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Highlights: 3 to 5 bullet points (maximum 85 characters, including spaces, per bullet point) 

• Enzyme encapsulation in sol-gel matrices, 3D-printing, and all-enzymes hydrogels 
• Metal-affinity immobilization of His-Tag enzymes on EziG™ and vortex fluidic devices 
• Covalent immobilization of multienzymatic cascade systems in tandem reactors 
• Co-immobilization of multienzymatic systems and redox cofactors 

 

Abstract: (100 -120 words) 

Enzymatic immobilization has been at the forefront of applied biocatalysis as it enables convenient 
isolation and reuse of the catalyst if the target reaction is conducted in batch, and it has opened up 
significant opportunities to conduct biocatalysis in continuous mode. Over the last few years, an array 
of techniques to immobilize enzymes have been developed, spanning from covalent multi-point 
attachment, to non-covalent electrostatic strategies, to rational architecture to suitably orient the 
enzyme(s). In addition, new materials have been adapted to support biological catalysts. Here we 
discuss the advances of the last two years in enzyme immobilization for continuous flow applications.  

Introduction 

Continuous flow synthesis of fine chemicals has been rapidly expanding in industrial settings [1]. At 
the same time, the application of biocatalysis in synthetic chemistry is now considered one of the most 
promising technologies in the green chemistry context [2], and the potential of merging both 
technologies, continuous flow synthesis and biocatalysis, has been extensively acknowledged with an 
important number of publications and several reviews in the area over the past two years [1–3].   

This review focusses on the most recent developments in continuous flow biocatalysis with emphasis 
on novel enzyme immobilization and encapsulation technologies (Figure 1), and their applications in 
multi-enzymatic systems to address more complex chemical functionalities such as cofactor recycling 
systems to enable cost-efficient redox biocatalysis, and their implementation.  

 

Encapsulation and enzyme immobilization in flow biocatalysis 

Despite several advantages offered by whole cell biocatalysis [1], and their applicability to continuous 
flow [4–6], cell free enzyme biocatalysis is generally more versatile for continuous synthetic 
applications. Although there are examples of soluble enzymes used in continuous flow systems [7], 
enzyme immobilization technology plays a key role in this field as it allows the catalyst(s) to be retained 
within the reactor while reagents flow through the system. Enzyme immobilization decreases the 
required quantity of enzyme, simplifies product work-up and potentially increases enzyme stability. 
Two main approaches have been developed; enzymes are either immobilized onto the reactor wall 
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(i.e. wall coated reactor), or on particles (carrier material), which are then packed into a tube (i.e. 
packed-bed reactor) [8]. 

Enzyme immobilization techniques can be generally grouped into physical and chemical 
immobilization methods. Encapsulation is a physical separation of the enzyme molecules from the 
reaction environment achieved with an organic or an inorganic polymer in a strategic and directional 
manner. Chemical immobilization involves the interaction of enzymes molecule with a support. 

Physical entrapment is generally a milder process for the enzymes, and different strategies have been 
proposed for continuous flow reactors [9,10]. Poppe and co-workers designed a methodology of sol-
gel enzyme entrapment based on bioinformatics and experimental design tools. Lipase B from Candida 
antartica (CalB) was entrapped in sol-gel matrices, and the resulting biocatalysts were used in the 
kinetic resolution of secondary alcohols and amines in continuous flow. Remarkably, this 
“immobilization engineering” approach allowed individual optimization of different organosilane 
precursor compositions for each substrate. The sol-gel entrapped CalB could be operated in a 
continuous packed bed reactor for 5 days at 0.6 mL/L flow rate and 60 ºC resulting in a space time 
yield (STY) of 0.81 Kg L-1 h-1, and a specific productivity of the enzyme of 0.44 Kg g-1 day-1 reaching very 
high enantiomeric purity [11].  

Rabe and co-workers developed a novel enzyme encapsulation technology through 3D-printing of 
agarose hydrogel containing a thermostable mutant of ketoisovalerate decarboxylase from 
Lactococcus lactus (KIVD_mutant) with a syringe-based extrusion printer. The continuous 
decarboxylation of ketoisovalerate to isobutyraldehyde was then successfully demonstrated by 
combining four KIDV_mutant discs in a modular fashion, at a flow rate of 25 µL/min, with a 40% 
conversion. Despite some leaching after 4 h, the enzyme embedded in the gel showed significant 
catalytic activity in the presence of organic solvent, and a modular system containing different 
enzymes encapsulated in different discs was assembled to catalyse a two-step biocatalytic reaction, 
paving the way for multistep flow biocatalysis with a defined sequence of biocatalysts. Nevertheless, 
a flow rate of 25 µL/min is low and the productivity could be limited even further as the cascade 
lengthen [12].  

Niemeyer and co-workers reported for the first time a very particular type of encapsulation strategy 
based on self-assembly of all-enzymes hydrogels (Figure 2). This was successfully applied to the 
reduction reaction of Cs-symmetrical 5-nitrononane-2,8-dione (NDK) in a continuous flow microfluidic 
reactor. This novel technique used reactive peptide partners, SpyCatcher (SC) and SpyTag (ST), which 
spontaneously form a covalent isopeptide linkage under physiological conditions. The two short 
peptides were genetically fused to the enzyme catalysing the reaction, an (R)-selective alcohol 
dehydrogenase from Lactobacillus brevis (LbADH-SC), and the cofactor recycling enzyme, glucose 1-
dehydrogenase from Bacillus subtilis (GDH-ST), respectively. This system was used in a microfluidic 
device to produce (R, R)-diol from NDK with a flowrate of 10 µL/min. The hydrogel effectively retained 
the catalysts with a stable conversion of the substrate for more than 6 days and could be used at  200 
µL/min with an impressive 45 s reactor residence time [13], significantly improving on previous 
performance [14]. 

Another method of affinity immobilization exploits the classic polyhistidine tag (His-tag) routinely 
fused to proteins for easy purification, to bind the catalyst onto matrices displaying metal ions. Turner 
et al. immobilized a His-tag alcohol oxidase on EziG™ Amber (controlled pore glass coated with an 
organic polymer and chelated Fe3+) reaching an enzyme loading of 10% w w-1. At a flow rate of 0.5 
mL/min, 30% conversion to hexanal was obtained and it was maintained for at least 120 column 
volumes [2]. The same immobilization strategy was applied by Mutti and co-workers to immobilize ω-



transaminase from Arthrobacter sp. with 100% immobilization yield to develop the continuous flow 
racemic resolution of rac-α-methyl-benzylamine (rac-α-MBA). 5 g of (S)-α-MBA (>49% conversion, > 
99% ee) were produced in 96h, with no detectable loss of catalytic activity and with a calculated TON 
value of 110,000 with a STY of 335 g L-1 h-1 [15].  

Britton and co-workers reported a straightforward approach to immobilize proteins by affinity binding 
on the walls of an angled borosilicate reactor through the micromixing and vibrational effects created 
by rapid rotation (vortex fluidic device; VFD). Alkaline phosphatase and phosphodiesterase were 
purified and immobilized by this strategy and used for the continuous flow transformation of p-
nitrophenol into p-nitrophenoxide at 0.5 mL/min flow rate, obtaining 4% conversion in ca. 10 minutes. 
This strategy could be useful in multi-step flow biocatalysis when compartmentalization and specific 
ordering of enzymes are required [16]. 

Although metal-affinity binding immobilization has been used in many bio-flow applications, [2] a lack 
of enzyme stability, in the absence of rigidification throughout the enzyme structure, is expected. 
Enzyme stabilization reached by rigidification is especially significant when the binding is covalent [17]. 
In continuous biocatalysis, where the aim is to achieve high accumulated STY normalised to amount 
of enzyme, the achieved operational stability of the enzyme upon immobilization is instrumental, and 
covalent immobilization strategies offer significant advantages [18–21]. 

Paradisi and co-workers exploited a covalent enzyme immobilization strategy to immobilize the (S)-
selective transaminase from Halomonas elongata (HEWT) and developed the first example of cell-free 
biocatalytic synthesis of different amines in a continuous flow packed-bed reactor [22]. Here, the His-
tag-driven affinity binding to the metal-functionalized epoxy-support, is followed by the reaction of 
the enzyme amine groups with available epoxy groups, promoting covalent immobilization yielding 
30-40% recovered activity. This packed-bed flow reactor was applied to the synthesis of 
cinnamylamine from cinnamylaldehyde (90% conversion, 2 min residence time) with an 86% isolated 
yield after an in-line purification step. The same packed-bed flow reactor was also used in the reverse 
reaction to prepare aldehydes with >80% isolation yields [23]. To minimise catalyst distortion, the 
team fused a sacrificial protein to the target enzyme to form covalent bonds with the support while 
shielding the biocatalyst and preserving its catalytic activity up to 90% [24,25]. 

 

Multienzymatic systems in flow biocatalysis 

To meet the demanding diversity of chemical functionalities in industry, the use of biocatalytic cascade 
systems in synthetic applications has been proposed as a suitable and efficient approach [26]. In 
continuous flow synthetic biocatalysis, the co-immobilization of multienzymatic systems is therefore 
required. To date still only few examples have been reported, with various degrees of success. 

The EziG™ Amber support was successfully used by Turner and co-workers for the co-immobilization 
of two enzymes to develop the biocatalytic hydrogen-borrowing cascade for the asymmetric 
amination of racemic alcohols, in a continuous flow reactor. In addition, they also reported on an 
engineered variant of secondary alcohol dehydrogenase from Thermoanerobacter ethanolicus 
(TeSADH) and chimeric amine dehydrogenase (ChiAmDH) for the continuous amination of 1-(4-
fluorophenyl)propan-2-ol (10 mM) to 4-fluoroamphetamine. This system, with a flow of 0.02 mL/min, 
yielded 13 g L-1 day-1. Remarkably, only 0.1 equivalents of the redox cofactor NAD+ were added [2].  

Paradisi and co-workers developed an original closed-loop platform of packed-bed flow reactors for 
the synthesis of high-value primary and secondary alcohols from a variety of commercial amines based 



on enzyme covalent immobilization. HEWT and a suitable reductase were covalently immobilized via 
the His-tag directed strategy described above, to set up two packed-bed reactors. Of industrial 
relevance, the conversion of dopamine to hydroxytyrosol was achieved with 45 min residence time 
using a biphasic stream toluene/buffer and yielding 75% isolated product. Similarly, tryptophol and 
histaminol were synthesised from the corresponding biogenic amines yielding 70% and 68% isolated 
product, respectively [27] (Figure 3a).  

While not the main focus of this review, it is worth mentioning that to address diversity of chemical 
functionalities in continuous flow systems, the combination of flow biocatalysis with chemo-catalysed 
steps offers excellent opportunities, provided that the enzyme immobilization technology is 
compatible with the conditions required in the chemical reaction step, such as organic solvents.  
Bornscheuer and co-workers developed a two-step one-pot-chemo-enzymatic cascade involving 
palladium-catalysed Suzuki-Miyaura cross coupling and an engineered variant of transaminase for the 
continuous flow synthesis of 1-(5-phenylpyridin-3-yl)ethanamine achieving a 43% conversion [28] 
(Figure 3b). Moreover, Poppe and co-workers achieved a fully continuous dynamic kinetic resolution 
(DKR) of racemic 1-phenylethylamine (96% yield, >99% e.e.) with a mixed packed-bed reactor 
combining the robust sol-gel immobilized lipase CalB for DKR, and palladium on aminopropyl-grafted 
silica for mild racemization [29]. 

 

Cofactor recycling in flow biocatalysis 

Oxidoreductases catalyse many important reaction steps in synthetic applications. However, the 
exogenous addition of redox cofactors imposes economic restrictions on process viability on an 
industrial scale. The coupling of cofactor recycling systems, mostly by auxiliary enzymes, has been 
proposed as an efficient approach also in flow applications [1,2,27,30].López Gallego and co-workers 
further expanded the enzymatic cofactor recycling technology by co-immobilization of a 
multienzymatic system, together with the required cofactor, and developed the first example of a self-
sufficient heterogeneous biocatalyst for the continuous asymmetric reduction of prochiral ketones in 
aqueous media. To overcome the mass-transfer limitation, the cofactor is immobilized by ionic 
adsorption on positively charged porous materials allowing association/dissociation equilibrium 
within the porous space and hence, facilitating diffusion to the active sites of the covalently co-
immobilized enzymes (Figure 3c). Co-immobilization of alcohol dehydrogenase, formate 
dehydrogenase, and NAD+ was used to set up a packed-bed flow reactor for the continuous reduction 
of 2,2,2-trifluoroacetophenone to S-(trifluoromethyl)benzyl alcohol without addition of exogenous 
cofactor. At 50 µL/min flow rate, 100% conversion was achieved with a volumetric productivity value 
of 250 µML-norvaline/min, an ee value >99%. Remarkably,  immobilized NAD+ was efficiently recycled, 
accumulating a TTN value of 85 after 107 hours without significant lixiviation [31].  This system was 
expanded to the co-immobilization and co-localization of a commercial ketoreductase (KRED) and 
NADP+ for the continuous synthesis to S-(trifluoromethyl)benzyl alcohol from 2,2,2-
trifluoroacetophenone [32], and for the co-immobilization of pyridoxal phosphate (PLP) with HEWT 
transaminase to generate a self-sufficient reactor for the continuous flow synthesis of high value 
biogenic aldehydes [33]. 

Scale up implementation and process intensification 

Despite recent development on synthetic biocatalytic processes, their implementation on industrial 
scale demands more thorough economical assessments. Industrial-scale biocatalytic reactions, for 
example, require significant substrate concentrations, ideally >100 g L-1, otherwise the reactor 



capacity is wasted by basically “stirring water”, as pointed out by an excellent review by Hollmann and 
co-workers [34].  An important aspect of flow processes is their scalability [3]. 

A biocatalytic reaction on a multi-gram scale for the continuous flow synthesis of melatonin (and 
analogues) in an ultra-efficient closed-loop strategy was developed by Paradisi and co-workers using 
a covalently immobilized acetyltransferase from Mycobacterium smegmatis (MsAcT). A packed-bed 
flow reactor was used for the continuous synthesis of N-(2-phenylethyl)acetamide from 1M 2-
phenylethylamine (120 g L-1) in a biphasic flow system (5:15 aqueous phase/EtOAc), with 5 min 
residence time, allowing N-acetylation with 90% conversion and an unprecedent amide production of 
56 g day-1 using only 1.6 mg of MsAcT (Figure 3d) [35].  

Another key consideration in the application of flow biocatalysis on industrial scale is process 
intensification. Bolívar and co-workers developed a powerful engineering tool for process 
intensification in oxygen-dependent biocatalytic reactions by the implementation of a “high pressure 
flow approach”. This strategy allowed to increase the dissolved oxygen concentration in a single liquid 
aqueous phase 170-fold (43 mM) under pressurized conditions (43 bar), thus eliminating the well-
known restriction of gas-liquid oxygen transfer in this type of biocatalytic reactions. D-amino-
acid:oxygen oxidoreductase from Trigonopsis variabilis (DAAO) and catalase from Bordetella pertussis 
(BpCAT) were immobilized by a versatile non-covalent affinity binding recently used in continuous 
microflow applications [36–39]. These enzymes were genetically fused to the module Zbasic2, and co-
immobilized on Rel-sulfonate matrix (methacrylic resin displaying anionic groups), to set up a packed-
bed flow reactor which was operated at 34 bar and 25 ºC. This pressurized packed-bed flow reactor 
was used for the continuous deamination of D-methionine (100 mM) reaching 80 mM product 
concentration; > 100,000 TON; and 190 g L-1 h-1 (25 mM/min) STY. This technology offers huge 
potential to increase the STY of oxygen-dependent flow biocatalysis, thus extending its process 
windows, and providing opportunities for process intensification in this type of biocatalytic reactions 
[40].  

 

Conclusions 

An overview of the progress in the field of enzyme immobilization to facilitate continuous synthesis 
via (multi)biocatalytic steps of the last two years has been presented. It is unquestionable that this 
field is rapidly expanding, and it is also very clear how there is no universal immobilization technique. 
Systems with increased complexity are also being developed, with new challenges becoming obvious 
(compatibility of the different enzymatic steps, provisions for co-factor requirements, waste 
management, etc.) and innovative solutions are enabling excellent alternatives to traditional synthetic 
approaches. The merging of flow-chemistry with biocatalysis is showing how common issues observed 
in batch mode (feed-back inhibition, inefficient catalysis, intermediate degradation, etc.) are no longer 
observed in continuous processing. A clear effort in bridging the gap between academia and industry 
is also ongoing, with several examples highlighting the scale that can be achieved through 
biotransformation in continuous. The horizon for flow-biocatalysis is bright and it is expected that this 
field will continue to grow. Industrial uptake of this technology has not yet been significant, but it is 
likely only a matter of time. 
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Figures captions 

Figure 1. General overview of the review focusing on the advances of the last two years in enzyme 
immobilization and encapsulation technologies for continuous flow applications in synthetic 
biocatalysis. 

Figure 2. A schematic description of the encapsulation strategy based on self-assembly of all-enzymes 
hydrogels based on the interaction of reactive peptide partners, SpyCatcher (SC) and SpyTag (ST). The 
two short peptides were genetically fused to the enzymes catalysing the reaction, an (R)-selective 
alcohol dehydrogenase from Lactobacillus brevis (LbADH-SC; red), and the cofactor recycling enzyme, 
glucose 1-dehydrogenase from Bacillus subtilis (GDH-ST; blue).  

Figure 3. A schematic description of different immobilization technologies. (A) A two-step 
immobilization strategy by affinity binding of a His-tagged enzyme to the metal-functionalized 
epoxy-support, followed by the reaction of the lysine reactive groups with nearby epoxy groups, 
generating covalent bonds, and its application in a closed-loop platform of packed-bed reactors for a 
multienzymatic biocatalytic cascade. (B) An affinity immobilization method exploiting a His-tagged 
enzyme to bind onto matrices displaying metal ions, and its application in a two-step one-pot-
chemo-enzymatic cascade involving Pd-catalysed Suzuki-Miyaura cross coupling. (C) An ionic 
adsorption immobilization strategy which binds the negatively charged NAD+ cofactor to the 
positively charged polyethylenimine (PEI) coating the enzymes covalently immobilized to the 
support, and its use for in-situ cofactor recycling. (D) A covalent immobilization strategy on glyoxyl 
activated support applied to a multi-gram scale biocatalytic synthesis in continuous flow.  

 

  



Figure 1 

 

  

Continuous Flow Chemistry Synthetic Biocatalysis



Figure 2 

 

 

 

  

ST

ST
ST

ST

SC

SC

SC

SC

NH

O

SC

SC

HN
O

SC

HN

O

Lys

Asp

ST

HN

O

NH
O

ST

HN
O

NHO
ST



Figure 3 

 

Chemical Enzyme 
Immobilization Technology

OH H
N

Co2+

Closed-loop Multienzymatic 
Systems

Co2+
N N

His-tag

Combination
with Chemo-catalysis

Co-immobilization and In-situ 
Regeneration of Cofactors

Multigram Scale 
Biocatalysis

O
N
H

O
N
HO

N
H

O
H
N

NH3

O O

NH3

NH3

OH
N
H

OH H
N

NH3
NAD+

N N

His-tag

A B

C D



References 

 

1.  Britton J, Majumdar S, Weiss GA: Continuous flow biocatalysis. Chem Soc Rev 2018, 47:5891–
5918. 

2.  Thompson MP, Derrington SR, Heath RS, Porter JL, Mangas-Sanchez J, Devine PN, Truppo MD, 
Turner NJ: A generic platform for the immobilisation of engineered biocatalysts. 
Tetrahedron 2019, 75:327–334. 

3.  Tamborini L, Fernandes P, Paradisi F, Molinari F: Flow Bioreactors as Complementary Tools 
for Biocatalytic Process Intensification. Trends Biotechnol 2018, 36:73–88. 

4.  De Vitis V, Dall’oglio F, Tentori F, Contente ML, Romano D, Brenna E, Tamborini L, Molinari F: 
Bioprocess intensification using flow reactors: Stereoselective oxidation of achiral 1,3-diols 
with immobilized Acetobacter aceti. Catalysts 2019, 9. 

5.  Molnár Z, Farkas E, Lakó Á, Erdélyi B, Kroutil W, Vértessy BG, Paizs C, Poppe L: Immobilized 
whole-cell transaminase biocatalysts for continuous-flow kinetic resolution of amines. 
Catalysts 2019, 9. 

6.  Dreßen A, Hilberath T, Mackfeld U, Rudat J, Pohl M: Phenylalanine ammonia lyase from 
Arabidopsis thaliana (AtPAL2): A potent MIO-enzyme for the synthesis of non-canonical 
aromatic alpha-amino acids.: Part II: Application in different reactor concepts for the 
production of (S)-2-chloro-phenylalanine. J Biotechnol 2017, 258:158–166. 

7.  Meng SX, Xue LH, Xie CY, Bai RX, Yang X, Qiu ZP, Guo T, Wang YL, Meng T: Enhanced 
enzymatic reaction by aqueous two-phase systems using parallel-laminar flow in a double 
Y-branched microfluidic device. Chem Eng J 2018, 335:392–400. 

8.  Lindeque RM, Woodley JM: Reactor Selection for Effective Continuous Biocatalytic 
Production of Pharmaceuticals. Catalysts 2019, 9:262. 

9.  Schmieg B, Döbber J, Kirschhöfer F, Pohl M, Franzreb M: Advantages of hydrogel-based 3D-
printed enzyme reactors and their limitations for biocatalysis. Front Bioeng Biotechnol 2019, 
6. 

10.  Bajić M, Plazl I, Stloukal R, Žnidaršič-Plazl P: Development of a miniaturized packed bed 
reactor with ω-transaminase immobilized in LentiKats®. Process Biochem 2017, 52:63–72. 

11.  Weiser D, Nagy F, Bánóczi G, Oláh M, Farkas A, Szilágyi A, László K, Gellért Á, Marosi G, 
Kemény S, et al.: Immobilization engineering-How to design advanced sol-gel systems for 
biocatalysis? Green Chem 2017, 19:3927–3937. 

*12.  Maier M, Radtke CP, Hubbuch J, Niemeyer CM, Rabe KS: On-Demand Production of Flow-
Reactor Cartridges by 3D Printing of Thermostable Enzymes. Angew Chemie Int Ed 2018, 
57:5539–5543. 

This work describes a novel enzyme encapsulation technology through 3D-printing of agarose 
hydrogel containing thermostable enzymes embedded in their structures, using an enzyme-containing 
bio-ink in a syringe-based extrusion printer. This strategy was used for the fabrication of flow reactor 
cartridges that were applied in a continuous decarboxylation reaction of ketoisovalerate to 
isobutyraldehyde. 

**13.  Peschke T, Bitterwolf P, Gallus S, Hu Y, Oelschlaeger C, Willenbacher N, Rabe KS, Niemeyer 
CM: Self-Assembling All-Enzyme Hydrogels for Flow Biocatalysis. Angew Chemie - Int Ed 



2018, 57:17028–17032. 

First example in the literature of fabrication of all-enzymes hydrogels. This is a very particular type of 
enzyme encapsulation strategy based on self-assembly of enzymes fused to reactive peptide partners, 
SpyCatcher and SpyTag, which spontaneously form a covalent isopeptide linkage under physiological 
conditions. This was successfully applied to the reduction reaction of Cs-symmetrical 5-nitrononane-
2,8-dione in a continuous flow microfluidic reactor.  

14.  Peschke T, Skoupi M, Burgahn T, Gallus S, Ahmed I, Rabe KS, Niemeyer CM: Self-Immobilizing 
Fusion Enzymes for Compartmentalized Biocatalysis. ACS Catal 2017, 7:7866–7872. 

15.  Böhmer W, Knaus T, Volkov A, Slot TK, Shiju NR, Engelmark Cassimjee K, Mutti FG: Highly 
efficient production of chiral amines in batch and continuous flow by immobilized ω-
transaminases on controlled porosity glass metal-ion affinity carrier. J Biotechnol 2019, 
291:52–60. 

*16.  Britton J, Dyer RP, Majumdar S, Raston CL, Weiss GA: Ten-Minute Protein Purification and 
Surface Tethering for Continuous-Flow Biocatalysis. Angew Chemie - Int Ed 2017, 56:2296–
2301. 

Straightforward approach to proteins immobilization by affinity binding on the walls of an angled 
borosilicate reactor through the micromixing and vibrational effects created by rapid rotation. The 
relevance of this technology is its speed (ten-minutes) which allows direct purification and 
immobilization of His-tag fused enzymes, from the cell lysate, and was successfully used for the 
continuous flow biotransformation of of p-nitrophenol into p-nitrophenoxide. 

17.  Fernández-Lorente G, Lopez-Gallego F, Bolivar J, Rocha-Martin J, Moreno-Perez S, Guisan J: 
Immobilization of Proteins on Highly Activated Glyoxyl Supports: Dramatic Increase of the 
Enzyme Stability via Multipoint Immobilization on Pre-existing Carriers. Curr Org Chem 
2015, 19:1719–1731. 

18.  Romero-Fernández M, Moreno-Perez S, H. Orrego A, de Oliveira S, I. Santamaría R, Díaz M, 
Guisan JM, Rocha-Martin J: Designing continuous flow reaction of xylan hydrolysis for 
xylooligosaccharides production in packed-bed reactors using xylanase immobilized on 
methacrylic polymer-based supports. Bioresour Technol 2018, 266:249–258. 

19.  Peris E, Okafor O, Kulcinskaja E, Goodridge R, Luis S V, Garcia-Verdugo E, O’Reilly E, Sans V: 
Tuneable 3D printed bioreactors for transaminations under continuous-flow. Green Chem 
2017, 19:5345–5349. 

20.  Velasco-Lozano S, da Silva ES, Llop J, López-Gallego F: Sustainable and Continuous Synthesis 
of Enantiopure l-Amino Acids by Using a Versatile Immobilised Multienzyme System. 
ChemBioChem 2018, 19:395–403. 

21.  Abaházi E, Sátorhelyi P, Erdélyi B, Vértessy BG, Land H, Paizs C, Berglund P, Poppe L: 
Covalently immobilized Trp60Cys mutant of Ω-transaminase from Chromobacterium 
violaceum for kinetic resolution of racemic amines in batch and continuous-flow modes. 
Biochem Eng J 2018, 132:270–278. 

22.  Planchestainer M, Contente ML, Cassidy J, Molinari F, Tamborini L, Paradisi F: Continuous 
flow biocatalysis: Production and in-line purification of amines by immobilised 
transaminase from Halomonas elongata. Green Chem 2017, 19:372–375. 

23.  Contente ML, Dall’Oglio F, Tamborini L, Molinari F, Paradisi F: Fron cover: Highly Efficient 
Oxidation of Amines to Aldehydes with Flow-based Biocatalysis (ChemCatChem 20/2017). 
ChemCatChem 2017, 9:3805–3805. 



24.  Padrosa DR, Vitis VD, Contente ML, Molinari F, Paradisi F: Overcoming water insolubility in 
flow: Enantioselective hydrolysis of Naproxen Ester. Catalysts 2019, 9. 

25.  Planchestainer M, Padrosa DR, Contente ML, Paradisi F: Genetically fused t4l acts as a shield 
in covalent enzyme immobilisation enhancing the rescued activity. Catalysts 2018, 8. 

26.  Schrittwieser JH, Velikogne S, Hall M, Kroutil W: Artificial Biocatalytic Linear Cascades for 
Preparation of Organic Molecules. Chem Rev 2018, 118:270–348. 

*27.  Contente ML, Paradisi F: Self-sustaining closed-loop multienzyme-mediated conversion of 
amines into alcohols in continuous reactions. Nat Catal 2018, 1:452–459. 

Application of a covalent immobilization strategy based on affinity binding to set up an original closed-
loop platform made of sequential packed bed reactors. The covalent immobilization strategy allows 
for extensive enzyme stability in a biphasic stream toluene/buffer used in the synthesis of alcohols 
from amines, and shows the continuous synthesis of industrially relevant alcohols, such as 
hydroxytyrosol, with high product yields and in-line purification steps. 

28.  Dawood AWH, Bassut J, de Souza ROMA, Bornscheuer UT: Combination of the Suzuki–
Miyaura Cross-Coupling Reaction with Engineered Transaminases. Chem - A Eur J 2018, 
24:16009–16013. 

29.  Farkas E, Oláh M, Földi A, Kóti J, Éles J, Nagy J, Gal CA, Paizs C, Hornyánszky G, Poppe L: 
Chemoenzymatic Dynamic Kinetic Resolution of Amines in Fully Continuous-Flow Mode. 
Org Lett 2018, 20:8052–8056. 

30.  Thompson MP, Peñafiel I, Cosgrove SC, Turner NJ: Biocatalysis Using Immobilized Enzymes in 
Continuous Flow for the Synthesis of Fine Chemicals. Org Process Res Dev 2019, 23:9–18. 

**31.  Velasco-Lozano S, Benítez-Mateos AI, López-Gallego F: Co-immobilized Phosphorylated 
Cofactors and Enzymes as Self-Sufficient Heterogeneous Biocatalysts for Chemical 
Processes. Angew Chemie - Int Ed 2017, 56:771–775. 

First example in the literature of a strategy to co-immobilize a redox cofactor by ionic adsorption, 
along with the multienzymatic system, to allow the association/dissociation equilibrium and facilitate 
its diffusion to the active sites of the enzymes. The relevance of this work is the achievement of a self-
sufficient heterogeneous biocatalyst, which was used for the continuous flow asymmetric reduction 
of prochiral ketones in aqueous media, without addition of exogenous cofactor. 

32.  Benítez-Mateos AI, San Sebastian E, Ríos-Lombardía N, Morís F, González-Sabín J, López-
Gallego F: Asymmetric Reduction of Prochiral Ketones by Using Self-Sufficient 
Heterogeneous Biocatalysts Based on NADPH-Dependent Ketoreductases. Chem - A Eur J 
2017, 23:16843–16852. 

33.  Contente ML, Paradisi F: Transaminase-catalyzed continuous synthesis of biogenic 
aldehydes. ChemBioChem 2019, doi:10.1002/cbic.201900356. 

34.  Hollmann F, Arends IWCE, Holtmann D: Enzymatic reductions for the chemist. Green Chem 
2011, 13:2285–2313. 

35.  Contente ML, Farris S, Tamborini L, Molinari F, Paradisi F: Flow-based enzymatic synthesis of 
melatonin and other high value tryptamine derivatives: A five-minute intensified process. 
Green Chem 2019, 21:3263–3266. 

36.  Valikhani D, Bolivar JM, Viefhues M, McIlroy DN, Vrouwe EX, Nidetzky B: A Spring in 
Performance: Silica Nanosprings Boost Enzyme Immobilization in Microfluidic Channels. 
ACS Appl Mater Interfaces 2017, 9:34641–34649. 



37.  Valikhani D, Bolivar JM, Pfeiffer M, Nidetzky B: Multivalency Effects on the Immobilization of 
Sucrose Phosphorylase in Flow Microchannels and Their Use in the Development of a High-
Performance Biocatalytic Microreactor. ChemCatChem 2017, 9:161–166. 

38.  Bolivar JM, Luley-Goedl C, Leitner E, Sawangwan T, Nidetzky B: Production of glucosyl 
glycerol by immobilized sucrose phosphorylase: Options for enzyme fixation on a solid 
support and application in microscale flow format. J Biotechnol 2017, 257:131–138. 

39.  Miložič N, Stojkovič G, Vogel A, Bouwes D, Žnidaršič-Plazl P: Development of microreactors 
with surface-immobilized biocatalysts for continuous transamination. N Biotechnol 2018, 
47:18–24. 

*40.  Bolivar JM, Mannsberger A, Thomsen MS, Tekautz G, Nidetzky B: Process intensification for 
O 2 -dependent enzymatic transformations in continuous single-phase pressurized flow. 
Biotechnol Bioeng 2019, 116:503–514. 

Application of a non-covalent immobilization strategy, based on the affinity binding of the fused Zbasic2 
module, to the implementation of a “high pressure flow approach” for the first time in literature. This 
approach allows to increase the dissolved oxygen concentration in a single liquid aqueous phase under 
pressurized conditions, and it was successfully used for the continuous biocatalytic reaction of 
oxidative deamination of D-methionine. This work demonstrates that this technology provides 
opportunities for process intensification in oxygen-dependent biocatalytic reactions. 

 

 


