement is known as a theory of similarity and is the only way to generalize the results 

obtained from one scale to another (Delaplace et al., 2015). It practically implies the equality 

of the numerical value (= idem) of dimensionless numbers used to describe the system on 

both scales. 

For increasing the capacity of microstructured devices, external and internal numbering-up 

(also called scale-out) have been proposed (Schenk et al., 2004; Kashid et al., 2010; Su et 

al., 2016), and a few studies on efficient parallelization of catalytic micro packed bed reactors 

have been reported (Losey et al., 2001; Murakami et al., 2012; Inoue et al., 2015). However, 

due to potential problems in providing a stable and evenly distributed fluid flow in parallel 

microchannels (Tonkovich and Daymo, 2009; Saber et al., 2010; Kashid et al., 2015), 

avoidance of numbering-up concept is advisable (Roberge et al., 2009; Kockmann et al., 

2011). Instead, a scale-up by increasing the characteristic dimensions of the continuously 

operated reactors to achieve increased internal volume and therefore higher throughput has 

been suggested (Tonkovich et al., 2005; Jensen et al., 2014; Woitalka et al., 2014; Heintz et 

al., 2016b). Such systematic scale-up of a single reactor could be achieved by increasing 

only one characteristic dimension of the channel, simultaneously keeping other two 

dimensions constant as well as the initial (miniaturized) size of the reactor. Then such 

optimized ‘full-scale’ reactor, which would retain the advantages of miniaturization, may be 

considered for mutltiplication by numbering-up in order to reach desired commercial 

capacity spanning from a few to several tons per year (Tonkovich et al., 2005; Jensen et al., 

2014) (Figure 14).  

 

Figure 14: Illustration of the systematic process capacity increase.  

Slika 14: Ilustracija sistematičnega povečevanja kapacitete procesa.  

 

This approach is the core of the present study, and will be used for the scale-up of MPBRs 

with immobilized enzymes. Since the hydrodynamic conditions change with the scaling due 

to fluid maldistribution such as channeling and the formation of dead zones, typically 

observed within CPBRs (Fourati et al., 2012; Bozzano et al., 2014a), the limits of a single 

unit scale-up should be defined in order to retain the above listed advantages of miniaturized 

reactors. 
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3 MATERIALS AND METHODS 

 

3.1 CHEMICALS  

 

Sodium pyruvate, acetophenone, (S)-(–)-α-methylbenzylamine, pyridoxal-5’-phosphate,      

L-alanine, vinyl butyrate, 1-butanol, butyl butyrate, monobasic and dibasic sodium 

phosphate, monobasic potassium phosphate, ammonium chloride, magnesium sulfate, 

acetonitrile, glycerol, hydrochloric acid, sodium hydroxide solution (purity 50%), n-heptane, 

alginic acid sodium salt (M/G ratio of 1.56; molecular weight of 120,000‒190,000 g mol‒1), 

D-(+)-glucose and kanamycin sulfate from Streptomyces kanamyceticus were all from 

Sigma-Aldrich (Steinheim, Germany) and were of analytical grade (except sodium 

hydroxide solution). Calcium acetate, sodium sulfate and tris(hydroxymethyl)aminomethane 

(Tris) were from Kemika (Zagreb, Croatia), while calcium chloride was purchased from 

Carlo Erba Reagents (Val de Reuil, France). Edible refined sunflower oil Floriol® was from 

Bunge (Budapest, Hungary). Yeast extract and peptone bacteriological were from Biolife 

(Milan, Italy) and isopropyl β-D-1-thiogalactopyranoside (IPTG) was from Gold 

Biotechnology (St. Louis, USA). Milli-Q® water was used throughout all experiments with 

ω-transaminases, except in the cultivation of E. coli cells where deionized water was used.  

Chemical compounds used in this work are listed in Annex B, together with corresponding 

PubChem CID that can be used to extract all relevant information from the available database 

(NCBI, 2004).    

 

3.2 IMMOBILIZATION OF E. coli CELLS IN ALGINATE MICROPARTICLES 

 

3.2.1 Preparation of E. coli cells overexpressing ω-transaminase  

 

3.2.1.1 Microorganism 

 

Recombinant E. coli BL21(DE3) cells intracellularly overexpressing an ω-transaminase 

(wild‐type amine transaminase, ATA-wt) were kindly provided by c-LEcta (Leipzig, 

Germany). The strain is a descendant of E. coli B and has known genome sequences 

(Daegelen et al., 2009; Jeong et al., 2009). Besides, it is a non-pathogenic laboratory strain 

which is not capable of colonizing or infecting human organism and therefore belongs to the 

Risk Group 1 of biohazardous agents (Kuhnert et al., 1997; Chart et al., 2000; NIH 

Guidelines 2016).  

The gene coding expression of the enzyme ATA-wt was obtained from a metagenomic 

library by c-LEcta. Since the enzyme is a patent protected by the same company, the exact 

amino-acid sequence alignment is unknown, but it has been reported that the enzyme has a 

high sequence identity to a Pseudomonas sp. transaminase (Börner et al., 2017a, 2017b).  
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3.2.1.2 Preparation and composition of the culture medium 

 

The culture medium ZYM-505 (Studier, 2005) was used for the cultivation of E. coli cells. 

All stock solutions for the culture medium were prepared using deionized water and 

autoclaved for 20 min at 121 °C (Table 4).   

 
Table 4: Stock solutions for the preparation of the culture medium.  

Tabela 4: Založne raztopine za pripravo gojišča. 

Abbreviation Component Final concentration 

ZY 
yeast extract 5 g L‒1 

peptone 10 g L‒1 

M 

Na2HPO4 0.5 M 

KH2PO4 0.5 M 

NH4Cl 1.0 M 

Na2SO4 0.1 M 

505 
glycerol 250 g L‒1 

glucose 25 g L‒1 

MgSO4 MgSO4 2 mM 

 

The culture medium ZYM-505 was freshly prepared by mixing the stock solutions as 

follows: ZY/1 with M/20, 505/50 and 2 mM MgSO4. Kanamycin sulfate from Streptomyces 

kanamyceticus at the concentration of 50 µg mL‒1 was added to the medium.  

 

3.2.1.3 Cell cultivation and ω-transaminase induction  

 

For intracellular expression of ATA-wt in E. coli cells, 50 mL of ZYM-505 culture medium 

containing 50 µg mL‒1 of kanamycin sulfate from Streptomyces kanamyceticus in 250 mL 

Erlenmeyer flasks with baffles was inoculated with the preculture to give final OD600 of 0.1. 

The flasks were then shaken on the incubator shaker IKA® KS 4000 i control (IKA-Werke 

GmbH & Co. KG, Staufen, Germany) at 30 °C and 140 rpm until OD600 0.6‒1.0. IPTG in 

the final concentration of 0.1 mM was used for the induction and the flasks were shaken for 

the next 12‒20 h under the same conditions. After harvesting by centrifugation on the 

refrigerated centrifuge Heraeus Contifuge 17RS (Marshall Scientific, Hampton, USA) at 

3,000 rpm for 15 min, cells were washed twice with deionized water and then resuspended 

in 20 mM Tris-HCl buffer (AppliChem, 2008), adjusted with 1 M HCl to pH 8.0.    
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3.2.1.4 Determination of ω-transaminase activity in E. coli cells 

 

ATA-wt activity in E. coli cells was determined using the initial rate method (Bisswanger, 

2014). Measurements were carried out using 40 mM equimolar solution of (S)-α-MBA and 

PYR in 20 mM Tris-HCl buffer (pH 8.0) together with 0.1 mM PLP. The experiments were 

performed in batch runs using a jacketed glass vessel thermostated at 30 °C and stirred using 

a magnetic stirrer IKA® RCT (IKA-Werke GmbH & Co. KG, Staufen, Germany) at 200 rpm. 

The solution optical density OD600 was set to 0.1, where OD600 1 was considered to equal  

1 × 109 cells mL‒1 or cell dry weight of 0.39 mgdry mL‒1 (Sezonov et al., 2007; Glazyrina et 

al., 2010). 

During the sampling, the withdrawn aliquots were quickly diluted with 0.1 M NaOH (volume 

ratio 1:1) in order to stop the reaction, and centrifuged at 13,000 rpm for 5 min before the 

analysis. ACP concentration in the withdrawn samples was followed over the time and the 

activity was calculated from its linear increase. Specific activity was expressed per mass of 

dry cells [U mgdry
‒1], while U was defined based on the synthesis of 1 µmol of ACP per min 

under described conditions. All assays were performed in duplicates.  

 

3.2.2 Preparation of alginate microparticles using a microflow system  

  

A 22.5 mm long, 15.0 mm wide and 4.0 mm thick glass droplet junction microchip 

(Dolomite, Royston, UK) with maximal operating pressure of 3 MPa was used as a 

continuous droplet generator (Figure 15) (Dolomite Product Datasheet). The chip has a 105 

µm wide and 100 µm deep T-junction which is a part of bigger 300 µm wide and 100 µm 

deep main and side channels with a hydrophobic coating (inset picture in Figure 15), suitable 

for production of inversed water-in-oil emulsions. The channel length and volume after the 

junction were 11.25 mm and 0.31 µL, respectively (Dolomite Product Datasheet).   

 

 

Figure 15: Experimental set-up for water-in-oil emulsification in the droplet junction microchip.  

Slika 15: Eksperimentalna postavitev za emulgiranje vode v olju z uporabo mikročipa za tvorbo kapljic. 
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Edible sunflower oil used as a hydrophobic continuous phase and an aqueous solution of 

alginate (Calg = 2 g L‒1) used as a hydrophilic droplet phase were supplied to the main and 

the side channel (Figure 15). Flow rates of the continuous (Qc) and droplet (Qd) phases were 

100 µL min‒1 and 50 µL min‒1, respectively. The fluid flows were driven by Harvard 

Apparatus PHD 4400 syringe pumps (Harvard Apparatus, Holliston, USA) equipped with 

stainless steel syringes connected to the microchip by FEP tubes (1.59 mm OD; 0.50 mm 

ID) from VICI AG International (Schenkon, Switzerland). The emulsification in the 

microchip was monitored by using a light microscope (Leica Microsystems, Wetzlar, 

Germany) equipped with a photo camera (Nikon D5100, Tokyo, Japan).  

Solidification (gelation) of alginate-containing aqueous microdroplets was performed ex 

situ, by collecting them into a glass measuring cylinder with a volume of 100 mL (Brand® 

Silberbrand Eterna 100:2 mL; height 165 mm; Brand, Wertheim, Germany) containing 

aqueous and oil solution of Ca2+ ions (Capretto et al., 2008), continuously stirred at 300 rpm 

on a magnetic stirrer. Two phases constituted two layers, the upper one consisted of 30 mL 

of calcium acetate solution in oil (1 g L‒1), while the lower one consisted of 70 mL of calcium 

chloride aqueous solution (1.5 g L‒1). The FEP tube (30 cm length; 1.59 mm OD; 0.50 mm 

ID) coming from the microchip (Figure 15) was immersed slightly below the surface of the 

upper layer, just enough to allow the direct injection of the outflow (Dang and Joo, 2013). 

The gelation of alginate-containing aqueous microdroplets was triggered by the ion exchange 

reaction carried out according to Equation 19, afterwards the alginate microparticles moved 

slowly down towards the interface of the aqueous solution under the influence of gravity 

(Dang and Joo, 2013).     

 

2 Na-alginate + Ca2+ → Ca-alginate + 2 Na+                                                                 ... (19) 

 

Upon collection in the aqueous phase, partly solidified alginate microparticles were left for 

further gelation during the next 15 min under the continuous stirring at 300 rpm. Thereafter, 

the gelling solution was carefully outpoured and the alginate microparticles were placed on 

a vacuum filter, quickly washed with 10 mL of n-heptane to remove the residual oil, 

additionally washed with 50 mL of water and stored in 20 mM Tris-HCl buffer (pH 8.0) until 

use. The experiment was performed at 24 ºC (in a temperature-controlled room), if not stated 

otherwise.  

 

3.2.2.1 Characterization of droplet flow in the microflow system  

 

In order to characterize droplet flow in the microflow system, the properties of the sunflower 

oil and aqueous solution of alginate (Calg = 2 g L‒1), namely density, viscosity and interfacial 

tension were determined. All measurements were performed in triplicates at 24 ºC.  
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Densities of sunflower oil and aqueous solution of alginate were determined using a 

pycnometer, while the viscosities were determined using a Cannon-Fenske viscometer of 

size 300 (Figure 16a) (The Emil Greiner Co., New York, USA). The sample (10 mL) was 

allowed to freely flow through the right tube, and the efflux time (the time required for the 

meniscus of the fluid to pass from the mark A to mark B in Figure 16a) was measured using 

a stopwatch. The kinematic and dynamic viscosities of both fluids were then calculated using 

the efflux time, an associate viscometer constant and fluid density (Fan, 2001). 

  

 

Figure 16: Determination of fluid properties: a) determination of viscosity using a Cannon-Fenske viscometer; 

b) determination of interfacial tension using a manual force tensiometer K6.  

Slika 16: Določanje lastnosti tekočin: a) določanje viskoznosti pomočjo Cannon-Fenske viskozimetra; b) 

določanje medfazne napetosti pomočjo ročnega tenziometra.  

 

The interfacial tension between sunflower oil and alginate solution (15 mL of each sample) 

was measured using a manual force tensiometer K6 (Krüss, Hamburg, Germany) shown in 

Figure 16b (Krüss user manual, 2002). The measurement is based on the principles of Du 

Noüy ring method (Du Noüy, 1919, 1925). The method in this case implies slowly lifting of 

the platinum ring through the interface of two immiscible liquids, whereby the force 

necessary to raise the ring through it is being measured and correlated to the interfacial 

tension (Krüss user manual, 2002; Butt et al., 2003).  

 

3.2.2.2 Determination of alginate microparticles size and size distribution 

 

Alginate microparticles were placed on a microscope slide and the images were captured 

using the light microscope equipped with the photo camera. The average diameter of alginate 
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microparticles was then estimated from the captured images using the image analysis 

software ImageJ (National Institutes of Health, Bethesda, USA). The data are expressed 

based on results obtained by measuring diameters of at least 80 microparticles, where a 

diameter of each microparticle was expressed as an average of three measurements obtained 

from three different directions. 

 

3.2.3 Immobilization of E. coli cells in alginate microparticles 

 

The immobilization of recombinant E. coli cells was done according to the procedure 

described in Section 3.2.2, just they were previously mixed with the aqueous solution of 

alginate (Calg = 2 g L‒1) to achieve OD600-specific concentration of E. coli cells of 1, i.e. the 

concentration of dry cells 0.39 mgdry mL‒1.  

 

3.2.3.1 Determination of ω-transaminase activity in immobilized E. coli cells  

 

Determination of ATA-wt activity in E. coli cells immobilized in alginate microparticles was 

performed in a batch process using the same reaction system as described in Section 3.2.1.4. 

Assuming a 100% efficiency of immobilization (i.e. approximately 1 × 109 cells or 0.39 

mgdry per mililiter of alginate hydrogel), and taking into consideration the density of alginate 

aqueous solution (Calg = 2 g L‒1) as stated in the results, the concentration of alginate 

microparticles was set to 0.1 g mL‒1, in order to give the final optical density OD600 of 0.1, 

which equals to 1 × 108 cells mL‒1, i.e. 0.039 mgdry mL‒1. Other conditions were the same as 

described in Section 3.2.1.4.  

Furthermore, alginate microparticles with immobilized E. coli cells were tested for the 

activity in a batch reactor using selected transamination reaction over the course of 47 h 

under the same conditions as described in Section 3.2.1.4.  

  

3.2.3.2 Storage stability of immobilized E. coli cells  

 

Storage stability of immobilized E. coli cells was evaluated by measuring their specific 

activity (according to the procedure explained in Section 3.2.3.1) during the time period of 

6 days. Each time the predetermined amount of alginate microparticles containing 

immobilized E. coli cells was taken from the storage solution containing of 20 mM Tris-HCl 

buffer (pH 8.0) kept at 4 ºC. Storage stability was expressed as relative specific activity in 

comparison with that obtained immediately after the immobilization.  
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3.3 TRANSAMINATION WITH LENTIKATS®  

 

3.3.1 Enzyme  

 

ATA‐wt was supplied by c-LEcta as a crude preparation in a powder form. Other information 

about the enzyme are given in Section 3.2.1.1. 

 

3.3.2 Determination of non-immobilized ω-transaminase activity  

 

The activity of non-immobilized ATA-wt was determined using the initial rate method, 

according to the procedure explained in Section 3.2.1.4. The assays were carried out using 

40 mM equimolar solution of (S)-α-MBA and PYR in 20 mM sodium phosphate buffer (pH 

8.0) together with 0.1 mM PLP, as optimized for the selected enzyme (Börner et al., 2016). 

The concentration of ATA-wt in the vessel, CATA-wt was set to 0.16 gATA-wt L‒1. The 

experiments were performed in duplicates at 30 ºC.  

ACP concentration in the withdrawn aliquots was followed over the time and the activity 

was calculated from its linear increase. The enzyme-specific activity was expressed per mass 

of enzyme [U mgATA-wt
‒1], while U was defined based on the synthesis of 1 µmol of ACP 

per min under described conditions. Dilution with NaOH followed by centrifugation was 

required in order to stop the reaction. This procedure was done in the same way as explained 

in Section 3.2.1.4.  

 

3.3.3 Preparation and characterization of LentiKats® 

 

3.3.3.1 Preparation of LentiKats® 

 

PVA particles with immobilized ω-TA were kindly prepared and provided by LentiKat's a.s. 

(Stráž pod Ralskem, Czech Republic) according to the standard procedure based on the 

patent of Ding and Vorlop (1995). 

The enzyme ATA-wt in a form of powder (250 g) was added to 750 mL of 20 mM potassium 

phosphate buffer (pH 8.0) and mixed with 4 kg of PVA gel, printed by LentiPrinter® and 

dried to reach about 30% of the initial mass. Solid PVA matrix was swollen in the stabilizing 

solution according to standard manufacturing method (Ding and Vorlop, 1995). The final 

enzyme concentration expressed per mass of PVA gel was 50 mgATA-wt gPVA
‒1 (Heintz et al., 

2016b). An immobilized enzyme in the form of lens-shaped PVA particles (LentiKats®) was 

stored at 4 °C in 20 mM potassium phosphate buffer (pH 8.0) until use.  

For mass determination, the PVA particles were placed on a strainer in one layer, carefully 

wiped at the bottom side and weighed in a closed beaker using the analytical weighing 
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machine (Mettler-Toledo Ltd., Leicester, UK). The mass of ATA-wt was determined from 

the mass of particles (Heintz et al., 2016b).  

 

3.3.3.2 Determination of LentiKats® size and size distribution 

 

In calculations, LentiKats® were considered as a spherical cap (Polyanin and Manzhirov, 

2007), and a schematic presentation of a particle together with the characteristic dimensions 

(radius of the circular base and height) is shown in Figure 17.   

 

 

Figure 17: Schematic illustration and characteristic dimensions of LentiKats®. 

Slika 17: Shematski prikaz in značilne dimenzije LentiKats® delca.  

 

The average circular base diameter of LentiKats® was estimated from images of particles 

(cca. 1500 particles in total) using the image analysis software ImageJ, while the average 

particle height was estimated using a caliper. The volume (VLK), the area of the upper curved 

surface (SLK) and the total surface area of LentiKats® (SLKtotal) were then calculated 

considering the shape of a spherical cap, according to Equations 20, 21 and 22, respectively 

(Polyanin and Manzhirov, 2007).   

VLK = 
π h 

6
 (3 a2 + h

2
) 

 

... (20) 

SLK = π (a2 + h2
) 

 

... (21) 

SLKtotal
= π (h

2
 + 2 a2) 

 

... (22) 

VLK volume of LentiKats® [mm3] 

SLK area of the upper curved surface of LentiKats® [mm2] 

SLKtotal total surface area of LentiKats® [mm2] 

a radius of the LentiKats® circular base [mm] 

h height of LentiKats® [mm] 

 

Due to the non-sphericity of LentiKats®, Sauter mean diameter (d32) was used as a suitable 

particle equivalent diameter. This parameter incorporates both volume and surface area of 

the particle, i.e. it is defined as the diameter of a sphere that has the same volume-to-surface 

area ratio as LentiKats® (Equation 23) (Wang D. and Fan, 2013).  
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d32 = 
6 VLK

SLKtotal

                                                            ... (23) 

  

d32 Sauter mean diameter of LentiKats® [mm] 

 

3.3.3.3 Determination of ω-transaminase activity in LentiKats® 

 

The activity of ATA-wt in LentiKats® was determined according to the procedure explained 

in Section 3.3.2. The concentration of LentiKats® in the vessel, CLK was set to 3.20 gLK L‒1 

in order to give the final ATA-wt concentration CATA-wt = 0.16 gATA-wt L
‒1. The experiments 

were performed in duplicates at 30 ºC.  

ACP concentration in the withdrawn aliquots was followed over the time and the activity 

was calculated from its linear increase (the withdrawn samples were not diluted with 0.1 M 

NaOH and centrifuged before the analysis because no enzyme leakage from the PVA matrix 

was assumed). Specific activity was expressed either per mass of LentiKats® [U mgLK
‒1], or 

per mass of enzyme [U mgATA-wt
‒1], while U was defined based on the synthesis of 1 µmol 

of ACP per min under described conditions.   

 

3.3.3.4 Effect of different mixing speeds on ω-transaminase activity in LentiKats® 

 

The enzyme-specific activity was also determined at different stirring speeds of 400, 600, 

800, and 1,000 rpm, according to procedure described in Section 3.3.3.3. 

 

3.3.4 Design of miniaturized packed bed reactors with LentiKats® 

 

The general microreactor assembly is shown in Figure 18. MPBR housing was made from 

two PMMA plates where the upper one had inlet and outlet holes connected to 

perfluoroalkoxy (PFA) tubes (1.59 mm OD; 0.50 mm ID) via high-pressure 

polyetheretherketone (PEEK) tube fittings (Vici AG International, Schenkon, Switzerland). 

The plates for the MPBRs with rectangular channels had dimensions of 10.0 cm × 5.0 cm × 

1.5 cm, while the plates for the MPBRs with hexagonal channels were of 19.8 cm × 15.8 cm 

× 1.5 cm regarding length, width and depth, respectively. Channels of various dimensions 

were carved out from an expanded polytetrafluoroethylene (ePTFE) film GORE-TEX® 

(Gore & Associates, Inc., USA) of 0.5 mm thickness by means of a scalpel. An outer spacer 

providing fixed channel depth was carved in the same way from a non-compressible 

polytetrafluoroethylene (PTFE) stripe DASTAFLON® 1620 (Dastaflon, Medvode, 

Slovenia) of 0.3 mm thickness. In the case of hexagonal channels, ePTFE cylindrical pillars 

were cut out by a hole punch tool cutter (hole diameter 4 mm) and placed in the inlet and 
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outlet triangular regions by fixing them to the surface of PMMA plates, using a solvent-free 

glue (UHU GmbH & Co. KG, Bühl, Germany). Selected LentiKats® of cca. 4 mm diameter 

were then inserted in the channels by manual packing in one, two or three layers (for the 

latter two, particles were packed one on top of the other). For the random package, 2,725.1 

mg of particles was placed and spread out within the channel.  

 

 
Figure 18: Assembling and the main parts of an MPBR with LentiKats®: 1) high pressure tube fittings;                 

2) PMMA plates; 3) LentiKats®; 4) ePTFE gasket; 5) 0.3 mm thick non-compressible PTFE spacer. 

Slika 18: Sestava in glavni deli MPBR z LentiKats®: 1) tesnila za visokotlačni cevi; 2) PMMA plošči;                  

3) LentiKats®; 4) ePTFE tesnilo; 5) 0.3 mm debel nestisljiv PTFE distančnik. 

 

After the insertion of particles, the upper PMMA plate was mounted on the spacer and 

assembled using bolts, nuts, and washers to provide essential sealing and to prevent fluid 

leakage. The volume of each channel was estimated by several measurements of the volume 

of water filling the channel by means of a Harvard Apparatus PHD 4400 high pressure pump. 

Furthermore, fluid flow distribution in the widest channel with triangular pre-chamber 

containing pillars was monitored by pumping a colored water using dye Amidoblau V 

(Simon & Werner GmbH & Co, Flörsheim am Main, Germany) at the flow rate of 1,000    

µL min‒1. 

 

3.3.5 Biotransformation in miniaturized packed bed reactors with LentiKats® 

 

3.3.5.1 Continuous transamination    

 

The transamination reaction was performed by pumping an equimolar 40 mM solution of 

(S)-α-MBA and PYR in 20 mM sodium phosphate buffer (pH 8.0) together with 0.1 mM 

PLP at flow rates ranging from 1.7 to 1,730.7 µL min‒1 through the MPBRs with the channels 

of different size and shape by means of the high pressure pump equipped with a stainless 

steel syringe. Reactors were packed with various amounts of LentiKats® (from 19.5 to 

2,725.1 mg) yielding enzyme loads (γe) from 40.57 to 167.45 U mL‒1, as specified in the 

results. After reaching the steady state, at least two consecutive samples were taken from the 
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outflow of the MPBR, collected in a closed vial in order to prevent ACP evaporation (Figure 

19), and analyzed as described in Section 3.5.1. Experiments were performed at 24 ºC. 

 

 

Figure 19: Experimental set-up of a continuous transamination in an MPBR.  

Slika 19: Eksperimentalna postavitev za kontinuirno transaminacijo v MPBR.    

 

The mean residence time (τ), conversion (X), volumetric productivity (Qp), production rate 

(PR) and biocatalyst productivity number (BPN) (Valinger et al., 2014) were calculated 

using Equations from 24 to 28, respectively.  

 

τ = 
Vv

Q
 ... (24) 

X = 
CSin – CSout

CSin

 ×100 ... (25) 

Q
p
= 

CPout

τ
  ... (26) 

PR = Q
p
× Vv ... (27) 

BPN =
CPout

Ce,v

 ... (28) 

 τ mean residence time [min] 

Vv reactor void volume [µL] 

Q volumetric flow rate [µL min‒1] 

X conversion [%] 

CSout substrate outlet concentration [mM] 

QP volumetric productivity [mmol L‒1 min‒1] 

CPout product outlet concentration [mM] 

PR production rate [µmol h‒1]   

BPN biocatalyst productivity number [mmol g‒1] 

Ce,v enzyme concentration expressed per reactor void volume [g L‒1] 
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Reactor void volume (Vv) and bed porosity (ε) of MPBRs were calculated from volumes of 

the empty channels and particles (Equation 29). The latter was defined from the number of 

particles and their volume, defined in Section 3.3.3.2, except for the randomly packed 

MPBR, where the volume of particles was calculated from the particles’ total mass and their 

average density.  

 

ε = 
Vv

V
 ... (29) 

 

V volume of empty reactor [µL] 

 

3.3.5.2 Estimation of temperature effects 

 

The temperature effect on the transamination process was evaluated by embedding the 

MPBR with a 81.61 mm long, 4.10 mm wide and 0.32 mm deep rectangular channel, packed 

with one layer of PVA particles with immobilized ATA-wt, yielding enzyme load of 43.28 

U mL‒1, into a thermostated bath placed on a magnetic stirrer with temperature control IKA® 

RCT. The flow rate and thus the mean residence time were set to be constant, specifically 

25 µL min‒1 and 2.6 min, respectively, while the temperature varied from 30 to 75 (± 0.5) 

ºC. The reaction mixture was the same as described in Section 3.3.5.1. After reaching the 

steady state, samples were collected at the outlet of the reactor and analyzed as described in 

Section 3.5.1.  

 

3.3.5.3 Estimation of operational stability  

 

Transaminase-catalyzed biotransformation was continuously performed using the MPBR 

with rectangular 20 mm long, 4 mm wide and 0.23 mm deep channel, packed with one layer 

of PVA particles yielding enzyme load of 65.88 U mL‒1, at the flow rate of 0.5 µL min‒1  

(τ = 0.15 min) at 24 ºC over the period of 21 days. The reaction mixture was the same as 

described in Section 3.3.5.1. At selected time intervals, volumetric productivity was 

determined by increasing the flow rate to 50 µL min‒1 and evaluating ACP concentration in 

the outflow after reaching the steady state. Operational stability was expressed as relative 

volumetric productivity in comparison with that obtained at the beginning of the experiment.  
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3.3.6 Hydrodynamics of miniaturized packed bed reactors with LentiKats® 

 

3.3.6.1 Pressure drop measurements 

 

The pressure drop in the MPBRs was measured at the reactor inlet by flowing water at 

different flow rates (from 10 to 1,000 µL min‒1), whereby the reactor outlet was opened and 

exposed to the atmospheric pressure. The measurements were performed using a silicon 

piezoresistive pressure sensor (with the operating range from 0 to 100 kPa) that works based 

on the piezoresistive effect (Fraga and Koberstein, 2012), shown in Figure 20a. The MPBR 

was placed laterally and the sensor coupled with the voltmeter was connected using a             

T-junction (Figure 20b). The experiments were performed at 24 ºC.   

 

 

Figure 20: Experimental set-up for the pressure drop measurement (Q = 1‒1,000 µL min‒1 and T = 24 ºC). 

Slika 20: Eksperimentalna postavitev za merjenje padca tlaka (Q = 1‒1000 µL min‒1 in T = 24 ºC). 

 

The pressure drop was measured (the relation between applied pressure and output voltage 

is given by Equation 30) at each flow rate three times sequentially and the corresponding 

standard deviations were calculated thereof. The energy dissipation rate (the energy input 

per liquid volume), P1 was then calculated from the measured pressure drop according to 

Equation 31.   

 

Δp = 
U – 0.7

0.03
 ... (30) 

P1 = 
Δp Q

Vv 
 ... (31) 

 

Δp pressure drop [kPa] 

U voltage output [V] 

P1 energy dissipation rate [kW m‒3] 
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3.4 TRANSESTERIFICATION WITH NOVOZYM® 435 

 

3.4.1 Enzyme  

 

CaLB in the form of commercially available immobilized preparation Novozym® 435 was 

used for transesterification. Novozym® 435 with a nominal catalytic activity of 10,000      

PLU g‒1 (propyl laureate units per gram) and 1‒2% (w/w) of moisture (Chen H.-C. et al., 

2011) was kindly donated by Novozymes A/S (Bagsværd, Denmark).  

 

3.4.2 Characterization of Novozym® 435 

  
3.4.2.1 Particles size and size distribution 

  
To obtain the particles with narrow size distribution, Novozym® 435 was sieved through the 

system of sieves with different pore size, ranging from 500 to 300 µm (Figure 21a). Each 

fraction was then analyzed under the light microscope and the average particle diameter was 

determined based on images analysis of cca. 300 spherical particles (Figure 21b) using the 

ImageJ software.   

 

 

Figure 21: Characterization of Novozym® 435: a) sieving through the sieves of different pore size; b) particles 

under the light microscope (fraction 300‒425 µm).  

Slika 21: Karakterizacija pripravka Novozym® 435: a) sejanje skozi sita z različno velikostjo por; b) delci pod 

svetlobnim mikroskopom (frakcija 300‒425 µm). 

 

3.4.2.2 Determination of Novozym® 435 catalytic activity 

 

The activity of immobilized CaLB was determined using the initial rate method. 

Measurements were carried out at 24 ºC in small test tubes with a ground glass stopper 

having the total volume of 9 mL, continuously stirred on a magnetic stirrer at 800 rpm. The 

reaction mixture (2 mL) was an equimolar 600 mM solution of VB and BUT in n-heptane. 

The concentration of Novozym® 435 in the vessel (CN435) was set to 5 gN435 L
‒1 in order to 
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reach the final CaLB concentration (CCaLB) of 0.5 gCaLB L
‒1. The assay was performed in 

duplicates.  

BB concentration in the withdrawn samples was followed over the time and the activity was 

calculated from its linear increase. Specific activity was expressed either per mass of 

Novozym® 435 [U mgN435
‒1], or per mass of enzyme [U mgCaLB

‒1], while U was defined 

based on the synthesis of 1 µmol of BB per min under described conditions.  

 

3.4.2.3 Effect of different mixing speeds and substrate concentrations on transesterification   

 

The effect of different mixing speed (300, 500, 800 and 1,200 rpm) on transesterification 

was studied in a batch reactor. The reaction mixture (2 mL) was an equimolar 500 mM 

solution of VB and BUT in n-heptane.   

Additionally, the effects of different substrate initial concentrations were studied in another 

batch process in order to verify the inhibition type reported in the literature (Pohar et al., 

2012). The first set of experiments used the reaction mixture (2 mL) with fixed initial 

concentration of VB (600 mM) and varying concentrations of BUT (from 300 to 900 mM), 

whereby the second set of experiments used the reaction mixture (2 mL) with fixed initial 

concentration of BUT (700 mM) and varying concentrations of VB (from 400 to 1,100 mM).  

The nominal concentration of Novozym® 435 in the vessel was set to CN435 = 12.5 gN435 L
‒1 

in both cases, in order to give the final CaLB concentration CCaLB = 1.25 gCaLB L
‒1. Other 

reaction conditions (temperature, mixing speed) were the same as described in Section 

3.4.2.2. The assays were performed in duplicates. 

 

3.4.3 Design of miniaturized packed bed reactors with Novozym® 435 

 

The MPBRs with rectangular channels packed with Novozym® 435 were assembled using 

two PMMA plates with dimensions of 10.0 cm × 5.0 cm × 1.5 cm, while the plates for the 

MPBRs with hexagonal channels were of 15.7 cm × 6.6 cm × 1.5 cm regarding length, width 

and depth, respectively. Two non-compressible (0.1 mm and 0.3 mm thick) PTFE stripes 

were placed as an outer spacer providing fixed channel depth. A thin polyester double-sided 

adhesive tape ARcare® 90445 (Adhesives Research, Inc., Glen Rock, USA) was placed at 

the lower PMMA plate in order to fix the particles and prevent their leaching from the 

reactor. Other reactor parts were the same as described in Section 3.3.4. The general 

microreactor assembly is shown in Figure 22. 
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Figure 22: Assembling and the main parts of an MPBR with Novozym® 435: 1) high pressure tube fittings; 2) 

PMMA plates; 3) Novozym® 435; 4) ePTFE gasket; 5) 0.1 mm thick non-compressible PTFE spacer; 6) 0.3 

mm thick non-compressible PTFE spacer; 7) thin polyester double-sided adhesive tape. 

Slika 22: Sestava in glavni deli MPBR z Novozym® 435: 1) tesnila za visokotlačni cevi; 2) PMMA plošči; 3) 

Novozym® 435; 4) ePTFE tesnilo; 5) 0.1 mm debel nestisljiv PTFE distančnik; 6) 0.3 mm debel nestisljiv 

PTFE distančnik; 7) tanek poliesterski dvostranski lepilni trak.  

 

Selected fraction of Novozym® 435 was then randomly inserted in the channels by manual 

packing in one or two layers. For the MPBR packed with two layers, the polyester double-

sided adhesive tape was placed on both upper and lower PMMA plates and the particles were 

fixed on it. Packing more than two layers of Novozym® 435 would not be possible due to 

difficulties to retain the medium layers of particles within the reactor.  

 

3.4.4 Biotransformation in miniaturized packed bed reactors with Novozym® 435 

 

3.4.4.1 Continuous transesterification 

 

The reaction was performed by pumping an equimolar 600 mM solution of VB and BUT in 

n-heptane at flow rates ranging from 12.2 to 3,756.3 µL min‒1 through the MPBRs with 

channels of different size and shape. Reactors were randomly packed with various amounts 

of Novozym® 435 (from 7.1 to 148.4 mg), yielding final enzyme loads (γe) from 5.06 to 5.53 

U µL‒1, as specified in the results. After reaching the steady state, at least two consecutive 

samples were taken from the outflow of the MPBR, collected in a closed vial in order to 

prevent evaporation, and analyzed as described in Section 3.5.2. The experiments were 

performed at 24 ºC. 

The mean residence time, conversion, volumetric productivity, production rate and 

biocatalyst productivity number were calculated as described in Section 3.3.5.1. Void 

volume and bed porosity of MPBRs were calculated from the volume of the empty channels 

and volume of particles, where the latter was calculated from the particles mass and their 

density which is considered to be 0.555 mg µL‒1 (Denčić et al., 2013).  
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3.4.4.2 Estimation of temperature effects 

 

The temperature effect on the transesterification process was evaluated by embedding the 

MPBR with a 23.93 mm long, 3.12 mm wide and 0.40 mm deep rectangular channel, packed 

with 7.1 mg of Novozym® 435 in one layer, yielding final enzyme load of 5.53 U µL‒1, into 

a thermostated bath with automatic temperature control (Julabo, Seelbach, Germany). The 

flow rate and thus the mean residence time were set to be constant, specifically 170.72 µL 

min‒1 and 0.1 min, while the temperature varied from 24 to 80 (± 0.5) ºC. The reaction 

mixture was the same as described in Section 3.4.4.1. After reaching the steady state, samples 

were collected at the outlet of the reactor and analyzed as described in Section 3.5.2. The 

experiments were performed in duplicates. 

 

3.4.4.3 Estimation of operational stability 

 

The lipase-catalyzed transesterification was continuously performed using the MPBR with 

rectangular 82.00 mm long, 2.92 mm wide and 0.40 mm deep channel, packed with 22.2 mg 

of Novozym® 435 in one layer yielding final enzyme load of 5.28 U µL‒1, at the flow rate of 

559 µL min‒1 (τ = 0.1 min) at 24 ºC over the period of 53 days. The reaction mixture was the 

same as described in Section 3.4.4.1. After each continuous-flow experiment, the flow 

through the microreactor was stopped and the system was stored at 24 ºC till the next 

evaluation (Cvjetko et al., 2012). Operational stability was expressed as relative volumetric 

productivity in comparison with that obtained at the beginning of the experiment.        

 

3.4.5 Hydrodynamics of miniaturized packed bed reactors with Novozym® 435 

 

3.4.5.1 Pressure drop measurements  

 

The flow rates of water through the MPBRs were ranging from 30 to 1,800 µL min‒1, and 

the pressure drop was measured using a silicon piezoresistive pressure sensor. The sensor 

and experimental set-up were the same as described in Section 3.3.6.1. 

 

3.4.5.2 Estimation of the residence time distribution   

 

The hydrodynamic behavior of MPBRs randomly packed with Novozym® 435 in one layer 

was characterized by RTD analysis performed at 24 ºC by means of a stimulus-response 

experiment with a pulse input (Levenspiel, 2012), using glucose dissolved in phosphate 

buffered saline (PBS) as a non-reactive tracer. The instantaneous readings of glucose 

concentrations at various times were performed at the MPBRs outlet using a calibrated 

biosensor with immobilized glucose oxidase (GOx) from Aspergillus niger VII S (EC 
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1.1.3.4) integrated in the microfluidic chip. The sensor with the volume of 4 µL was 

developed and fabricated by Measurement Technology Unit of the University of Oulu, 

Finland, based on the work of Ricci et al. (2002, 2003). Potentiostat PalmSens (Houten, the 

Netherlands) was used as the signal converter.     

The experimental test loop for the stimulus-response experiment with the pulse input is 

shown in Figure 23. Briefly, PBS was continuously supplied through the system 

interconnected with PFA tubes (1.59 mm OD; 0.50 mm ID) using a high pressure pump at 

the flow rate of 100 µL min‒1. At time t0, 10 µL of 50 mM glucose solution (total load               

5 × 10‒4 mmol of glucose) in 100 mM PBS (pH 7.4) was instantaneously injected in the 

system using an HPLC injection valve connected to the pump (Márquez et al., 2008), and its 

concentration was followed at the reactor outlet using the GOx biosensor, whereby the output 

signal was read using the potentiostat. The experiments were performed in triplicates.   

The frequency of measurement was 10 Hz. Due to the high quantity of data, the average for 

every second (10 measurements) was calculated, and the yielding values were used to 

generate the pulse-response curve.  

     

 
Figure 23: Schematic of the test loop for the stimulus-response experiment with the pulse input.  

Slika 23: Shema eksperimentalne postavitve merjenja porazdelitve zadrževalnih časov s pulzno motnjo.   

             

The mean residence time, variance (σ2) and skewness (s) of the distribution Cglu(t) were 

calculated from the pulse-response measurements using Equations 32 to 34 (Levenspiel, 

2012; Coblyn et al., 2016).  
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τ = 
Σ t Cglu

Σ Cglu

 ... (32) 

σ2 = 
Σ (t)

2
Cglu

Σ Cglu 
 – τ2 ... (33) 

s = 
Σ (t – τ)

3
 Cglu

σ3 Σ Cglu

 ... (34) 

  

Cglu glucose concentration [mM] 

σ2 variance [min2] 

s skewness [–] 

 

The starting assumptions involved the closed boundary conditions (the fluid enters and 

leaves the reactor only once and there is no recirculation), steady state flow, homogeneous 

system, an inert tracer which does not disturb the flow, and isothermal conditions 

(Levenspiel, 1999; Coblyn et al., 2016).  

 

3.5 ANALYTICAL METHODS  

 

3.5.1 Evaluation of the transamination reaction 

 

Concentrations of (S)-α-MBA and ACP were evaluated either by HPLC or GC analysis, 

where for the latter analytes were extracted in n-heptane as described below. Both analyses 

yielded the same results within the specified standard deviation.  

 

3.5.1.1 HPLC analysis 

 

An HPLC (Figure 24a) with a diode array detector (Shimadzu, Tokyo, Japan) equipped with 

Gemini®-NX 3µm C18 110Å (150 × 4.60 mm) column (Phenomenex, Torrance, USA) was 

used for the isocratic separation. The mobile phase consisted of 50% (v/v) acetonitrile and 

50% (v/v) aqueous solution (pH 11.0) obtained by addition of NaOH solution (purity 50%), 

and was vacuum-filtered using S-Pak filters (pore size 0.22 µm; diameter 47 mm) made from 

mixed esters of cellulose (Merck Millipore, Billerica, USA). The flow rate through the 

column thermostated at 30 °C was 1 mL min‒1. Residence times for (S)-α-MBA and ACP, 

detected at 260 nm, were 2.5 and 3.6 min, respectively (Figure 24b). The concentrations of 

analytes were calculated from the calibration curves prepared from the standard solutions. 
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Figure 24: HPLC analytics: a) an HPLC used for measurements; b) an example of HPLC chromatogram 

showing peaks and residence times for (S)-α-MBA and ACP, respectively. 

Slika 24: HPLC analitika: a) HPLC uporabljen za merjenje; b) primer HPLC kromatograma, ki prikazujen 

vrhove in zadrževalne čase za (S)-α-MBA in ACP. 

 

3.5.1.2 GC analysis   

 

Prior to analysis, 60 µL of an aqueous sample and 60 µL of n-heptane were contacted for     

3 min on a vortex mixer Vibromix 204 EV (Tehtnica, Železniki, Slovenia) at 1,500 rpm         

at 24 °C. (S)-α-MBA and ACP concentrations in n-heptane were determined on a gas 

chromatograph HP 6890 (Hewlett-Packard, Palo Alto, USA) equipped with a hydrogen 

flame ionization detector and a fused silica (diphenyl dimethyl polysiloxane) Rtx®-35 (30 m 

length × 0.25 mm ID × 0.5 µm film thickness) column (Restek Corporation, State College, 

USA) (Figure 25a). Nitrogen was used as a carrier gas at the flow rate of 1 mL min‒1. The 

temperature of the oven at the injection was 100 °C and was kept constant for 1 min. The 

linear increase in temperature up to 180 °C was set to 50 °C min‒1 and from 180 °C to           

250 °C to 20 °C min‒1, while later the temperature was kept constant until the end of the 

analysis (7.1 min). Residence times for (S)-α-MBA and ACP were 3.7 and 3.9 min, 

respectively (Figure 25b).  

In order to calculate the concentration in the original sample, the partitioning coefficients for 

both analyzed compounds in an n-heptane/aqueous buffer system were evaluated as 

described elsewhere (Cvjetko et al., 2012) and taken into account. Where it was required, 

dilution with 0.1 M NaOH was also taken into consideration.  

The concentrations of analytes were calculated from the calibration curves prepared from 

the standard solutions. Preparation of calibration curves directly after contacting the aqueous 

standard solutions with n-heptane was also possible, and this option allowed avoidance of 

the partitioning coefficient utilization.   
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Figure 25: GC analytics: a) gas chromatograph used for measurements; b) an example of GC chromatogram 

showing peaks and residence times for n-heptane, (S)-α-MBA and ACP, respectively. 

Slika 25: GC analitika: a) GC uporabljen za merjenje; b) primer GC kromatograma, ki prikazuje vrhove in 

zadrževalne čase za n-heptan, (S)-α-MBA in ACP. 

 

3.5.2 Evaluation of the transesterification reaction 

 

3.5.2.1 GC analysis   

 

Gas chromatograph described in Section 3.5.1.2, equipped with an HP-INNOWAX              

(30 m length × 0.25 mm ID × 0.5 µm film thickness) column (Agilent Technologies, Santa 

Clara, USA) was used to determine the concentration of VB, BUT and BB in n-heptane. The 

used carrier gas was nitrogen, which was supplied at the flow rate of 29 mL min‒1. The 

temperature of the oven at the injection was 100 °C and was kept constant for 1 min. The 

linear increase in temperature to 200 °C was set by 35 °C min‒1, and was kept at this 

temperature till the end of the analysis. The temperature in the injector and detector was    

250 °C (Žnidaršič-Plazl and Plazl, 2009). Residence times for VB, BUT and BB were 1.2, 

1.4 and 1.7 min, respectively (Figure 26). The concentrations of analytes were calculated 

from the calibration curves prepared from the standard solutions.  

 

 

Figure 26: An example of a GC chromatogram showing peaks and residence times for n-heptane, VB, BUT 

and BB, respectively. 

Slika 26: Primer GC kromatograma, ki prikazuje vrhove in zadrževalne čase za n-heptan, VB, BUT in BB. 



Bajić M. Development of miniaturized packed bed reactors with immobilized enzymes for biocatalytic processes. 

   Doctoral dissertation. Ljubljana, University of Ljubljana, Biotechnical Faculty, 2017 

60 
 

4 RESULTS WITH DISCUSSION 

 

4.1 IMMOBILIZATION OF E. coli CELLS IN ALGINATE MICROPARTICLES  

 

4.1.1 Mechanism of microdroplets formation  

 

A microfluidic-based approach for the production of alginate-containing aqueous 

microdroplets by emulsification in an oil phase and their further solidification by ex situ 

external cross-linking was investigated. The first part of the method, the formation of 

aforementioned microdroplets, was done in the microfluidic chip with a T-junction made of 

105 µm wide and 100 µm deep channels (Section 3.2.2). Two immiscible fluids with an 

interfacial tension of 10.5 mN m‒1, namely an edible sunflower oil and an aqeous solution 

of alginate (Calg = 2 g L‒1), were continuously supplying to the main and side (lateral) channel 

of the T-junction (both 300 µm wide and 100 µm deep) as a continuous and a droplet phase 

at flow rates of 100 and 50 µL min‒1, respectively (Figure 27a). The chosen flow rates 

enabled the instantaneous formation of a parallel flow of two immiscible phases (Figure 

27a), resulting in the formation of stable microdroplets in the FEP outlet tube (Figure 27b).  

 

 

Figure 27: Droplet formation using microfluidics: a) parallel flow of sunflower oil and alginate aqueous 

solution in the T-junction microchip; b) outlet FEP tube with formed aqueous microdroplets containing 

alginate.   

Slika 27: Tvorba kapljic pomočjo mikrofluidike: a) vzporedni tok sončničnega olja in vodne raztopine alginata 

v mikročipa z T-križiščem; b) izstopna FEP cevka z nastalimi mikrokapljicami z alginatom.    

 

The microfluidic device was consisted of two integrated parts: a microfluidic chip with the 

T-junction connected to the manifold of three bigger channels (Figure 27a), and an outlet 

FEP tube connected in the extension (Section 3.2.2 and Figure 27b). Therefore, both fluids 

needed to pass through the channels of different geometries and dimensions, affecting the 

fluid flow formation. As can be observed from Figure 27a, under given conditions a parallel 

flow of two immiscible liquids was established along the 11.25 mm long channel positioned 

at the right side of the T-junction. Such parallel flow entered the outlet FEP tube of a different 

geometry and size than the channels on the microchip (30 cm length; 0.5 mm ID), resulting 
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in the formation of monodisperse spherical alginate-containing aqueous microdroplets which 

adopted the size of the tube, i.e. their diameter equalled to the tube diameter which was        

500 μm (Figure 27b). Although it looks like that the aqueous microdroplets wet the inner 

wall of the tube (Figure 27b), it was not the case because there is a thin film of continuous 

oil phase that separates them. This is of the utmost importance for the formation of a stable 

and ordered droplet flow pattern. Otherwise, even a partial wetting of the tube wall by droplet 

aqueous phase would result in the appearance of an erratic, disordered and uncontrollable 

two-phase flow (Dreyfus et al., 2003; Xu J. H. et al., 2006b).   

In order to describe the flow pattern in the FEP tube, the adequate dimensionless numbers 

were calculated from the operational conditions and fluid properties (Table 5) according to 

Equations 1, 3, 4 and 5, respectively, taking the tube internal diameter (0.5 mm) as the 

characteristic length.   

  
Table 5: Fluid properties and dimensionless numbers used to describe the process of microdroplets formation.   

Tabela 5: Lastnosti tekočin in brezdimenzijske številke uporabljene za opis procesa nastanka mikrokapljic. 

Fluid 

properties 

Fluid 
η 

[mPa s] 

ρ 

[kg m‒3] 

γ 

[mN m‒1] 

Oil 70.19 ± 1.90 916.04 ± 1.20 

10.5 

Alginate(aq) 18.01 ± 0.10 1,008.70 ± 0.30 

Calculated 

dimensionless 

numbersa) 

Re 

[–] 

Oh 

[–] 

Bo 

[–] 

Ca 

[–] 

0.055 1.012 0.022 0.057 

a) Calculated using the flow rate (Q = 100 µL min‒1) and properties of more viscous oil phase.  

 

The dimensionless numbers presented in Table 5 have revealed laminar flow in the outlet 

tube which implies the dominance of viscous forces over inertial ones (Re = 0.055 and Oh > 

1), as well as dominance of the interfacial over gravitational force (Bo << 1) (Kumacheva 

and Garstecki, 2011). Besides, Figure 27a revealed the laminar flow of two phases in the 

rectangular channels supplying T-junction, which was also confirmed with the calculated Re 

for the single flows of the alginate aqueous solution (Qd = 50 µL min‒1) and oil (Qc = 100 

µL min‒1) occurring in these channels, which were 0.233 and 0.109, respectively. The most 

significant parameter relating the viscous and interfacial forces that determine the flow 

pattern in the microchannels, Ca number (Li X.-B. et al., 2012; Chen B. et al., 2015; Bai et 

al., 2016), was also calculated for the outlet FEP tube (Table 5).  

The moving velocity of aqueous microdroplets in the tube (Ud) under given conditions, 

calculated according to Equation 35 (Chen B. et al., 2015), was 1.27 × 10‒2 m s‒1, which 

further means that the alginate microdroplets were transferred from the outlet tube to the 

gelling bath at a rate of around 25 s‒1.   
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Ud = 
Q

c
+ Q

d

A
 ... (35) 

  

Ud moving velocity of aqueous microdroplets [m s‒1] 

Qc volumetric flow rate of continuous phase [m3 s‒1] 

Qd volumetric flow rate of droplet phase [m3 s‒1] 

A cross-sectional area of the tube [m2] 

 

No significant change in the process dynamics after the addition of E. coli cells in the 

aqueous alginate solution was observed.  

 

4.1.2 Preparation and characterization of alginate microparticles 

 

The alginate-containing aqueous microdroplets obtained in the microflow system (with or 

without recombinant E. coli cells) were cross-linked in a gelling bath to get water-insoluble 

hydrogel microparticles appropriate for further utilization. The microdroplets were first 

passing the upper (oil) phase with Ca2+ ions in order to attempt a partial solidification before 

they went across the interface (Figure 28), i.e. to the aqueous phase with Ca2+ ions.  

 

 

Figure 28: Alginate-containing aqueous microdroplets (cca. 500 µm in diameter) in the external oil phase, 

where the gelation takes place.     

Slika 28: Vodne mikrokapljice z alginatom (premer pribl. 500 µm) vstopajo v zgornjo (oljno) fazo zunanje 

kopeli, kjer poteka želiranje. 

 

Resulting blank alginate microparticles had a spherical body and ‘tails’ (Figure 29a). The 

average diameter, measured for the spherical part (Dang and Joo, 2013), was 446.21 ± 36.54 

µm (Figure 29b).  
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Figure 29: Characterization of alginate microparticles: a) blank microparticles; b) size distribution of blank 

microparticles (n = 100); c) microparticles with immobilized E. coli cells; d) size distribution of microparticles 

with immobilized E. coli cells (n = 80).  

Slika 29: Karakterizacija alginatnih mikrodelcev: a) prazni mikrodelci; b) porazdelitev velikosti praznih 

mikrodelcev (n = 100); c) mikrodelci z imobiliziranimi E. coli celicami; porazdelitev velikosti mikrodelcev z 

imobiliziranimi E. coli celicami (n = 80).  

 

The formation of tail-shaped alginate microparticles is frequently reported in the literature 

(Capretto et al., 2008; Hu et al., 2012; Dang and Joo, 2013; Lin et al., 2013). The tail is 

formed when the alginate spherical microdroplets sediment and pass the oil-aqeous interface 

in the gelling bath under the influence of gravity (Dang and Joo, 2013; Lin et al., 2013). The 

influence of the interfacial tension impels alginate microdroplets to occupy as smaller as 

possible space inside the oil phase, which corresponds to their spherical shape. As the 

microdroplets move to the aqueous phase, the interfacial forces change due to the difference 

in properties between the oil and aqueous phases. Besides, the lower part of a microdroplet 

in contact with the aqueous phase quickly undergoes cross-linking during its transport across 

the layer, causing an imbalance in the surface tension of the upper part of the microdroplets, 

which is still in the oil phase, resulting in the formation of tail-shaped alginate microparticles 

(Dang and Joo, 2013). 

The gelation of alginate-containing aqueous microdroplets with E. coli cells (in the 

concentration of 1 × 109 cells mL‒1 or 0.39 mgdry mL‒1) resulted in the formation of more 

spherical and tail-free alginate microparticles (Figure 29c) with 2-times bigger average 

diameter of 932.72 ± 115.30 µm (Figure 29d) and ostensibly lower mechanical strength than 

in the case of blank microparticles (Figure 29b). It would be meaningful to presuppose that 
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there was a high amount of cells per mass of hydrogel (cca. 0.36 mgdry ghydrogel
‒1) that 

hindered the interconnections between the neighbouring polymer chains resulting in the 

formation of mechanically weaker matrix capable of capturing a higher amount of water that 

eventually led to the swelling of microparticles. Furthermore, it could be hypothesized that 

the optimization regarding the cell amount per hydrogel mass would lead to the formation 

of smaller and more compact microparticles. Swelling of alginate microparticles after the 

addition of cells was also reported in the case of utilization of yeast Saccharomyces 

cerevisiae as model cells, where the concentrations higher than 2 × 107 cells mL‒1 led to a 

significant increase in the microparticles’ diameter (Manojlovic et al., 2006).  

This method has a good potential in the production of alginate-based carriers for biocatalysts 

immobilization, but it has not been fully optimized yet and the addressing of several issues 

would be highly appreciated. It turned out that ex situ gelation presents a bottleneck in the 

production of spherical alginate microparticles, so further optimization of the parameters 

such as height of the upper oil phase (retention time of settling alginate microdroplets), speed 

of movement through the interface, stirring speed in the gelling bath, and concentration of 

Ca2+ ions would be necessary to achieve a method for the production of microparticles with 

spherical shape (Dang and Joo, 2013), which would be highly desirable for the application 

in MPBRs.  

However, a genuine highlight of the method would be a successful generation of alginate-

containing aqueous microdroplets directly on the junction that would give a possibility for 

their in situ (one-step) solidification and therefore avoidance of a tedious and time-

consuming ex situ solidification. It usually implies the utilization of micromachining 

techniques for fabrication of microdevices with more complicated manifolds that fulfill the 

process requirements, but the result could be a rapid and efficient production of the 

appropriate polymer-based microparticles that potentially can be applicable as carriers for 

biocatalysts immobilization (Liu K. et al., 2006; Zhang et al., 2006; Xu J. et al., 2008; Amici 

et al., 2008; Fang and Cathala, 2011). 

 

4.1.3 Batch biotransformation with immobilized E. coli cells   

 

The specific activity of immobilized E. coli cells determined in a batch process (Figure 30) 

at the cell concentration of 0.039 mgdry mL‒1 was 4.46 ± 0.47 U mgdry
‒1. On the other hand, 

non-immobilized cells had more than twelve times lower specific activity (0.36 ± 0.01            

U mgdry
‒1) as compared to immobilized cells. By comparison, the specific activity of           

non-immobilized E. coli cells containing ω-TAs determined in 20 mM sodium phosphate 

buffer (pH 8.0) was 0.60 U mgdry
‒1 (unpublished results), which is more than 1.5-times 

higher than obtained in 20 mM Tris-HCl buffer. 
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Figure 30: Alginate microparticles with immobilized E. coli cells in a reactor with a magnetic stirrer.  

Slika 30: Alginatni mikrodelci z imobiliziranimi celicami E. coli v reaktorju z magnetnim mešalom.     

 

Although a lower specific activity of immobilized E. coli cells was expected due to hampered 

mass transport within the hydrogel carrier, this was not the case, and a possible reason for 

that might be in the interaction between Tris and enzyme’s cofactor. Namely, Tris is a 

primary amine which is able to interact with the enzyme-associated PLP under specific pH 

conditions, acting in that way as a competitive inhibitor (Han et al., 2004, 2009). So, it may 

be discussed that pH conditions in the interior of the hydrogel microparticles are such as to 

suppress possible negative effects of Tris-PLP interactions, which is not a case with non-

immobilized cells. Anyway, a further screening of the optimal pH range for non-immobilized 

and immobilized cells would be necessary in order to accept or reject this hypothesis (Martin 

et al., 2007). The reason for Tris-HCl buffer application in this experiment as opposed to the 

sodium phosphate buffer that was commonly used in the transamination reaction throughout 

this study was in the instability of alginate hydrogel in the presence of Na+ ions and 

phosphates (Smidsrød and Skjåk-Bræk 1990; Melvik and Dornish, 2004).     

Further measurements of the specific activity of E. coli cells containing ω-TAs immobilized 

in alginate microparticles have shown that the activity decreased below 40% of the initial 

one after 4 days of storage in 20 mM Tris-HCl buffer (pH 8.0) at 4 °C (Figure 31).       
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Figure 31: Storage stability of immobilized E. coli cells over the period of six days. The cell-containing alginate 

microparticles were stored in 20 mM Tris-HCl buffer at 4 °C between the activity measurements performed as 

described in Section 3.2.3.2. The trendline is only for data visualization.  

Slika 31: Obstojnost imobiliziranih E. coli celic v obdobju šestih dni. Alginatni mikrodelci z imobiliziranimi 

celicami so bili med meritvami aktivnosti opisanih v poglavju 3.2.3.2, shranjeni v 20 mM Tris-HCl pufru pri  

4 °C. Trendna črta je samo za vizualizacijo podatkov.   

 

As evident from Figure 32, cca. 90% conversion was achieved within less than 30 h when 

immobilized E. coli cells (0.039 mgdry mL‒1) were used for ω-TA-catayzed synthesis of ACP.  

 

 

Figure 32: Conversion achieved in a batch process using E. coli cells immobilized in alginate microparticles. 

Concentration of alginate microparticles was 0.1 g mL‒1, which corresponds to the cell concentration of 0.039 

mgdry mL‒1. The reaction was performed using 40 mM equimolar concentration of both substrates in 20 mM 

Tris-HCl buffer (pH 8.0) together with 0.1 mM PLP, at 30 °C and stirring speed of 200 rpm.  

Slika 32: Konverzija v šaržnem procesu z celicami E. coli imobiliziranimi v alginatne mikrodelce. 

Koncentracija alginatnih mikrodelcev je bila 0,1 g mL‒1, kar ustreza koncentraciji celic 0,039 mgdry mL‒1. 

Reakcijo smo izvedli z uporabo 40 mM ekvimolarne koncentracije obeh substratov v 20 mM Tris-HCl pufru 

(pH 8,0) skupaj z 0,1 mM PLP, pri 30 °C in z vrtilno hitrostjo 200 min‒1. 
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The time necessary to achieve conversion higher than 90% was assumed to be a consequence 

of relatively small concentration of cells, but also a consequence of the internal diffusional 

limitations in alginate hydrogel (Shin J.-S. et al., 2001b; Martin et al., 2007). Mass transfer 

limitations through the cell membrane also play a significant role, but this problem might be 

partially solved by permeabilization of the cell membrane with cetrimonium bromide 

(CTAB) or ethanol. For instance, the observed reaction rate of the asymmetric synthesis of                        

1-phenylethylamine and 3-amino-1-phenylbutane was increased by 40% after the 

permeabilization of E. coli cells with 0.1% CTAB (Cárdenas-Fernández et al., 2012).   

To sum up, the microfluidic-based system provided a convenient tool for the formation of 

monodisperse droplets that after further solidification produced stable submillimeter-sized 

alginate microparticles. Such produced microparticles have a high potential for biocatalyst 

immobilization and further implementation in continuous biocatalytic processes in MPBRs.    

 

4.2 MINIATURIZED PACKED BED REACTORS WITH LENTIKATS® 
   

4.2.1 Characterization of LentiKats® 

 

The image-analysis based measurements of the selected LentiKats® which were tested in 

MPBRs with uniform packing revealed the average circular base diameter of 3.87 ± 0.33 

mm (Figure 33), while the estimated height of particles was 0.35 ± 0.10 mm. Data are in 

accordance with the previous study on LentiKats®, where the average circular base diameter 

of 3.65 ± 0.38 mm and the average height of 0.341 ± 0.110 mm were reported 

(Schenkmayerová et al., 2014). Calculated Sauter mean diameter (Wang D. and Fan, 2013) 

of applied LentiKats® was 0.52 mm, while their average density was 1.78 ± 0.04 mg µL‒1.     

 

 

Figure 33: A circular base diameter distribution of LentiKats® used in experiments with uniform particle load. 

Slika 33: Distibucija premerov krožnih osnovnih ploskev LentiKats® uporabljenih v eksperimentih z 

unformnim slojem delcev.   
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When a single or multiple layers of LentiKats® were placed within the channel, the total 

height of hydrogel material was compressed to the channel depth defined by a PTFE spacer 

(Section 3.3.4) and particles base adjusted to the empty space within the channel width and 

length. However, the change in the particles' volume due to compression has been presumed 

negligible. Since the native conformation of ω-TA used in this study is tetrameric with a 

molecular weight between 150 and 200 kDa (Börner et al., 2017a, Supporting Information), 

the protein could be effectively entrapped in LentiKats®, while the mass transport of 

substrate molecules to the enzymes’ active sites was enabled. Specific activities of 

immobilized preparations evaluated in batch experiments and expressed per mass of 

immobilized ATA-wt were 0.50 and 0.73 U mgATA-wt
‒1 corresponding to 0.025 and 0.037 U 

mgLK
‒1, respectively.    

 

4.2.2 Biotransformation in miniaturized packed bed reactors with LentiKats® 

 

The conversion of (S)-α-MBA to ACP using PYR as the amino acceptor, which is the 

reaction frequently used for transaminase activity evaluation (Rehn et al., 2014), was 

performed in MPBRs with rectangular and hexagonal channels of various sizes (Figures 34a, 

34b, and 34c, respectively), using uniformly or randomly packed LentiKats®.  

 

 

Figure 34: MPBRs presenting the scale-up in channel width, where length and depth were the same: a) an 

MPBR with cca. 4 mm wide rectangular channel, b) an MPBR with hexagonal channel (rectangular part is cca. 

40 mm wide) with triangular inlet and outlet parts containing pillars, and c) an MPBR with hexagonal channel 

(rectangular part is cca. 80 mm wide) with triangular inlet and outlet parts containing pillars. 

Slika 34: Predstavitev povečanja MPBR, na osnovi povečane širine kanala, kje so dolžine in višine enake: a) 

MPBR s 4 mm širokim pravokotnim kanalom; b) MPBR s šesterokotnim kanalom (pravokotni del je širok 

približno 40 mm), ki vsebuje trikotni vstopni in izstopni del z stebrički; c) MPBR s šesterokotnim kanalom 

(pravokotni del je širok približno 80 mm), ki vsebuje trikotni vstopni in izstopni del z stebrički.      
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As shown in Section 3.3.4, the MPBRs were developed as a sandwich-like structure, which 

enabled simple and efficient enzyme loading, easy assembly and reusability, as well as a 

variation of channel dimensions without tedious manufacturing procedures. Characteristics 

and performances of tested MPBRs are summarized in Table 6.  

 
Table 6: Characteristics and performance of tested MPBRs with LentiKats® at 24 ºC. 

Tabela 6: Značilnosti testiranih MPBR z LentiKats® pri 24 ºC.  

l 

[mm] 

w 

[mm] 

d 

[mm] 

No. of 

layersb) 

V 

[µL] 

Vv
c) 

[µL] 

εc)  

[–] 

γe 

[U mL‒1] 

BPNd) 

[µmolACP gATA-wt
‒1] 

20.00 4.00 0.23 1 18.4 7.4 0.40 65.88 237.4 

40.00 4.00 0.23 1 36.8 13.8 0.38 74.28 217.7 

60.00 4.00 0.23 1 55.2 20.8 0.38 73.68 257.6 

20.00 8.00 0.23 1 36.8 14.5 0.39 68.45 284.2 

20.00 12.00 0.23 1 55.2 22.7 0.41 63.66 285.6 

81.50 4.00 0.32 1 104.3 60.0 0.58 46.87 485.2 

82.80 40.10a) 0.32 1 1,062.5 629.4 0.59 43.49 536.2 

82.00 79.67a) 0.32 1 2,090.5 1,260.8 0.60 43.75 642.4 

82.80 40.10a) 0.64 2 2,125.0 1,290.6 0.61 42.46 439.9 

82.80 40.10a) 0.96 3 3,187.5 1,979.0 0.62 40.57 362.7 

82.80 40.10a) 0.64 2‒3 2,125.0 594.0 0.28 167.45 72.1 

81.61 4.10 0.32 1 107.1 64.1  0.60 43.28  361.7e) 

a) The values refer to the width of the rectangular part of the hexagonal channel. 

b) Number of LentiKats® layers placed one on top of the other within the channel depth.  

c) Estimated from the reactor volume and the volume of particles calculated from their number and average dimensions. 

d) Maximal BPN calculated at the longest mean residence times tested.  

e) Calculated at T = 55 °C and τ = 2.6 min.   

 

4.2.2.1 Miniaturized packed bed reactors of different channel lengths  

 

First, the MPBR with only one row of LentiKats® was tested utilizing a high-pressure pump 

providing a continuous laminar flow through the channel (Pohar et al., 2012). LentiKats® 

with the specific enzyme activity of 0.50 U mgATA-wt
‒1 were uniformly packed in 20 to 60 

mm long, 4 mm wide and 0.23 mm deep rectangular channels with volumes up to 55.2 µL, 

yielding final enzyme loads between 65.88 and 74.28 U mL‒1 (Table 6). Bed porosities of 

tested MPBRs were estimated to be between 0.38 and 0.40 (Table 6), which is close to the 
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value of 0.395, reported for an MPBR having a total volume of 6.8 mL and randomly packed 

with PVA particles of 3.5 mm in diameter (Nunes et al., 2014).  

When an equimolar aqueous solution of both substrates was pumped through the reactors 

together with cofactor PLP at flow rates ranging from 2 to 100 µL min‒1 yielding the mean 

residence times up to 10.4 min, the laminar flow around uniformly packed particles and short 

diffusion paths enabled a very efficient biotransformation process. As evident from Figure 

35, all three reactors performed equally well at the same mean residence times and above 

80% conversion was obtained in less than 5 min. 

  

 

Figure 35: Impact of channel length on substrate conversion at the MPBRs outlets at various flow rates and 

thereby mean residence times together with production rates estimated at 70% conversion in the MPBRs with 

rectangular channels uniformly packed with LentiKats® having the specific enzyme activity of 0.50                        

U mgATA-wt
‒1. The reaction was performed by continuous pumping of 40 mM equimolar inlet concentration of 

(S)-α-MBA and PYR in 20 mM sodium phosphate buffer (pH 8.0) together with 0.1 mM PLP, at room 

temperature (T = 24 °C). Other characteristics of the MPBRs are presented in Table 6. The relative standard 

deviations in the inset graph are below 15%. 

Slika 35: Vpliv dolžine kanala na konverzijo substrata na izstopu iz MPBR pri različnih pretokih in s tem 

zadrževalnih časih skupaj s produktivnostjo, ocenjeno pri 70 % konverziji, v MPBR s pravokotnim kanalom z 

uniformnim slojem LentiKats® s specifično encimsko aktivnostjo 0,50 U mgATA-wt
‒1. Reakcijo smo izvedli z 

kontinuiranim črpanjem 40 mM ekvimolarne vstopne raztopine (S)-α-MBA in PYR v 20 mM natrijevem 

fosfatnem pufru (pH 8.0) skupaj z 0,1 mM PLP pri sobni temperaturi (T = 24 °C). Ostale značilnosti MPBR so 

predstavljene v Tabeli 6. Relativne standardne deviacije v notranjem grafu so manjše od 15 %.       

 

The comparison of production rates in reactors of varying channel lengths, estimated at 70% 

conversions, revealed linear proportionality within tested dimensions (inset graph in Figure 

35). BPNs between 217.7 and 257.6 µmolACP gATA-wt
‒1 were achieved in these MPBRs (Table 

6). This indicates that the scale-up of the channel length allows for increased capacity and 

simultaneously retained good biocatalyst accessibility due to favorable hydrodynamic 

conditions.  
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4.2.2.2 Miniaturized packed bed reactors of different channel widths 

 

Since the scale-up in the direction of channel length would be limited by a pressure drop and 

undesirable flow conditions at higher flow rates, scaling in the direction of the channel width 

was further considered. Selected transamination reaction was performed in the MPBRs with 

4 to 12 mm wide rectangular channels of 20 mm length and 0.23 mm depth, with uniformly 

packed LentiKats® having the specific enzyme activity of 0.50 U mgATA-wt
‒1, yielding final 

enzyme loads of 65.88, 68.45 and 63.66 U mL‒1 (Table 6). Bed porosities between 0.39 and 

0.41 (Table 6), similar to longer channels described above, were achieved. The flow rates 

were ranging from 2 to 100 µL min‒1 yielding the mean residence times up to 11.4 min. 

Slightly larger BPNs of around 285 µmolACP gATA-wt
‒1 were obtained by scaling-up of the 

MPBR’s width (Table 6).  

In contrast, conversions achieved in all three MPBRs were equal at the flow rates leading to 

the mean residence times below 2 min, while a slight deviation was observed for the widest 

channel at higher mean residence times/lower flow rates (Figure 36).  

 

 

Figure 36: Impact of channel width on substrate conversions at the MPBRs outlets at various flow rates and 

thereby mean residence times together with production rates estimated at 70% conversion in MPBRs with 

rectangular channels uniformly packed with LentiKats® having the specific enzyme activity of 0.50                        

U mgATA-wt
‒1. The reaction was performed under the same conditions as described in Figure 35. Other 

characteristics of the MPBRs are presented in Table 6. The relative standard deviations in the inset graphs are 

below 10%. 

Slika 36: Vpliv širine kanala na konverzijo substrata na izstopu iz MPBR pri različnih pretokih in s tem 

zadrževalnih časih skupaj s produktivnostjo, ocenjeno pri 70 % konverziji, v MPBR s pravokotnim kanalom z 

uniformnim slojem LentiKats® s specifično encimsko aktivnostjo 0,50 U mgATA-wt
‒1. Reakcijo smo izvedli pod 

enakimi pogoji kot je opisano na Sliki 35. Ostale značilnosti MPBR so predstavljene v Tabeli 6. Relativne 

standardne deviacije v notranjem grafu so manjše od 10 %.      
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This might be a consequence of unfavorable hydrodynamic conditions, since a direct inflow 

into the widest rectangular channel from the top single point might result in a non-uniform 

velocity profile along the channel width. The nonlinearity of production rate estimated at 

70% conversion for each separate MPBR as a function of channel width also confirmed 

previous assumptions (inset graph in Figure 36).  

In order to allow for sufficient fluid flow distribution along the channel width, a triangular 

pre-chamber containing pillars was introduced in the reactor design (Figures 34b and 34c), 

as pillar structures are often used in microchannels to guide the fluid flow (Saha et al., 2009; 

Amini et al., 2013). At the same time, the pillars placed in the triangular chamber at the 

channel outlet prevent possible wash-out of LentiKats® from the reactor. Monitoring of 

colored water flow within the empty channel of the widest dimension with the pre-chamber 

containing pillars revealed efficient flow distribution (Figure 37). 

 

 

Figure 37: The snapshot image of the time evolution of colored water flow distribution achieved by the inlet 

pre-chamber containing pillars in the hexagonal channel with the rectangular part of 82.00 mm length, 79.67 

mm width and 0.32 mm depth. The channel was filled with water, and colored water was pumped by means of 

a syringe pump at the flow rate of 1,000 µL min‒1. Pictures were taken at: a) 5 s; b) 15 s; c) 30 s; d) 40 s; e) 50 

s; f) 60 s; g) 70 s and h) ≥ 140 s after starting the pump. 

Slika 37: Posnetek časovnega poteka porazdelitve toka obarvane vode v kanalu s predkomoro, ki vsebuje 

stebričke za porazdelitev tekočine v šesterokotnem kanalu z 82,00 mm dolgim, 79,67 mm širokim in 0,32 mm 

globokim pravokotnim delom. Po napolnjenju kanala z vodo smo vanj s pomočjo injekcijske črpalke črpali 

obarvano vodo s pretokom 1000 µL min‒1. Slike smo posneli po času: a) 5 s; b) 15 s; c) 30 s; d) 40 s; e) 50 s; 

f) 60 s; g) 70 s in h) ≥ 140 s od zagona črpalke.   
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The MPBRs presented in Figure 34 with 4, 40.10 and 79.67 mm wide channels, where the 

latter two yielded reactor volumes above 1 mL (Table 6), were tested and compared 

regarding efficiency. The flow rates ranged from 1.7 to 50.8 µL min‒1 for the narrowest and 

from 36.3 to 1,090.0 µL min‒1 for the widest channel, yielding the mean residence times up 

to 35.4 min. The amount of packed LentiKats® with the specific enzyme activity of 0.73        

U mgATA-wt
‒1 yielded final enzyme loads between 43.49 and 46.87 U mL‒1 and bed porosities 

between 0.58 and 0.60 (Table 6). As evident from Figure 38, improved fluid flow distribution 

resulted in the almost equal performance of MPBRs with various channel widths, where 

proportionally higher flow rates were used to achieve the same mean residence times. 

Conversions of above 90% were achieved in all tested MPBRs within less than 20 min 

(Figure 38), while achieved BPNs were 485.2, 536.2 and 642.4 µmolACP gATA-wt
‒1 for the 

three consecutively wider channels, respectively (Table 6).  

 

 

Figure 38: Impact of channel width on substrate conversions at the MPBRs outlets at various flow rates and 

thereby mean residence times together with production rates estimated at 70% conversion in the MPBRs with 

rectangular (■) and hexagonal (▲ and ●) channels uniformly packed with LentiKats® having the specific 

enzyme activity of 0.73 U mgATA-wt
‒1. The reaction was performed under the same conditions as described in 

Figure 35. Other characteristics of the MPBRs are presented in Table 6. The relative standard deviations in the 

inset graphs are below 10%. 

Slika 38: Vpliv širine kanala na konverzijo substrata na izstopu iz MPBR pri različnih pretokih in s tem 

zadrževalnih časih skupaj s produktivnostjo, ocenjeno pri 70 % konverziji, v MPBR s pravokotnim (■) in 

šesterokotnim (▲ in ●) kanalom z uniformnim slojem LentiKats® s specifično encimsko aktivnostjo 0,73             

U mgATA-wt
‒1. Reakcijo smo izvedli pod enakimi pogoji kot je opisano na Sliki 35. Ostale značilnosti MPBR so 

predstavljene v Tabeli 6. Relativne standardne deviacije v notranjem grafu so manjše od 10 %.      

 

Favorable hydrodynamic conditions within all tested channel widths with pre-chambers 

containing pillars were further confirmed by linear increases in production rates with channel 

widths. The widest channel achieved a more than 20-times higher production rate than the 

MPBR with 4 mm wide channel of the same length (inset graph in Figure 38). 
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4.2.2.3 Miniaturized packed bed reactors of different channel depths 

 

Further study considered changes in channel depth for increasing the capacity of MPBRs 

with hexagonal channels having 82.80 mm long, 40.10 mm wide, and 0.32, 0.64, or 0.96 mm 

deep rectangular parts, where the last two had the reactor volumes above 2 mL (Table 6). 

The MPBRs were uniformly packed with LentiKats® with the enzyme-specific activity of 

0.73 U mgATA-wt
‒1 in one, two, or three layers, yielding final enzyme loads between 40.57 

and 43.49 U mL‒1, and bed porosities between 0.59 and 0.62 (Table 6). The substrate mixture 

was introduced at different flow rates ranging from 18.0 to 540.0 µL min‒1 for the MPBR 

with 0.32 mm deep channel, and from 57.7 to 1,730.7 µL min‒1 for the MPBR with 0.96 mm 

deep channel, yielding the mean residence times up to 35 min. It was demonstrated that only 

the MPBR containing one layer of LentiKats® reached maximal conversion within tested 

mean residence times, while the MPBRs with more layers of particles one on top of the other 

achieved significantly lower conversions at the same mean residence times (Figure 39). A 

decrease of BPNs from 536.2 µmolACP gATA-wt
‒1 achieved in the MPBR with one layer down 

to 362.7 µmolACP gATA-wt
‒1 achieved in the MPBR with three layers of LentiKats® (0.96 mm 

deep channel) was observed despite cca. 3-times increased flow rates (Table 6). This could 

result from the observed sticking of particles packed in layers, preventing the fluid flow 

around the particles and leading to the formation of flow channels. Such bypassing prevented 

substrate molecules from reaching all enzymes packed in more than one layer within the 

MPBRs. As a consequence, the production rate dropped about 1.8 times in the MPBRs with 

three layers of LentiKats® compared to the one with only one layer (inset graph in Figure 

39).  

Significantly lower conversions were obtained in the MPBR with the 0.64 mm deep channel 

randomly packed with LentiKats® with the enzyme-specific activity of 0.73 U mgATA-wt
‒1 in 

multiple layers yielding the final enzyme load of 167.45 U mL‒1 and bed porosity of 0.28 

(Table 6). BPN of 72.1 µmolACP gATA-wt
‒1 was achieved in this MPBR (Table 6). The less 

efficient performance of MPBRs with multiple layers of LentiKats® was again a consequence 

of the squeezing and sticking of hydrogel particles during the packing, resulting in the 

formation of larger fluid streams through the layer (Fogler, 1999). As a consequence, the 

production rate of only cca. 20 µmolACP h‒1 was achieved (inset graph in Figure 39). 
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Figure 39: Impact of channel depth and particle distribution on substrate conversions at the MPBR outlets at 

various flow rates and thereby mean residence times together with production rates estimated at 70% 

conversion in the MPBRs with hexagonal channels uniformly or randomly packed with LentiKats® having the 

specific enzyme activity of 0.73 U mgATA-wt
‒1. The reaction was performed under the same conditions as 

described in Figure 35. Other characteristics of the MPBRs are presented in Table 6. The relative standard 

deviations in the inset graph are below 10%.  

Slika 39: Vpliv globine kanala na konverzijo substrata na izstopu iz MPBR pri različnih pretokih in s tem 

zadrževalnih časih skupaj s produktivnostjo, ocenjeno pri 70 % konverziji, v MPBR s šesterokotnim kanalom 

z uniformnim ali neuniformnim slojem LentiKats® s specifično encimsko aktivnostjo 0,73 U mgATA-wt
‒1. 

Reakcijo smo izvedli pod enakimi pogoji kot je opisano na Sliki 35. Ostale značilnosti MPBR so predstavljene 

v Tabeli 6. Relativne standardne deviacije v notranjem grafu so manjše od 10 %.      

 

4.2.2.4 Estimation of temperature effects 

 

Miniaturized devices could be used for a high throughput optimization of the process 

parameters studied under continuous flow conditions, leading to lower material consumption 

in comparison to conventional systems (Wohlgemuth et al., 2015). In this study, a 

temperature effect on transamination was evaluated in the range from 30 to 75 °C at the flow 

rate of 25 µL min‒1 yielding the mean residence time of 2.6 min. Experiments were 

performed in a thermostated MPBR with a rectangular 81.61 mm long, 4.10 mm wide and 

0.32 mm deep channel, packed with one layer of LentiKats® with an enzyme-specific activity 

of 0.73 U mgATA-wt
‒1, giving bed porosity of 0.60 and enzyme load of 43.28 U mL‒1 (Table 

6).  

As evident from Figure 40, the results revealed 55 °C as the optimal temperature for the 

studied process using LentiKats® with immobilized ATA-wt. After 2.6 min at 55 °C, BPN 

of 361.7 µmolACP gATA-wt
‒1 and production rate of cca. 31.9 µmolACP h‒1 were achieved 

(Table 6), while MPBR with almost the same reactor geometry yielded BPN of 276.8 

µmolACP gATA-wt
‒1 and production rate of cca. 27 µmolACP h‒1 at similar mean residence time 
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(τ = 2.4 min) when operated at room temperature. Such result indicates on the enzyme 

thermostabilization after immobilization since 30 °C was determined as the optimal 

temperature for the same (non-immobilized) ATA-wt assayed using (S)-α-MBA and PYR 

(Börner et al., 2017a). On the other hand, an assay using isopropylamine and 4-phenyl-2-

butanone as a substrate revealed retained activity below 20% after 40 h of incubation at        

50 °C as well as decrease of enzyme specific activity at elevated temperatures (Börner et al., 

2017a, 2017b).     

  

 

Figure 40: Influence of temperature on conversion at the MPBR outlet at the flow rate of 25 µL min‒1 (τ = 2.6 

min) during the continuous operation of the MPBR uniformly packed with LentiKats® having the specific 

enzyme activity of 0.73 U mgATA-wt
‒1. The reaction was performed at the same conditions as described in Figure 

35, except the temperature. Other characteristics of the MPBR are presented in Table 6.  

Slika 40: Vpliv temperature na konverzijo na izstopu iz MPBR pri pretoku 25 µL min‒1 (τ = 2.6 min) ob 

kontinuirnem obratovanju MPBR z uniformnim slojem LentiKats® s specifično encimsko aktivnostjo 0,73      U 

mgATA-wt
‒1. Reakcijo smo izvedli pod enakimi pogoji kot je opisano na Sliki 35. Ostale značilnosti MPBR so 

predstavljene v Tabeli 6.   

 

Regarding other transaminases, ATA-117 (Codexis® Inc., Redwood City, USA) 

immobilized in a sol-gel/Celite 545 shown an optimal temperature between 40 and 50 °C, 

while the specific activity of non-immobilized enzyme decreased at temperatures above       

30 °C (Koszelewski et al., 2010b). This is consistent with reports on the optimal temperatures 

in the range between 50 °C and 60 °C reported for various immobilized ω-TAs (Schell et al., 

2009; Mallin et al., 2014).  

 

4.2.2.5 Estimation of operational stability  

 

In order to evaluate the operational stability of the system, the MPBR with a rectangular 20 

mm long, 4 mm wide and 0.23 mm deep channel was tested over the period of 21 days. The 
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channel was packed with one layer of LentiKats® having enzyme activity of 0.50                       

U mgATA-wt
‒1 and yielding enzyme load of 65.88 U mL‒1 and bed porosity of 0.40 (Table 6). 

As evident from Figure 41, the MPBR with ATA-wt immobilized in LentiKats® expressed 

relative volumetric productivity above 80% within the tested period (volumetric productivity 

at the beginning was 38.5 mmolACP L‒1 min‒1).  

 

 

Figure 41: Operational stability of the MPBR uniformly packed with LentiKats® having the specific enzyme 

activity of 0.50 U mgATA-wt
‒1 over the period of 21 days. The reaction in MPBR was performed by continuous 

pumping of 40 mM equimolar inlet concentration of (S)-α-MBA and PYR in 20 mM sodium phosphate buffer 

(pH 8.0) together with 0.1 mM PLP, at the flow rate of 0.5 µL min‒1 at 24 ºC. Other characteristics of the 

MPBR are presented in Table 6. 

Slika 41: Obratovalna stabilnost MPBR z uniformnim slojem LentiKats® s specifično encimsko aktivnostjo 

0,50 U mgATA-wt
‒1 v obdobju 21 dni. Reakcijo smo izvedli z kontinuiranim črpanjem 40 mM ekvimolarne 

mešance (S)-α-MBA in PYR v 20 mM natrijevem fosfatnem pufru (pH 8,0) z 0,1 mM PLP pri pretoku                

0,5 µL min‒1 in pri 24 °C. Ostale značilnosti MPBR so predstavljene v Tabeli 6. 

 

No changes in the physical or mechanical characteristics of LentiKats® were observed during 

continuous MPBR operation. Results obtained with LentiKats® in the developed MPBR 

were much better than reported for MPBR with His6-tagged ω-TAs immobilized onto          

Ni-NTA agarose beads, for which the productivity was reduced to 60% after only 8 h of a 

continuous process (Halim A. A. et al., 2013), and in the study with E. coli cells 

overexpressing ω-TA, immobilized in LentiKats®, which retained around 80% of initial 

activity in five consecutive batch processes, each running for 3 h (Cárdenas-Fernández et al., 

2012). Furthermore, sol-gel/Celite 545 immobilized ATA-117 retained 78% of its initial 

activity after 8 repetitive uses (total time 8 days) in a batch process for the kinetic resolution 

of rac-4-phenyl-2-butylamine at 30 °C (Koszelewski et al., 2010b). The same ATA-117 

entrapped in a sol-gel carrier prepared by PVA and used for the kinetic resolution of racemic 

MBA retained cca. 82% of its initial activity after 5 days at 30 °C (Päiviö and Kanerva, 

2013).  
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4.2.3 Hydrodynamics in miniaturized packed bed reactors with LentiKats®  

 

The hydrodynamics in MPBRs is categorized as one of the three major topics important for 

reactor efficiency (together with mass transfer and kinetic studies) and mainly considers flow 

regime, pressure drop and RTD (Faridkhou et al., 2016). MPBRs have similarities with both 

macro- as well as micro-scale reactors. The former are similar to the MPBRs regarding the 

operational and structural point of view, while the latter are similar regarding the scale point 

of view (Faridkhou et al., 2016). Therefore, this subchapter deals with the hydrodynamics of 

MPBRs packed with LentiKats®, whereby their characteristics are estimated under the 

operational conditions (conditions applied during the transamination reaction presented in 

Sections 4.2.2.2 and 4.2.2.3). 

 

4.2.3.1 Pressure drop  

 

The measurements have revealed moderate and linearly dependent pressure drops in the 

MPBRs along the applied range of flow rates, which is in accordance with the predictions. 

The pressure drops were approximately equal among various channel geometries, except in 

the smallest among the tested MPBR with a rectangular channel of 81.50 mm length, 4.00 

mm width and 0.32 mm depth, where the pressure drop of cca. 9 kPa was measured at the 

flow rate of 100 µL min‒1 (Figure 42).  

 

 
Figure 42: The effect of flow rate on the pressure drop in an MPBR with rectangular channel uniformly packed 

with LentiKats® in one layer (Q = 10‒100 µL min‒1; T = 24 ºC). Other characteristics of the MPBR are 

presented in Table 6. 

Slika 42: Vpliv pretoka na padec tlaka v MPBR s pravokotnim kanalom z uniformnim enim slojem LentiKats® 

(Q = 10‒100 µL min‒1; T = 24 ºC). Ostale značilnosti MPBR so predstavljene v Tabeli 6. 
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This is at the same time the MPBR with the longest rectangular channel, so the measured 

pressure drop is assumed to be maximal compared to the MPBRs with shorter channels of 

the same geometry described previously (Table 6). Such results are presumed to be a 

consequence of the reactor's design. Namely, only the MPBR with 81.50 mm long, 4.00 

mm wide and 0.32 mm deep rectangular channel had LentiKats® packed directly below the 

inlet and outlet holes, which could increase the pressure drop, while this was not the case 

with MPBRs with triangular pre-chambers containing pillars (Figure 34b and 34c). The 

measured pressure drop was a 3-times higher than that of cca. 3 kPa measured in other 

MPBRs at the same flow rate (Q = 100 µL min‒1) (Figure 43).  

 

 

Figure 43: The effect of flow rate on the pressure drop in the MPBRs with hexagonal channels of different 

widths and depths uniformly or randomly packed with LentiKats® (Q = 100‒1,000 µL min‒1; T = 24 ºC). Other 

characteristics of the MPBRs are presented in Table 6. 

Slika 43: Vpliv pretoka na padec tlaka v MPBR s šesterokotnimi kanali različnih širin in globin z uniformnim 

ali neuniformnim slojem LentiKats® (Q = 100‒1000 µL min‒1; T = 24 ºC). Ostale značilnosti MPBR so 

predstavljene v Tabeli 6. 

  

The measured pressure drops in the MPBRs with hexagonal channels were higher at 

elevated flow rates but still moderate, not exceeding 42 kPa at the flow rate of 1,000            

µL min‒1 (Figure 43). For instance, a pressure drop in a microreactor packed with the 

spherical microparticles (diameter 53‒74 µm) was 560 kPa measured by flowing ethanol 

at the same flow rate (Losey et al., 2001). Ajmera et al. (2002) have been proposed a 

solution for excessive pressure drops in miniaturized devices, where a cross-flow reactor 

design capable of minimizing the pressure drop through the bed of microparticles has been 

reported.  

On the other hand, the large-scale packed bed chromatographic columns packed with a   

gel-type material undergo unforeseeable increase of the pressure drop due to a sudden and 
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unexpected collapse of the gel beads (Weuster-Botz et al., 2007). In such a way, a 

preparative-scale chromatographic column packed with the gel-type ion exchange resin 

(diameter 20‒30 µm) had the pressure drop up to 24.9 MPa at flow rate of 500 µL min‒1 

(Ladisch, 2001; Weuster-Botz et al., 2007). Such results once again confirmed ascendancy 

of the MPBR, and are in accordance with the assertions from the literature that the enzymes 

are more stable in MPBRs due to lower pressure drop compared with CPBRs (Wohlgemuth 

et al., 2015).    

As evident from Table 7, the MPBRs of different sizes and uniform packing had basically 

the same Rep calculated at the maximal flow rates (except the MPBR with three layer of 

particles, which is expected to be within the similar range), while the MPBR with random 

packing had slightly larger Rep. These estimations undoubtedly confirmed the existence of 

laminar flow (Ribeiro et al., 2010). The unchanged Rep at proportionally higher flow rates at 

the inlets of different MPBRs indicates retained hydrodynamic properties. 

 
Table 7: Hydrodynamic characteristics and energy dissipation rate of MPBRs with LentiKats® at 24 ºC.   

Tabela 7: Hidrodinamske lastnosti in vnos moči v MPBR z LentiKats® pri 24 ºC.  

l 

[mm] 

w 

[mm] 

d 

[mm] 

No. of 

layersb) 

Qc) 

[µL min‒1] 

Rep
d) 

[–] 

P1
e) 

[kW m‒3] 

Priceg) 

[€ m‒3 day‒1] 

81.50 4.00 0.32 1 50.8 0.66 0.07 0.13 

82.80 40.10a) 0.32 1 540.0 0.68 0.20f) 0.39f) 

82.00 79.67a) 0.32 1 1,090.0 0.68 0.39f) 0.74f) 

82.80 40.10a) 0.64 2 1,118.7 0.68 0.47f) 0.89f) 

82.80 40.10a) 0.64 2‒3 616.4 0.81 0.23f) 0.43f) 

a) The values refer to the width of the rectangular part of the hexagonal channel. 

b) Number of LentiKats® layers placed one on top of the other within the channel depth.  

c) Maximal flow rate under reaction conditions.  

d) Calculated according to Equation 13 at maximal flow rates using the Sauter mean diameter of LentiKats® (d32 = 0.52 mm), bed 

porosities as stated in Table 6 and properties of water as follows: ρ = 997.3 kg m‒3 and η = 9.11 × 10‒4 Pa s.  

e) Energy dissipation rate estimated from the experimental data for given operational conditions (Sections 4.2.2.2 and 4.2.2.3).   

f) Estimated including the void volume in the triangular pre-chambers containing pillars.  

g) The price for the operation of the MPBR under given conditions over the period of one day. Estimated based on the average electricity 
price for industry exclusive of VAT in the Republic of Slovenia (0.079 EUR kWh‒1) in the 4th quarter 2016 (SORS, 2016).  

 

The relationships between applied flow rates and pressure drops (Figures 42 and 43) were 

used to estimate important parameters related to the flow regime, energy dissipation rate and 

operational costs per single MPBR under the operational conditions used for the 

biotransformation (Sections 4.2.2.2 and 4.2.2.3) (Table 7). Namely, the energy dissipation 

rate was up to 0.47 kW m‒3, which requires up to 0.89 € m‒3 to operate the reactor under 

given conditions over the period of one day. For instance, a batch reactor (V = 1 m3), static 

mixer (V = 1 × 10‒5 m3) and packed microchannel (V = 1 × 10‒8 m3) would cause the energy 
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dissipation rate of 10, 179.5‒2,991.9 and 29.9‒4,886.8 kW m‒3 if using water as working 

fluid, respectively (Su et al., 2010 and ref. therein).  

 

4.2.4 Mass transfer in a miniaturized packed bed reactor with LentiKats® 

 

The influence of fluid flow dynamics on the immobilized transaminase specific activity 

within LentiKats® was firstly evaluated in a mixing reactor at different stirring speeds. By 

increasing the stirring speed from 400 rpm to 600, 800 and 1,000 rpm, estimated specific 

enzyme activities increased from 0.50 to 0.53, 0.54 and 0.59 U mgATA-wt
‒1, respectively. It 

indicates that the outer boundary layer of the fluid at the surface of the particles, acting as a 

mass transfer barrier, influenced the reaction rate in the batch reactor. Nonetheless, this 

boundary layer was assumed to be insignificant in the MPBR due to very small scale length, 

what has already been discussed in the theoretical part (Section 2.3.3.1). 

Furthermore, diffusion coefficients for (S)-α-MBA, PYR, ACP and L-ALA in water (DMBA, 

DPYR, DACP and DALA) were estimated using the Wilke-Chang empirical correlation (Equation 

8), while the corresponding effective diffusion coefficients in hydrogel (DeMBA, DePYR, DeACP 

and DeALA) were estimated using Equation 16 and taking into accound porosity (εLK) and 

tortuosity (ζLK) of LentiKats® as 0.703 and 1.170, respectively (Schenkmayerová et al., 

2014). Estimated values are within the order of magnitude typically reported for various 

chemical species in water (Introduction to Soil…, 2015), and in hydrogels (Axelsson and 

Persson, 1988; Ariga et al., 1994; Graham and Jovanovic, 1999) (Table 8).   

  
Table 8: Estimated values of diffusion (D) and effective diffusion (De) coefficients for substrates and products 

of transamination in water and in LentiKats®, respectively.  

Tabela 8: Ocenjene vrednosti difuzijskih koeficientov za substrate in produkte transaminacije v vodi (D) in 

pripadajočih koeficientov efektivne difuzije (De) v LentiKats® pripravku. 

Parameter Estimated value  Parameter Estimated value 

DMBA 0.90 × 10‒9 m2 s‒1 DeMBA 5.38 × 10‒10 m2 s‒1 

DPYR 1.13 × 10‒9 m2 s‒1 DePYR 6.82 × 10‒10 m2 s‒1 

DACP 0.95 × 10‒9 m2 s‒1 DeACP 5.71 × 10‒10 m2 s‒1 

DALA 1.22 × 10‒9 m2 s‒1 DeALA 7.34 × 10‒10 m2 s‒1 

 

Regarding mass transport phenomena in MPBRs, a time-scale analysis was performed based 

on the example of the MPBR with 81.50 mm long, 4.00 mm wide and 0.32 mm deep 

rectangular channel uniformly packed with one layer of LentiKats® (Table 6) in order to 

identify the rate limiting step for the overall process flow. The values of Pep, calculated 

according to Equation 18 and considering diffusivity of (S)-α-MBA (Table 8), were 

sufficiently high (from 22.35 to 670.62 at the applied flow rates from 1.7 to 50.8 μL min‒1, 

respectively) to conclude the dominance of the convective mass transport over the diffusive 
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one along the channel length. Therefore, assuming a uniform fluid distribution across the 

entire width of the channel, it could be said that the reactant molecules are being transferred 

rapidly to the surface of the particles and the characteristic diffusion times in the directions 

of the channel width and depth could be neglected in order to simplify the analysis. So, the 

relevant characteristic times used in the analysis are the mean residence time, reaction time 

and diffusion time in a porous LentiKats® approximated as a spherical particle with the 

Sauter mean diameter of 0.52 mm (Table 9). 

  
Table 9: Characteristic times considered in the time-scale analysis of an MPBR with LentiKats®.  

Tabela 9: Značilni časi upoštevani pri časovno-dimenzijski analizi v MPBR z LentiKats® delci. 

Characteristic time Equation  Estimated value 

Mean residence time, τ Equation 24a) 1.2‒35.4 min  

Reaction time, τr Equation 11b) 1.55 min 

Diffusion time in the porous particle, τp Equation 17c) 2.09 min  

a) Parameters: Vv = 60 μL; Q = 1.7‒50.8 μL min‒1.  

b) Parameters: CSin = 40 mol m‒3; Ce = 36.92 g L
‒1; v0 = 7 × 10‒4 mol g‒1 min‒1 (v0 was experimentally obtained for the non-immobilized 

enzyme in a batch reactor at 24 ºC according to the protocol for enzyme activity determination described in Section 3.3.2).  

c) Parameters: d32 = 0.52 mm; De = 5.38 × 10‒10 m2 s‒1 (De was used for (S)-α-MBA, since it was lower than for PYR).  

 

Comparison of estimated characteristic times presented in Table 9 has revealed that τp > τr, 

which indicates the diffusive mass transfer inside LentiKats®, visualized in Figure 44, as the 

limiting factor for the overall reaction process.  

 

 
Figure 44: Visualization of diffusion process into LentiKats® using Amidoblau V: the dye diffuses from the 

brim towards the center of the particle.  

Slika 44: Vizualizacija difuzije v LentiKats® z barvo Amidoblau V: barva difundira od roba proti centru delca. 

 

This was not unexpected because the diffusive mass transfer limitation is a common problem 

when using porous hydrogel particles as biocatalysts carriers (Jovanovic et al., 2015). An 

opposite situation has been reported for a microreactor with ω-TA immobilized on the inner 
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walls based on the ionic interactions of positively tagged enzyme and negatively charged 

surface, wherein the absence of any physical hindrance (e.g. caused by porous carrier 

material) led to the reaction-limited process (Miložič et al., 2017).   

The conclusion of this time-scale analysis also stands for the MPBRs with wider channels, 

because they had approximately the same hydrodynamic conditions (similar values of Rep 

with maximal error of 3.16%, mostly due to the differences in bed porosity). 

 

4.3 MINIATURIZED PACKED BED REACTORS WITH NOVOZYM® 435 

 

4.3.1 Characterization of Novozym® 435 

 

As reported in the literature (Denčić et al., 2013), spherical particles of the immobilized 

preparation Novozym® 435 have a high polydispersity, which is undesirable for the 

application in MPBRs. These findings were confirmed through the measurements of the 

particle diameter performed on a random sample (n = 300) obtained from the commercial 

preparation. The results revealed a very broad size distribution of particles, with the average 

diameter of 351.39 ± 132.18 µm. In order to gain a narrower size distribution, the initial 

sample was sieved through the sieves with the pore size ranging from 500 to 425 µm and 

from 425 to 300 µm, respectively. The first fraction had the average particle diameter of 

462.94 ± 19.60 µm, while the second contained the particles with the average diameter of 

372.10 ± 27.05 µm (Figure 45). It was also observed that the fraction below 300 µm 

contained a lot of debris and dust emanating from the broken particles, so this fraction would 

not be suitable for the application.  

 

 

Figure 45: A size distribution of the Novozym® 435 fraction obtained after sieving through the sieves with the 

pore size from 425 to 300 µm (n = 300). 

Slika 45: Porazdelitev velikosti delcev pripravka Novozym® 435 po presejanju skozi sita z velikostjo por od 

425 do 300 µm (n = 300). 
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Therefore, the particles from the second fraction were exclusively used throughout the study. 

The specific activity of Novozym® 435 from this fraction evaluated in a batch experiment 

and expressed either per mass of immobilized CaLB or per mass of particles were 133.05 ± 

2.71 U mgCaLB
‒1 and 13.31 ± 0.27 U mgN435

‒1, respectively. 

 

4.3.2 Biotransformation in miniaturized packed bed reactors with Novozym® 435 

 

The second biotransformation, namely transesterification of VB to BB, was successfully 

performed in the developed MPBRs with rectangular (Figure 46a) and hexagonal (Figure 

46b) channels of various sizes randomly packed in one or two layers with immobilized CaLB 

in the form of commercial preparation Novozym® 435. The scale-up principle was the same 

as in the case of the MPBRs with LentiKats®, while the design of MPBRs was enriched by 

embedding an additional layer of the non-compressible PTFE stripe to define the channel 

depth and a thin double-sided adhesive tape to fix and retain the particles within the reactor.  

 

 

Figure 46: MPBRs, randomly packed with one layer of Novozym® 435 in: a) rectangular channel; b) hexagonal 

channel with triangular inlet and outlet parts containing pillars. 

Slika 46: MPBR z enim slojem Novozym® 435 pripravka v: a) pravokotnem kanalu; b) šesterokotnem kanalu 

s trikotnim vstopnim in izstopnim delom s stebrički.  

 

Characteristics and performances of tested MPBRs are summarized in Table 10.  
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Table 10: Characteristics and performance of tested MPBRs with Novozym® 435 at 24 ºC.  

Tabela 10: Značilnosti testiranih MPBR z Novozym® 435 pri 24 ºC. 

l 

[mm] 

w 

[mm] 

d 

[mm] 

No. of 

layersb) 

V 

[µL] 

Vv
c) 

[µL] 

ε 

[–] 

γe 

[U µL‒1] 

BPNd) 

[mmolBB gCaLB
‒1] 

23.93 3.12 0.40 1 29.9 17.1 0.57 5.53 13.56 

52.19 2.95 0.40 1 61.6 35.3 0.57 5.51 12.72 

81.00 2.94 0.40 1 95.3 56.5 0.59 5.06 13.35 

50.88 15.80a) 0.40 1 321.6 184.0 0.57 5.52 12.18 

53.79 29.22a) 0.40 1 628.7 363.6 0.58 5.38 12.64 

50.88 15.80a) 0.80 2 643.1 375.6 0.58 5.26 14.03 

23.93 3.12 0.40 1 29.9 17.1 0.57 5.53  11.39e) 

82.00 2.92 0.40 1 95.8 55.9 0.58 5.28 7.21f) 

a) The values refer to the width of the rectangular part of the hexagonal channel.  

b) Number of Novozym® 435 layers placed one on top of the other within the channel depth.  

c) Estimated from the reactor volume and volume of particles calculated from their mass and density. 

d) Maximal BPN calculated at the longest mean residence time (τ = 1.4 min).  

e) Calculated at T = 75 °C and τ = 0.1 min.  

f) Calculated at the beginning of the operational stability experiment (Q = 559 µL min‒1 and τ = 0.1 min). 

 

4.3.2.1 Miniaturized packed bed reactors of different channel lengths 

 

The MPBRs with only one layer of Novozym® 435 with the specific enzyme activity of 

133.05 U mgCaLB
‒1 were tested first. The particles (7.1 to 21.5 mg) were randomly packed in 

23.93 to 81.00 mm long, cca. 3 mm wide (differences are stemming from the channel cutting; 

error is less than 3%) and 0.40 mm deep rectangular channels with volumes from 29.9 to 

95.3 µL, yielding final enzyme loads between 5.06 and 5.53 U µL‒1 (Table 10). Bed 

porosities of tested MPBRs were between 0.57 and 0.59 (Table 10), which is slightly less 

than the value of 0.64 reported by Pohar et al. (2012) who had a 90 mm long, 5 mm wide 

and 0.448 mm deep rectangular channel packed with Novozym® 435 with the average 

diameter of 454 µm. An equimolar 600 mM solution of both substrates in n-heptane was 

pumping through the MPBRs at flow rates ranging from 12.2 to 565.2 µL min‒1 in order to 

achieve the mean residence times from 0.1 to 1.4 min.  

All three tested MPBRs performed equally well at the same mean residence times and the 

maximal conversion of cca. 95% was obtained in less than 0.8 min (Figure 47). By 

comparison, the same reaction performed in an MPBR with the CaLB concentration 

expressed per reactor volume of 24.80 gCaLB L‒1 (the MPBRs tested within this part had the 

CaLB concentrations expressed per reactor volume from 22.57 to 23.77 gCaLB L‒1) at 25 °C 
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using an imidazolium-based ionic liquid as a solvent achieved a 100% conversion in cca.      

5 min (Pohar et al., 2012).   

 

 

Figure 47: Impact of channel length on substrate conversion at the MPBRs outlets at various flow rates and 

thereby mean residence times together with production rates estimated at the longest mean residence time 

(maximal conversion) in the MPBRs with rectangular channels randomly packed in one layer with Novozym® 

435 having the specific enzyme activity of 133.05 U mgCaLB
‒1. The reaction was performed by continuous 

pumping of 600 mM equimolar inlet concentration of VB and BUT in n-heptane, at room temperature (T = 24 

°C). Other characteristics of the MPBRs are presented in Table 10. The relative standard deviations in the inset 

graph are below 2%. 

Slika 47: Vpliv dolžine kanala na konverzijo substrata na izstopu iz MPBR pri različnih pretokih in s tem 

zadržavalnih časih skupaj s produktivnostjo, ocenjeno pri najdaljšem zadrževalnem času (makismalni 

konverziji). MPBR so imeli pravokotni kanal naključno polnjen v enem sloju z Novozym® 435 pripravkom s 

specifično encimsko aktivnostjo 133,05 U mgCaLB
‒1. Reakcijo smo izvedli z kontinuiranim črpanjem 600 mM 

ekvimolarne vstopne raztopine VB in BUT v n-heptanu pri sobni temperaturi (T = 24 °C). Ostale značilnosti 

MPBR so predstavljene v Tabeli 10. Relativne standardne deviacije v notarnjem grafu so manjše kot 2 %.     

 

The comparison of production rates in MPBRs of varying channel lengths estimated at the 

longest mean residence time (i.e. maximal conversions) revealed a linear proportionality 

(inset graph in Figure 47), whereby BPNs between 12.72 and 13.56 mmolBB gCaLB
‒1 were 

achieved (Table 10), which confirmed an efficient scale-up by increasing channel length 

within tested inlet concentrations. 

 

4.3.2.2 Miniaturized packed bed reactors of different channel widths 

 

Selected transesterification was further conducted in the MPBRs with the basic rectangular 

(Figure 46a) or hexagonal (Figure 46b) channels containing pre-chambers with pillars. The 

MPBRs had 2.95 to 29.22 mm wide channels of cca. 52.29 mm length (error less than 3%) 

and 0.40 mm depth, randomly packed with Novozym® 435 (from 14.6 to 147.1 mg) having 
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the specific enzyme activity of 133.05 U mgCaLB
‒1, yielding in that way the final enzyme 

loads of 5.51, 5.52 and 5.38 U µL‒1, as shown in Table 10. In addition, bed porosities of 0.57 

and 0.58 were achieved (Table 10), which were approximately the same as in the previous 

set of experiments. The flow rates were set to range from 25.2 to 3,636.4 µL min‒1 in all 

three MPBRs in order to achieve the mean residence times from 0.1 to 1.4 min.  

The maximal conversion of cca. 95% was again achieved within less than 0.8 min in all 

tested MPBRs (Figure 48), while the production rate estimated at the longest mean residence 

time kept its linearity with increasing channel width. The MPBR with the widest channel 

(29.22 mm) achieved cca. 10-times higher production rate than the MPBR with the narrowest 

channel (2.95 mm) (inset graph in Figure 48). The achieved BPNs were revolving around 

12.51 mmolBB gCaLB
‒1 for the three MPBRs with the consecutively wider channels (Table 

10).  

 

 

Figure 48: Impact of channel width on substrate conversion at the MPBRs outlets at various flow rates and 

thereby mean residence times together with production rates estimated at the longest mean residence time 

(maximal conversion) in the MPBRs with rectangular (■) or hexagonal (▲ and ●) channels randomly packed 

in one layer with Novozym® 435 having the specific enzyme activity of 133.05 U mgCaLB
‒1. The reaction was 

performed under the same conditions as described in Figure 47. Other characteristics of the MPBRs are 

presented in Table 10. The relative standard deviations in the inset graph are below 2%.  

Slika 48: Vpliv širine kanala na konverzijo substrata na izstopu iz MPBR pri različnih pretokih in s tem 

zadrževalnih časih skupaj s produktivnostjo ocenjeno pri najdaljšem zadržavalnem času (makismalni 

konverziji) v MPBR s pravokotnim (■) ali šesterokotnim (▲ in ●) kanalom, naključno polnjenim z enim slojem 

Novozym® 435 pripravka s specifično encimsko aktivnostjo 133,05 U mgCaLB
‒1. Reakcijo smo izvedli pod 

enakimi pogoji kot je opisano na Sliki 47. Ostale značilnosti MPBR so predstavljene v Tabeli 10. Relativne 

standardne deviacije v notranjem grafu so manjše od 2 %.     
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4.3.2.3 Miniaturized packed bed reactors of different channel depths 

 

The effect of the channel depth on the reactor performance was examined using two MPBRs 

with the same length and width (50.88 and 15.80 mm), and with channel depths of 0.40 and 

0.80 mm, respectively (Table 10). The hexagonal channels with the pre-chambers containing 

pillars were randomly packed within the rectangular parts of the MPBR in one or two layers 

with Novozym® 435 (76.3 and 148.4 mg, respectively). Such packing resulted in final 

enzyme loads of 5.52 and 5.26 U µL‒1 as well as bed porosities of 0.57 and 0.58, respectively 

(Table 10). Evaluation of the MPBRs was performed under the flow rates ranging from 131.5 

to 3,756.3 µL min‒1 in order to achieve the mean residence times from 0.1 to 1.4 min. 

As evident from Figure 49, the MPBR with two layers achieved slightly higher conversion 

at mean residence times below 0.6 min than the MPBR with one layer.  

 

 

Figure 49: Impact of channel depth on substrate conversion at the MPBRs outlets at various flow rates and 

thereby mean residence times together with production rates estimated at the longest mean residence time 

(maximal conversion) in the MPBRs with hexagonal channels randomly packed in one or two layers with 

Novozym® 435 having the specific enzyme activity of 133.05 U mgCaLB
‒1. The reaction was performed under 

the same conditions as described for MPBRs in Figure 47. Other characteristics of the MPBRs are presented 

in Table 10. The relative standard deviations in the inset graph are below 2%. 

Slika 49: Vpliv globine kanala na konverzijo substrata na izstopu iz MPBR pri različnih pretokih in s tem 

zadrževalnih časih skupaj s produktivnostjo ocenjeno pri najdaljšem zadržavalnem času (makismalni 

konverziji) v MPBR z šesterokotnim kanalom naključno polnjenim z enim ali dvema slojema Novozym® 435 

pripravka s specifično encimsko aktivnostjo 133,05 U mgCaLB
‒1. Reakcijo smo izvedli pod enakimi pogoji kot 

je opisano na Sliki 47. Ostale značilnosti MPBR so predstavljene v Tabeli 10. Relativne standardne deviacije 

v notranjem grafu so manjše od 2 %.      

 

As a consequence, estimated production rates at the longest mean residence time slightly 

deviate from the linearity but still should allow for the efficiently increased capacity (inset 

graph in Figure 49). As presented in Table 10, achieved BPN in the MPBR with two layers 
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of particles (14.03 mmolBB gCaLB
‒1) was slightly higher than that achieved in the MPBR with 

one layer of particles (12.18 mmolBB gCaLB
‒1). 

 

4.3.2.4 Estimation of temperature effects 

 

It has been reported that the immobilized CaLB in the form of Novozym® 435 is stable at 

temperatures up to 80 °C (Denčić et al., 2013; Wang J. et al., 2013, 2014). A temperature 

effect on the transesterification reaction was evaluated in a thermostated MPBR with 23.93 

mm long, 3.12 mm wide and 0.40 mm deep rectangular channel randomly packed in one 

layer with 7.1 mg of Novozym® 435 with specific enzyme activity of 133.05 U mgCaLB
‒1, 

yielding bed porosity of 0.57 and final enzyme load of 5.53 U µL‒1 (Table 10). An equimolar 

600 mM solution of both substrates was continuously pumped through the MPBR at the flow 

rate of 170.7 µL min‒1 (τ = 0.1 min). The solvent used in transesterification (n-heptane), one 

substrate (BUT) and the product (BB) have the boiling points at 98.4, 117.6 and 166.7 °C, 

respectively (NCBI, 2004), so in order to avoid possible problems with the sample 

evaporation, the temperature range tested was from 24 to 80 °C. It has been shown that 75 

°C is the optimal temperature, because the highest conversion of cca. 81% was achieved at 

the mean residence time of 0.1 min, which is almost 2-times higher than at 24 °C (Figure 

50).  

 

 

Figure 50: Influence of temperature on conversion at the channel outlet at the flow rate of 170.7 µL min‒1          

(τ = 0.1 min) during the continuous operation of the MPBR randomly packed with Novozym® 435 having the 

specific enzyme activity of 133.05 U mgCaLB
‒1. The reaction was performed at the same conditions as described 

for MPBRs in Figure 47, except the temperature. Other characteristics of the MPBR are presented in Table 10.  

Slika 50: Vpliv temperature na konverzijo na izstopu iz kontinuirno delujočega MPBR pri pretoku 170,7           

µL min‒1 (τ = 0,1 min). MPBR je bil naključno polnjen z Novozym® 435 pripravkom s specifično encimsko 

aktivnostjo 133,05 U mgCaLB
‒1. Reakcijo smo izvedli pod enakimi pogoji kot je opisano na Sliki 47, razen 

temperature. Ostale značilnosti MPBR so predstavljene v Tabeli 10.   
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This equals to BPN of 11.39 mmolBB gCaLB
‒1 and production rate of 4.85 mmolBB h‒1. Further 

increase in the temperature resulted in decrease of the reaction rate, since the maximal 

conversion decreased from cca. 81% at 75 °C to cca. 74% at 80 °C (Figure 50). This was 

likely caused by irreversible enzyme inactivation. By comparison, the optimal temperature 

is close to that of 70 °C reported by Wang J. et al. (2014).   

  

4.3.2.5 Estimation of operational stability 

 

The operational stability of the system was evaluated over the period of 53 days using the 

MPBR with a 82.00 mm long, 2.92 mm wide and 0.40 mm deep rectangular channel 

randomly packed with 22.2 mg of Novozym® 435, yielding bed porosity of 0.58 and final 

enzyme load of 5.28 U µL‒1 (Table 10). The volumetric productivity at the beginning of the 

experiment was 2,862.79 mmolBB L‒1 min‒1, and it dropped below 50% of the initial one 

after the period of 53 days (Figure 51).  

 

 

Figure 51: Operational stability of the MPBR randomly packed with Novozym® 435 having the specific enzyme 

activity of 133.05 U mgCaLB
‒1 over the period of 53 days. The reaction was performed by pumping of 600 mM 

equimolar inlet concentration of VB and BUT in n-heptane (Q = 559 µL min‒1, τ = 0.1 min, T = 24 ºC). Other 

experimental conditions are described in Section 3.4.4.3. Other characteristics of the MPBR are presented in 

Table 10. 

Slika 51: Obratovalna stabilnost MPBR z naključno polnjenim pripravkom Novozym® 435 s specifično 

encimsko aktivnostjo 133,05 U mgCaLB
‒1 v obdobju 53 dni. Reakcijo smo izvedli s črpanjem 600 mM 

ekvimolarne vstopne raztopine VB in BUT v n-heptanu (Q = 559 µL min‒1, τ = 0,1 min, T = 24 ºC). Ostali 

eksperimentalni pogoji so opisani v poglavju 3.4.4.3. Ostale značilnosti MPBR so predstavljene v Tabeli 10. 

 

By comparison, the activity of the same enzyme preparation dropped to 50% after 11 days 

of the continuous synthesis of caffeic acid phenethyl ester in 1-butyl-3-methylimidazolium 

bis(trifluoromethylsulfonyl)imide at 60 °C using an MPBR with 75 mm long, 1 cm wide and 



Bajić M. Development of miniaturized packed bed reactors with immobilized enzymes for biocatalytic processes. 

   Doctoral dissertation. Ljubljana, University of Ljubljana, Biotechnical Faculty, 2017 

91 
 

500 µm deep rectangular channel packed with 90 mg of Novozym® 435 (Wang J. et al., 

2014).  

 

4.3.3 Hydrodynamics in miniaturized packed bed reactors with Novozym® 435 

 

Hydrodynamics of MPBRs with Novozym® 435 has been considered with the same approach 

as in the case of MPBRs with LentiKats®. Since the transesterification was performed in       

n-heptane, the ratio of pressure drops caused by flowing water and n-heptane was calculated 

by the Ergun equation using their viscosities and densities as variables, and further used to 

estimate the pressure drop under the operational conditions (the values which would occur 

by flowing n-heptane under the flow rates applied in Sections 4.3.2.1‒4.3.2.3). Moreover, 

the RTD analysis of the MPBRs with rectangular channels is added to this subchapter.    

 

4.3.3.1 Pressure drop 

 

Similar as in the previous case with MPBRs packed with LentiKats®, the measurements 

have shown moderate and linearly dependent pressure drops in the MPBRs along the 

applied range of flow rates. The highest pressure drop of cca. 88 kPa was measured at the 

flow rate of 1,800 µL min‒1 in the MPBR with 53.79 mm long and 29.22 mm wide 

rectangular part (Figure 52).  

 

 

Figure 52: The effect of the flow rate on the pressure drop in the MPBRs with rectangular (■, ▲, ●) and 

hexagonal (♦, □, △) channels randomly packed with Novozym® 435 (Q = 30‒1,800 µL min‒1; T = 24 ºC). Other 

characteristics of the MPBRs are presented in Table 10. 

Slika 52: Vpliv pretoka na padec tlaka v MPBR s pravokotnimi (■, ▲, ●) in šesterokotnimi (♦, □, △) kanalom, 

naključno polnjenim z Novozym® 435 pripravkom (Q = 30‒1800 µL min‒1; T = 24 ºC). Ostale značilnosti 

MPBR so predstavljene v Tabeli 10. 
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Calculation of Rep under the reaction conditions (where n-heptane was used as the solvent) 

has revealed completely laminar flow regime, with Rep calculated at the maximal flow rates 

varying between 2.47 and 8.37 (Table 11). This is still below the critical value of 10 which 

assumes the switch to the transitional flow regime (Ribeiro et al., 2010). The ratio of pressure 

drops caused by flowing two fluids of different viscosities and densities (Δpwater/Δpheptane ~ 

2.2) calculated applying the Ergun equation (Equation 15) was used for the estimation of 

pressure drops under the reaction conditions (Sections 4.3.2.1‒4.3.2.3), and the obtained data 

were then used to estimate energy dissipation rate and operational costs per single MPBR 

(Table 11).  

 

Table 11: Hydrodynamic characteristics and energy dissipation rate of MPBRs with Novozym® 435 at 24 ºC.   

Tabela 11: Hidrodinamske lastnosti in vnos moči za MPBR z Novozym® 435 pri 24 ºC. 

l 

[mm] 

w 

[mm] 

d 

[mm] 

No. of 

layersb) 

Qc) 

[µL min‒1] 

Rep
d) 

[–] 

P1
e) 

[kW m‒3] 

Priceg) 

[€ m‒3 day‒1] 

23.93 3.12 0.40 1 170.7 2.47 0.51 0.96 

52.19 2.95 0.40 1 352.8 5.39 1.05 1.98 

81.00 2.94 0.40 1 565.2 8.37 1.96 3.71 

50.88 15.80a) 0.40 1 1840.3 5.25  4.60f) 8.73f) 

53.79 29.22a) 0.40 1 3,636.4 5.51  8.95f) 16.96f) 

50.88 15.80a) 0.80 2 3,756.3 5.27  9.77f) 18.52f) 

a) The values refer to the width of the rectangular part of the hexagonal channel. 

b) Number of Novozym® 435 layers placed one on top of the other within the channel depth.  

c) Maximal flow rate under reaction conditions.  

d) Calculated according to Equation 13 at maximal flow rates using the average diameter of Novozym® 435 (dN435 = 372.10 µm), bed 

porosities as stated in Table 10 and properties of n-heptane as follows: ρ = 679.5 kg m‒3; η = 4.10 × 10‒4 Pa s (Smallwood, 1996: 11). 
 

e) Energy dissipation rate estimated from the experimental data for given operational conditions (Sections 4.3.2.1‒4.3.2.3).  

f) Estimated including the void volume in the triangular pre-chambers containing pillars. 

g) The price for the operation of the MPBR under given conditions over the period of one day. Estimated based on the average electricity 

price for industry exclusive of VAT in the Republic of Slovenia (0.079 EUR kWh‒1) in the 4th quarter 2016 (SORS, 2016).   

 

From the obtained results it follows that the maximal energy dissipation rate per single 

MPBR was up to 9.77 kW m‒3, which requires up to 18.52 € m‒3 to operate the process under 

given conditions over the period of one day (Table 11).  

 

4.3.3.2 Residence time distribution 

 

RTD for the test loop without connected MPBR was first examined using a pulse-response 

method with glucose as a non-reactive tracer. A sharp output pulse could be expected in 

large-scale systems, similar to or approaching a Dirac delta function (Levenspiel, 2012). This 
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does not necessarily occur in microsystems, where the impulse encounters instant shear 

gradients in the laminar fluid flow (Coblyn et al., 2016). Therefore, the output profile 

following Gaussian-like distribution for the test loop displayed in Figure 53 (square marks) 

was considered as a perfect signal.    

 

 
Figure 53: Pulse-response curves obtained in RTD analysis of MPBRs with rectangular channels of different 

lengths randomly packed with Novozym® 435 in one layer, together with estimated mean residence times          

(● denotes calculated mean residence time distribution for the MPBR with 52.19 mm long rectangular channel). 

Filled and empty marks in the inset graph denote calculated (τ = Vv/Q) and experimentally obtained mean 

residence times for the same MPBRs, respectively. The experiments were performed by pumping 50 mM 

solution of glucose in 100 mM PBS (pH 7.4) at Q = 100 µm min‒1 and T = 24 ºC. Other characteristics of the 

MPBR are presented in Table 10. 

Slika 53: Krivulje, pridobljene s pulzno motnjo za RTD analizo MPBR s pravokotnimi kanali različnih dolžin, 

naključno polnjenih z Novozym® 435 pripravkom v enem sloju, skupaj z ocenjenim povprečnim zadrževalnim 

časom (● označuje izračunan povprečni zadrževalni čas v MPBR z 52,19 mm dolgim pravokotnim kanalom). 

Polni in prazni simboli v notranjem grafu označujejo izračunan (τ = Vv/Q) in eksperimentalno pridobljen 

povprečni zadrževalni čas za isti MPBR. Eksperimente smo izvedli s črpanjem 50 mM raztopine glukoze v 100 

mM fosfatnem pufru z NaCl (pH 7,4) pri Q = 100 µm min‒1 in T = 24 ºC. Ostale značilnosti MPBR so 

predstavljene v Tabeli 10. 

 

The first (τ), the second (σ2) and the third (s) moment of Cglu(t) distribution show how long 

the tracer material stays inside the system, [how long]2 it takes for the curve to pass by the 

measuring point and the level of (a)symmetry of the distribution, respectively, where s = 0 

stands for the perfectly symmetrical distribution, while positive and negative values stand 

for right- and left-sided asymmetry (Levenspiel, 2012; Coblyn et al., 2016). The values of τ, 

σ2 and s, calculated from the pulse-response data were 1.78 min, 0.21 min2 and 0.79, 

respectively.  

The moments of distribution are additive for devices connected in series (like in the case of 

the test loop and a reactor) and therefore the values for the test loop were subtracted in order 

to obtain the values for the MPBRs alone (Márquez et al., 2008). The results have revealed 
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that the experimentally obtained mean residence times converge with the calculated values 

(Vv/Q) for the given channel lengths, and were 0.21 min (relative error with the respect to 

the calculated value was 18.6%) and 0.53 min (relative error 6.2%) for the MPBRs with 

23.93 mm and 81.00 mm long channels, respectively (inset graph in Figure 53). This 

indicates that the whole reactors were active, without any dead spaces or fluid bypassing 

(Levenspiel, 2012). The corresponding variance and skewness were 0.08 min2 and 0.77 for 

the MPBR with the shortest channel and 0.14 min2 and 0.42 for the MPBR with the longest 

channel.  

On the other hand, the profiles for the MPBRs with the shortest and longest rectangular 

channels shift from left to right on the time scale by increasing the channel length (Figure 

53). Such outcome is expected due to an increase in the total volume when the MPBRs were 

placed in the test loop. Further observation revealed a decrease in the heights of the peaks as 

well as slight increase in the spread of the distribution (σ2) characterized by the appearance 

of right-sided tails caused by the portion of the fluid which stays in the reactor longer than 

the mean residence time. Similar decrease in the heights of the peaks was observed in the 

analysis of 7 and 97 cm long columns (2 mm ID) packed with 100 µm spherical particles 

(Márquez et al., 2008).    

Based on this longitudinal spread of the pulse of flowing tracer, Levenspiel (1999, 2012) 

suggested a dispersion model as the most appropriate one to represent the fluid flow in 

packed bed reactors, where a diffusion-like process superimposed on plug flow is assumed 

(Delgado, 2006; Gupta and Bansal, 2013). The relation shown in Equation 36 can be used to 

calculate the longitudinal or axial dispersion coefficient (𝔇) which represents the overall 

spreading process (large 𝔇 means rapid spreading and vice versa, while 𝔇 = 0 stands for the 

plug flow) (Levenspiel, 1999). 

 

σ2 = 2
𝔇 l

 v3
 ... (36) 

  

σ2 variance [s2] 

𝔇 axial dispersion coefficient [m2 s‒1] 

 

The dispersion coefficient for flowing water with the tracer at the flow rate of 100 µL min‒1 

through the MPBRs with two consecutive channel lengths (Rep of 0.95 and 0.98) calculated 

using Equation 36 were 1.42 × 10‒5 m2 s‒1 and 0.92 × 10‒5 m2 s‒1, respectively. By 

comparison, Pohar et al. (2012) have reported a diffusion coefficient of 2 × 10‒4 m2 s‒1 

evaluated by fitting the experimental data obtained using a highly viscous ionic liquid.  

A dimensionless parameter called dispersion number (𝔇/v l) which characterizes the 

spreading rate of flowing material in the reactor (i.e. the extent of axial dispersion) caused 

by all acting factors (𝔇/v l > 0.01 means significant deviation from plug flow) (Levenspiel, 
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2012), was calculated to be 0.45 and 0.08. Therefore, the flow of the fluid through the 

MPBRs with rectangular channels (the longest one 81.00 mm) could be described by the 

model which incorporates relatively slow but significant axial dispersion, i.e. deviation from 

the plug flow.  

 

4.3.4 Mass transfer in a miniaturized packed bed reactor with Novozym® 435 

 

The influence of fluid flow dynamics on the immobilized CaLB specific activity was firstly 

evaluated in a mixing reactor at different stirring speeds ranging from 300 to 1,200 rpm. As 

evident from Figure 54, the conversions increased at more vigorous agitation (above 300 

rpm), and the highest values were achieved at 800 rpm, where the external mass transfer 

limitations through the stagnant boundary layer of n-heptane are assumed to be surmounted. 

Increasing the degree of conversion along with increasing the stirring speed in batch 

processes was also reported in several studies utilizing Novozym® 435 (Dong et al., 2010; 

Yadav and Devendran, 2012; Bansode et al., 2016). Further increase in stirring speed to 

1,200 rpm resulted in slight decrease of conversion (Figure 54), which could be attributed to 

the shearing effect occurring at vigorous agitation (Gharat and Rathod, 2013).          

   

 

Figure 54: Achieved conversions in a batch process at different mixing speed ranging from 300 to 1,200 rpm. 

Other experimental conditions were as follows: CVB = CBUT = 500 mM; CCaLB = 1.25 gCaLB L‒1 and T = 24 ºC.    

Slika 54: Dosežene konverzije v šaržnem procesu z različno vrtilno hitrostjo od 300 do 1200 min‒1. Ostali 

eksperimentalni pogoji so bili kot sledi: CVB = CBUT = 500 mM; CCaLB = 1,25 gCaLB L‒1 in T = 24 ºC.    

 

However, this boundary layer was assumed to be insignificant in the MPBR, the same as in 

the case of the MPBR with LentiKats® (Section 4.2.4). In addition to a small length scale of 
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the reactor, the channel was packed with relatively small spherical particles continuously 

perfused by n-heptane, a fluid with different hydrodynamic properties than that of water.  

Table 12 summarizes diffusion coefficients for VB, BUT and BB in n-heptane (DVB, DBUT, 

and DBB) estimated using Equation 8, and the corresponding effective diffusion coefficients 

in Novozym® 435 (DVB, DBUT, and DBB) estimated using Equation 16 and taking into account 

porosity (εN435) and tortuosity (ζN435) of Novozym® 435 as 0.5 and 6, respectively (Dong et 

al., 2010).  

  
Table 12: Estimated values of diffusion and effective diffusion coefficients in n-heptane and Novozym® 435, 

respectively. 

Tabela 12: Ocenjene vrednosti difuzijskih in efektivno difuzijskih koeficijentov v n-heptanu in Novozym® 435 

pripravku. 

Parameter Estimated value  Parameter Estimated value 

DVB 2.13 × 10‒9 m2 s‒1 DeVB 1.78 × 10‒10 m2 s‒1 

DBUT 2.59 × 10‒9 m2 s‒1 DeBUT 2.16 × 10‒10 m2 s‒1 

DBB 1.81 × 10‒9 m2 s‒1 DeBB 1.51 × 10‒10 m2 s‒1 

 

The values of Pep (Equation 18), calculated for the MPBR with 81.00 mm long, 2.94 mm 

wide and 0.40 mm deep rectangular channel randomly packed with one layer of Novozym® 

435 (Table 10) using diffusivity of VB (Table 12), were ranging from 169.39 to 2,371.46 at 

flow rates of n-heptane from 40.4 to 562.2 μL min‒1, respectively. Such results reveal the 

dominance of the convective mass transport over diffusive one along the channel length, and 

assuming a uniform fluid distribution across the entire width of the channel, the characteristic 

diffusion times in the directions of the channel width and depth could be neglected, as 

explained in Section 4.2.4. The characteristic times used in the analysis are listed in Table 

13. 

 
Table 13: Characteristic times considered in the time-scale analysis of an MPBR with Novozym® 435.  

Tabela 13: Žnačilni časovi upoštevani pri časovno-dimenzijski analizi v MPBR z Novozym® 435 pripravkom.  

Characteristic time Equation  Estimated value 

Mean residence time, τ Equation 24a) 0.1‒1.4 min 

Reaction time, τr Equation 11b) 0.20 min  

Diffusion time in the porous particle, τp Equation 17c) 
3.25 min (for the whole particle) 

1.57 min (for δCaLB) 

a) Parameters: Vv = 56.5 μL; Q = 40.4‒562.2 μL min‒1.  

b) Parameters: CSin = 600 mol m‒3; Ce = 22.57 g L‒1; v0 = 0.132 mol g‒1 min‒1 (v0 was experimentally obtained for immobilized enzyme 
in a batch reactor at 24 ºC according to the protocol for enzyme activity determination described in Section 3.4.2.2). 

c) Parameters: dN435 = 372.10 μm; De = 1.78 × 10‒10 m2 s‒1 (De was used for VB, since it was lower than for BUT).  
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Comparison of estimated characteristic times has revealed intra-particle mass transfer 

limitations as the rate limiting step because τp > τr (Table 13). Since Novozym® 435 is a 

commercial product, used CaLB is not always available in a non-immobilized form, and 

therefore the characteristic reaction time was estimated using an initial rate measured for the 

immobilized enzyme in a batch system under the conditions presuming the absence of the 

external mass transfer limitations (Figure 54). On the other hand, the characteristic diffusion 

time was estimated for approx. 90 µm thick external shell containing immobilized CaLB 

(δCaLB) (Mei et al., 2003) as well, but also in that case τp was significantly higher than τr 

(Table 13). Intra-particle mass transfer limitations in Novozym® 435 used in an MPBR have 

already been reported in the literature (Denčić et al., 2013), although the reaction step could 

be the rate-limiting one (Kundu et al., 2011).  

 

4.3.5 Modeling of a miniaturized packed bed reactor with Novozym® 435 

 

A mathematical model comprising convective mass transport in the flow direction, and 

diffusion-reaction dynamics described by the axial dispersion coefficient obtained by fitting 

the experimental data, has already been reported for an MPBR used for Novozym® 435-

catalyzed transesterification of VB and BUT to BB and ACE in an ionic liquid (Pohar et al., 

2012). The differential mass balance equations (Equations 37 to 39) with appropriate 

boundary conditions (Equations 40 and 41) are as follows.    

  

vx

dCVB

dx
 – 𝔇 

d
2
CVB

dx2
= – 

(1 – ε)

ε
 ra … (37) 

vx

dCBUT

dx
 – 𝔇 

d
2
CBUT

dx2
= – 

(1 – ε)

ε
 ra … (38) 

vx

dCBB

dx
 – 𝔇 

d
2
CBB

dx2
= 

(1 – ε)

ε
 ra … (39) 

CVB(0) = CVBin; CBUT(0) = CBUTin; CVB(0) = 0 … (40) 

dCVB

dx
(L) = 0; 

dCBUT

dx
(L) = 0; 

dCBB

dx
(L) = 0 … (41) 

  

vx average fluid velocity in x-direction [m s‒1] 

CVB concentration of vinyl butyrate [mol m‒3] 

CBUT concentration of 1-butanol [mol m‒3] 

CBB concentration of butyl butyrate [mol m‒3] 

CVBin inlet concentration of vinyl butyrate [mol m‒3] 

CBUTin inlet concentration of 1-butanol [mol m‒3] 
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As stated before, the transesterification is a second-order reaction that follows a ping-pong   

bi-bi reaction mechanism (Paiva et al., 2002; Ferrario et al., 2015). It has been discussed that 

lipases may be susceptible to the inhibition by both substrates (Žnidaršič-Plazl and Plazl, 

2009), by one (alcohol) substrate (Paiva et al., 2002; Bezbradica et al., 2006), but also may 

catalyze without any kind of inhibition (Arcos et al., 2001), when used in transesterifications 

and esterifications performed in various reaction systems. The type of inhibition depends on 

factors such as agitation of the reaction mixture, kind of immobilization as well as whether 

the reaction is performed in an organic solvent, ionic liquid or solvent-free system 

(Bezbradica et al., 2006). Pohar et al. (2012) have reported that the rate of transesterification 

of VB and BUT to BB and ACE in an ionic liquid can be described considering the inhibition 

by both substrates (Equation 42). 

 

ra = 
Vf  CCaLB CBUT CVB

KBUT CVB (1 + 
CVB

KiVB
) + KVB CBUT (1 + 

CBUT

KiBUT
) + CBUT CVB

                               … (42) 

 

 
Vf maximum velocity of the forward reaction  [mol g‒1 s‒1] 

CCaLB concentration of CaLB [gCaLB m‒3] 

KVB binding constant of vinyl butyrate [mol m‒3] 

KBUT binding constant of 1-butanol [mol m‒3] 

KiVB inhibition constant of vinyl butyrate [mol m‒3] 

KiBUT inhibition constant of 1-butanol [mol m‒3] 

 

Since the reaction in this study was performed in n-heptane, a set of experiments has been 

performed in well-mixed batch reactors at varaying substrate concentrations in order to 

confirm the inhibition by both substrates. The binding and inhibition constants were taken 

from the literature (Pohar et al., 2012), and the maximum rate of forward reaction was 

obtained by fitting on the experimental points for each set of data using Equation 42, while 

the mass balances in batch reactors are as demonstrated by Equations 43 to 45, with the 

initial conditions demonstrated by Equation 46. 

 
dCVB

dt
 = – ra … (43) 

dCBUT

dt
 = – ra … (44) 

dCBB

dt
= ra … (45) 

CVB (0) = CVBin; CBUT (0) = CBUTin; CVB (0) = 0 … (46) 
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The results obtained using the kinetic parameters summarized in Table 14 (which stand for 

the apparent kinetic parameters for immobilized CaLB) have shown that the inhibition by 

both substrates is also present when using n-heptane as the reaction medium, because the 

modeled lines converged to the experimental points (Figure 55a and 55b). Therefore, it has 

been confirmed that Equation 42 can be used in the model for an MPBR. 

 
Table 14: Kinetic parameters used to fit Equation 42 on the experimental data.  

Tabela 14: Kinetični parametri uporabljeni za prileganje eksperimentalnih podatkov na kruvuljo z enadžbo 42.  

Parameter  Value 

KVB
 a) 469 ± 50.6 mol m‒3 

KBUT
 a) 190 ± 85.5 mol m‒3 

KiVB
 a) 196.8 ± 119.1 mol m‒3 

KiBUT
 a) 106.3 ± 13.9 mol m‒3 

Vf
 b) 0.90 ± 0.19 mol gCaLB

‒1 s‒1 

a) Parameters taken from the literature (Pohar et al., 2012). 

b) Parameter obtained by fitting on the experimental data (CCaLB = 1.25 gCaLB L
‒1).   
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Figure 55: Kinetics of CaLB-catalyzed synthesis of BB at different substrate initial concentrations obtained in 

a batch process: a) concentration of VB fixed at 600 mM, while concentration of BUT was (■) 300 mM, (▲) 

500 mM and (●) 900 mM; b) concentration of BUT fixed at 700 mM, while concentration of VB was (×) 400 

mM and (♦) 1,100 mM. Points denote experimental data, while the trendlines denote predictions with the model 

for inhibition by both substrates calculated using the kinetic parameters summarized in Table 14. Other 

experimental conditions were as follows: CCaLB = 1.25 gCaLB L‒1, T = 24 ºC and mixing 800 rpm. 

Slika 55: Kinetika sinteze BB katalizirane z lipazo B iz kvasovke Candida antarctica v šaržnem procesu pri 

različnih začetnih koncentracijah obeh substratov: a) fiksna koncentracija VB 600 mM in koncentracija BUT 

(■) 300 mM, (▲) 500 mM in (●) 900 mM; b) fiksna koncentracija BUT 700 mM, in koncentracija VB (×) 400 

mM in (♦) 1100 mM. Točke označujejo eksperimentalne podatke, dokler trendne črte označujejo napovedi 

modela ki vključuje inhibicijo z obema substratoma izračunanih s parametri ki so prikazani v Tabeli 14. Drugi 

eksperimentalni pogoji so bili kot sledi: CCaLB = 1,25 gCaLB L‒1, T = 24 ºC in vrtilna hitrost 800 min‒1.      
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5 CONCLUSIONS 

 

The present study primarily focuses on development and evaluation of a two-plate MPBR 

with immobilized enzymes applicable for biocatalytic processes and the effect of the 

systematic scale-up on their performance. ω-TA immobilized in poly(vinyl alcohol)-based 

LentiKats® and CaLB, immobilized on acrylic resin in the form of commercially available 

preparation Novozym® 435 were used within this study. The enzyme carriers were chosen 

as representatives of the materials commonly used for enzyme immobilization, lens-shaped 

LentiKats® as a representative of synthetic polymer-based hydrogels and spherical 

Novozym® 435 as a commonly used porous resin. In addition to that, a naturally occurring 

polymer alginate was used to develop a microfluidic-based method for the immobilization 

of E. coli cells overexpressing ω-TA into microparticles which could be used in an MPBR. 

The model reactions used in this study, namely ω-TA-catalyzed synthesis of ACP in an 

aqueous solution and CaLB-catalyzed synthesis of BB in n-heptane are very frequently used 

as assay/model reactions. The latter is also important because BB is a highly demanded 

industrial fragrance.  

Reusable MPBRs of different channel sizes and designs enabling simple and efficient 

enzyme loading in the form of uniformly or randomly packed LentiKats® were developed 

and tested using ω-TA-catalyzed synthesis of ACP as the model reaction. A systematic scale-

up study of a two-plate MPBR revealed that for the increased capacity enabling efficient use 

of LentiKats® containing ω-TA, a single layer of uniformly packed particles within a wide 

channel with a triangular inlet pre-chamber with pillars should be considered. In contrast, 

increasing the depth of an MPBR with particle loading in layers one on top of the other 

resulted in decreased production rates presumably due to the fluid maldistribution within the 

reactor with stuck-together hydrogel particles. This study revealed an efficient scale-up from 

a microliter to the milliliter scale reactor, while a numbering-up concept is suggested for 

further increase in production capacity. Furthermore, developed MPBRs were used as a tool 

for process parameters optimization using ω-TA in LentiKats® under continuous flow 

conditions. Optimal temperature of 55 °C for ω-TA-catalyzed synthesis of ACP and 

satisfactory operational stability over the period of 21 days at 24 °C (retained more than 80% 

of the initial productivity) were evaluated with low-material and time consumption, 

confirming the importance of implementation of microreactor technology in bioprocess 

development studies. Such operational stability is assumed to be at least partly a consequence 

moderate pressure drops of up to 42 kPa measured in MPBRs using the piezoresistive 

pressure sensor. Estimation of mass transfer phenomena in the MPBRs has revealed an 

operation under the internal mass transfer limitations within the hydrogel material.  

Furthermore, MPBRs utilizing Novozym® 435 were developed and evaluated using        

CaLB-catalyzed synthesis of BB as the model reaction. The results of systematic scale-up 

study were similar to performance of MPBRs with LentiKats®, except that the increase in 
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the channel depth by random packing with two layers of Novozym® 435 resulted in favorable 

hydrodynamic conditions and consequently reactor efficiency. Further investigations 

revealed an optimal temperature of 75 °C for CaLB-catalyzed synthesis of BB as well as 

satisfactory operational stability over the period of 53 days at 24 °C (retained more than 40% 

of the initial productivity). Pressure drops up to 88 kPa were measured in the MPBRs with 

different channel shapes and dimensions. Evaluation of mass transfer phenomena also 

revealed operation under the intra-particle mass transfer limitations. This study confirmed 

that the inhibition with both substrates is also present when using n-heptane as the reaction 

medium for CaLB-catalyzed synthesis of BB.  

A separate part of the study refers to the microfluidic-based method for the immobilization 

of E. coli cells overexpressing ω-TA in alginate microparticles. This method was developed 

as a proof-of-concept confirming feasibility of using a microfluidic device for an efficient 

and rapid production of immobilized biocatalysts which would be small enough to be easily 

applied in MPBRs. In this respect, alginate microparticles containing immobilized cells were 

successfully obtained and tested in a batch process using ω-TA-catalyzed synthesis of ACP 

as the model reaction, where a conversion higher than 90% was achieved after the period of 

47 h. This confirmed the possibility of biocatalyst production by this method and its further 

application in biocatalytic processes. 
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6 SUMMARY (POVZETEK) 

  
6.1 SUMMARY 

 

Chemical industry is facing with the high demands towards the implementation of the 

environment-friendly production, known as ‘Green Chemistry’ or ‘Sustainable Technology’, 

where biocatalysis has emerged as a technology which perfectly fits this concept, and besides 

can be merged with MPBRs as powerful tools for process intensification. Therefore, the 

purpose of the work was the development, systematic scale-up and characterization of 

MPBRs with rectangular and hexagonal channels of various lengths, widths, and depths 

utilizing ω-TA entrapped in LentiKats® and Candida antarctica lipase B adsorbed on acrylic 

resin (Novozym® 435). A proof-of-concept of a microfluidic-based method suitable for 

entrapment of E. coli cells overexpressing ω-TA in alginate microparticles was among the 

aims as well.  

After the comprehensive review of the literature and the theoretical background of this work 

have been presented throughout the fields of biocatalysis and biocatalytic processes, 

biocatalysts immobilization as well as miniaturization and microsystems, a set of 

experiments performed in order to fulfill previously declared aims have been shown. The 

experimental part contained the protocols for determination of the enzyme specific activity 

in batch processes (for both immobilized and non-immobilized biocatalysts in the case of   

E. coli and ω-TA), but also microfluidic-based method for the immobilization of E.coli cells 

in alginate microparticles and their characterization as well as characterization of LentiKats® 

and Novozym® 435. Subsequently, the main principles of MPBRs assembly, operation and 

evaluation were also presented. The results are summarized in the three main parts 

considering the immobilization of E. coli cells as well as development and evaluation of the 

aforementioned MPBRs.  

Firstly, an aqueous solution of alginate and an edible sunflower oil were emulsified under 

the laminar conditions in a glass microchip with a T-junction. Produced alginate-containing 

aqueous microdroplets were afterwards successfully solidified resulting in the formation of 

tail-shaped alginate microparticles having a spherical body with the average diameter of 

446.21 ± 36.54 µm. The same method was applied for the immobilization of E. coli cells, 

where alginate-containing aqueous microdroplets with suspended cells were solidified 

resulting in the formation of spherical, tail-free alginate microparticles with the average 

diameter of 932.72 ± 115.30 µm. Obtained microparticles with immobilized E. coli cells 

were thereafter successfully tested regarding their storage stability and efficiency, reavealing 

that the activity decreased below 40% of the initial one after 4 days of storage in 20 mM 

Tris-HCl buffer (pH 8.0) at 4 °C, while approximately 90% conversion was achieved within 

less than 30 h when immobilized E. coli cells were used for ω-TA-catayzed synthesis of ACP 

in a batch process.  
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The next big part deals with the development, systematic scale-up and evaluation of MPBRs 

with LentiKats® containing immobilized ω-TAs. Firstly, the continuously operated MPBRs 

with only one row of LentiKats® packed in rectangular channels were subjected to the 

systematic scale-up in the direction of the channel length (max. 60 mm long channel) and 

tested regarding their productivity. The laminar flow around uniformly packed LentiKats® 

enabled a very efficient biotransformation process where all tested MPBRs performed 

equally well at the same mean residence times, and above 80% conversion was obtained in 

less than 5 min. The comparison of production rates estimated at 70% conversions in the 

MPBRs of varying channel lengths revealed a linear proportionality within tested 

dimensions as well as BPNs up to 257.6 µmolACP gATA-wt
‒1. This indicated that the scale-up 

of the channel length allowed for increased capacity and simultaneously retained favorable 

hydrodynamic conditions. Further on, scaling in the direction of the channel width was done 

on the MPBRs with rectangular channels (max. 12 mm wide channels) uniformly packed 

with one layer of LentiKats®. The results revealed slightly larger BPNs than in the previous 

case (cca. 285 µmolACP gATA-wt
‒1) as well as nonlinearity of production rate estimated at 70% 

conversion, which was a consequence of unfavorable hydrodynamic conditions. Therefore, 

a triangular pre-chamber containing pillars was introduced in the reactor design in order to 

improve fluid flow distribution along the channel width. Such MPBRs with hexagonal 

channels of significantly increased widths (max. 79.67 mm wide rectangular part of the 

channel) packed with one layer of LentiKats® were tested and compared. These MPBRs 

shown almost equal performance, with conversions of above 90% achieved within less than 

20 min, and BPNs up to 642.4 µmolACP gATA-wt
‒1. Favorable hydrodynamic conditions within 

all tested channel widths with pre-chambers containing pillars were further confirmed by 

linear increases in production rates with channel widths up to 435 µmolACP h‒1. Evaluation 

of the MPBRs having hexagonal channels with pre-chambers containing pillars subjested to 

systematic scale-up in the direction of the channel depth (max. 0.96 mm deep channels) 

uniformly packed with one to three layers of LentiKats® revealed that only the MPBR with 

one layer of LentiKats® reached maximal conversion, while the MPBRs with more layers of 

particles achieved significantly lower conversions at the same mean residence times. A 

decrease of BPNs from 536.2 µmolACP gATA-wt
‒1 achieved in the MPBR with one layer down 

to 362.7 µmolACP gATA-wt
‒1 achieved in the MPBR with three layers of LentiKats® was a 

consequence of observed sticking of particles packed in layers leading to the appearance of 

bypassing and preventing a favorable enzyme accessibility. On the other hand, significantly 

lower conversions were obtained in the MPBR with the 0.64 mm deep channel randomly 

packed with LentiKats® in multiple layers, where BPN of 72.1 µmolACP gATA-wt
‒1 and 

production rate of cca. 20 µmolACP h‒1 were achieved, which was again a consequence of the 

squeezing and sticking of hydrogel particles. A temperature effect on transamination was 

evaluated in the range from 30 to 75 °C uisng an MPBR with rectangular channel, where the 

results revealed 55 °C as the optimal temperature for the studied process. On the other hand, 
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another MPBR with one row of uniformly packed LentiKats® revealed a good operational 

stability, with above 80% relative volumetric productivity expressed within the tested period 

of 21 days at 24 °C. The measurements of pressure drop in the developed MPBRs with 

LentiKats® revealed moderate and linearly dependent values of up to 42 kPa at the flow 

rates up to 1,000 µL min‒1 among the MPBRs with various channel geometries, except in 

the smallest one where the pressure drop of cca. 9 kPa was measured at the flow rate of 100 

µL min‒1. Rep was cca. 0.68 for all MPBRs with uniform packing, which confirmed the 

existence of laminar flow. Furthermore, the time-scale analysis performed based on the 

example of an MPBR with a rectangular channel uniformly packed with one layer of 

LentiKats® revealed the dominance of the convective mass transport over diffusive one    

(Pep from 22.35 to 670.62 at different flow rates from 1.7 to 50.8 μL min‒1, respectively) as 

well as the diffusive mass transfer inside LentiKats® as the limiting factor for the overall 

reaction process.  

The next big part deals with the evaluation of developed and systematically scaled-up 

MPBRs randomly packed in one or two layers with Novozym® 435 having the average 

diameter of 372.10 ± 27.05 µm and the specific activity evaluated in a batch experiment of 

133.05 ± 2.71 U mgCaLB
‒1 (13.31 ± 0.27 U mgN435

‒1). On the beginning, the MPBRs with 

only one row of randomly packed Novozym® 435 were subjected to the systematic scale-up 

in the direction of the channel length (max. 81.00 mm long rectangular channels) and 

evaluated. All tested MPBRs performed equally well at the same mean residence times and 

the maximal conversion of cca. 95% was obtained in less than 0.8 min, while the production 

rates estimated at the longest mean residence time revealed a linear proportionality. The 

BPNs up to 13.56 mmolBB gCaLB
‒1 were achieved, which allowed for an efficient scale-up 

process. Selected transesterification was further conducted in the MPBRs with the basic 

rectangular or hexagonal channels of various widths (max. 29.22 mm wide rectangular part 

of the channel) randomly packed with one layer of Novozym® 435. The evaluation revealed 

maximal conversion of cca. 95% achieved within less than 0.8 min in all tested MPBRs, 

linearly increased production rate estimated at the longest mean residence time, and BPNs 

revolving around 12.51 mmolBB gCaLB
‒1. The effect of the channel depth on the reactor 

performance was examined using two MPBRs of different channel depths (0.40 and 0.80 

mm deep channels), whereby the MPBR with two layers achieved a slightly higher 

conversion at the mean residence times below 0.6 min. Consequently, estimated production 

rates at the longest mean residence time slightly deviated from the linearity but still allowed 

for efficiently increased capacity. The achieved BPN in the MPBR with two layers of 

particles (14.03 mmolBB gCaLB
‒1) was slightly higher than that achieved in the MPBR with 

one layer of particles (12.18 mmolBB gCaLB
‒1).A temperature effect on transesterification 

reaction was evaluated using an MPBR with a rectangular channel randomly packed with 

one layer of Novozym® 435 over the temperature range from 24 to 80 °C. It was shown that 

75 °C is an optimal temperature, where the conversion of cca. 81%, BPN of 11.39          
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mmolBB gCaLB
‒1 and production rate of 4.85 mmolBB h‒1 were achieved. On the other hand, 

an operational stability evaluated over the period of 53 days at 24 °C using another MPBR 

with a rectangular channel randomly packed with one layer of Novozym® 435 revealed the 

relative volumetric productivity droped below 50% of the initial one after this period. The 

measurements of pressure drop in the MPBRs with Novozym® 435 revealed a moderate and 

linearly dependent trend, with the highest pressure drop of cca. 88 kPa at the flow rate of 

1,800 µL min‒1. Calculated Rep under reaction conditions revealed completely laminar flow 

regime. The RTD analysis performed on the MPBRs with two consecutive channel lengths 

(23.93 and 81.00 mm, respectively) shown that the experimentally obtained values for the 

mean residence time converge with the calculated values for the given channel lengths (0.21 

and 0.53 min, respectively) which indicated that the whole reactors were active, without any 

dead spaces or fluid bypassing. The corresponding 𝜎2 and s were 0.08 min2 and 0.77 for the 

MPBR with shorter and 0.14 min2 and 0.42 for the MPBR with longer channel, respectively. 

Such results could be represented by a dispersion model characterized by the axial dispersion 

coefficients of 1.42 × 10‒5 m2 s‒1 and 0.92 × 10‒5 m2 s‒1, calculated for the MPBRs with 23.93 

and 81.00 mm long channels, respectively. Moreover, the analysis of an MPBR with 

rectangular channel randomly packed with one layer of Novozym® 435 revealed the 

dominance of the convective mass transport over diffusive one, while further comparison of 

estimated characteristic times shown intra-particle mass transfer limitations as the rate 

limiting step. Finally, an inhibition by both substrates was confirmed for the selected 

transesterification by evaluating a set of experimental data obtained in a batch process.  

Taking all into account, it can be concluded that the reusable MPBRs of different channel 

sizes and designs enabling simple and efficient enzyme loading in the form of uniformly or 

randomly packed LentiKats®, as well as randomly packed Novozym® 435, were developed 

and tested using ω-TA-catalyzed synthesis of ACP and CaLB-catalyzed synthesis of BB as 

the model reactions, respectively. In the case of the MPBRs with LentiKats®, a systematic 

scale-up study of a two-plate MPBR revealed that for the increased capacity enabling 

efficient use of LentiKats® containing ω-TA, a single layer of uniformly packed particles 

within a wide channel with a triangular inlet pre-chamber with pillars should be considered. 

In contrast, increasing the depth of an MPBR with particle loading in layers one on top of 

the other resulted in decreased production rates presumably due to the fluid maldistribution 

within the reactor with stuck-together gel particles. The results of systematic scale-up study 

of the MPBRs utilizing Novozym® 435 were similar to performance of MPBRs with 

LentiKats®, except that the increase in the channel depth by random packing with two layers 

of Novozym® 435 resulted in favorable, hydrodynamic conditions and consequently reactor 

efficiency. This study reported an efficient scale-up, while a numbering-up concept is 

suggested for further increase in production capacity. Furthermore, developed MPBRs were 

used as a tool for process parameters optimization evaluated with low-material and time 

consumption, confirming the importance of implementation of microreactor technology in 
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bioprocess development studies. A microfluidic-based method for immobilization of E. coli 

cells in alginate microparticles was developed as a proof-of-concept confirming feasibility 

of using a microfluidic device for an efficient and rapid production of immobilized 

biocatalysts which could be applied in MPBRs.  

 

6.2 POVZETEK  

 

Kemična industrija se sooča z visokimi zahtevami za postavitev okolju prijazne proizvodnje, 

ki je znana kot ‘zelena kemija’ ali ‘trajnostna tehnologija’. Biokataliza uporablja različne 

neimobilizirane in imobilizirane encime ali cele celice kot zelo učinkovite katalizatorje, in 

se je pojavila kot tehnologija, ki se popolnoma prilega na omenjeni koncept in zaradi tega 

postaja močna alternativa kemični katalizi. Sinergija med biokatalizo in miniaturizacijo 

reaktorja oz. obratovalne enote se je izkazala kot učinkovito orodje za hiter razvoj 

biokatalitskih procesov, saj so miniaturni sistemi pokazali številne prednosti pred klasičnimi. 

Med različnimi vrstami mikroreaktorjev veliko pozornosti zavzemajo miniaturizirani 

kontinuirno delujoči reaktorji s strnjenim slojem (MPBR) z imobiliziranimi encimi ali celimi 

celicami, vendar pa se v industriji še ne uporabljajo veliko, predvsem zaradi svoje majhnosti. 

Zato je za njihovo uporabo na industrijski ravni ključno najti rešitev za učinkovito 

povečevanje zmogljivosti MPBR in hkrati obdržati koristi miniaturizacije. Matematično 

modeliranje MPBR z imobiliziranimi biokatalizatorji je tudi lahko v veliko pomoč pri 

praktičnem delu njihovega razvoja in optimizacije. Iskanje ustreznih nosilcev, ki se 

uporabljajo za imobilizacijo biokatalizatorjev in njihovo nadaljnjo uporabo v MPBR, in ki 

bi se lahko hitro proizvajali s pomočjo mikrofluidnih naprav, je tudi korak več k začrtanemu 

cilju.  

Namen tega dela sta razvoj in karakterizacija MPBR z imobiliziranimi biokatalizatorji, in 

sicer ω-transaminaze (ω-TA) ujete v polivinil alkohol (PVA) delce v obliki leč (LentiKats®) 

in lipaze B iz kvasovke Candida antarctica (CaLB) adsorbirane na akrilno smolo 

(Novozym® 435) v obliki kroglic. Sistematično povečevanje MPBR, ki smo jih uporabili za 

katalitske procese s pomočjo imobiliziranih transaminaz in lipaz, smo izvedli z namenom 

povečevanja zmogljivosti reaktorjev in hkrati omogočanjem učinkovite uporabe 

biokatalizatorja. S primerjavo produktivnosti reaktorjev smo preučili vpliv oblike 

(pravokotni in šesterokotni kanali) ter dolžine, širine in globine kanala na delovanje MPBR. 

Preučili smo tudi vpliv temperature na imobilizirane encime in oceno obratovalne stabilnosti 

MPBR. Med cilji raziskave sta bila tudi merjenje padca tlaka in analiza porazdelitve 

zadrževalnih časov v MPBR. Poleg tega smo razvili metodo za imobilizacijo E. coli celic s 

prekomerno izraženo ω-TA v alginatne mikrodelce, ki temelji na mikrofluidiki. Tako smo 

predstavili nov pristop k uporabi miniaturiziranih naprav za imobilizacijo biokatalizatorjev 

z možnostjo uporabe v MPBR.  
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V celovitem pregledu literature so v teoretičnem ozadju tega dela predstavljeni pomen 

biokatalize in biokatalitskih procesov, imobilizacija biokatalizatorjev ter miniaturizacija in 

mikroreaktorski sistemi. Podpoglavje o biokatalizi in biokatalitskih procesih obravnava 

glavne prednosti (visoka specifičnost, visoka aktivnost pod blagimi pogoji, visoko 

pretvorbeno število in biorazgradljivost ter naraven izvor) in slabosti (visoka molekulska 

kompleksnost, visoki proizvodni stroški in nestabilnost) encimov kot biokatalizatorjev. V 

podpoglavje so vključene tudi glavne lastnosti in uporaba encimov ω-TA in CaLB ter opis 

modelnih reakcij ω-TA-katalizirane sinteze acetofenona (ACP) in s CaLB katalizirane 

sinteze butil butirata (BB) skupaj z ping-pong bi-bi mehanizmom obeh reakcij. 

Podpoglavje, ki obravnava imobilizacijo biokatalizatorjev, podaja definicijo imobilizacije 

kot “metode, ki se uporablja za fizično ali kemično fiksacijo celic, organelov, encimov ali 

drugih proteinov na trdnem nosilcu, v trdnih matrikah ali v membranah, da bi povečali 

njihovo stabilnost in omogočili večkratno ali kontinuirno uporabo”. V tem delu so opisane 

tudi glavne prednosti (izboljšanje katalitskih funkcij, boljša stabilnost in selektivnost 

biokatalizatorjev, kot tudi njihova olajšana separacija, čiščenje in ponovna uporaba) in 

slabosti (možne omejitve prenosa snovi) imobilizacije z ujetjem in z adsorpcijo na nosilcu. 

Biokatalizatorji, uporabljeni v tej raziskavi, so imobilizirani v polimernih matrikah ali na 

nosilcih na osnovi akrilne smole z uporabo zgoraj omenjenih konceptov. ω-TA je 

imobilizirana v LentiKats® PVA hidrogel, medtem ko so bile celice E. coli z vstavljenim 

genom za ekspresijo ω-TA imobilizirane v alginatno matriko z uporabo v tem delu razvite 

metode, ki temelji na mikrofluidiki. Po drugi strani pa je bil encim CaLB adsorbiran na 

akrilne sferične delce, kjer je lokaliziran v 80‒100 µm debelem zunanjem sloju, in 

uporabljen v obliki komercialno dostopnega pripravka Novozym® 435.  

Podpoglavje, ki se ukvarja z miniaturizacijo in mikrosistemi, poudarja mikro nivo kot glavno 

značilnost miniaturiziranih reaktorjev, in jih definira kot naprave pretežno izdelane z 

uporabo mikroinženirstva, z vsaj eno karakteristično dimenzijo manjšo od 1 mm in 

razmerjem med površino in volumnom precej višjim od tradicionalnih reaktorjev. Kot glavne 

značilnosti miniaturiziranih naprav so poudarjeni kontinuirno obratovanje v pogojih 

laminarnega toka, zelo učinkovit prenos snovi in toplote, ki vodi do intenziviranja procesov, 

ter dober prostorski in časovni nadzor, zmanjšane okoljske, finančne in varnostne 

obremenitve. Transportni pojavi so na mikro nivoju predstavljeni v kratkem pregledu 

najpomembnejših brezdimenzijskih števil povezanih z dinamiko tekočin (Re, Bo, Oh in Ca) 

in prenosom snovi (Da in Pe) ter primerjavi njihovih vrednosti med različnimi nivoji 

velikosti reaktorjev. Hidrodinamika reaktorjev je na splošno podana v teoretičnem ozadju 

analize porazdelitve zadrževalnih časov (RTD). Poleg tega so v kratkem predgovoru k 

eksperimentalnemu delu, ki se ukvarja z imobilizacijo celic E. coli, podana glavna načela 

tvorjenja kapljic in proizvodnje alginatnih mikrodelcev z uporabo visoko pretočih 

mikrofluidnih naprav (s poudarkom na uporabi geometrije T-križišča). Kratkemu vpogledu 

v najbolj pomembne značilnosti MPBR, kot so sposobnost zagotavljanja relativno majhnih 
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padcev tlaka, velike površine za kontakt med tekočino in nosilcem, ponovna uporaba 

biokatalizatorja brez predhodne ločitve, velike koncentracije biokatalizatorja in dolgoročne 

obratovalne stabilnosti, skupaj z brezdimenzijskimi števili, pomembnimi za hidrodinamiko 

in prenos snovi v MPBR (Rep in Pep), sledi pregled biotransformacij v MPBR in njihovega 

opisa z matematičnimi modeli. Na koncu podpoglavja je predstavljeno povečevanje 

biokatalitskih procesov iz laboratorijskega na industrijski nivo kot ključen korak k 

vzpostavljanju praktičnega, gospodarsko konkurenčnega in trajnostno uporabnega 

biokatalitskega procesa. 

V pričujočem delu smo izvedli niz eksperimentov z uporabo nepatogenega seva 

rekombinantnih celic E. coli BL21 (DE3) z vstavljenim genom za intracelularno ekspresijo 

ω-TA (divji tip oz. ‘wild type’ aminske transaminaze, ATA-wt). Poleg tega smo uporabili 

ω-TA v izolirani obliki, imobilizirano v LentiKats®
, in CaLB v obliki komercialnega 

pripravka Novozym® 435. Najprej smo nagojili celice E. coli z uporabo gojišča ZYM-505, 

ki vsebuje kanamicin sulfat iz bakterije Streptomyces kanamyceticus, nato smo celice 

imobilizirali v alginatne mikrodelce. Proizvodnjo alginatnih mikrodelcev in imobilizacijo 

celic E. coli smo izvedli z metodo, ki temelji na mikrofluidiki, z uporabo steklenega 

mikročipa s T-križiščem za tvorbo mikrokapljic, ki ima hidrofobni premaz primeren za 

tvorbo reverznih emulzij. Proizvodnjo vodnih mikrokapljic, ki vsebujejo alginat, smo izvedli 

s pomočjo emulzifikacije vode v olju z uporabo jedilnega olja kot zvezne faze (pretok 100 

µL min‒1) in vodne raztopine alginata (2 g L‒1) kot faze ki tvori kapljice (pretok 50 µL        

min‒1). Nato smo vodne mikrokapljice z alginatom solidificirali ex situ oz. z njihovim 

zbiranjem v dvofazni želirni kopeli, ki je vsebovala Ca2+ ione. Za karakterizacijo 

kapljičastega toka v sistemu smo določili gostoto in viskoznost obeh kapljevin skupaj z 

medfazno napetostjo med njima. Velikost in porazdelitev velikosti proizvedenih alginatnih 

mikrodelcev (bodisi praznih ali z imobiliziranimi celicami) smo analizirali z uporabo 

svetlobnega mikroskopa, foto kamere in ustrezno kalibrirane programske opreme za analizo 

slik. Alginatne mikrodelce z imobiliziranimi celicami E. coli smo z uporabo ω-TA-

katalizirane sinteze ACP kot modelne reakcije testirali glede učinkovitosti in njihove 

stabilnosti pri skladiščenju. 

Izoliran encim ω-TA je bil imobiliziran v LentiKats®, kar so izvedli v podjetju LentiKat's   

a. s. po standardnem postopku. Delcem z imobiliziranim encimom smo določili porazdelitev 

velikosti in aktivnost ter jih uporabili za testiranje razvitih MPBR. MPBR, narejeni iz dveh 

polimetilmetakrilatnih plošč, ekspandiranega politetrafluoroetilena (uporabljen za izdelavo 

kanalov in stebrov za distribucijo kapljevine) in nestisljivega politetrafluoroetilenskega traka 

(uporabljen za zunanji distančnik, ki zagotavlja fiksno globino kanala), so bili naključno ali 

enakomerno polnjeni v enega, dva ali tri sloje z različnimi količinami LentiKats® (od 19,5 

do 2725,1 mg). Prvotni MPBR s pravokotnom kanalom smo sistematično povečevali tako 

glede dolžine, širine, kot globine kanalov, pri čemer smo držali drugi dve dimenziji 

konstantni. Reaktorje različnih velikosti in oblik (poleg pravokotne smo vpeljali še 
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šesterokotno, ki je omogočala boljšo porazdelitev tekočine z vstopnim delom s stebrički) 

smo testirali glede njihove produktivnosti. Vpliv temperature na proces transaminacije smo 

ocenili z vstavitvijo kontinuirno delujočega MPBR v termostatirano kopel postavljeno na 

magnetno mešalo z nadzorom temperature, prav tako pa smo testirali obratovalno stabilnost 

MPBR v obdobju 21 dni pri 24 °C. Hidrodinamiko v MPBR z LentiKats® smo analizirali z 

merjenjem padca tlaka na v reaktorju z uporabo silicijevega piezouporovnega senzorja tlaka 

z obratovalnim območjem od 0 do 100 kPa, pri konstantnem pretoku vode v območju od 10 

do 1000 µL min‒1.  

Enaka načela sistematičnega povečevanja dimenzij smo uporabili tudi za MPBR, naključno 

polnjene z enim do dvema slojema sferičnih delcev Novozym® 435. Razviti MPBR so bili 

prav tako kot pri LentiKats® modularnega tipa, z nekaterimi manjšimi spremembami, 

uvedenim z namenom prilagoditve globine kanalov (dodaten sloj nestisljivega 

politetrafluoroetilenskega traka, uporabljen kot distančnik) in zadrževanja delcev znotraj 

kanalov (v ta namen je bil dodan tanek dvostranski poliesterski lepilni trak). Da bi dobili čim 

bolj uniformne delce, primerne za uporabo v MPBR, smo komercialni pripravek Novozym® 

435 s pomočjo sistema sejalnih sit (velikost por 300‒425 µm in 425‒500 µm) ločili na 

frakcije. Po analizi velikosti in porazdelitve velikosti delcev, smo primerno frakcijo 

pripravka Novozym® 435 (300‒425 µm) uporabili za nadaljnje raziskave ‒ najprej smo jim 

določili encimsko aktivnost ter vpliv vrtilne hitrosti (v razponu od 300 do 1200 min‒1) na 

konverzijo substrata v šaržnem reaktorju, nato pa še za izvedbo s CaLB katalizirane sinteze 

BB v n-heptanu v kontinuirno delujočem MPBR s pravokotnimi ali šesterokotnimi kanali 

naključno polnjenimi z različnimi količinami delcev Novozym® 435 (od 7,1 do 148,4 mg). 

Vpliv temperature na proces transesterifikacije smo ocenili s postavitvijo kontinuirno 

delujočega MPBR z enim slojem Novozym® 435 v termostatirano kopel z avtomatskim 

nadzorom temperature, medtem ko smo obratovalno stabilnost MPBR testirali v obdobju 53 

dni pri 24 °C. Poleg tega smo MPBR z Novozym® 435 analizirali z merjenjem padca tlaka 

v reaktorju z uporabo zgoraj opisanega senzorja tlaka, pri konstantnem pretoku vode v 

območju od 30 do 1800 µL min‒1. Tudi smo izvedli analizo RTD za MPBR s pravokotnima 

kanaloma dolžine 23,93 in 81,00 mm, naključno polnjenima z Novozym® 435 delci v enem 

sloju. Za to smo izvedli eksperiment s pulzno motnjo, kjer smo kot inertni sledilec uporabili 

glukozo (50 mM) raztopljeno v fosfatnem pufru z NaCl (pH 7,4). Koncentracijo glukoze na 

izhodu MPBR smo merili z uporabo ustrezno kalibriranega biosenzorja z imobilizirano 

glukoza-oksidazo iz glive Aspergillus niger VII S, ki smo ga integrirali v mikrofluidni čip. 

Reaktante in produkte obeh modelnih reakcij smo spremljali z uporabo analiznih metod 

HPLC in/ali GC.  

Rezultati so povzeti v treh glavnih poglavjih, ki se ukvarjajo tako z imobilizacijo celic                

E. coli kot tudi razvojem in ovrednotenjem MPBR z LentiKats® in Novozym® 435. Z 

uporabo sistema, sestavljenega iz steklenega mikročipa s T-križiščem in cevke 

submilimetrskega premera, sta dve nemešljivi tekočini s površinsko napetostjo 10,5                
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mN m‒1, in sicer vodna raztopina alginata (gostota 1008,70 ± 0,30 kg m‒3 in viskoznost 18,01 

± 0,10 mPa s) in sončnično olje (gostota 916,04 ± 1,20 kg m‒3 in viskoznost 70,19 ± 1,90 

mPa s), pod laminarnimi pogoji (največji Re v sistemu je bil 0,233) tvorili sferične 

monodisperzne vodne mikrokapljice z alginatom. Mikrokapljice so dosegle premer izstopne 

cevi (500 µm), iz katere smo jih s hitrostjo približno 25 s‒1 vodili v želirno kopel, kjer je 

potekalo ex situ želiranje. Pridobljeni v vodi netopni alginatni mikrodelci z ‘repkom’ so imeli 

sferično telo s povprečnim premerom 446,21 ± 36,54 µm. Z enako metodo smo imobilizirali 

celice E. coli z izraženo ω-TA, kjer so vodne mikrokapljice z alginatom in suspendiranimi 

celicami (0,39 mgdry mL‒1) po želiranju tvorile sferične mikrodelce brez ‘repkov’ in s 

povprečnim premerom 932,72 ± 115,30 µm. Pridobljene mikrodelce z imobiliziranimi 

celicami E. coli s specifično aktivnostjo 4,46 ± 0,47 U mgdry
‒1 smo nato testirali glede 

stabilnosti pri skladiščenju ter učinkovitosti v šaržnem procesu. Rezultati so pokazali, da se 

je aktivnost znižala pod 40 % začetne vrednosti po 4 dneh skladiščenja v 20 mM Tris-HCl 

pufru (pH 8,0) pri 4 °C.  

Naslednje poglavje se ukvarja z ocenjevanjem razvitih in sistematično povečanih MPBR 

polnjenih z LentiKats® povprečnega premera krožne osnove 3,87 ± 0,33 mm, višine 0,35 ± 

0,10 mm, ter Sauterjevega premera 0,52 mm. Uporabljenemu imobiliziranemu pripravku 

LentiKats® z ω-TA smo določili specifično aktivnost 0,50 in 0,73 U mgATA-wt
‒1  oz. 0,025 in 

0,037 U mgLK
‒1. Sintezo ACP, katalizirano z ω-TA, smo izvedli v enostavno sestavljivih in 

modularno strukturiranih MPBR s pravokotnimi in šesterokotnimi kanali različnih velikosti, 

enakomerno ali naključno polnjenih z LentiKats® v enem do treh slojih. 

Najprej smo osnovnemu MPBR z eno vrsto LentiKats® sistematično povečali dolžino kanala 

na 20 do 60 mm, tako da smo dobili dolge pravokotne kanale z volumni do 55,2 µL, 

koncentracijo encima do 74,28 U mL‒1 in poroznostjo do 0,40, ki smo jim določili 

produktivnost. Ko smo ekvimolarno vodno raztopino obeh substratov (oz. (S)-(‒)-α-

metilbenzilamina in natrijevega piruvata) črpali skozi MPBR pri pretokih v razponu od 2 do 

100 µL min‒1 (povprečni zadrževalni čas do 10,4 min), je laminarni tok okrog enakomerno 

nasutih delcev omogočil zelo učinkovito biotransformacijo. Vsi testirani MPBR so 

obratovali približno enako dobro pri enakih povprečnih zadrževalnih časih, pri čemer so 

dosegli več kot 80 % konverzijo v manj kot 5 min. Nadaljnja primerjava reakcijskih hitrosti 

(PR), ocenjenih pri 70 % konverziji v MPBR različnih dolžin kanalov, je pokazala linearno 

sorazmernost znotraj testiranih dimenzij in produktivnost biokatalizatorja (BPN) do 257,6 

μmolACP gATA-wt
‒1. Tako se je izkazalo, da smo s sistematičnim povečevanju dolžine kanalov 

hkrati dosegli povečano zmogljivost reaktorja in učinkovito dostopnost biokatalizatorja 

zaradi ugodnih hidrodinamiskih pogojev. 

Povečanje velikosti smo nadalje izvedli v smeri širine kanala (od 4 do 12 mm široki 

pravokotni kanali z volumni do 55,2 µL, koncentracijo encima do 68,45 U mL‒1 in 

poroznostjo 0,41), kjer smo MPBR enakomerno polnili z eno plastjo LentiKats®. Pri uporabi 
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pretokov v razponu od 2 do 100 µL min‒1 (povprečni zadrževalni čas do 11,4 min) so 

rezultati pokazali nekoliko večje BPN kot v prejšnjem primeru (okrog 285 μmolACP           

gATA-wt
‒1) ter nelinearno sorazmernost pri zvišanju reakcijskih hitrosti ocenjenih pri 70 % 

konverziji, kar je lahko posledica neugodnih hidrodinamiskih pogojev. Da bi zagotovili 

ustreznejšo porazdelitev tekočine vzdolž širine kanala smo uvedli trikotni vstopni in izstopni 

del kanala s stebrički. MPBR s kanali občutno povečanih širin (od 4 do 79,67 mm, z volumni 

pravokotnega dela kanala do 2090,5 µL, koncentracijo encima do 46,87 U mL‒1 in 

poroznostjo do 0,60), polnjenih z eno plastjo LentiKats®, smo testirali in primerjali glede 

njihove produktivnosti. Pri pretokih od 1,7 do 1090,0 µL min‒1 (povprečni zadrževalni čas 

do 35,4 min) so MPBR z izboljšano porazdelitvijo toka tekočine pokazali skoraj enako 

učinkovitost pri istih povprečnih zadrževalnih časih, pri čemer so dosegli konverzije nad 90 

% v manj kot 20 min, vrednosti BPN pa so znašale do 642,4 μmolACP gATA-wt
‒1. Ugodne 

hidrodinamske pogoje smo v nadaljevanju potrdili pri MPBR z vsemi testiranimi širinami 

kanalov s trikotnimi deli s stebrički. 

V nadaljevanju smo na osnovi različnega nasutja LentiKats® v enega, dva ali tri sloje preučili 

še vpliv povečanja globine kanalov na učinkovitost MPBR s šesterokotnimi kanali s 

trikotnimi vstopnimi in izstopnimi deli s stebrički, pri čemer smo dosegli globine od 0,32 do 

0,96 mm z volumni pravokotnega dela do 3187,5 µL, koncentracijo ecima do 43,49 U mL‒1 

in poroznostjo do 0,62. Pri uporabi pretokov v razponu od 18,0 do 1730,7 µL min‒1 

(povprečni zadrževalni čas do 35 min) je samo MPBR z enim slojem LentiKats® pri 

najdaljših povprečnih zadrževalnih časih dosegel maksimalno konverzijo, medtem ko so 

MPBR z več sloji delcev dosegli bistveno nižje konverzije pri enakih povprečnih 

zadrževalnih časih. Zmanjšanje vrednosti BPN iz 536,2 μmolACP gATA-wt
‒1, dosežene v 

MPBR z enim slojem, na 362,7 μmolACP gATA-wt
‒1, dosežene v MPBR s tremi sloji 

LentiKats®, smo pripisali opaženemu lepljenju delcev pakiranih v sloje, kar je preprečilo 

vzpostavitev homogenega toka tekočine okoli delcev in je vodilo do nastanka kanalov, ki so 

preprečili molekulam substrata dostop do encimov. Reakcijska hitrost v MPBR s tremi sloji 

LentiKats® se je zmanjšala za 1,8-krat v primerjavi z vrednostjo pri MPBR z enim slojem. 

Še bistveno nižje konverzije smo pridobili v MPBR z 0,64 mm globokim kanalom, naključno 

polnjenim z LentiKats® v več slojih (koncentracija encima 167,45 U mL‒1 in poroznost 

0,28), kjer je bila vrednost BPN 72,1 μmolACP gATA-wt
‒1. Manjša učinkovitost MPBR z več 

sloji LentiKats® je bila spet posledica stiskanja in lepljenja delcev hidrogela v kanalu, kar je 

vodilo v tvorbo kanalov tekočine skozi sloje in posledično reakcijske hitrosti le do 20 

μmolACP h‒1. 

Z razvitimi MPBR smo ocenili tudi vpliv temperature na transaminacijo v razponu od 30 do 

75 °C pri pretoku od 25 µL min‒1 (povprečni zadrževalni čas 2,6 min). Rezultati so pokazali, 

da je 55 °C optimalna temperatura za obravnavano reakcijo z LentiKats® z imobilizirano     

ω-TA. Po 2,6 min pri 55 °C je MPBR dosegel BPN in reakcijsko hitrost 361,7 μmolACP         

gATA-wt
‒1 in približno 31,9 μmolACP h‒1. Po drugi strani pa je MPBR z eno vrsto in enim 
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slojem enakomerno nasutih LentiKats® pokazal dobro obratovalno stabilnost, saj je v 

obdobju 21 dni pri 24 °C zadržal več kot 80 % začetne volumetrične produktivnosti. 

Meritve padca tlaka v razvitih MPBR z LentiKats® so pokazale zmerno in linearno odvisne 

vrednosti, ki so znašale do 42 kPa pri pretokih do 1000 µL min‒1. Padci tlaka so bili 

približno enaki pri različnih geometrijah kanalov, razen pri MPBR z najmanjšim 

pravokotnim kanalom, kjer je bil pri pretoku 100 µL min‒1 izmerjen padec tlaka 9 kPa. 

Izračunani Rep za delce je znašal blizu 0,68 za vse MPBR z enakomernim nasutjem, kar 

nedvomno potrjuje obstoj laminarnega toka in zadržanih ugodnih hidrodinamskih lastnosti. 

Časovno dimenzijska analiza MPBR s pravokotnim kanalom enakomerno nasutega z enim 

slojem LentiKats® je pokazala prevlado konvektivnega prenosa snovi nad prenosom z 

difuzijo (Pep od 22,35 do 670,62 pri pretokih od 1,7 do 50,8 µL min‒1) in s tem difuzijski 

prenos snovi znotraj LentiKats® kot omejitveni dejavnik celotnega procesa. 

V nadaljevanju smo preučevali MPBR naključno polnjene z enim ali dvema slojema 

Novozym® 435 s povprečnim premerom 372,10 ± 27,05 µm in s specifično aktivnostjo 

133,05 ± 2,71 U mgCaLB
‒1 (13,31 ± 0,27 U mgN435

‒1). 

MPBR, naključno polnjene z eno vrsto in enim slojem Novozym® 435, smo sistematično 

podaljšali od 23,93 do 81,00 mm in s tem pridobili dolge pravokotne kanale z volumni do 

95,3 µL, koncentracijo encima do 5,53 U μL‒1 in poroznostjo do 0,59, ki smo jim določili 

produktivnost s črpanjem ekvimolarne raztopine obeh substratov (oz. vinil butirata in                    

1-butanola) v n-heptanu pri pretokih v razponu od 12,2 do 565,2 µL min‒1 (povprečni 

zadrževalni čas do 1,4 min). Vsi trije preizkušeni MPBR so obratovali enako ugodno pri 

enakih povprečnih zadževalnih časih, pri čemer smo dosegli maksimalno konverzijo 

približno 95 % v manj kot 0,8 min. Reakcijske hitrosti, ocenjene pri najdaljšem povprečnem 

zadrževalnem času (oz. pri maksimalni konverziji), so pokazale linearno sorazmernost z 

dolžino kanalov ob isti širini in globini. Dosežene vrednosti BPN do 13,56 mmolBB gCaLB
‒1 

so dokazovale, da je bilo povečanje kapacitete reaktorja na osnovi njegovega podaljšanja 

učinkovito. 

Sintezo BB, katalizirano s CaLB, smo v nadaljevanju izvedli še v MPBR s pravokotnimi ali 

šesterokotnimi kanali (s trikotnimi vstopni in izstopnimi deli s stebrički) različnih širin (od 

2,95 do 29,22 mm široki kanali z volumni pravokotnega dela do 628,7 µL, koncentracijo 

encima do 5,38 U μL‒1 in poroznostjo do 0,58), naključno polnjenimi z enim slojem 

Novozym® 435. Evalvacija pri pretokih v razponu od 25,2 do 3636,4 µL min‒1 (povprečni 

zadrževalni čas do 1,4 min) je pokazala maksimalno konverzijo okrog 95 % doseženo v manj 

kot 0,8 min v vseh testiranih MPBR, linearno povečanje reakcijskih hitrosti ocenjenih pri 

najdaljših zadrevalnih časih v odvisnosti od širine kanala ter vrednosti BPN okrog 12,5 

mmolBB gCaLB
‒1.Vpliv globine kanala na učinkovitost reaktorja smo raziskali z uporabo 

MPBR z dvema različnima globinama šesterokotnih kanalov (0,40 in 0,80 mm globoka 

kanala z volumni pravokotnega dela do 643,1 µL, koncentracijo encima do 5,52 U µL‒1 in 
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poroznostjo do 0,58) najključno polnjenima z Novozym® 435, ki delujeta pri pretokih v 

razponu od 131,5 do 3756,3 µL min‒1 (povprečni zadrževalni čas do 1,4 min). MPBR z 

dvema slojema je dosegel nekoliko višjo konverzijo pri povprečnih zadrževalnih časih 

manjših od 0,6 min. Posledica tega je, da reakcijska hitrost, ocenjena pri najdaljšem 

povprečnem zadrževalnem času, neznatno odstopa od linearnosti, vendar še vedno 

zagotavlja učinkovito povečanje zmogljivosti MPBR. Dosežen BPN v MPBR z dvema 

slojema delcev (14,03 mmolBB gCaLB
‒1) je bil višji od tistega, ki smog a dosegli v MPBR z 

enim slojem delcev (12,18 mmolBB gCaLB
‒1).  

Vpliv temperature na sintezo BB, katalizirano s CaLB, smo ocenili v temperaturnem 

območju od 24 do 80 °C v termostatiranem in kontinuirno delujočem MPBR s pravokotnim 

kanalom, naključno polnjenim z enim slojem Novozym® 435 (koncentracija encima 5,53 U 

µL‒1 in poroznost 0,57) pri pretoku 170,7 µL min‒1 (povprečni zadrževalni čas 0,1 min). Kot 

optimalna temperatura se je izkazala 75 °C, kjer smo dosegli konverzijo okrog 81 %, BPN 

je znašal 11,39 mmolBB gCaLB
‒1, PR pa 4,85 mmolBB h‒1. Po drugi strani smo obratovalno 

stabilnost ovrednotili v obdobju 53 dni pri 24 °C z uporabo MPBR s pravokotnim kanalom, 

naključno polnjenim z enim slojem Novozym® 435 (koncentracija encima 5,28 U µL‒1 in 

poroznost 0,58). V tem času je relativna volumetrična produktivnost padla pod 50 % začetne 

vrednosti. Meritve padca tlaka v MPBR z Novozym® 435 so pokazale zmeren in linearno 

odvisen trend z višanjem pretoka, z največjim padcem tlaka okrog 88 kPa pri pretoku od 

1800 µL min‒1. Izračunano Rep število je izkazalo popolnoma laminarni tok tekočine (Rep 

pri maksimalnih pretokih so znašali do 8,37).  

Analiza porazdelitve zadrževalnih časov, ki smo jo najprej preučili na eksperimentalni 

postavitvi zanke brez priključenega MPBR z uporabo glukoze kot inertnega sledilca, je 

pokazala vrednosti povprečnega zadrževalnega časa od 1,78 min, variance 0,21 min2 in 

asimetrije 0,79. Nato smo izvedli analizo RTD na MPBR z dolžinama pravokotnih kanalov 

23,93 in 81,00 mm. Rezultati so pokazali, da se eksperimentalno določene vrednosti 

povprečnih zadrževalnih časov (0,21 min za krajši in 0,53 min za daljši kanal) ujemajo z 

izračunanimi idealnimi vrednostmi za podane dolžine kanalov. Na ta način smo dokazali, da 

so bili celotni reaktorji izkoriščeni oziroma da so bili brez neaktivnih prostornin ali obvoda 

tekočine. Za MPBR s krajšim kanalom je znašala vrednost variance 0,08 min2 in asimetrije 

0,77 ter aksialni koeficient disperzije 1,42 × 10‒5 m2 s‒1, medtem ko je bila za MPBR z 

daljšim kanalom vrednost variance 0,14 min2, asimetrije 0,42 in aksialni koeficient disperzije 

0,92 × 10‒5 m2 s‒1.  

Tudi pri MPBR s pravokotnim kanalom, naključno polnjenim z enim slojem Novozym® 435, 

je časovno dimenzijska analiza pokazala prevlado konvektivnega prenosa snovi nad 

difuzijskim prenosom (vrednosti za Pep število so bile v območju od 169,39 do 2371,46 pri 

pretokih od 40,4 do 562,2 µL min‒1) in omejitve prenosa snovi znotraj delcev kot omejitveni 

dejavnik za celotno reakcijo. 
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Za izbrano transesterifikacijo vinil butirata in 1-butanola smo z ovrednotenjem niza 

eksperimentalnih podatkov, pridobljenih v šaržnem procesu, potrdili inhibicijo z obema 

substratoma. Potrdili smo, da se lahko matematični model, ki je že predstavljen v literaturi, 

z uporabo pridobljenih parametrov uporablja tudi za opis MPBR z Novozym® 435, razvitim 

v tej študiji. 

V zaključku ugotavljamo, da so razviti MPBR omogočali enostavno in učinkovito polnjenje 

z imobiliziranimi encimi v obliki hidrogelov ali sferičnih poroznih delcev ter večkratno 

uporabo, uspešno pa smo jih evalvirali na primeru sinteze ACP katalizirane z ω-TA ter 

sinteze BB, katalizirane s CaLB. V primeru MPBR z LentiKats® je sistematična študija 

povečevanja reaktorja, narejenega iz dveh plošč, pokazala, da je za povečanje zmogljivosti 

in hkrati učinkovito uporabo LentiKats®, ki vsebuje ω-TA, najbolj učinkovit en sloj 

enakomerno nasutih delcev v širokem kanalu s trikotnimi deli s stebrički. V nasprotju s tem 

pa ima povečanje globine kanalov v MPBR z višanjem nasutja delcev kot posledico 

zmanjšanje reakcijske hitrosti ter posledično zmanjšano učinkovitost, kar pripisujemo 

neugodnim hidrodinamskim pogojem v takšni konfiguraciji MPBR. Rezultati študije 

sistematičnega povečanja MPBR z Novozym® 435 so bili podobni kot pri LentiKats®, razen 

tega, da je povečanje globine kanalov, naključno polnjenih z dvema slojema Novozym® 435, 

izkazalo zadržano dobro učinkovitost reaktorja, kar kaže na ugodne hidrodinamske pogoje 

v reaktorju. S to študijo smo predstavili učinkovito sistematično povečevanje naprav, pri 

čemer bi za nadaljnje povečanje proizvodne zmogljivosti predlagali koncept povečanja 

števila enot oz. angl. ‘numbering-up’. Poleg tega smo razvite MPBR uporabili kot orodje za 

optimizacijo procesnih parametrov, pri čemer smo zagotovili nizko porabo materiala in časa, 

kaj potrjuje prednost uporabe mikroreaktorske tehnologije pri razvoju bioprocesov. Končno, 

razvili smo postopek za imobilizacijo celic E. coli v alginatne mikrodelce, ki temelji na 

mikrofluidiki, s čimer smo nakazali možnost uporabe mikrofluidnih naprav za učinkovito in 

hitro pripravo imobiliziranih biokatalizatorjev, ki jih lahko uporabljamo v MPBR. 
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ANNEX A 

Proposed mathematical model for a miniaturized packed bed reactor with LentiKats® 

A 3D mathematical model for an MPBR with equally-sized and uniformly packed 

LentiKats® (in one row and one layer) used for the ω-TA-catalyzed synthesis of ACP is 

proposed here. The model has been established as a continuum-based heterogeneous model, 

that is to say the physical domain is separated into two parts: the fluid phase comprising 

convective and diffusive transport of species around the particle in all spatial directions along 

with velocity profile (domain 1), and hydrogel phase (domain 2) comprising only diffusive 

transport occurring in all spatial dimensions as well (Supplementary Figure 1).   

Supplementary Figure 1: An intersection of the lens-shaped particle packed in a rectangular channel with 

appropriate macroscopic mass balance equations for both physical domains.   

Dopolnilna slika 1: Presečišče delca v obliki leče pakiranega v pravokotni kanal z ustreznimi makroskopskimi 

enačbami za masne bilance v obeh fizičnih domenah.  

The developed model equations are based on several assumptions. Firstly, the process is 

isothermal and operates under the steady state conditions. Secondly, diffusion in the 

hydrogel (Supplementary Figure 1) can be described using the constant effective diffusivities 

of the reacting species. And thirdly, the reaction takes place in the hydrogel where a uniform 

distribution of enzymes is assumed. Taking this into account, the continuum-based 

macroscopic mass balance equations for all reacting species at steady state conditions were 

derived for domain 1 (Supplementary Equations 1 to 4) and domain 2 (Supplementary 

Equations 5 to 8). The Supplementary Equations from 1 to 8 were derived as explained below 

in the text.  
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v ⃗⃗  ∇CMBA + DMBA ∇2
 CMBA = 0 … (1)

v ⃗⃗  ∇CPYR + DPYR ∇2
 CPYR = 0 … (2)

v ⃗⃗  ∇CACP + DACP ∇2
 CACP = 0 … (3)

v ⃗⃗  ∇CALA + DALA ∇2
 CALA = 0 … (4)

DeMBA ∇2
 CMBA = – ra … (5)

DePYR ∇2
 CPYR = – ra … (6)

DeACP ∇2
 CACP = ra … (7)

DeALA ∇2
 CALA = ra … (8)

v⃗⃗ velocity vector [m s‒1] 

CMBA concentration of (S)-(–)-α-methylbenzylamine [mol m‒3] 

CPYR concentration of pyruvate [mol m‒3] 

CACP concentration of acetophenone [mol m‒3] 

CALA concentration of L-alanine [mol m‒3] 

DMBA diffusion coefficient of (S)-(–)-α-methylbenzylamine in water [m2 s‒1] 

DeMBA effective diffusion coefficient of (S)-(–)-α-methylbenzylamine in LentiKats® [m2 s‒1] 

DPYR diffusion coefficient of pyruvate in water [m2 s‒1] 

DePYR effective diffusion coefficient of pyruvate in LentiKats® [m2 s‒1]  

DACP diffusion coefficient of acetophenone in water [m2 s‒1] 

DeACP effective diffusion coefficient of acetophenone in LentiKats® [m2 s‒1]  

DALA diffusion coefficient of L-alanine in water [m2 s‒1] 

DeALA effective diffusion coefficient of L-alanine in LentiKats® [m2 s‒1]  

ra reaction rate [mol m‒3 s‒1]  

The physical domains are coupled over the interfacial surface using interdependent boundary 

conditions. The continuity of flux by diffusion normal to the interfacial surface was used as 

a boundary condition at one side of the interface (Supplementary Equations 9 to 12), while 

the equality of concentrations of reacting species in both phases was assumed to be a 

boundary condition at another side of the interface. The boundary conditions at all other 

surfaces of domains are described by zero concentration gradients.   
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– n ⃗⃗  · N⃗⃗ MBA,1 = – n ⃗⃗  · N⃗⃗ MBA,2  … (9)

– n ⃗⃗  · N⃗⃗ PYR,1 = – n ⃗⃗  · N⃗⃗ PYR,2 … (10)

– n ⃗⃗  · N⃗⃗ ACP,1 = – n ⃗⃗  · N⃗⃗ ACP,2  … (11)

– n ⃗⃗  · N⃗⃗ ALA,1 = – n ⃗⃗  · N⃗⃗ ALA,2  … (12)

CMBA,1 = CMBA,2 … (13)

CPYR,1 = CPYR,2 … (14)

CACP,1 = CACP,2 … (15)

CALA,1 = CALA,2 … (16)

n⃗⃗ flux vector normal to the interfacial surface [–]   

N⃗⃗ MBA molar flux of (S)-(–)-α-methylbenzylamin normal to the interfacial surface [mol m‒2 s‒1] 

N⃗⃗ PYR molar flux of pyruvate normal to the interfacial surface [mol m‒2 s‒1] 

N⃗⃗ ACP molar flux of acetophenone normal to the interfacial surface [mol m‒2 s‒1]  

N⃗⃗ ALA molar flux of L-alanine normal to the interfacial surface [mol m‒2 s‒1]   

The enzymatic transamination reaction is a second-order reversible reaction that follows a 

ping-pong bi-bi reaction mechanism, and hence the reaction rate term (ra) can be obtained 

as discussed in the theoretical part.  

A simultaneous numerical solution of the given differential equations (Supplementary 

Equations 1 to 8) with the associated boundary conditions (Supplementary Equations 9 to 

16) could be performed using an appropriate numerical method. The fluid flow velocity

profile in domain 1 could be obtained by solving the well-known Navier-Stokes equations, 

and considering no-slip boundary conditions at the particle surface and at the walls of the 

channel. This task may be done using some of the best-known computational fluid dynamics 

tools such as MATLAB®, COMSOL Multiphysics®, OpenFOAM®, simFlow®, etc.  
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1. Differential mass balance in the fluid phase physical domain

Supplementary Figure 2: A differential element from the fluid phase. 

Dopolnilna slika 2: Diferencialni element iz tekoče faze. 

vx Ci Δy Δz |x – vx Ci Δy Δz |x +Δx + vy Ci Δx Δz |y – vy Ci Δx Δz |y +Δy + vz Ci Δx Δy |z – 

– vz Ci Δx Δy |z +Δz + Di 
dCi

dx
Δy Δz |x – Di 

dCi

dx
Δy Δz |x + Δx + Di 

dCi

dy
Δx Δz |y – Di 

dCi

dy
 Δx Δz |y + Δy  

+ Di 
dCi

dz
Δx Δy |z – Di 

dCi

dz
 Δx Δy |z + Δz = 0 

Dividing the whole equation by Δx Δy Δz we get: 

vx Ci |x – vx Ci |x +Δx 

Δx
+ 

vy Ci |y – vy Ci |y +Δy

Δy
+ 

vz Ci |z – vz Ci |z +Δz 

Δz
 + 

Di 
dCi

dx
|x – Di 

dCi

dx
|x + Δx

Δx
+ 

+ 

Di 
dCi

dy
|y – Di 

dCi

dy
|y + Δy 

Δy
+ 

Di 
dCi

dz
|z – Di 

dCi

dz
|z + Δz 

Δz
= 0  
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To develop an equation that stands to any point, we take the limit by shrinking Δx, Δy and 

Δz to zero: 

lim
Δx → 0

vx Ci |x – vx Ci |x +Δx 

Δx
+ lim

Δy → 0

vy Ci |y – vy Ci |y +Δy 

Δy
+ lim

Δz → 0

vz Ci |z – vz Ci |z +Δz 

Δz
+ 

+ lim
Δx → 0

Di 
dCi

dx
|x – Di 

dCi

dx
|x + Δx 

Δx
 + lim

Δy → 0

Di 
dCi

dy
|y – Di 

dCi

dy
|y + Δy 

Δy
+ lim

Δz → 0

Di 
dCi

dz
|z – Di 

dCi

dz
|z + Δz 

Δz
= 0 

to get: 

vx

dCi

dx
 + vy

dCi

dy
+ vz

dCi

dz
+ Di 

d

dx
(
dCi

dx
) + Di 

d

dy
(
dCi

dy
) + Di 

d

dz
(
dCi

dz
) = 0 

The final equation is: 

v ⃗⃗  ∇Ci + Di ∇2
 Ci = 0 

where Ci and Di denote concentrations and diffusivities in aqueous solution of reacting 

species (S)-(–)-α-methylbenzylamine, sodium pyruvate, acetophenone and L-alanine, 

respectively.  
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2. Differential mass balance in the hydrogel phase physical domain

Supplementary Figure 3: A differential element from the hydrogel phase. 

Dopolnilna slika 3: Diferencialni element iz hidrogela.  

Dei 
dCi

dx
Δy Δz |x – Dei 

dCi

dx
Δy Δz |x + Δx + Dei 

dCi

dy
Δx Δz |y – Dei 

dCi

dy
Δx Δz |y + Δy + Dei 

dCi

dz
 Δx Δy |z – 

– Dei 
dCi

dz
 Δx Δy |z + Δz – ra Δx Δy Δz = 0 

Dividing the whole equation by Δx Δy Δz we get: 

Dei 
dCi

dx
|x – Dei 

dCi

dx
|x + Δx 

Δx
+ 

Dei 
dCi

dy
|y – Dei 

dCi

dy
|y + Δy 

Δy
+ 

Dei 
dCi

dz
|z – Dei 

dCi

dz
|z + Δz 

Δz
= ra 

To develop an equation that stands to any point, we take the limit by shrinking Δx, Δy and 

Δz to zero: 
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lim
Δx → 0

Dei 
dCi

dx
|x – Dei 

dCi

dx
|x + Δx 

Δx
 + lim

Δy → 0

Dei 
dCi

dy
|y – Dei 

dCi

dy
|y + Δy 

Δy
 + 

+ lim
Δz → 0

Dei 
dCi

dz
|z – Dei 

dCi

dz
|z + Δz 

Δz
= ra  

to get: 

Dei 
d

dx
(
dCi

dx
) + Dei 

d

dy
(
dCi

dy
) + Dei 

d

dz
(
dCi

dz
) = ra  

The final equation is: 

Dei ∇2
 Ci = ra 

where Ci an Dei denote concentrations and effective diffusivities in hydrogel of reacting 

species (S)-(–)-α-methylbenzylamine, sodium pyruvate, acetophenone and L-alanine, 

respectively.  
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ANNEX B 

Chemical compounds with corresponding molecular formulas and PubChem CID numbers 

Compound 
Molecular 

formula 

Molecular 

weight [g mol‒1] 

PubChem 

CID 

Acetonitrile C2H3N 41.053 6342 

Acetophenone C8H8O 120.151 7410 

Ammonium chloride NH4Cl 53.489 25517 

Butyl butyrate C8H16O2 144.214 7983 

Calcium acetate C4H6CaO4 158.166 6116 

Calcium chloride  CaCl2 110.978 5284359 

Glucose C6H12O6 180.156 79025 

Glycerol C3H8O3 92.094 753 

Hydrochloric acid HCl 36.458 313 

β-D-1-thiogalactopyranoside C9H18O5S 238.298 656894 

Kanamycin sulfate  C18H38N4O15S 582.575 32943 

L-alanine C3H7NO2 89.094 5950 

Magnesium sulfate MgSO4 120.361 24083 

n-heptane C7H16 100.205 8900 

Potassium phosphate monobasic KH2PO4 136.084 516951 

Pyridoxal-5’-phosphate C8H10NO6P 247.143 1051 

Sodium hydroxide NaOH 39.997 14798 

Sodium phosphate dibasic Na2HPO4 141.957 24203 

Sodium phosphate monobasic NaH2PO4 119.976 23672064 

Sodium pyruvate C3H3NaO3 110.044 23662274 

Sodium sulfate Na2SO4 142.036 24436 

Tris(hydroxymethyl)aminomethane C4H11NO3 121.136 6503 

Vinyl butyrate C6H10O2 114.144 31247 

(S)-α-methylbenzylamine C8H11N 121.183 7408 

1-butanol C4H10O 74.123 263 

https://pubchem.ncbi.nlm.nih.gov/search/#collection=compounds&query_type=mf&query=C4H6CaO4&sort=mw&sort_dir=asc
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