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PREFACE 
The industrial revolution of the late eighteenth to the early nineteenth century has brought humankind to 

the present state of unprecedented population growth, longevity, comfort, and even wealth. Many chemical 
processes have been developed over the decades to produce materials that serve our society. More 
specifically, in recent times, novel sorts of fine high-value functional chemicals and active pharmaceutical 
ingredients are being developed to cover our growing needs. The unforeseeable consequence of such rapid 
technological advances starts to reveal itself. We observe adverse phenomena, such as global warming, 
climate pollution or freshwater depletion, to list but a few. The unsustainability here becomes evident, and a 
new collective focus on minimising waste, pollutants, and the use of toxic materials emerges. 

This thesis is the product of my PhD project carried out at the Danish Polymer Centre, Department of 
Chemical and Biochemical Engineering, Technical University of Denmark, under the supervision of Assoc. 
Professor Anders E. Daugaard, and co-supervision of Professor John M. Woodley and Professor Manuel 
Pinelo, from March 2018 to May 2021. Part of the project was carried out on an external stay at Aquaporin A/S, 
Kongens Lyngby, Denmark, in collaboration with Mads F. Andersen during summer 2018. 

The work was funded by Danish Council for Independent Research through grant no. DFF – 7017-00109. 

__________________________ 
Libor Zverina 

Hellerup, May 2021 
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ABSTRACT 
Oxidation belongs among the most occurring reactions in industrial chemical processes, such as the 

synthesis of fine chemicals and the production of active pharmaceutical ingredients. Enzyme-catalysed 
oxidations offer an environmentally friendlier and sustainable alternative to conventional chemo-catalytic 
approaches; moreover, they open the potential for new reactions. This work aims to develop new biocatalytic 
reactors addressing instability and inefficient use of enzymes and gas limitations, which are some of the current 
challenges hindering oxygen- and other gas-dependent enzymes to be harnessed in sustainable chemical 
production. For this aim, polymer chemistry and chemical surface modifications were utilized to facilitate 
enzyme immobilization in gas/liquid continuous-flow reactors. 

First, a versatile platform for studying the interaction between enzymes and surfaces of various chemical 
properties in a continuous-flow regime was developed. Surface-initiated atom transfer radical polymerization 
(SI-ATRP) was employed to manipulate, in a controlled manner, the surface properties of commercial hollow-
fibre polyethersulfone (PES) membranes. Membranes with a range of surface chemistries were prepared and 
characterized. The impact that surface properties have on enzyme immobilization and biocatalytic activity was 
demonstrated, particularly the beneficial effect of quaternary ammonium on the biocatalytic performance of co-
immobilized glucose oxidase (GOx, EC 1.1.3.4) and horseradish peroxidase (HRP, EC 1.11.1.7). 

Next, an approach to use one of the most gas-permeable materials – polydimethylsiloxane (PDMS) – for 
enzyme immobilization and application in gas/liquid continuous-flow bioreactors was presented. A simple, fast, 
and oxygen-tolerant chemical modification of PDMS via surface-initiated supplemental activation reducing 
agent atom transfer radical polymerization (SI-SARA-ATRP) was developed. Quaternary ammonium was 
introduced onto the PDMS surface using this method to exploit its beneficial effect. The surface-modified PDMS 
showed dramatically increased immobilization yield and biocatalytic activity of GOx and HRP, which could not 
be achieved on a pristine PDMS surface. 

Finally, a highly flexible reactor design was introduced, and its ability to continuously operate over extended 
periods was demonstrated. The reactor comprises a thiol-functional porous monolith and a thin PDMS wall. 
The monolith, prepared via polymerized high-internal-phase emulsion, retains enzyme inside the reactor in a 
fashion similar to liquid chromatography, leading to efficient use. The wall acts as a membrane contactor 
providing transport of oxygen from atmospheric air to the immediate proximity of the enzyme inside the reactor. 
The reactor can be rejuvenated by periodic injection of a new enzyme. Moreover, the reactor can be optimized 
via multiple parameters to accommodate different gas-dependent biocatalytic transformations. 

Overall, this work provides new platforms enabling further studies of gas-dependent enzymes immobilized 
in continuous-flow reactors. The presented methods allow multiple modification routes to optimize enzyme 
activity, stability, and efficient use while providing sufficient gas delivery. Bringing gas-dependent biocatalysis 
closer to its industrial exploitation will ultimately lead to an environmentally friendly, sustainable future. 
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RESUMÉ 
Oxidationer er nogle af de oftest forekommende reaktioner i industrielle kemiske processer, såsom syntese 

af finkemikalier og produktion af aktive farmaceutiske ingredienser. Enzymkatalyseret oxidation tilbyder et mere 
miljøvenligt og bæredygtigt alternativ til den mere konventionelle kemokatalytiske tilgang; desuden åbner dette 
potentialet for nye reaktionsveje. Dette arbejde sigter specifikt mod at udvikle nye biokatalytiske reaktorer, der 
adresserer enzymers manglende stabilitet og deres ineffektive anvendelse, såvel som begrænsninger i valg af 
gasser, der er nogle af de nuværende udfordringer som forhindrer ilt- og andre gasafhængige enzymer i at 
blive udnyttet i bæredygtig kemisk produktion. Til dette formål er polymerkemi og kemisk overflademodificering 
anvendt til at facilitere immobilizering af enzymer i kontinuerlige gas/væske strømningsreaktorer. 

Indledningsvist blev der udviklet en alsidig platformsmetode til at studere interaktionen mellem enzymer og 
overflader med forskellige kemiske egenskaber i et kontinuerligt strømningsregime. Kontrolleret 
overfladeinitieret atomoverførselsradikalpolymerization (SI-ATRP) blev anvendt til design af 
overfladeegenskaber for kommercielle polyethersulfon (PES) hul-fiber-membraner. Membraner med en række 
overfladekemier blev fremstillet og karakteriseret. Effekten af forskellige kemiske grupper på overfladen på 
enzymimmobilizering og deres biokatalytiske aktivitet blev demonstreret, hvilket særligt demonstrerede den 
gavnlige virkning af kvaternært ammonium på den biokatalytiske ydeevne af ko-immobilizeret glukoseoxidase 
(GOx, EC 1.1.3.4) og peberrodsperoxidase (HRP, EC 1.11.1.7). 

Dernæst blev en fremgangsmåde til anvendelsen silikone (PDMS), som er et af de mest gaspermeable 
materialer man kender i dag, til enzymimmobilizering og anvendelse i kontinuerlige gas/væske 
strømningsbioreaktorer præsenteret. Ved anvendelse af en ny reduceringsagent er der udviklet en simpel, 
hurtig og ilt-tolerant kemisk modifikation af PDMS via overfladeinitieret supplerende 
aktiveringsreduktionsmiddel atomoverførselsradikalpolymerization (SI-SARA-ATRP). Ved hjælp af denne 
metode blev kvaternært ammonium introduceret på PDMS overfladen for at udnytte dens gavnlige virkning. 
Den overflademodificerede PDMS viste signifikant øget immobilizeringsudbytte og biokatalytisk aktivitet af GOx 
og HRP, hvilke ikke kunne opnås på en ubehandlet PDMS overflade. 

Til slut blev der introduceret et reaktordesign med meget stor modificerbarhed samt muligheden for at køre 
kontinuerligt over længere tidsperioder. Reaktoren omfatter en thiol-funktionel porøs monolit og en omsluttende 
tynd PDMS væg. Monolitten, der er fremstillet via polymerizering af en thiol-ene emulsion med høj mængde 
thiol-ene i forhold til vand, tillader tilbageholdelse af enzymet inde i reaktoren analogt til klassisk 
væskekromatografi, hvilket fører til en meget effektiv anvendelse af enzymet. Væggen fungerer som en 
kontaktflade mod ilt, der tillader effektiv transport af ilt fra atmosfærisk luft til væsken i den umiddelbare nærhed 
af enzymet inde i reaktoren. Reaktorens effektivitet kan fornyes ved periodisk indsprøjtning af en ny portion 
enzym. Derudover kan reaktoren optimeres via flere parametre, hvorved dens virke potentielt kan udvides til 
en lang række forskellige gasafhængige biokatalytiske transformationer. 

Samlet set har dette arbejde introduceret flere nye platforme, der muliggør yderligere studier af 
gasafhængige enzymer, immobilizeret i kontinuerlige strømningsreaktorer. De præsenterede metoder tillader 
flere modifikationsveje for at optimere enzymaktivitet, stabilitet og effektiv anvendelse, samtidig med at de 
sikrer en tilstrækkelig gastilførsel. At bringe gasafhængig biokatalyse tættere på dens industrielle udnyttelse vil 
i sidste ende føre til en miljøvenlig, bæredygtig fremtid 
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1 OBJECTIVES AND OUTLINE 
Many processes in the chemical industry, including synthesis of fine chemicals and 

production of active pharmaceutical ingredients, require numerous oxidation reactions. 
Countless amounts of reagents, catalysts, and methods have been developed, allowing the 
preparation of new materials. However, conventional chemo-catalytic oxidations often 
involve harsh reaction conditions, complicated procedures, and the use of exhaustible 
resources. As an alternative, enzymatic oxidation offers an environmentally friendlier 
catalytic method using molecular oxygen as an abundant, non-toxic oxidizing agent and 
enzymes as highly selective and specific reaction catalysts obtained from renewable 
resources. Moreover, with the tremendous advances in protein engineering, many new 
biocatalysts with tailored properties have emerged. Thus, a massive potential for new 
reactions has opened up, allowing the preparation of novel high-value compounds of 
unmatched qualities in a renewable and sustainable manner. 

Currently, some of the major challenges in industrializing enzyme-catalysed reactions 
include inefficient use of expensive enzymes, limited reusability, and poor stability. Here, 
immobilization can serve as an enabling technology. Thanks to immobilization, biocatalyst 
stability can be improved, and products can be separated from the biocatalyst with less 
effort, allowing for biocatalyst reuse. Many immobilized-enzyme biocatalysts have been 
developed, as each enzymatic system requires an individually customized solution. 

Concurrently, moving from traditional batch production to continuous processes is 
observed across fields, recently also expanding into the pharma and fine-chemical 
industry. Continuous processing leads to higher efficiency, lower cost, and better 
reproducibility. Thus biocatalysis, including enzymatic oxidation, needs to undergo a 
similar shift, bringing particular issues connected with effective immobilization methods 
and efficient oxygen supply in the continuous reactor setups. 

While these aspects – enzyme immobilization, continuous-flow biocatalysis, and 
gas/liquid reactions – have been extensively addressed individually and to a limited extent 
also in combination, all-inclusive approaches targeting these three branches all at once are 
currently lacking. Therefore, the overarching objective of this thesis has been to advance 
the development of continuous-flow biocatalytic reactors, specifically targeting oxygen- 
and other gas-dependent reactions catalysed by immobilized enzymes. For this aim, 
polymer chemistry and chemical surface modifications were utilized to facilitate enzyme 
immobilization in new gas/liquid continuous-flow reactors. 
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In this thesis, Chapter 1 Objectives and outline gives a general scope of the project. 
Chapter 2 Background presents a brief overview spanning fields of enzyme 
immobilization, continuous-flow chemistry, and gas-dependent biocatalysis to put the 
work in the context of current research efforts of green and sustainable chemistry. 
Chapter 3 Polysulfone membrane introduces a versatile platform method to study the 
interaction between immobilization surface chemistry and immobilized enzyme applied 
to the conditions of a gas/liquid continuous-flow reactor. The method is based on the 
chemical modification of commercial hollow-fibre ultrafiltration membranes via surface-
initiated atom transfer radical polymerization (SI-ATRP). Chapter 4 Silicone tube reveals 
a robust and scalable surface modification technique that points towards the practical use 
of one of the most gas-permeable materials for enzyme immobilization and application in 
gas/liquid continuous flow reactors. An oxygen-tolerant surface-initiated supplemental 
activator and reducing agent ATRP (SI-SARA-ATRP) from a silicone surface was 
developed. Chapter 5 Thiol-ene monolith presents a flexible and reusable reactor design 
that targets the efficient use of gas-dependent enzymes in a continuous-flow fashion and 
provides multiple optimization parameters. This chapter explores the unique combination 
of a monolithic thiol-functional porous column inside a tubular gas-permeable reactor. 
Chapter 6 Conclusions and Chapter 7 Future perspectives provide an overview of what 
has the work enabled on the path towards sustainable gas-dependent biochemical 
processes and, with its own regard, refines the future direction in the field. Last, Chapter 8 
Experimental work contains a description of the methods and procedures not published 
elsewhere. 
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2 BACKGROUND 
Increasing environmental awareness has initiated efforts in the chemical industry to 

utilize raw materials (preferably renewable) more efficiently, reduce waste, and avoid toxic 
materials. These aims create the core of green chemistry, a discipline that has emerged in 
the 1990s.1 Green chemistry is based on twelve principles that are listed in Table 2.1. 
Sheldon and Woodley2 have reviewed the vital role that biocatalysis plays in green 
chemistry and sustainable development. Table 2.1 provides their overview of how 
biocatalysis relates to the principles of green chemistry. 

Table 2.1 Green chemistry and biocatalysis. A list of what biocatalysis has to offer in each of the twelve principles of green chemistry.2 

 green chemistry principle biocatalysis 

1 waste prevention significantly reduced waste 
2 atom efficiency more atom- and step-economical 
3 less hazardous materials generally low toxicity 
4 safer products by design not relevant (product not process) 
5 innocuous solvents and auxiliaries usually performed in water 
6 energy efficient by design mild conditions, energy-efficient 
7 preferably renewable raw materials enzymes are renewable 
8 shorter synthesis avoids protection/deprotection steps 
9 catalytic rather than stoichiometric reagents enzymes are catalysts 
10 design products for degradation not relevant (product not process) 
11 analytical methodologies for pollution prevention applicability to biocatalytic processes 
12 inherently safer processes mild and safe conditions 

 
Biocatalysis and enzymatic reactions offer an overall greener alternative to conventional 

chemical processes. As shown in Table 2.1, Sheldon and Woodley conclude that 
biocatalysis is a truly green and sustainable technology, which is environmentally 
beneficial and very cost-effective. Successful implementation of biocatalytic 
transformations in processes of the chemical industry is, therefore, a pivotal step towards 
an environmentally friendly and sustainable future of chemical production. 

Biocatalysis engineering entails several distinct disciplines, such as protein engineering, 
enzyme immobilization, or reactor engineering. The tremendous advances in protein 
engineering, in particular, allowed for the preparation of enzymes with tailored 
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biocatalytic properties.3–5 Massive potential for new reactions and the production of novel 
high-value compounds in a renewable and sustainable manner has opened up.6 However, 
protein engineering itself lies outside the scope of this thesis, as the primary focus here is 
on improving the efficient use and reuse of enzymes. For these aims, enzyme 
immobilization and reactor engineering become more relevant, as discussed in greater 
detail in the following sections. 

Enzyme immobilization 

Currently, some of the significant challenges in industrializing enzyme-catalysed 
reactions include inefficient use of expensive enzymes, limited reusability, and poor 
stability.7 The immobilization of enzymes serves as a critical technology for the practical 
and commercial viability of green and sustainable manufacturing of chemicals.8 The 
subject of enzyme immobilization is the spatial confinement of enzymes to improve 
biocatalyst stability, easier product separation, and biocatalyst reuse. Immobilization also 
permits enzymes use in nonconventional media such as organic solvents, opening further 
options for process intensification.9 Thus, the overall aim of immobilization is a better 
operational performance and cost-effectiveness of enzymes in biocatalytic processes. Each 
enzymatic system requires an individually customized solution to achieve optimal 
performance, and hence many immobilized-enzyme biocatalysts have been developed.10 
Here is offered a basic categorization of the main immobilization methods, as shown in 
Figure 2.1. For more comprehensive information, several review articles can be found.7,8,10 

 
Figure 2.1 Categorization of different methods for enzyme immobilization. Carrier-free immobilizations: (a) CLEC – cross-linked enzyme 
crystals, (b) CLEA – cross-linked enzyme aggregates, and carrier-bound immobilizations via (c) adsorption, (d) covalent bond, and (e) 
entrapment. 
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The two main distinct approaches to enzyme immobilization are carrier-free 
immobilization and carrier-bound immobilization. The idea behind carrier-free 
immobilization is to prepare a biocatalyst of a size larger than the free enzyme to facilitate 
easier biocatalyst separation.10 Carrier-free immobilization is commonly achieved by 
crosslinking of, for example, crystalized11 or precipitated12 enzymes with a di-functional 
molecule such as glutaraldehyde.13,14 Crosslinking also results in more stable biocatalysts. 
Immobilization using a carrier involves an interaction between a surface of an 
immobilization matrix and an enzyme. Enzymes can be immobilized on the surface via all 
types of chemical or physical interaction. Enzymes can also be entrapped inside a material 
by adding the enzyme to the formulation, which is then cured to form the resulting carrier-
bound biocatalyst. Carrier-bound immobilization, also regarded as surface 
immobilization, is especially relevant for implementation in continuous-flow reactors. The 
reactor itself can often serve as the immobilization matrix, so the biocatalyst is confined 
inside the reactor, catalysing the continuous incoming stream of substrates. 

Different types of surface immobilization offer different general advantages and 
disadvantages. Physical adsorption often results in relatively high biocatalyst activity, 
attributed to preserved tertiary structure essential for the enzyme biocatalytic function.15 
However, the biocatalyst stability is commonly compromised because the weaker 
interaction with the surface can lead to the leaching of the enzyme.16 Physical and chemical 
properties of the surface, such as hydrophilicity, material size, or topography, all 
determine the interaction between the enzyme and the support, influencing the resulting 
biocatalytic performance.17 Covalent bonding, on the other hand, prevents leaching and 
thus offers higher stability. The enzyme’s conformation becomes rigid upon the 
permanent, multipoint fixture, which significantly influences the biocatalyst activity.7 The 
entrapment could potentially serve with strong enough immobilization preventing both 
leakage and undesired deformation. However, sufficient diffusion of substrates must be 
ensured throughout the immobilization matrix.18 An individual assessment is required of 
each surface-enzyme combination. 

Enzymes have been immobilized on an extensive range of different materials,8,19,20 
spanning from inorganic particles, polymer surfaces, porous materials, natural and 
synthetic fibres, hydrogels, and more. Two key parameters and requirements that are 
recognised independently of the chemical and structural properties of the carrier are large 
surface area, ensuring high immobilization yield, and good mass transfer properties across 
the biocatalyst. A more detailed overview and discussion of specific immobilization 
substrates are given later in the following section, focusing on applications in continuous-
flow reactors. 

Continuous-flow reactors 

A trend to move from traditional batch production to continuous processes is observed 
across many chemical industry sectors, recently including pharma- and fine chemical 
production.21 Flow chemistry involves a reactor setup where reagents are continuously 
supplied to the reactor, and a stream of product is yielded. Continuous production leads 
to more efficient, less costly, and more reproducible production with more accessible 
scaling options and better process control. Specifically, in biocatalysis, the continuous-flow 
process can offer further advantages over custom batch setups, such as limitation of 
substrate/product inhibition effects, in-line purification, easy recovery of the product and 
no mechanical mixing.22 Thus, integrating biocatalysed reactions using different classes of 
enzymes with a flow reactor technology is a promising path towards sustainable 
biocatalytic processes with high productivity on a scale. 
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Numerous review articles on continuous flow biocatalysis can be found in the 
literature.23–25 For this thesis, a particular focus is given to continuous flow reactor types 
merely accommodating immobilized enzymes, addressing the inefficient use of expensive 
enzymes, as shown in Figure 2.2. This particular topic has also been reviewed.26 

 
Figure 2.2 Overview of different classes of continuous-flow tubular reactors with immobilized enzymes. (a) Wall-immobilized capillary, (b) 
packed-bed reactor, (c) hollow-fibre enzymatic membrane reactor, (d) monolithic reactor. The arrows indicate the flow direction through 
the reactors, from substrates (S) to products (P). 

A seemingly straightforward combination of enzyme immobilization and continuous 
flow is offered by wall-immobilized capillary reactors based on microfluidic devices to 
provide a sufficient surface-area-to-volume ratio.27,28 The micro-scaled operation increases 
throughput, which is attractive for analytical applications in medical research, genomics, 
and proteomics. On the other hand, direct wall-immobilization is limited by the 
possibilities to precisely control the surface physical and chemical properties in 
microfluidic devices. 

Most notably, packed bed reactors have been extensively exploited.26 They constitute a 
tubular column filled with the biocatalyst in the form of particles that carry the 
immobilized enzyme. This approach is popular owing to the wide range of particles for 
enzyme immobilization available. Packed bed reactors generally offer high surface area, 
but they can suffer from high pressure drop. 

Membrane bioreactors are another type of continuous-flow bioreactors.29 Enzymes are 
immobilized in a membrane, which facilitates the biocatalysed reaction and separation 
process at the same time, offering the advantage of in-situ product purification. 

Finally, monolith-based reactors are also quickly emerging as an attractive path to 
continuous-flow enzymatic reactions.30 When compared to other immobilization carriers, 
such as particles in packed bed reactors or membranes, the most significant advantages of 
porous monoliths are their low to non-existent pressure drop as well as large surface area 
for enzyme immobilization, which are both highly desired properties for continuous flow 
systems. Other benefits include facile manufacturing and realistic scaling possibilities that 
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are essential for future industrial applications. On the other hand, in-situ product 
separation possibilities are limited compared to membranes, and monolithic systems 
require subsequent separation of products. 

When explicitly targeting gas-dependent enzymatic reactions, the challenge arises to 
ensure sufficient gas concentration in the reaction medium. In continuous flow reactors, 
this issue has been addressed via few approaches, as discussed in more detail in the 
following section. 

Gas-dependent biocatalysis 

Many processes in the chemical industry, including synthesis of fine chemicals and 
production of active pharmaceutical ingredients, often involve oxidation reactions. 
Conventional chemo-catalytic oxidations commonly entail harsh reaction conditions, 
complicated multistep procedures including several protection/deprotection steps, and 
the use of exhaustible resources. As an alternative, enzymatic oxidation offers an 
environmentally friendlier catalytic method using molecular oxygen as an abundant and 
non-toxic oxidizing agent and enzymes as the reaction catalyst obtained from renewable 
resources. Enzymatic oxidation is, indeed, industrially attractive also for its high substrate 
specificity and regioselectivity.31 

Known oxidative enzymes are oxygenases, dehydrogenases, and oxidases.31 
Oxygenases and dehydrogenases require cofactor or coenzyme, respectively, for their 
activity.32 Instead, oxidases already contain a cofactor unit tightly bound within their 
structure and therefore merely require molecular oxygen for catalysis. The cofactor 
independence makes oxidases particularly interesting for cost-effective biotechnological 
solutions.33 Oxidases have been engineered34 and applied in various applications, such as 
biosensors.35 Despite the potential, oxidases were applied in chemical synthesis only to a 
limited extent. The limited utilization is attributed to the challenge of maintaining a 
sufficient concentration of relatively poorly-soluble oxygen in the aqueous reaction 
medium, which becomes a significant limitation with these kinetically fast enzymes.36 

Only a limited number of approaches have addressed the gas supply in continuous-
flow reactors with immobilized enzymes. Nevertheless, few other approaches exist of gas 
delivery in a continuous flow using free enzymes. One method is to feed the reactor with 
segmented gas/liquid flow,37,38 allowing oxygen from the gas phase to be transferred to 
the liquid phase, where it is continuously consumed as the biocatalytic reaction progresses 
through the reactor. Segmented flow is a relatively simple method; however, exposure of 
the enzyme to the gas/liquid interface may induce deactivation.39 To suppress interfacial 
deactivation, Bolivar et al.40 used high pressure to increase the dissolved oxygen 
concentration in the feed solution for a packed-bed reactor with immobilized oxidases, 
allowing for the use of a single-phase feed solution. Additionally, Bolivar et al.41 
demonstrated a falling film microreactor where substrate solution flows as a thin-film layer 
over a microstructured multichannel plate containing a surface-immobilized oxidase, and 
the contact with oxygen above the liquid film provides oxygen supply. Chapman et al.42 
utilized biocatalytic decomposition of H2O2 with catalase to produce a soluble source of O2 
in-situ without pressurised gas or specialist equipment. Hydrogen peroxide is a by-
product of most oxidase-catalysed reactions and was shown to inhibit the activity of 
several oxidases. Therefore, the coupling of oxidases with catalase has a two-fold positive 
effect on the activity. However, the reaction stoichiometry is not favouring efficient 
oxygenation, as one mole of hydrogen peroxide produces only half a mole of O2. To further 
enhance the oxygen concentration, Chapman fed the reactor with sacrificial hydrogen 
peroxide. To limit inhibition by H2O2, they developed a microreactor with several 
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substrate-injection points along the channel. This approach has been further used for the 
intensification of biocatalytic regioselective oxidation of various saccharides.43 

A well-known reactor type for gas-liquid chemical reactions in continuous flow is a 
tube-in-tube reactor.44 The reactor is composed of an inner gas-permeable tube inserted in 
a larger impermeable tube. The inner tube provides contact between reaction liquid 
flowing inside the tube and the gaseous substrate that flows between the two tubes. A tube-
in-tube reactor was demonstrated for gas-dependent biocatalytic transformations. Fast and 
precise automated measurement of gas-dependent enzyme kinetics with low material 
consumption was possible.45 The contact of an enzyme with the gas/liquid interface and 
the potential consequent inhibition are avoided. The longitudinal gas supply aids in 
maintaining sufficient gas concentration in the whole length of the reactor. Further process 
intensification is possible, for example, via implementing liquid/liquid segmented flow.46 
The predominant material used as the inner tube is Teflon AF2400 due to its superior gas 
permeability.47–49 However, the inertness of Teflon AF2400 prevents surface modification 
and enzyme immobilization and thus, to date, tube-in-tube reactors were only applied 
using free enzymes. 
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3 POLYSULFONE MEMBRANE 
The concept of a tube-in-tube reactor is appealing for gas-dependent biocatalytic 

transformations. This chapter aims to immobilize gas-dependent enzymes inside a 
gas/liquid membrane contactor, which could ultimately be applied as a tube-in-tube 
reactor. Moreover, this chapter aims to develop a versatile surface modification method 
that would enable studying the relationship between the surface and immobilized 
enzymes under the continuous-flow conditions, as shown in Figure 3.1. A commercial 
hollow-fibre ultrafiltration polyethersulfone (PES) membrane was exploited for this 
manner, acting as both an immobilization substrate and gas/liquid contactor. This chapter 
is based on the publication Controlled pore collapse to increase solute rejection of modified PES 
membranes attached in Appendix A and unpublished experimental work in Chapter 8. 

 
Figure 3.1 Gas/liquid continuous-flow biocatalytic reactor with an immobilized enzyme. Hollow-fibre PES membrane serves as a gas/liquid 
contactor. The versatile surface-modification method serves as a platform for the study of enzyme-surface interactions. 
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The predominant material used in gas/liquid membrane contactors is Teflon AF2400 
due to its superior gas permeability.47 However, the material’s surface chemistry prevents 
enzyme immobilization and does not allow surface modifications to address this issue. 
Alternative materials are therefore necessary. PES membranes have been successfully used 
in a broad scope of industrial membrane separation processes, primarily in 
ultrafiltration,50,51 nanofiltration,52,53 or reverse osmosis.54,55 PES membranes have also 
found an application as enzymatic membrane reactors,56–58 where enzyme-catalysed 
reaction and product separation happen in one place simultaneously. This popularity is 
ascribed to the general ease of production and thermal, chemical, and mechanical 
endurance of PES. Moreover, PES membranes are commercially available in various sizes 
and forms, such as flat sheets or hollow fibres, offering a large ratio of surface area to 
volume, ultimately giving great flexibility in designing membrane modules for specific 
applications. One inherent property of PES membranes often discussed and considered a 
drawback is their hydrophobicity. In conventional applications, this causes membrane 
fouling, which compromises separation performance and induces the need for periodic 
back-flushing or replacement of the modules. Several approaches have been developed to 
address this issue, for example, blending PES with a hydrophilic polyvinylpyrrolidone 
before membrane casting or by chemical modifications of PES. On the other hand, 
hydrophobicity indicates good gas-transporting properties, which was also exploited for 
selective gas transport.59–61 Thus, in our hypothesis, PES membranes, due to their high area-
to-volume ratio and gas transport properties, are a potential candidate for application in 
gas/liquid reactions. Additionally, surface modification options for PES are also more 
expansive, as will be explored later in the chapter. First, a general assessment of PES 
membranes for enzyme immobilization follows. 

Pore collapse for exceptional enzyme stability 

Another typically undesired phenomenon occurring in PES membranes is pore collapse 
upon drying.62 When produced, PES membranes are commonly saturated with glycerol to 
protect the pores and preserve the separation properties during storage and transport. 
Such glycerol-treated membrane must therefore be washed first before use. Once the 
glycerol is removed, the membrane is ready to engage in the separation process and must 
stay wet all the time; otherwise, the porous microstructure of the membrane’s active layer 
can irreversibly collapse. Pore collapse leads to a drastic reduction in water flux and loss 
of the membrane’s original function. Despite pore collapse having such a tremendous 
impact, studies on pore collapse, how it affects other membrane properties, or how else 
can it be prevented have not been found in the literature. The lack, however, might be 
simply due to the efficacy and simplicity of the glycerol treatment. Although pore collapse 
negatively impacts the membrane in terms of membrane separation processes like 
ultrafiltration, the impact becomes less relevant when applied as a gas/liquid contactor. 
Entirely on the contrary, the water flux across the membrane should here, in fact, be 
suppressed, as can be understood from Figure 3.1. Moreover, the chemical nature of the 
membrane is unchanged, and thus the hydrophobicity remains the same, which is the 
essential quality for good gas-transporting properties in gas/liquid contactors. 

Therefore, the following part explores whether pore collapse could serve as a simple 
mean for enzyme immobilization. In our hypothesis, enzymes could be stabilized and 
prevented from desorption and leaking by encapsulation within the wall of the PES 
membrane simply via pore collapse facilitated by drying. Pore collapse suppresses the 
undesired water flux across the membrane, which, together with the membrane’s inherent 
hydrophobicity, allows the membrane to serve as a gas/liquid contactor in the tube-in-
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tube-like bioreactor. The aim here was to examine a new simple method for enzyme 
immobilization leading to a tube-in-tube reactor with wall-immobilized enzyme of high 
operational stability. 

Oxidation of glucose by glucose oxidase (GOx) coupled with an in-situ consumption of 
the generated hydrogen peroxide by horseradish peroxidase (HRP) was selected as the 
proof-of-concept enzyme model to validate any system developed in this thesis for 
application in continuous-flow bioreactors targeting immobilized gas-dependent 
enzymes.63 The reaction scheme is shown in Figure 3.2. 

 
Figure 3.2 Reaction scheme of oxidation of glucose by glucose oxidase coupled with an in-situ consumption of hydrogen peroxide by 
horseradish peroxidase. 

Coupling the glucose oxidation with the HRP-catalysed reaction reduces the inhibition 
of GOx by hydrogen peroxide since the HRP-catalysed reaction happens at a much higher 
reaction rate. Moreover, because the product of the second reaction is coloured and the 
reaction is faster than the oxidation by GOx, the kinetics of the GOx-catalysed oxidation 
can be followed by ultraviolet-visible (UV-VIS) spectrophotometry. 

A set of ten commercial hollow-fibre PES ultrafiltration membranes (0.8 mm internal 
diameter, 26 cm long, surface area 6.5 cm2) was immersed in a concentrated solution of 
GOx (10 mg mL−1) overnight at 5 C. Another set of ten membranes was immersed in a 
solution of GOx and HRP (1 + 1 mg mL−1) under the same conditions. The next day the 
enzyme saturated membranes were taken out of their respective solutions, and 
immobilization via pore collapse was facilitated by air-blow drying. Hereafter the 
prepared biocatalytic membranes were stored in ambient dry conditions. Enzyme 
concentration of the original solution before immobilizing and the remaining solution after 
immobilization was measured using Bradford assay to calculate immobilization yield and 
enzyme loading. A substrate solution containing free HRP was pumped through the GOx-
immobilized PES membrane, and a pure substrate solution without any free enzymes was 
pumped through the GOx + HRP co-immobilized PES membrane, both to assess the 
biocatalytic activity. The product concentration at the outlet was measured via UV-VIS 
spectrophotometry at 515 nm to evaluate the reactors’ specific reaction rate – product rate 
per immobilized enzyme. The results are shown in Figure 3.3. 
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Figure 3.3 Immobilization of GOx and co-immobilization of GOx + HRP via pore collapse in PES membranes. (a) Immobilization yield, 
lower enzyme concentration gives higher yield of immobilization. (b) Enzyme loading, the amount of immobilized enzyme per membrane 
area drops with lower enzyme concentration. (c) Specific reaction rate (product concentration at the reactor outlet per amount of 
immobilized enzyme) in time for immobilized GOx, good storage and operational stability are observed. (d) Specific reaction rate in time 
for co-immobilized GOx + HRP, the rate is lower when HRP is co-immobilized via pore collapse. 

First, pure GOx was immobilized in PES membranes via pore collapse. The 
concentration of GOx solution for immobilization was set as high as 10 mg mL−1 to 
maximize enzyme loading in the biocatalytic reactor. As shown in Figure 3.3a and b, 
relatively high enzyme loading 0.49 ± 0.14 mg cm−2 is achieved; however, immobilization 
yield expectedly reaches a low value, only 16 ± 4 %. The specific reaction rate of the 
immobilized GOx reactor was measured in time for a freshly prepared reactor and after 
one month of storage under dry conditions, as shown in Figure 3.3c. At a relatively high 
flow rate of 250 µL min−1, the freshly prepared reactor performs a stable production, slowly 
decreasing in time, showing a biocatalytic activity even after 100 h of continuous use. When 
stored for one month in dry conditions, the reactor still exhibits biocatalytic behaviour 
similar to that of the fresh reactor, indicating good storage stability. The reactor quickly 
(after 1.5 h) reaches the maximum specific rate of 0.09 µmol h−1 mg−1, after which a steady 
linear decrease in the activity follows. After 150 h – over six days of continuous operation 
– the reactor is fully deactivated, demonstrating exceptional operational stability. The 
stability is credited to the pore collapse, which efficiently encapsulates the enzyme within 
the membrane and preserves its biocatalytic properties allowing prolonged storage and 
operation. The linear decrease in activity over time is ascribed to an incremental leakage of 
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the enzyme via diffusion, aided by the high flow rate. Alternatively, the decrease could be 
caused by the deactivation of the enzyme. In any case, further study would be required to 
elucidate. 

As mentioned above, a large portion of GOx remained in the immobilization solution, 
not immobilized. Given the very high enzyme concentration used for the immobilization 
and relatively large solution volume (approximately 20 mL) required for complete 
immersion of the membranes, this method would not be economically feasible for most 
enzymes unless the remaining enzyme solution could effectively be reused, for example in 
further immobilization. Alternatively, a significantly lower enzyme amount would need to 
become sufficient to achieve acceptable enzyme loading. Co-immobilization of GOx and 
HRP was performed using a lower enzyme concentration to address these issues. As 
shown in Figure 3.3a and b, the immobilization yield correspondingly increases to reach 
the value of 29.0 ± 0.8 %, and the enzyme loading as expected decreases to 
0.177 ± 0.007 mg cm−2. Therefore, one concentrated enzyme solution could be used for 
multiple consecutive immobilizations as the remaining concentration would gradually 
decrease. However, consistent enzyme loading would not be achieved by this protocol. 
The freshly prepared immobilized GOx + HRP reactor was also tested for a specific 
reaction rate, as shown in Figure 3.3d. The flow rate here was reduced to 100 µL min−1 to 
investigate whether the leakage of the enzymes over time can be impeded with the desire 
to enhance the operational stability even further. However, the maximum specific reaction 
rate for the co-immobilized reactor reached only 0.02 µmol h−1 mg−1, which was ascribed 
to incompatibility of the more sensitive HRP with the dry condition upon which pore 
collapse is facilitated, having a detrimental effect on the biocatalytic activity. Thus, the 
measurement was stopped after 25 h. 

Overall, despite the incredible potential for promising operational and storage stability 
that pore collapse could offer as a straightforward immobilization method, both the 
inefficient use of enzymes and the necessary drying step limit the method’s application 
potential only to remarkably robust and cheap enzymes. Moreover, the overall low activity 
would need to be improved for the method to become viable. Nevertheless, the PES 
membrane remains attractive support material for enzyme immobilization by other more 
conventional techniques and application in continuous flow gas/liquid bioreactors. 

Pore collapse reduces immobilized enzyme activity 

The large amount of enzyme required for the immobilization and the low specific 
reaction rate obtained, as discussed above, are addressed next. Here, instead of immersion, 
GOx and HRP were co-immobilized via adsorption by injecting the enzymes in the lumen 
of the PES fibre, and the ends were sealed. Under these conditions, where only the lumen 
side of the membrane is wet while the shell side is exposed to air, it is uncertain whether 
pore collapse can or cannot occur. Therefore, it is also essential to investigate if a collapsed 
state of the membrane influences immobilization capacity and biocatalytic activity. Thus, 
a pristine PES membrane was first collapsed, and subsequently, GOx and HRP were co-
immobilized onto the collapsed membrane. At the same time, GOx and HRP were co-
immobilized onto a pristine membrane, which was not collapsed. Exposing the enzymes 
to any dry conditions was avoided here. The immobilization yield and specific reaction 
rate were measured as shown in Figure 3.4. 
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Figure 3.4 Co-immobilization of GOx and HRP via adsorption onto a PES membrane, which was beforehand either collapsed or not 
collapsed. (a) Immobilization yield, membrane in the collapsed state exhibits slightly lower immobilization capacity. (b) Specific reaction 
rate, GOx + HRP adsorbed on a collapsed membrane show lower rate. 

As seen from the comparison of Figure 3.3a and Figure 3.4a, only filling the lumen, 
instead of immersing the membrane, which reduces the volume of solution and the amount 
of enzyme, also improves the immobilization yields. In detail, for the complete immersion 
of 10 membranes, as described in the former case above, 20 mL of 2 mg mL−1 total enzyme 
concentration was used, corresponding to 4 mg of enzyme used for immobilization onto 
one membrane, with an immobilization yield of 29.0 ± 0.8 %. Whereas here, only 130 µL of 
enzyme solution was needed to fill the lumen. The enzyme concentration used here was 
3.8 mg mL−1, resulting in a total 0.5 mg enzyme used for immobilization in one membrane. 
Here, 61 ± 5 % immobilization yield was achieved (Figure 3.4a, no collapse). With eight 
times lower amount of enzyme used for immobilization and two times higher 
immobilization yield, the enzyme loading correspondingly changed from 
0.177 ± 0.007 mg cm−2 for the immersed membrane (Figure 3.3b, GOx + HRP) to 
0.047 ± 0.004 mg cm−2 for the filled membrane (no collapse, data not shown).  

All in all, filling the lumen only, instead of immersing the entire PES membrane, leads 
to a significant reduction in the amount of enzyme required for the immobilization and 
overall better enzyme use efficiency, making this method more suitable for expensive 
enzymes. Additionally, pure adsorption was used here for immobilization instead of pore 
collapse, which was used in the former case. The specific biocatalytic activity was 
measured for the two cases, and the differences can be seen by comparing Figure 3.3d and 
Figure 3.4b. Enzymes immobilized via adsorption reached one order of magnitude higher 
maximum specific reaction rate than the enzymes immobilized via pore collapse. The 
tremendous difference is ascribed to the detrimental effect that exposure of enzymes to any 
dry conditions has. Therefore, adsorption, which avoids harsh drying, is the preferable 
immobilization method, especially for more delicate enzymes. 

The effect of pore collapse itself, and the structural changes it induces on the surface, on 
enzyme adsorption and biocatalytic activity in the PES membrane was studied, as shown 
in Figure 3.4. The immobilization yield seems not to be extensively affected by pore 
collapse attributed to the unchanged surface chemistry preserving the enzymes’ affinity to 
the membrane (Figure 3.4a). Even so, the collapsed membrane displayed slightly lower 
immobilization capacity, which might be caused by the change in microporous structure 
that could reduce the surface area available for enzyme immobilization. Nevertheless, pore 
collapse has a tremendous impact on the specific reaction rate of GOx and HRP (Figure 
3.4b). When adsorbed on collapsed PES membrane, GOx and HRP exhibit considerably 
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lower specific reaction rate than GOx and HRP immobilized on a not-collapsed membrane. 
Since the surface chemistry is the same, this difference is credited to the microstructural 
changes in the membrane facilitated by the pore collapse. It is concluded that not only the 
surface chemistry but also the surface conformation has a significant contribution to 
enzyme immobilization and biocatalytic activity. 

To better understand the topological changes inflicted on the membrane, pore collapse 
upon drying was investigated by environmental scanning electron microscopy (SEM) in 
collaboration with Marcus Koch from INM – Leibniz Institute for New Materials, 
Saarbrücken, Germany, who kindly performed the measurements. The wet membrane 
samples were allowed to dry inside the instrument. It was attempted to see if a direct 
change of the membrane structure during the collapse could be observed. However, it was 
impossible to get enough contrast before the collapse to determine a change in surface 
porosity, as shown in Figure 3.5. When the pores are protected, the SEM pictures show low 
contrast, as can be seen in the glycerol-treated membrane, and it is impossible to observe 
the specific surface structure without collapse. 

 
Figure 3.5 SEM of a wet PES membrane (glycerol removed) with gradually decreased pressure – (a) 800 Pa, (b) 600 Pa, and (c) 200 Pa. 
(d) SEM of a PES membrane treated with glycerol. 

In conclusion, although pore collapse is an effortless immobilization technique and 
could potentially serve to produce exceptionally stable enzymatic reactors, more 
conventional immobilization via adsorption results in a dramatically increased specific 
reaction rate. Thus, adsorption is a more suitable method for most enzymes, including 
sensitive and expensive gas-dependent enzymes. Moreover, it was shown here that pore 
collapse itself and the structural changes it induces could negatively affect the biocatalytic 
properties of enzymes adsorbed onto PES membranes. It is, therefore, essential to explore 
ways of protecting the microporous structure of the PES membrane to prevent the 
deactivation of immobilized enzymes. 
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Powerful method for controlled surface modifications 

An essential aspect of successful enzyme immobilization and excellent biocatalytic 
performance is the right match between the targeted enzyme and the surface chemistry of 
the immobilization matrix. Moreover, as discussed in the previous section, surface physical 
conformation is another critical parameter influencing immobilization capacity and 
resulting biocatalytic activity. Therefore, the following section aimed to develop a versatile 
surface modification method of commercial PES membranes that would protect the 
microporous structure of the membrane from undesired collapse and, at the same time, 
could serve as a platform for the study of the interaction between an enzyme and 
immobilization surface of various chemical properties, applied in continuous-flow 
reactors, specifically targeting gas-dependent enzymes. 

Several approaches for the modification of membrane surfaces have been used over 
time.64 Surface modification of PES membranes, due to their relative inertness, often goes 
through a multistep methodology, such as initial chloromethylation, sulfonation, 
aminomethylation, or carboxylation.65–67 For thicker polymer layers, popular methods 
have been radical crosslinking on the surface or direct radical graft copolymerization.68–70 
With the establishment of SI-ATRP as a highly efficient method for surface modification,71–

75 new possibilities to control the thickness and a broader choice of surface grafted 
polymers arose. SI-ATRP was demonstrated on membranes by Bruening76 and Husson,77 
who used SI-ATRP for surface modification of membranes. The surface chemistry of PES 
membranes can be altered, using this versatile technique, in a controlled manner by 
introducing various polymers with a wide selection of functional groups.78–84 To allow SI-
ATRP to take place from the PES surface, the membrane must first be activated by 
introducing an ATRP initiator. This step is commonly done by homogeneous 
chloromethylation65,85 or homogeneous lithiation,86,87 which give accurate control over the 
degree of substitution but cannot be applied to commercial and already-casted membranes 
since these methods require polymer dissolution before the reaction. Few heterogeneous 
methods of introducing the initiator without requiring dissolution of the membrane have 
been published.66,88–92 To our knowledge, the only example of heterogeneous activation of 
hollow-fibre PES membrane was reported by Higuchi et al.66,88,89 They exploited Friedel-
Crafts acylation for modification of the surface of the hollow fibres. The method offers easy 
control of the degree of substitution through reaction time. However, severe cross-linking 
of the membrane was observed, causing a significant drop in the water flux of the activated 
membrane. As an alternative, heterogeneous ortholithiation has been reported for flat-
sheet PES membranes by Guiver et al.90,91 This approach was extended to include acylation 
using a range of acyl chlorides on commercially available polypropylene-supported flat-
sheet membranes.92 These activation methods all open up for post-modification of 
membranes by SI-ATRP, ultimately leading to membranes with a wide selection of surface 
chemistries. Therefore, studies of the relationship between surface chemistry and enzyme 
performance in immobilized enzymatic reactors would become possible. 

First, a range of different polymer-grafted membranes was prepared (see Figure 3.6). 
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Figure 3.6 Overview of the prepared surface-modified membranes. In the first step, the original PES membrane underwent heterogeneous 
ortholithiation and subsequent acylation to form the activated PES-Cl membrane. Subsequently, SI-ATRP with three polymerization times 
(5, 15, and 30 min) was performed to prepare grafted mPHEMA, mPSS and mPVI membranes. Finally, the mPVI membranes were 
converted to poly(ionic liquid) membranes through quaternization using 1-bromobutane. 

The original hollow-fibre membrane was first activated by heterogeneous 
ortholithiation and subsequent acylation to introduce benzyl chloride groups that serve as 
ATRP initiators. Depending on the concentration of reagents, this step results in a specific 
grafting density.92 The aim here was low grafting density to prevent pore blocking. After 
that, surface-initiated ATRP was performed from the activated membranes for short 
reaction times (5, 15 and 30 min) to achieve different chain lengths of the grafted polymers. 
Three monomers were chosen. 2-hydroxyethyl methacrylate increased the hydrophilicity 
of the surface. Charged groups were introduced with sodium 4-styrenesulfonate. And 1-
vinylimidazole (VI) increased hydrophilicity and could introduce polyionic liquid to the 
surface by post-polymerization quaternization. 

These low grafting density modifications target thin surface layers, which are not easily 
observed by traditional analytical methods but would be expected to result in improved 
membrane properties measured in a later section. Nevertheless, Fourier-transform infrared 
spectroscopy (FT-IR) and X-ray photoelectron spectroscopy (XPS) were used to investigate 
the chemical compositions of the prepared surfaces, as shown in Figure 3.7 and Table 3.1. 
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Figure 3.7 Normalized FT-IR spectra of original (glycerol removed) PES, low- and high-density activated PES-Cl, grafted mPHEMA, mPSS 
and mPVI, and quaternized mPVIq membranes with polymerization times 5, 15 and 30 min. 

The first synthetic step leading to the activated PES-Cl membrane results in two new 
bands at 1675 cm−1 and 1722 cm−1 in the FT-IR spectrum (Figure 3.7, PES-Cl high). The band 
at 1675 cm−1 is assigned to a carbonyl stretch in conjugated ketones originating from the 
benzophenone part of the activated PES-Cl membrane, as expected. The second carbonyl 
stretch at 1722 cm−1 is assigned to an ester group in phenyl benzoates formed by hydrolysis 
of the ether link in the PES backbone. Therefore, both introduced functionalities (ketone 
and ester) are covalent modifications. Concentrations of the reagents in the activation step 
were decreased to obtain modified membranes with low grafting density. The decrease 
resulted in a lower degree of modification, which could no longer be confirmed by FT-IR 
(Figure 3.7, PES-Cl low), but was confirmed by XPS as discussed later. 

After SI-ATRP, the FT-IR spectrum of the grafted mPHEMA membrane shows a 
carbonyl stretch at 1726 cm−1 coming from the surface-grafted polymer side chains. FT-IR 
spectrum of the grafted mPSS membrane shows a weak sulfonate stretch at 1035 cm−1. In 
both cases (mPHEMA and mPSS), the assigned bands increase in intensity with increasing 
polymerization time showing control over the chain length by adjusting the 
polymerization time. Grafting and subsequent quaternization in the mPVI into mPVIq 
membranes could not be conclusively confirmed by FT-IR spectroscopy due to the similar 
chemical compositions of these surfaces. 
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The very subtle changes in FT-IR spectra after modifications compared to the pristine 
PES membrane correlate well with the low degree of surface functionalization targeted. 
XPS analysis corroborated the polymer grafting via SI-ATRP, as shown in Table 3.1. 

Table 3.1 XPS data of the original PES, low-density activated PES-Cl, grafted mPHEMA, mPSS and mPVI, and quaternized mPVIq 
membranes. 

Name 
(atom %) 

C 1s N 1s O 1s S 2p Cl 2p 

PES 72.4 ± 0.4 2.8 ± 0.4 19.4 ± 0.2 5.4 ± 0.1 - 
PES-Cl 74.5 ± 0.2 2.4 ± 0.2 17.1 ± 0.2 2.9 ± 0.1 3.1 ± 0.2 

mPHEMA05 71.6 ± 0.3 2.3 ± 0.2 21.4 ± 0.3 3.6 ± 0.2 1.1 ± 0.0 
mPHEMA15 69.8 ± 0.3 2.9 ± 0.4 23.5 ± 0.4 2.9 ± 0.2 0.9 ± 0.0 
mPHEMA30 71.4 ± 0.2 1.9 ± 0.2 22.1 ± 0.3 4.6 ± 0.2 - 

mPSS05 72.9 ± 0.3 3.3 ± 0.1 18.1 ± 0.3 5.8 ± 0.1 - 
mPSS15 72.5 ± 0.3 3.3 ± 0.2 18.5 ± 0.2 5.7 ± 0.1 - 
mPSS30 70.4 ± 0.5 4.5 ± 0.1 19.7 ± 0.5 5.4 ± 0.1 - 

mPVI05 73.6 ± 0.4 2.3 ± 0.6 18.5 ± 0.2 5.5 ± 0.1 - 
mPVI15 71.9 ± 0.8 3.9 ± 0.7 18.9 ± 0.6 5.3 ± 0.3 - 
mPVI30 72.5 ± 0.5 3.8 ± 0.8 18.6 ± 0.1 5.1 ± 0.3 - 

mPVIq05 70.9 ± 0.4 3.4 ± 0.3 19.8 ± 0.2 4.8 ± 0.1 1.0 ± 0.1 
mPVIq15 70.5 ± 0.5 3.9 ± 0.4 19.6 ± 0.1 4.9 ± 0.2 1.1 ± 0.5 
mPVIq30 70.7 ± 0.6 4.4 ± 0.3 19.4 ± 0.4 4.6 ± 0.1 0.9 ± 0.4 

 
In general, the atomic compositions of all the modified membranes are very similar to 

that of the original PES membrane (Table 3.1), confirming that the intended thin layer 
(units of nm) of the grafted polymer was introduced on the membrane. After the activation 
reaction, chlorine from the ATRP initiator could be detected, and the composition of the 
membrane changed in agreement with the predicted trends (see Table SI 1 in Supporting 
Information, Appendix A). The atomic compositions of the polymer grafted membranes 
(mPHEMA, mPSS, mPVI and mPVIq) were compared with the composition of the 
activated PES-Cl membrane, which confirms that the grafting took place. An increase in 
oxygen content is observed in the mPHEMA grafted membrane; the mPSS membrane gives 
a sulphur content increase; both mPVI and mPVIq membranes show slightly higher 
nitrogen content. Halogens were observed on the surfaces after grafting. However, the 
concentrations are generally lower than theoretically predicted, which was attributed to 
possible uncontrolled termination reactions as well as loss of halogens during analysis, as 
has also been observed by others.93 

Additionally, SEM of the membranes was kindly performed by Marcus Koch for further 
analysis. For the modified membranes, small clusters on the lumen side (Figure 3.8b-e) and 
the shell side (Figure SI 4 in Supporting Information, Appendix A) are identified in all 
cases, confirming that grafting has taken place. The micrographs at longer polymerization 
times also show these structures (see Figures SI 5-7 in Supporting Information, Appendix 
A), confirming that the polymerizations took place. 
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Figure 3.8 Scanning electron microphotographs of the lumen surface of (a) the PES membrane, and the membranes grafted for 15 min 
with (b) mPHEMA, (c) mPSS, (d) mPVI, and (e) mPVIq. 

Overall, SI-ATRP proves to be a versatile technique allowing modification of the PES 
surface in a controlled manner. This technique can ultimately serve as a platform for 
studying interactions between immobilized enzymes and the various surface chemistries 
of the modified PES membrane. However, as discussed in the earlier section, pore collapse 
significantly impacts enzyme adsorption and biocatalytic activity. Therefore, further 
investigation of whether the surface modification can modulate pore collapse is essential 
for deeper understanding. 

Properties of surface-modified membranes 

Since pore collapse could not be observed directly in-situ using environmental SEM (see 
Figure 3.5), other indirect methods need to be employed. Water flux across the membrane, 
a fundamental membrane parameter, is known to be drastically reduced when pore 
collapse takes place. This behaviour is taken advantage of to evaluate how the surface 
modifications influence the extent of pore collapse by measuring basic membrane 
properties, i.e. water flux and solute retention. This part was done during the external stay 
at Aquaporin A/S. 

Before installing the membranes in the single-fibre modules, the modified membranes 
were either treated with glycerol to protect the pores or else treated with ethanol to collapse 
the membrane by subsequent drying in air. Water flux data of protected and collapsed 
membranes are shown in Figure 3.9. 
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Figure 3.9 Water flux J at 3 bar of the original PES, low-density activated PES-Cl, grafted mPHEMA, mPSS, mPVI, and quaternized mPVIq 
membranes (protected and collapsed) with increasing polymerization time tp. 

When the pores are protected by glycerol, the impact of the surface modifications on the 
membrane water flux can be observed (Figure 3.9). After activation (PES vs PES-Cl), the 
water flux drops to half of its reference value, attributed to the change in surface chemistry. 
The flux is restored after grafting for a short polymerization time (5 min). In all cases, the 
water flux of the grafted and the quaternized membranes (mPHEMA, mPSS, mPVI, 
mPVIq) decreases with increasing polymerization time, as the increasing chain length of 
the grafted polymer blocks the pores to a more considerable extent.85,94–96 Quaternization 
(mPVI vs mPVIq) leads to an increased water flux at all polymerization times, which is 
ascribed to the increased ionic liquid character of the quaternized chains, increasing the 
hydrophilicity of the system and stronger repulsion forces between the quaternized 
polymers as compared to the pure polyvinylimidazole (PVI) chains. In general, all 
modified membranes maintain high water flux compared to the PES membrane as long as 
the pores are protected from collapse. 

Once the membranes are dried, causing the pores to collapse, the membranes noticeably 
change their behaviour (Figure 3.9). As expected, most collapsed membranes show 
significantly reduced water flux compared to their glycerol-protected counterparts. The 
water flux increases with the increasing polymerization time of the grafted polymers 
(mPSS and mPVI). The increase is ascribed to the polymer grafts on the surface controlling 
the extent of PES membrane collapse. Thus, with increasing polymerization time, the 
extent of pore collapse decreases, leading to higher water flux. In the quaternized mPVIq 
membranes, due to the strong repulsion forces between charged grafts, the grafted surface 
layer very efficiently suppresses the pore collapse already after a short polymerization 
time. Specifically, the quaternized mPVIq after 15 min of polymerization effectively 
protects the membrane from collapse, and the water flux of the protected and the collapsed 
membrane is very similar. Moreover, in this case, the water flux remains high in both cases, 
underlining that this could be a solution in cases where the inevitable pore collapse cannot 
be prevented (exposure to air or repeated drying of membranes). Prolonged 
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polymerization time leads to a drop in water flux for both protected and collapsed 
membranes, in line with the increased chain length of the surface-grafted polymers. 

Besides, the influence of the surface modifications and subsequent pore collapse on 
solute retention was studied using sodium chloride, magnesium sulphate, and calcein. 
Overall, the retention of the two salts (NaCl and MgSO4) is very low (see Figure SI 1 in 
Supporting Information, Appendix A). Nevertheless, all retention data show the same 
trends in terms of polymerization time before and after pore collapse, independent of the 
solute. Therefore, the effects on solute retention were exemplified using calcein, as shown 
in Figure 3.10. 
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Figure 3.10 Calcein retention R at 3 bar of the original PES, low-density activated PES-Cl, grafted mPHEMA, mPSS, mPVI, and 
quaternized mPVIq membranes with increasing polymerization time tp. 

As expected, calcein retention of the protected PES membrane is low (Figure 3.10). After 
the chemical modifications, the retention increases even in the glycerol-protected systems. 
With increasing polymerization time, the calcein retention increases in all cases of the 
glycerol-protected membranes. 

After allowing the pores to collapse, calcein retention of the PES membrane rises to 
82.8 ± 0.2 %, and all the grafted membranes (mPHEMA, mPSS and mPVI) reach almost total 
calcein retention (Figure 3.10), shifting them to a low-pressure nanofiltration mode. 
Retention in the quaternized mPVIq membranes does not increase as dramatically as in the 
other grafted membranes since the specific surface chemistry efficiently suppresses the 
pore collapse here. 

The retention-to-water-flux ratio can be optimized by altering the surface chemistry and 
facilitating pore collapse, as shown in Figure 3.11. 
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Figure 3.11 Calcein retention R versus water flux J at 3 bar of all the membranes. A general trend of decreasing retention with increasing 
water flux can be observed, with most protected membranes at the higher water-flux end and most collapsed membranes at the higher 
retention end.  

For instance, the protected mPHEMA membrane grafted for 15 min gives a significantly 
increased retention (76.9 ± 0.9 %) while still exhibiting an acceptable water flux 
(96.0 ± 0.5 L m−2 h−1), compared to the protected PES membrane. A different example to note 
is the protected mPVI membrane grafted for 15 min, where the water flux is largely 
maintained (148 ± 8 L m−2 h−1) and retention still noticeably increased (43.3 ± 1.6 %). Overall, 
these two examples show that surface modification alone is sufficient to tailor the 
membrane properties. It is seen in Figure 3.11 that most of the collapsed modified 
membranes greatly outcompete the collapsed PES membrane in terms of both retention 
and water flux, showing the beneficial effect of surface modification on membrane 
properties. 

On the whole, ultrafiltration hollow-fibre PES membranes were surface-modified via SI-
ATRP. Membranes with a range of surface chemistries were prepared and characterized. 
The versatility of SI-ATRP and its tolerance to various functional groups open up the 
possibility for enzyme immobilization and study of surface-enzyme interactions and their 
effect on biocatalytic performance in continuous-flow reactor setup. Additionally, by 
measuring water flux and solute retention, it was demonstrated how the chemical nature 
of the grafted polymers impacts the extent of pore collapse in the modified membranes. In 
particular, when grafted with PVI and its quaternized variation, pore collapse could 
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effectively be prevented, implicating that the microporous structure of the membrane is 
preserved, which is another critical parameter in enzyme immobilization. 

Promising surface chemistry to improve biocatalytic activity 

PES membranes were validated as a suitable substrate for enzyme immobilization in 
gas/liquid continuous-flow reactors, and a versatile surface modification method of PES 
membranes was developed. In the following final section, the importance of surface 
chemistry on the biocatalytic properties of surface-immobilized enzymes is demonstrated. 
More specifically, the aim was to investigate how surface hydrophilicity influences the 
biocatalytic performance of immobilized gas-dependent enzymes. 

For this, a range of surface-modified PES membranes was prepared via SI-ATRP of VI 
and subsequent quaternization with linear alkylbromides of various chain lengths. An 
overview of the prepared membranes is shown in Figure 3.12. 

 
Figure 3.12 Chemical structures of the prepared surface-modified PES membranes. Surface hydrophobicity was fine-tuned via the N-
alkylation with linear alkylbromides of various alkyl chain lengths. 

As discussed in the section Pore collapse reduces immobilized enzyme activity, and more 
specifically around Figure 3.4, the membrane’s microstructural integrity is an important 
parameter playing a significant role in enzyme adsorption and biocatalytic activity. Later, 
in the section Properties of surface-modified membranes around Figure 3.9 and Figure 3.10, it 
was shown how the specific chemical nature of PVI could preserve the porous 
microstructure (prevent pore collapse) when surface-grafted on the PES membrane. 
Moreover, the option of subsequent quaternization of PVI allows for the introduction of 
additional chemical functionality. These qualities were exploited here to fine-tune the 
surface hydrophobicity via variation of the side alkyl chain while still keeping the general 
chemical nature of the grafted surface and protecting the membrane’s porous 
microstructure. Here, the introduction of SI-ATRP initiator was done via heterogeneous 
chloromethylation66 due to the method’s shorter reaction time and milder reaction 
conditions (no inert atmosphere needed). Reduced water flux was also reported using this 
method, making it perfectly suitable for this application. The polymerization time was 
30 min to provide a thicker surface layer and further limit undesired water flux across the 
membrane. 

GOx and HRP were co-immobilized onto the prepared membranes in two different 
concentrations (3.8 and 7.6 mg mL−1), and the influence of the surface chemistry on 
immobilization yield and specific reaction rate was measured. The results are shown in 
Figure 3.13. 
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Figure 3.13 Co-immobilization of GOx and HRP on modified PES membranes. (a) Immobilization yield and (b) specific reaction rate using 
lower enzyme concentration (3.8 mg mL−1), while (c) and (d) is immobilization yield and specific reaction rate, respectively, using higher 
enzyme concentration (7.6 mg mL−1). 

At first, the lower concentration (3.8 mg mL−1) was used for immobilization, resulting 
in an immobilization yield of 61 ± 6 % for the unmodified PES (Figure 3.13a). After grafting 
with PVI, the immobilization yield increased to 74.1 ± 0.5 %. The increase is attributed to 
increased surface hydrophilicity and hydrogen bonding of the modified mPVI membrane, 
leading to better adsorption. The immobilization yield further increases when quaternized 
(C6-C18), reaching almost quantitative immobilization with the highest value in the case 
of C6 (97.2 ± 1.1 %). However, the variation in yield between the three different 
quaternized surfaces (C6-C18) is not significant and does not show a clear trend. With such 
extensive immobilization yields, this could be simply due to the drastically improved 
enzyme loading capacity achieved in the quaternized membranes, which could not be 
saturated with the used enzyme concentration. Nevertheless, it is demonstrated how 
important a role the surface chemistry plays, explicitly showing the benefit of quaternary 
ammonium, leading to biocatalytic membranes of much higher enzyme loading and 
reaching nearly 100 % immobilization yield. This further increases the efficient use of all 
enzyme. 

The specific reaction rate of GOx and HRP co-immobilized on modified PES membranes 
depends on surface chemistry, as shown in Figure 3.13b. At first glance, nearly no product 
was detected at the outlet of the reactor when the PES membrane was modified with 
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pristine PVI without quaternization. In this case, however, a colour change of the 
membrane was still observed during the experiment, following the protocol, which 
suggests that the biocatalytic conversion took place regardless. The isoelectric point (IEP) 
of PVI is 9.3,97 causing PVI to carry a positive charge during the test (pH 7.5). The charge 
could lead to product binding to the membrane, which prevents it from leaving the reactor 
and being detected at the outlet. When quaternized, this phenomenon disappears, as the 
membrane’s positive charge is counteracted with bromine anion, and the specific reaction 
rate can be measured. It is seen that the specific rate of the quaternized membranes remains 
similarly high as in the case of pristine PES, which, together with the improved 
immobilization yield, leads to an overall more productive system. Additionally, the 
maximum specific reaction rate seems to increase with shorter alkyl chains, reaching 
almost 0.9 µmol h−1 mg−1 in the case of mPVIqC6, the highest measured in this experiment. 
This trend would suggest that increasing the surface hydrophilicity could further increase 
the biocatalytic activity. 

In an attempt to further explore the correlation between surface hydrophobicity and 
biocatalytic performance in terms of immobilization yield and specific reaction rate, 
enzyme concentration for immobilization was doubled, and the range of tested surfaces 
was extended further towards the hydrophilic end (C2-C18). The immobilization yield is 
shown in Figure 3.13c. Even with the double enzyme concentration, the immobilization 
yield remains high, around 90 % for all the quaternized membranes, further showing the 
membranes’ very high loading capacity when grafted with quaternized ammonium. On 
the other hand, any trend could still not be recognized among the various chain lengths. 
Therefore, the main contributor to successful enzyme immobilization here is the 
quaternary ammonium, and the hydrophobic interaction with the alkyl side chain does not 
significantly influence it. 

When comparing the specific reaction rate of GOx and HRP co-immobilized in the 
quaternized membranes using two different enzyme concentrations (Figure 3.13b and d), 
few changes in the biocatalytic behaviour can be observed. First, when immobilized using 
the higher enzyme concentration, the maximum rate dropped in all cases. It is assumed 
that the specific reaction rate is not decreased due to inactivation since the same 
immobilization method, the same surface, and the same enzymes are used. Therefore, the 
drop could be credited to both inaccessibility of some of the large amount of immobilized 
enzyme, which is shielded from the substrate by surrounding enzyme molecules, or 
insufficient substrate concentration as the same substrate solution was used in both 
experiments. On the other hand, operational stability, which is reflected in the decline of 
specific reaction rate over time, was observed generally to increase with the higher 
immobilization concentration. Again, the same immobilization surfaces and the same 
enzymes were used, and thus no significant differences in the rate of desorption would be 
expected. Therefore, the apparent increase in operational stability could be assigned to a 
thicker layer of the enzyme being immobilized, where the firstly inaccessible enzyme from 
deeper layers becomes accessible over time as the thick layer desorbs from the top. 
Alternatively, the higher enzyme concentration could lead to a tighter packing of the 
enzyme on the membrane surface, increasing the conformational stability of the enzyme. 
However, further study would be required to provide detailed insights. When comparing 
the different alkylbromides (Figure 3.13d), no clear trends in terms of specific reaction rate 
could be observed, further indicating that the quaternary ammonium significantly 
contributes to increased reactor performance, and the fine-tuned hydrophobicity does not 
play a key role here. 

Overall, the significance that surface chemistry plays in enzyme immobilization was 
demonstrated here. In particular, it was shown how the introduction of quaternary 
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ammonium tremendously increases the enzyme loading capacity of the membrane for 
GOx and HRP while maintaining the activity of the immobilized enzymes. 

Conclusions 

Tube-in-tube reactor is an attractive concept for gas-dependent enzymatic reactions as 
it provides controlled gas delivery, avoids contact of enzymes with the gas/liquid interface 
causing inactivation, and offers the general advantages of a continuous-flow reactor. 
Simultaneously, enzyme immobilization is principally desired to enhance enzyme stability 
and efficient use. This chapter aimed to immobilize enzymes inside a tube-in-tube reactor 
to combine these advantages; and, moreover, to develop a versatile surface modification 
method that would enable the study of the relationship between the surface and 
immobilized enzymes under continuous-flow conditions. 

A commercial hollow-fibre PES membrane was introduced as a suitable immobilization 
substrate exhibiting high immobilization yield, which at the same time acted as a 
gas/liquid contactor. The concept was proven by co-immobilization of GOx and HRP and 
subsequent biocatalytic oxidation of glucose in a continuous flow, using air as the oxygen-
containing gas phase. This concept is readily applicable to commercial hollow-fibre 
membrane modules that feature large surface-to-volume ratios, potentially providing both 
high enzyme loading and large gas/liquid interface area. Moreover, the commercial 
membrane module design allows straightforward implementation of controlled gas 
delivery, extending the application range to many other gas-dependent enzymes. 

Additionally, a surface-modification method of PES membranes via SI-ATRP was 
developed, allowing controlled polymer grafting to prepare membranes with a wide 
variety of surface chemistries. It was demonstrated how the membrane could be tailored 
to increase its immobilization capacity and improve the biocatalytic activity of the 
immobilized enzymes, mainly showing the beneficial effect of quaternary ammonium. 
Moreover, the importance of not only surface chemistry but also surface structure was 
revealed. 

The versatile surface-modification method can also serve as a platform tool enabling the 
study of the relationship between enzymes and various surface chemistries applied to 
continuous-flow conditions and its effects on biocatalytic properties of immobilized 
enzymes. This tool further extends the potential of PES membranes to be used in tube-in-
tube reactors, where various gas-dependent enzymes could be immobilized and studied. 
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4 SILICONE TUBE 
When harnessing gas-dependent enzymes, the concentration of dissolved gaseous 

substrate in the reaction medium (water usually) often becomes a limitation. Thus, an 
efficient gas delivery system integrated into the reactor design is desired. This chapter aims 
to exploit one of the most gas-permeable materials – polydimethylsiloxane (PDMS) – as a 
substrate for enzyme immobilization in a tube-in-tube-like continuous-flow gas/liquid 
bioreactor, as depicted in Figure 4.1. In particular, this chapter focuses on the development 
of a fast and efficient technique to graft PDMS surfaces with a thick layer of a polymer, 
targeting higher enzyme immobilization capacity and improved biocatalytic performance. 
This chapter is based on the publication Antimicrobial PDMS surfaces prepared through fast 
and oxygen-tolerant SI-SARA-ATRP, using Na2SO3 as a reducing agent attached in Appendix 
B and unpublished experimental work in Chapter 8. 

 
Figure 4.1 Continuous-flow gas/liquid bioreactor. Surface-modified PDMS tube serves both as a highly gas-permeable wall of the reactor 
and a surface for enzyme immobilization. 
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Easy processing, excellent mechanical properties,98–100 and biocompatibility101 make 
PDMS an attractive material for numerous applications.102–105 Indeed, PDMS is 
commercially available in many forms, including tubes of narrow diameters that could be 
applicable in continuous-flow bioreactors. The high gas permeability106–109 makes PDMS 
particularly attractive for application in gas/liquid reactions. On the other hand, the PDMS 
surface in its pristine form does not favour enzyme immobilization due to its chemical 
properties and non-porous, smooth nature, resulting in a relatively small surface area 
available. Thus, a method for surface modification is desired to accommodate enzymes on 
a PDMS surface. 

Due to the low reactivity of PDMS surfaces, there are only a few – and complex – 
methods available for the fast and efficient modification of PDMS. SI-ATRP is one of the 
most popular and versatile techniques for surface modifications,110 as demonstrated in the 
previous chapter. Featuring control over density, thickness, and surface coverage 
homogeneity, SI-ATRP serves as an invaluable tool offering precise surface manipulation 
suitable for enzyme immobilization. However, the requirement of an inert atmosphere in 
conventional SI-ATRP limits its application potential in scaled-up production and hinders 
its commercial exploitation. 

High oxygen sensitivity in conventional SI-ATRP has been tackled through different 
approaches, such as activator generated by electron transfer (AGET),111 activator 
regenerated by electron transfer (ARGET),112 and supplemental activator and reducing 
agent (SARA)22,113,114 SI-ATRP. The core idea behind these methods involves adding an 
amount of reducing agent to the polymerization mixture, which then helps maintain metal-
complex catalyst activity in the presence of oxygen through the continuous reduction of 
the catalyst. 

In particular, poly[2-(dimethylamino)ethyl methacrylate] (PDMAEMA) has been the 
subject of several oxygen-tolerant surface-initiated ATRP studies. PDMAEMA contains an 
amino group that, similarly to PVI (exploited in the previous chapter), is susceptible to 
quaternization. Thus in our hypothesis, PDMAEMA could have the beneficial effect of 
quaternary ammonium on the biocatalytic performance and the possibility to manipulate 
the surface chemistry further via quaternization to accommodate a specific enzyme system. 
Therefore, the main objective of the chapter is to develop a robust, oxygen-tolerant, fast, 
and controlled method of grafting a thick layer of PDMAEMA on the surface inside a 
PDMS tube. The aim is to develop a surface compatible with enzymatic catalysis, where 
high gas transport is ensured. 

Dong and Matyjaszewski reported a notable example of an oxygen-tolerant, surface-
initiated ATRP of PDMAEMA.115 In their work, polymer brushes were grafted from an 
initiator-modified silicon wafer, using tin(II) 2-ethylhexanoate as a reducing agent. After 
an 18-hour reaction time, the layer thickness of the modified surface was approximately 
20 nm. A couple of reports showed how it was possible to transfer the conditions to other 
types of surfaces, whereby PDMAEMA was grafted from both filter paper116 or lignin 
nanofiber mats 117 for some different applications. In the latter case, ascorbic acid was used 
as a reducing agent, which resulted in a thickness of 72 nm after 6 h of polymerization. As 
another example, Dunderdale et al.118 showed how it was possible to graft PDMAEMA 
from silicon wafer surfaces in an oxygen atmosphere (ARGET), leading to 2-300 nm-thick 
grafts within 3 h. They even showed that simply painting the polymerization solution onto 
the wafer surface was sufficient to enable the grafting, demonstrating the great potential 
of using SI-ARGET-ATRP for surface modification and tailoring the surface properties of 
solid substrates. Thanks to their oxygen tolerance and simplicity, these methods offer great 
potential to achieve PDMS surfaces suitable for enzyme immobilization on a commercial 
scale. However, to the best of our knowledge, no work on oxygen-tolerant ATRP of 
PDMAEMA grafted from a PDMS substrate has been reported to date. 
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Surface-initiated, oxygen-tolerant, fast polymerization 

To achieve an oxygen-tolerant ATRP method, a reducing agent, which helps maintain 
metal-complex catalyst activity in the presence of oxygen through the continuous 
reduction of the catalyst, is added to the polymerization mixture. Sodium sulphite, the 
notorious wine and food preservative, is a safe, cheap, and powerful reducing agent and 
an oxygen scavenger into the bargain. Therefore, the idea behind the following section has 
been to make use of these core properties of sodium sulphite to act as a novel SARA agent 
in SI-SARA-ATRP, which on top of the catalyst reduction also consumes oxygen in the 
polymerization mixture to protect the catalyst from oxidation. 

A characteriztic property of controlled radical polymerization is linear development in 
the polymer’s chain length as a function of reaction time and the product polymer having 
narrow dispersity. Koosha Ehtiati from the Department of Chemistry, Technical University 
of Denmark, kindly conducted a model study on silicon wafers to confirm that the kinetics 
of the SI-SARA-ATRP system behaved in this manner. The wafers were functionalized 
with a standard ATRP initiator (surface anchored α-bromoisobutyryl bromide) and 
immersed into a glass vial holding a water:methanol solution (1:1, v:v) containing 
monomer 2-(dimethylamino)ethyl methacrylate (DMAEMA) and catalyst:ligand 
(CuCl2:N,N,N′,N″,N″-pentamethyldiethylenetriamine). An ample headspace was used in 
the reaction to enable the wafer to be gradually withdrawn from the polymerization 
mixture. There would be a polymerization onset delay to allow for the removal of excess 
oxygen, depending on the size of the headspace, as also reported by Dunderdale et al.118 
for their ARGET system. This polymerization onset delay was prevented by replacing the 
air in the vial with nitrogen, but this was essentially not required for smaller amounts of 
oxygen in the system. The vial was sealed with a septum, and the addition of Na2SO3 
initiated polymerization. Through ellipsometry, DMAEMA brush thickness could be 
analyzed at various time intervals of 10, 30, 60, 90, and 120 min (see Figure 4.2). 

 
Figure 4.2 (a) Thickness of the grafted PDMAEMA layer over time. A clear linear trend in the growth of the polymer over time can be 
observed, yielding a very thick surface layer (400 nm) within a short reaction time (120 min). (b) Photographic image of the modified wafer, 
where the difference in the refractive index for the individual brush thicknesses can be observed as a change in wafer colouration. 
Polymerization time increases from the bottom to the top of the wafer. 

Brush thickness propagation in time followed a clear linear trend. A standard limitation 
for SI-ATRP is the long reaction times required to obtain sufficiently thick brushes for 
effective surface modification. In this case, very thick brushes were achieved within short 
polymerization times, with up to 400 nm achieved after just 120 min. Interestingly, the 
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difference in the various DMAEMA brush thicknesses could be directly observed on the 
silicon wafer—as shown in Figure 4.2b. 

In addition, this system was benchmarked against a more traditional SI-ARGET-ATRP 
system, in that Na2SO3 was replaced with sodium ascorbate as the reducing agent. 
However, reaction kinetics under these conditions was much slower and resulted in a 
brush thickness of only 34.15 ± 0.5 nm after 120 min (see Figure SI 1 in Supporting 
Information, Appendix B). The fast rate is attributed to the SARA mechanism, which 
generally exhibits a faster reaction rate than ARGET. In conclusion, employing Na2SO3 as 
the reducing agent facilitates the polymerization of DMAEMA at a much higher 
propagation rate while maintaining linear brush thickness growth alongside relatively low 
standard deviation. 

Simple grafting of PDMS surfaces 

SI-SARA-ATRP was employed for grafting flat PDMS substrates on an open atmosphere 
screening platform. Brook et al.119 showed a method in which thiols were introduced onto 
a PDMS surface via silylation with (3-mercaptopropyl)trimethoxysilane. This approach is 
extended here to similarly graft an ATRP initiator to the PDMS surface using 
(chloromethyl)phenyl]ethyl]trimethoxysilane (CPTS). The presence of the ATRP initiator 
was confirmed by FT-IR (Figure SI 2 in Supporting Information, Appendix B). The use of a 
trimethoxysilane as a grafting unit resulted in forming a thin layer covering the whole 
surface, thereby providing an easy method for preparing an entire ATRP-initiator surface 
layer anchored to the PDMS—as illustrated in Figure 4.3a. 

The silylation was then further utilized for grafting DMAEMA, using the same 
concentration of reagents as previously described, albeit now in a completely open 
atmosphere in a specially designed 96-well plate screening platform.120 The modification 
and characterization of flat PDMS samples using the platform were kindly performed by 
Christian Andersen, Danish Polymer Centre, Department of Chemical and Biochemical 
Engineering, Technical University of Denmark. The platform allowed for simultaneous 
brush thickness variation and quaternization of the side-chain, using a series of alkyl 
halides, as illustrated in Figure 4.3b. Traditional ATRP experiments typically require 
completely inert conditions, making parallelized synthesis complicated and generally 
require a glove box to allow for the handling of multiple surfaces. ARGET- and SARA-
ATRP, in this respect, have proven advantages (as mentioned above). The use of a reducing 
agent enables both the reduction of the Cu(II) complex to Cu(I) and the removal of excess 
oxygen, thereby protecting the catalyst from unwanted oxidation. However, most 
experiments have been run under semi-open conditions with limited amounts of air, which 
still requires a closed environment.121–123 Herein, the possibility is presented of conducting 
SI-SARA-ATRP in completely open conditions. The procedure allowed for the parallel 
synthesis of various DMAEMA brush thicknesses on a PDMS substrate and post-
modification via N-alkylation, as illustrated in Figure 4.3. 
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Figure 4.3 (a) Reaction scheme of the PDMS surface modifications. First, activation of the PDMS surface via the base-catalysed 
equilibration of CPTS onto the PDMS surface took place, followed by PDMAEMA grafting from the surface under SI-SARA-ATRP 
conditions. Finally, the surface was quaternized, using a direct reaction with alkyl halides. (b) Overview of the prepared surfaces. 
PDMAEMA was grafted at three different polymerization times (10, 30 and 60 min), and each of these was then quaternized with a set of 
various alkyl halides. 

Initial analysis by FT-IR of the DMAEMA grafted surfaces showed a distinctive peak at 
1728 cm−1 originating from the carbonyl ester of the methacrylate (see Figure 4.4a). The 
intensity of the peak increased in good correlation with polymerization time, and the high 
intensity corresponded well with the expected long brush thickness observed in the model 
study conducted on silicon wafers. Surface analysis by XPS was also attempted to confirm 
the presence of the DMAEMA polymer brush. Unfortunately, due to the inherent ability of 
PDMS to facilitate surface hydrophobic recovery,124 only the PDMS substrate was detected, 
even though the surface could be observed visually to have been modified and wetted 
easily with water (see below). Therefore, to ensure that the grafted polymer was retained 
at the interface, the surface was stored under wet conditions before further use. By keeping 
the surface wet, a hydrophilic interaction with DMAEMA was favoured, and 
rearrangement could be suppressed before further modification. Since XPS is a high-
vacuum technique, it is impossible to conduct the analysis in moist conditions to confirm 
the grafting chemically. 
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Figure 4.4 (a) FT-IR spectra of pristine PDMS and PDMAEMA functionalized PDMS after 10, 30, and 60 min reaction times. The zoom-in 
cut shows the corresponding growth of a carbonyl stretch originating from PDMAEMA. (b) FT-IR spectra of pristine PDMS, PDMAEMA 
modified PDMS at 30 min polymerization, and the quaternized PDMAEMA modified PDMS with C1-C10 alkyl halides. The zoom-in cut 
shows the corresponding growth of C-H stretches originating from the alkyl halides. 

To obtain the positively charged quaternary ammonium surfaces, N-alkylation was 
achieved by using a series of alkylhalides: iodomethane (C1), 1-bromobutane (C4), 1-
bromooctane (C8), 1-bromodecane (C10), and 2-bromoethyl methylether ((CH2)2OCH3). 
Again, the samples were stored in water immediately after reaction to prevent 
hydrophobic recovery. The surfaces were analyzed using FT-IR (see Figure 4.4b), whereby 
the addition of hydrocarbon chains to DMAEMA increased sp3 hybridization, as seen for 
all surfaces at 2928, 2905, and 2857 cm−1, respectively. As expected, DMAEMA had the 
lowest sp3 signal of all modifications due to the lack of a hydrocarbon chain at the side-
chain amine. A significantly higher intensity was found for DMAEMA C1, DMAEMA C4, 
DMAEMA C8 and DMAEMA (CH2)2OCH3. The similar signal intensity between these 
modifications may be due to the extent of the reaction. Iodomethane would be expected to 
be both more reactive and less sterically hindered than 1-bromobutane, leading to a higher 
sp3 signal. DMAEMA C8 had the second-highest intensity, followed by DMAEMA C10, 
corresponding well with having the longest carbon chain of all the quaternizations. A 
similar trend was found at the 10- and 60-min polymerization times, although it was less 
evident at 60 min (see figures SI 3 and SI 4 in Supporting Information, Appendix B). Due 
to the PDMS substrate having been stored under wet conditions, the surface was briefly 
washed with ethanol and dried in the air before collecting the FT-IR spectra. Nonetheless, 
there were clear signs of residual alcohol observed in the FT-IR spectra at 1740-1570 cm−1 
and 3000-3650 cm−1, resulting from the OH stretches. Although the broad intensive peak at 
1740-1570 cm−1 overlapped with the original carbonyl peak from the ester, the ability of 
PDMS to absorb water to such an extent strongly suggests the creation of a more 
hydrophilic surface. 

Surface hydrophilicity of modified PDMS 

Although the variation in alkyl chain length has not proven to have any significant effect 
on enzyme immobilization and biocatalytic activity in quaternized PES membranes as 
discussed in chapter 3 Polysulfone membrane, the smooth, nonporous surface of PDMS 
permits water contact angle (WCA) analysis, which is a valuable tool for measuring surface 
hydrophilicity. Thus, WCA measurements were also conducted to investigate the change 
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in hydrophilicity as a function of polymerization time and surface modification. 
Advancing WCA did not initially reveal any significant differences compared to pristine 
PDMS or between individual surface modifications (see Figure 4.5a). On the other hand, a 
drastically more hydrophilic surface was observed from the receding WCA for all surface 
modifications (see Figure 4.5b). 
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Figure 4.5 (a) Advancing WCA of the surface-functionalized PDMS. No significant differences are observed across the samples in 
comparison to the pristine PDMS surface. (b) Receding WCA of the surface-functionalized PDMS. A general decrease in the WCA can be 
observed when compared to the pristine surface. Moreover, a slight increase in the WCA can be observed via the increasing alkyl chain 
length in the quaternized surfaces (C1 – C10). 

The receding WCA for the pristine PDMS was 82°, while all the modified surfaces 
showed significantly lower receding WCA. There is a clear trend of lower receding WCA’s 
for surface grafted DMAEMA (hydrophilic) with increasing polymerization times (from 
50° to 27°), reflecting the increased film thickness with increased polymerization time. For 
DMAEMA C1, which is also hydrophilic, a similar trend was observed in going from 47° 
to 37° at 10- and 60-min polymerization times, respectively. On the contrary, a WCA 
increase was observed for the amphiphilic DMAEMA C4, changing from 37° at 10 min to 
55° at 60 min. No significant differences were found for DMAEMA C8, DMAEMA C10, or 
DMAEMA (CH2)2OCH3 for any polymerization time. The discrepancy among the different 
modifications in terms of polymerization time is ascribed to the varying chain assembly 
due to nonelectrostatic effects, as recently described.125 Furthermore, WCA hysteresis, 
which was also calculated and can be found in Figure SI 5 (Appendix B, Supporting 
Information) shows a general increase after modification, further confirming the above 
conclusions. The FT-IR and generally lower receding WCA confirm a change in the surface 
chemistry of the PDMS substrate and corroborate the facilitation of the grafting and 
quaternization of DMAEMA. 

Surface-modified PDMS for enzyme immobilization 

The surface-modification method of PDMS developed and described above was now 
transferred from flat-sheet substrates into tubes. A commercial PDMS tube with an internal 
diameter of 1.0 mm and wall thickness of 0.5 mm was chosen. The lumen side of the tube 
was surface modified simply by filling the tube with the respective reaction mixtures and 
capping the ends of the tube during the reaction. Therefore, reaction volumes were 
significantly reduced, which allows for modification of longer tubes in larger quantities, 
using tiny reagent amounts. The reaction temperature was controlled by a liquid thermal 
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bath. The pristine PDMS was surface-grafted with PDMAEMA, which was subsequently 
quaternized with 1-bromohexane. When performing these modifications, the thermal bath 
consisted of the same solvent used for the reaction itself. Using the same solvent was 
especially important at elevated reaction temperatures and longer reaction times, as 
otherwise, the solvent would evaporate out through the PDMS. Quaternization only with 
1-bromohexane was chosen here as an initial proof of concept since the alkyl chain length 
did previously not significantly influence biocatalytic properties (demonstrated in chapter 
3 Polysulfone membrane). After the surface modifications, GOx and HRP were co-
immobilized onto the prepared PDMS surfaces and tested for a specific reaction rate, as 
shown in Figure 4.6. 

PDMS DMAEMA qHEX

0

20

40

60

80

100

im
m

ob
iliz

at
io

n 
yi

el
d 

(%
)

(a)

0 5 10 15 20

-0.01

0.00

0.01

0.02

0.03

sp
ec

ifi
c 

re
ac

tio
n 

ra
te

 (
m

ol
 h

-1
 m

g-1 en
z)

time (h)

 PDMS (mol h-1)*
 DMAEMA
 qHEX

(b)

 
Figure 4.6 Immobilization and biocatalytic activity of GOx and HRP on a modified PDMS tubular bioreactor. (a) Immobilization yield, 
(b) specific reaction rate. *Due to the low immobilization yield, product rate instead of specific rate is shown in the case of pristine PDMS. 

The effect of surface chemistry on enzyme immobilization is apparent in Figure 4.6. 
While the pristine PDMS surface exhibited essentially zero (0.4 ± 0.6 %) immobilization 
yield (Figure 4.6a), it progressively increased to 69.7 ± 1.6 % in the case of PDMAEMA 
grafted PDMS and further increased to nearly a complete immobilization (91.5 ± 0.6 %) 
when quaternized. Such an improvement in enzyme loading is solely ascribed to the 
surface modification since the pristine surface exhibited no immobilization capacity. 
Particularly the effect of quaternary ammonium is acknowledged as the main 
immobilization contributor, in agreement with the findings from chapter 3. This result 
suggests that the grafted polymer layer, owing to the fast reaction kinetics of the 
polymerization (see section Surface-initiated, oxygen-tolerant, fast polymerization on page 31), 
can be sufficiently thick to accommodate a satisfactory amount of an enzyme. 

The surface modification also influences the specific reaction rate of the immobilized 
enzymes (Figure 4.6b). The pristine PDMS showed no biocatalytic activity due to the 
absence of any immobilized enzyme, as expected. When grafted with DMAEMA, the 
reactor still exhibited zero specific reaction rate, despite the increased immobilization 
yield. A similar phenomenon was observed earlier in the unquaternized PVI grafted PES 
membrane from the previous chapter (see Figure 3.13a and b). Similarly, the amino group 
in PDMAEMA, with its IEP above 8,126 could bind the biocatalytic product, preventing it 
from leaving the reactor. This issue was solved with quaternization. The specific reaction 
rate of GOx and HRP co-immobilized on the quaternized PDMS surface reached 
0.03 µmol h−1 mg−1 after 1 h of substrate pumping, showing the promising potential of the 
method. After that, the rate substantially decreased until the reactor became inactive after 
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13 h. The rate of desorption here is assumed to be roughly similar as in the case of 
quaternized mPVIq membranes presented in the previous chapter, as the enzymes are 
immobilized mainly via quaternary ammonium in both cases. Additionally, the maximum 
specific rate obtained here was relatively low, suggesting prominent enzyme inactivation, 
attributed to the incompatibility of the enzyme with the specific surface. Therefore, the 
decrease in specific reaction rate in time is credited to enzyme deactivation rather than 
desorption. To tackle this shortcoming, quaternization using other functional 
organohalogens to alter the surface chemistry further via, for example introducing covalent 
immobilization points, or crosslinking the surface, could be relevant. Alternatively, a 
combination of PDMS for gas transport and a completely different material for enzyme 
immobilization could be another option. Nevertheless, the obtained results prove the 
promising potential of this method to exploit tubular PDMS in enzyme immobilization and 
application in gas/liquid continuous-flow reactors with several possibilities to go forward. 

Conclusions 

The high gas permeability and availability as narrow-diameter tubes make PDMS 
particularly attractive for application in tube-in-tube reactors. On the other hand, the 
pristine PDMS surface does not favour enzyme immobilization. This chapter focused on 
the development of a fast and efficient technique to surface modify PDMS. The objective 
was to facilitate enzyme immobilization and apply PDMS as a tube-in-tube-like gas/liquid 
flow-through biocatalytic reactor. 

Activating the PDMS surface using direct silylation in alkaline conditions was deemed 
a highly effective, simple, and efficient method. By employing this simple approach, 
further grafting of the surface, using SI-ATRP is an easy option for versatile surface 
manipulation. This technique opens the possibility of immobilizing various enzymes on 
the PDMS surface, improving immobilization capacity and biocatalytic activity, which was 
demonstrated by the grafting of DMAEMA. 

In particular, extraordinarily thick 400 nm DMAEMA brushes, within short reaction 
times (120 min), were successfully grafted through SI-SARA-ATRP. Sodium sulphite was 
utilized as a novel reducing agent that effectively protected the Cu catalyst against 
oxidation. The reaction could be conducted inside a PDMS tube in a completely open 
atmosphere without any special equipment needed. The simplicity, robustness, and small 
reaction volumes further extend the method’s potential to be easily transferred to an up-
scaled industrial setting. 

Post-functionalization via N-alkylation to create positively charged quaternary 
ammonium showed dramatically increased immobilization yield and biocatalytic activity, 
which could not be achieved on a pristine PDMS surface. N-alkylation also provides 
further modification options, allowing for the introduction of additional functional groups 
or cross-linking of the surface. These possibilities could further enhance the properties of 
immobilized enzymes and lead to exploiting one of the most gas-permeable materials in 
continuous-flow gas/liquid biocatalytic reactors in a scalable and straightforward manner. 
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5 THIOL-ENE MONOLITH 
Chapter 3 Polysulfone membrane revealed, among other findings, that surface 

chemistry and surface structure can significantly impact the biocatalytic properties of 
immobilized enzymes. Chapter 4 targeted exploiting one of the most gas-permeable 
materials – PDMS – for enzyme immobilization via direct surface modification. Despite 
offering surface chemistry that proven to be promising for enzyme immobilization, 
possibilities to tailor the surface structure of PES and PDMS are limited using the proposed 
methods. Therefore, this chapter aims to develop a highly-tuneable tubular continuous-
flow reactor composed of a gas-permeable PDMS wall and a porous monolithic column as 
an immobilization carrier, allowing for both chemical and structural tailoring. The reactor 
should moreover be reusable to address waste prevention. Polymerized high-internal-
phase emulsion (polyHIPE) using thiol-ene polymerization was exploited, as shown in 
Figure 5.1. This chapter is based on the publication Monolithic flow reactor for enzymatic 
oxidations attached in Appendix C. 

 
Figure 5.1 Simple and scalable 4-step preparation of a thiol-functional porous monolith via polymerized high-internal-phase emulsion. The 
monolith is used inside a continuous-flow gas/liquid mesoreactor. 
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Porous monolith reactors are quickly emerging as an attractive path to continuous-flow 
enzymatic reactions. Compared to other immobilization carriers, such as microbeads 
(packed bed reactors)26 or membranes,29 the most significant advantages of porous 
monoliths are their low to non-existent pressure drop and large surface area for enzyme 
immobilization, both desired properties for continuous flow systems.30 Other benefits 
include facile manufacturing and realistic scaling possibilities that are essential for future 
industrial applications. On the other hand, in-situ product separation possibilities are 
limited compared to membranes, and monolithic systems require subsequent separation 
of products.29 Interestingly, most monolith enzyme reactor studies focus on immobilization 
strategies of proteolytic enzymes such as trypsin,127–129 since autodigestion and loss of 
activity are eliminated via immobilization.130 Even so, lipases were also immobilized on 
different kinds of polymeric monoliths. The resulting reactors achieved high conversions131 
and long-lasting reactor activity.132 Despite the potential to use enzymes more efficiently 
and improve their stability via immobilization, studies on oxygen-dependent enzymes in 
continuous flow monolith reactors are rare. The lack could be due to the arising challenge 
of integrating a sufficient oxygen supply system in such reactors. Ahmad et al. have 
recently used laccase immobilized on silica monoliths for degradation of micropollutants 
in water.133,134 Increased activity of the immobilized enzyme and high operational and 
storage stability were achieved. However, as the author comments, a decreased reaction 
rate was observed after 2 h, attributed to a lack of oxygen since the reactor configuration 
did not allow for continuous aeration or feed of oxygen. 

Several methods to prepare porous materials have been developed over time.135 
Invented by Unilever in 1982,136 polyHIPE is receiving particular attention and is being 
exploited in various applications, e.g. as selective absorbers,137–139 chromatographic 
columns,140,141 or heterogeneous catalysts.142,143 PolyHIPE materials offer very facile 
scalable preparation, good flow-through properties and a low pressure drop due to their 
porous structure, large specific surface area, as well as easy surface chemistry 
modifications.144 Due to these unique properties, polyHIPEs have recently been employed 
in immobilized enzyme monolith reactors,145–148 exhibiting high activity, good stability, 
and fast reaction rate. These superior results were attributed to the open pore structure 
specific to polyHIPEs leading to improved mass transfer compared to other monolithic 
cauliflower-like porous materials. 

As a platform for enzyme immobilization, thiol-ene polymerization products have 
proven to be highly versatile.149–153 These materials can take the form of particles,154 solid 
samples,149,155 and porous polyHIPEs.146,156,157 Moreover, due to the system's modularity, 
mechanical properties, structural properties (porosity, particle size) and chemical 
properties (surface hydrophilicity and chemical functionality) can be easily manipulated 
via multiple routes.150,158–161 Particularly, the introduction of off-stoichiometric thiol-
enes149,162 has extended this possibility to control and tailor both the surface chemistry and 
the bulk properties of the materials, which is highly attractive for enzyme 
immobilization.146,149,155,163 It is possible to optimize the surface chemistry to provide a 
particular environment for enzymes on surfaces, which was recently exploited to control 
the selectivity of immobilized β-glucosidase.164 As such, thiol-ene surfaces in combination 
with polyHIPEs provide a sound basis for preparing a multifunctional immobilization 
system with a large specific surface area. 

This work aims at exploiting a porous monolith inside a flow-through reactor with a 
gas-permeable wall for enzymatic oxidations, targeting low, efficient enzyme consumption 
and cheap, sustainable oxygen delivery. Ultimately, this aims to establish systems 
permitting gas-dependent enzymes to be exploited in continuous flow systems for the 
reaction of oxygen and other relevant gases such as CO2, H2 and NH3. 
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Tremendous surface area and high gas permeability 

A new tubular reactor was constructed. The core element of the reactor is a porous 
monolith based on thiol-ene polymerization, which was selected to provide a large surface 
area for enzyme retention inside the reactor. The monolith is fitted into a highly oxygen-
permeable PDMS tube, which was selected to ensure a fast and efficient oxygen supply 
inside the reactor. Such a reactor can accommodate enzymatic oxidations and can operate 
under continuous flow conditions. 

The porous monolith is prepared from a polyHIPE. The continuous organic phase of the 
emulsion contains thiol- and allyl- multifunctional monomers – pentaerythritol tetrakis(3-
mercaptopropionate) and 1,3,5-triallyl-1,3,5-triazine-2,4,6(1H,3H,5H)-trione. The dispersed 
aqueous phase serves as a template that determines the resulting microporous character of 
the monolith. Combining a thermal initiator (benzoyl peroxide) and an activator (4,N,N-
trimethylaniline) allows for curing at room temperature, making the process inexpensive 
and facile. Using 40 mol.% excess of thiol groups in the monomer composition results in a 
monolith with a thiol-functional surface, as can be seen from the FT-IR spectrum 
(Appendix C, Figure SI 2). It was previously shown that HRP maintains moderate activity 
when immobilized on such a surface.149 Therefore, this surface chemistry without further 
alteration has been chosen to be also exploited here in this novel monolithic reactor design. 
Nevertheless, the thiol functionality opens up the possibility for further surface chemistry 
modifications via facile thiol-ene click reactions, which is an exciting approach to tailor the 
chemical properties of the monolith to match the specific operational needs of the process 
and to optimize the reactor for a specific enzyme in question. 

After moulding, curing, washing and drying, a solid piece of a cylindrical monolith is 
prepared. The resulting monolith is shown on different scales in Figure 5.2. 

 
Figure 5.2 (a) Assembled reactor photograph; and monolith (b) macro photograph, (c) microphotograph, and (d) scanning electron 
micrograph. 
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Thanks to the use of the polyHIPE in the preparation process, the monolith exhibits an 
open porous structure at a variety of scales (see Figure 5.2). Already on a macro scale 
(Figure 5.2b), a rough and porous texture can be observed on the apparent surface of the 
monolith. This texture is even more visible under the optical microscope (Figure 5.2c). Such 
texture provides a large surface, which is readily available for enzyme adsorption. 
Furthermore, the SEM picture (Figure 5.2d) shows clear evidence for a highly porous and 
open structure on a micrometre scale. The porous properties of the monolith were further 
quantified by SEM image analysis (pore size distribution and specific surface area) and by 
fluid displacement measurements (open porosity). The results, together with other reactor 
parameters, are listed in Table 5.1. 

Table 5.1 Monolith and reactor characteriztics. 

Monolith 

dry weight (g) 2.1 ± 0.1
length (cm) 15.2 ± 0.1
diameter (mm) 6.1 ± 0.4
average pore size (µm) 8 ± 4
specific surface area (m2 g−1) 0.93 ± 0.16
open porosity (%) 67 ± 6

Reactor 

reactor volume (mL) 4.8 ± 0.3
oxygen transmission rate (mL m−2 day−1) 115 600 ± 1 500

 
As seen from the values in Table 5.1, the large micrometre-sized pores (full pore size 

distribution can be found in Appendix C, Figure SI 3) that create about 70 % of the 
monolith’s apparent volume give access to an immense surface area inside the monolith 
(nearly 1 m2 per gram of monolith). This size represents an excellent potential for utilizing 
such monolith as a mean for enzyme retention. 

To finalize the reactor, the thiol-functional monolith was inserted into a thin-walled 
PDMS tube, leaving only a minimal cavity between the monolith and the PDMS tube to 
maximize the surface and minimize the liquid volume in the reactor. The fully assembled 
reactor is depicted in Figure 5.2a. The tube provides contact between the liquid phase 
inside the reactor containing the reagents and the gas phase (air) outside. Well-known for 
its very high gas permeability (as also shown in Table 5.1 and Appendix C, Figure SI 4), 
PDMS acts here as a membrane contactor. Simply driven by diffusion, oxygen is 
transported through the PDMS contactor inside the reactor to the immediate proximity of 
the oxygen-dependent enzyme retained on the monolith. The delivered oxygen is 
consumed by the retained enzyme right away, which creates a larger concentration 
gradient across the membrane, further increasing the driving force for oxygen delivery. No 
additional equipment and cost are required for this efficient aeration, making this 
approach highly sustainable. Moreover, as no sparging of gas is employed in this setup, 
the gas/liquid induced enzyme deactivation is suppressed. 

Thanks to the superior permeability of PDMS to hydrophobic gases other than oxygen, 
this reactor could be exploited for biocatalytic transformations of these gases, for example, 
CO2 or CH4, by adding an outer jacket, which would allow controlled delivery. 
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Testing enzyme retention and biocatalytic activity 

The fully assembled reactor was connected to a testing apparatus, as shown in Figure 
5.3. The continuous flow reactor is driven by a peristaltic pump, where either enzyme or 
substrate solution can be selected as a feed. 

 
Figure 5.3 Reactor test setup. First, the enzymes, then the substrate were driven by the peristaltic pump through the reactor. The magnified 
view shows how the enzyme is retained on the monolith by a combination of adsorption and covalent bonding as well as how oxygen from 
the outer atmosphere enters through the PDMS wall of the reactor. 

To demonstrate the performance of the reactor in oxygen-dependent biocatalytic 
transformations, oxidation of glucose by GOx coupled with an in-situ consumption of the 
generated hydrogen peroxide by HRP was carried out. First, a solution of GOx and HRP 
was pumped through the reactor at a constant flow rate of 0.1 mL min−1. The ratio of GOx 
to HRP was set to 1:100 by weight at an overall enzyme concentration of 0.505 mg mL−1 to 
ensure that the reaction is not limited by hydrogen peroxide, as discussed previously 
around Figure 3.2 on page 11. The amount of retained enzyme inside the reactor over time 
was determined by comparing the initial enzyme concentration with the eluate 
concentration. The result can be seen in Figure 5.4a. 
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Figure 5.4 (a) The amount of retained GOx and HRP inside the reactor per gram of monolith in time. (b) Product concentration in time (log 
scale). 

As shown in Figure 5.4a, the amount of retained enzyme linearly increases immediately 
from time 0. After 30 min, a steady state is reached, where the net amount of retained GOx 
and HRP remains constant. This behaviour indicates that the reactor operates in a fashion 
similar to the principle of liquid chromatography. Here, the monolith acts as a stationary 
phase retaining the enzyme inside the reactor, and the enzyme solution is a mobile phase, 
where the enzyme itself moves through the column at a low velocity. Thus, the retained 
enzyme can convert more substrate that moves faster through the monolith. 

Based on the previous result, the following reactor test started with 30-min enzymes 
loading in the first step, resulting in a total load of 15 μg GOx and 1.5 mg HRP. The reactor 
test was continued with subsequent pumping of substrates, and the product concentration 
in the eluate was measured in time at the exit of the reactor, as shown in Figure 5.4b. 

At the flow rate of 0.1 mL min−1, the residence time inside the reactor is 45 min (shown 
as 0.75 h in Figure 5.4b). After that, the first eluate comes out, which consists of unused 
GOx and HRP. Afterwards, rapid onset of the product formation can be observed, ascribed 
to a higher concentration of free GOx and HRP at the interface between the enzymes and 
the substrate solution. The product concentration peaks around 1.5 h from the beginning 
at the value of 0.10 mmol L−1 and is subsequently relatively high for the next at least 10 h. 
It is assumed that all free enzyme has leached from the reactor at this time; thus the 
biocatalytic activity is credited to a significant amount of GOx and HRP retained on the 
porous monolith via adsorption as depicted in Figure 5.3. Over time, the product 
concentration slowly decreases from this point, attributed to gradual desorption and 
leakage of adsorbed enzymes from the reactor. After 25 h from the beginning, the product 
concentration in the eluate reaches a constant value of 0.01 mmol L−1 for the following more 
than 15 h. This activity is attributed to a small portion of enzymes firmly bound to the 
monolith via disulfide bridges, as shown in Figure 5.3. Overall, the reactor remains active 
for more than 40 h with a single load of only 15 µg GOx and 1.5 mg HRP. 

In an attempt to further quantify the rate of desorption, enzyme concentration in the 
eluate was measured over time using a Bradford assay, where enzymes were pumped 
through the reactor under the same conditions as described above (0.505 mg mL−1, 
0.1 mL min−1, 30 min) followed by the pure buffer solution. The results can be found in 
Appendix C, Figure SI 5. The enzyme concentration in the eluate is decreasing over time, 
as expected. However, due to the low concentrations of leaching enzymes, this cannot be 
accurately monitored after 70 min, and thus, the rate of desorption over time could not be 
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quantified. Nonetheless, these data further support that the enzyme is slowly desorbing 
from the monolith and gradually leaving the reactor. 

Towards steady-state operation via reactor rejuvenation 

The highest activity in the reactor was recorded during the first 24 h of operation (as 
discussed above). Thus, the reactor was reloaded with fresh GOx and HRP every 24 h to 
test the possibility of reuse and prolonged continuous production with this new reactor 
setup. The product concentration in the eluate was measured over time immediately after 
the reactor, as shown in Figure 5.5. 
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Figure 5.5 Product concentration in time in 24-h rejuvenation cycles. 

The first 24 h of operation shown in Figure 5.5 corresponds mainly to that shown in 
Figure 5.4b (overlapped data can be found in Appendix C, Figure SI 6). In this case, the 
product formation at the beginning is slightly lower, credited to diffusional variations 
between the monolith surface (which has some variations from production to production) 
and the free enzymes and the substrates as they progress through the reactor. Nevertheless, 
after this initial phase, the biocatalytic activity in the two tests follows the same trend. 
When the first rejuvenation occurs, the behaviour changes and a difference in the product 
concentration profile is observed. The reactor activity quickly spikes above the detector 
range, where the product concentration could not be quantified accurately. This high 
activity spike lasts for 2 h, after which the product concentration steadily decreases until 
the pre-rejuvenation activity is obtained after about 10 h from the rejuvenation point. The 
activity difference between the first and the rejuvenation cycle is attributed to the different 
state of the reactor in these cycles. While the same amount of enzyme was used in both 
cycles, the first loading started from a dry reactor, whereas the rejuvenation took place 
directly in a reactor that was wet from the previous run. When the rejuvenation cycle is 
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repeated, the same behaviour is observed. Thus, the rejuvenation leads to a steady state 
with a repeatable high activity, which allows for continuous use of the reactor. 

Potentially, the unused enzyme, which is eluted in the very beginning before the 
product formation starts, could be reclaimed by fractionation. This separate enzyme 
fraction could then be reused, for instance, to rejuvenate the reactor. This approach would 
further increase the efficient use of enzymes with this reactor design. However, further 
study would be required to prove this concept. 

Conclusions 

Surface chemistry and surface structure have a significant impact on the biocatalytic 
properties of immobilized enzymes. Therefore, the objective of this chapter was to develop 
a highly-tuneable tubular continuous-flow reactor with the possibility to control both the 
chemical and structural properties of the immobilization matrix while still addressing 
efficient gas supply. 

The presented approach combined a porous monolith made of thiol-ene polyHIPE and 
a PDMS wall. The monolith's porous microstructure and surface chemistry provided 
means for enzyme retention inside the reactor in a fashion similar to liquid 
chromatography without any pressure drop. In this manner, a larger amount of substrate 
could be converted by a small amount of enzyme, leading to efficient use of the enzyme in 
an effortless continuous flow. The PDMS wall acted as a highly gas-permeable membrane 
contactor, where oxygen from the air was delivered by diffusion, without bubbling or any 
added cost, through the PDMS contactor to the proximity of the retained enzymes. 
Moreover, the possibility of rejuvenating the reactor was demonstrated, permitting its 
reuse and showing activity over extended periods, contributing to responsible use and 
consumption of materials. 

This system offers a high degree of flexibility with several options for further 
modification. Firstly, the thiol-functional monolith opens the possibility to modify its 
surface chemistry via facile thiol-ene click reactions. Thus, the surface chemistry could be 
tailored to, for example, accommodate various gas-dependent enzymes, optimize the 
retention time, alter the immobilization/retention mechanism, or improve the 
activity/stability of the enzymes. Also, the porous microstructure of the monolith could be 
varied through changes in the polyHIPE process, such as monomers and organic-to-
aqueous phase ratios, surfactant content/variation, or adjustments in the emulsification 
procedure. This flexibility would ultimately allow to study the effect of microstructural 
properties of the surface on enzyme immobilization and resulting biocatalytic 
performance. Moreover, due to the simple preparation procedure and the room-
temperature curing process, a monolith of virtually any shape and size can be cast to fit the 
required parameters. Last but not least, the monolith can be cast into any gas-permeable 
tubular membrane, opening further options for efficient gas delivery. 
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6 CONCLUSION 
Oxidation plays a crucial role in organic synthesis. Gas-dependent biocatalysis offers an 

environmentally friendlier catalytic method for oxidation reactions and other types of 
reactions. Biocatalytic processes require efficient use and reuse of enzymes, excellent 
biocatalyst stability and activity, and the transition from traditional batch reactor setups to 
a more efficient continuous production to achieve industrial viability. Additionally, gas-
dependent enzymes require a sufficiently high concentration of the gaseous substrate 
dissolved in the reaction medium. In this work, these requirements and challenges were 
addressed using polymer chemistry and chemical surface modifications to implement 
enzyme immobilization into new gas/liquid continuous-flow bioreactors. 

First, it was demonstrated how a commercial hollow-fibre PES membrane could 
facilitate enzyme immobilization and at the same time act as a gas/liquid contactor. This 
concept shows the potential for hollow-fibre membrane modules with large surface-to-
volume ratios that could provide both high enzyme loading and large gas/liquid interface 
area. Moreover, a straightforward possibility to implement a controlled gas delivery in 
these modules expands the application range to many other gas-dependent enzymes. 
Additionally, a surface-modification method of PES membranes via SI-ATRP was 
developed, allowing controlled polymer grafting to prepare membranes with a wide 
variety of surface chemistries. The versatile surface-modification method can serve as a 
platform tool enabling the study of the relationship between enzymes and various surface 
chemistries applied to continuous-flow conditions and its effects on biocatalytic properties 
of immobilized enzymes. This technique represents a new potential for PES membranes to 
be used in gas/liquid continuous-flow reactors, where various gas-dependent enzymes 
could be immobilized. Besides, the importance of not only surface chemistry but also 
surface structure on enzyme activity was revealed. 

Next, one of the most gas-permeable materials – PDMS – was exploited as a substrate 
for enzyme immobilization in a gas/liquid continuous-flow bioreactor. The simple and 
efficient method for surface activation via direct silylation opened versatile options for 
subsequent surface manipulation. Specifically, SI-SARA-ATRP using sodium sulphite as a 
novel reducing agent was introduced to graft thick polymer brushes within short reaction 
times. This technique opened the possibility of immobilizing various enzymes on the 
PDMS surface and improving immobilization capacity and biocatalytic activity. The 
simplicity, robustness, and small reaction volumes indicate the method’s potential to be 
easily transferred to an up-scaled industrial setting. Additional modification options are 
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possible, which could enhance the biocatalytic properties of immobilized enzymes. These 
advances could ultimately lead to exploiting one of the most gas-permeable materials in 
continuous-flow gas/liquid biocatalytic reactors in a scalable and straightforward manner. 

Finally, a highly-tuneable tubular continuous-flow reactor with the possibility to control 
both chemical and structural properties while still addressing efficient gas supply was 
presented. The combination of a thiol-ene polyHIPE porous monolith and a PDMS wall 
provided means for enzyme retention and oxygen delivery. A larger amount of substrate 
could be converted by a small amount of enzyme, leading to efficient use of the enzyme in 
an effortless continuous flow without any pressure drop. Moreover, the possibility to 
rejuvenate the reactor was demonstrated, granting its reuse and showing activity over 
extended periods, which supports responsible use and consumption of materials. This 
system offers a high degree of flexibility with several options for further modification, such 
as facile thiol-ene click reactions to alter the surface chemistry, adjustments in the 
polyHIPE process to vary the porous microstructure, shape, and size of the monolith, or 
use of other gas-permeable tubular membranes. All these options permit thorough studies 
of various gas-dependent enzymes under continuous flow conditions and the effect of 
surface structure and chemistry on immobilization and biocatalytic performance. 

Overall, different approaches were presented, targeting an all-inclusive combination of 
enzyme immobilization, continuous-flow reactors, and gas-dependent biocatalysis. The 
results of this work provide new platforms that support future research and development 
and bring this emerging technology closer to its industrial exploitation. 
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7 FUTURE PERSPECTIVES 
Efforts are emerging in the chemical industry to utilize raw materials more efficiently, 

reduce waste, and avoid toxic materials. Continuous-flow gas-dependent biocatalysis is a 
growing field attractive for its potential to prepare novel high-value compounds of 
unmatched qualities in a renewable and sustainable manner. To achieve industrial 
viability, however, the field still requires more development. This chapter is dedicated to 
discussing an outlook towards an environmentally friendly and sustainable future of 
chemical production. 

In this work, new concepts and strategies were provided by utilizing polymer chemistry 
and chemical surface modifications. While the presented approaches can be directly 
applied to build new knowledge at the intersection of enzyme immobilization, continuous-
flow processes, and gas/liquid reactions, some aspects of the work could not be addressed 
in the given timeframe of this PhD project and would deserve additional investigation. 
Therefore, the following discussion is divided into two sections. First, the steps to gain a 
deeper understanding of the systems introduced herein are proposed. Then, few thoughts 
on how to use the results of this work for future research and development follow. 

First and most notably, addressing gas/liquid reactions, the materials, namely PES and 
PDMS, should be adequately characterized in terms of gas-transport properties. Although 
the initial measurements indicated good oxygen permeability and both materials have 
previously been used for gas transport, a more thorough analysis would still be desired for 
elucidation. Information on the gas permeability of the surface-modified samples would 
be valuable for studying the effects of the modification on gas transport. Second, when 
measuring biocatalytic activity, all reactors encountered an activity decrease in time. Even 
though the decrease was expected and speculation to some extent was possible about the 
cause, further measurements could reveal more accurate information, for instance, 
whether enzyme deactivation or desorption was the main contributor. For example, 
desorption is assumed to be more flow-rate dependent, and therefore measuring the 
biocatalytic activity in time with varied flow rate could provide an answer. Third and last 
for this part, benchmarking these novel setups against more conventional systems, such as 
free enzymes or batch reactors, would give insights into which specific parameters need to 
be optimized for future applications. 

Besides the above considerations, many new exciting questions and opportunities arose 
as the result of this work. More obviously, the versatility of SI-ATRP allows the 
introduction of various functional groups to facilitate different types of immobilization, 
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such as covalent attachment, which was not explored in this work. On the one hand, the 
covalent attachment could increase the immobilized biocatalyst stability and improve the 
efficient use of enzymes. On the other hand, immobilization via adsorption and the enzyme 
leakage connected with it could allow reactor rejuvenation – reuse of the surface for 
subsequent immobilizations, which is especially relevant for more advanced engineered 
surfaces and could generally reduce material waste. Both paths are indeed worth 
exploring. Additionally, co-polymerization is another possibility with SI-ATRP. Here, the 
effects of different chemistries could be combined to tailor the surface for more specific 
needs. Ultimately, individually customized modules could be connected and employed for 
co-immobilizations of several enzymes to run optimized cascade reactions. Finally, once 
the optimal surface chemistry for a particular enzyme is identified in the laboratory using 
conventional SI-ATRP, the development of more robust modification methods, such as SI-
SARA-ATRP, is of significant practical implication. Surface polymer grafting inside large 
commercial membrane modules could become more feasible and lead to large-scale 
industrial exploitation of various gas-dependent enzymes. 

Next to the abovementioned ATRP path stands the polyHIPE monolith offering a host 
of alternative possibilities. Surface chemical modifications via thiol-ene click reactions are 
relevant and straightforward options for future studies in a similar manner as proposed 
above. However, as opposed to the ATRP path, the polyHIPE also offers the chance to 
investigate the influence of surface morphology on enzyme immobilization and activity. 
What is more, combined effects of surface chemistry and surface structure could be 
investigated, potentially bringing new insights and deepening the understanding of 
enzyme immobilization, which may ultimately lead to unprecedented advances in the 
field. 
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8 EXPERIMENTAL WORK 
The experiments conducted in this thesis, which were not published, are described 

below. The published work can be found in Appendices at the end of the thesis. The 
procedures are sorted in the same order as they appear in the respective chapters above. 

Materials 

Membranes, tubes, enzymes, assay, and substrates. Hollow-fibre polyethersulfone 
ultrafiltration membranes (PES, inner diameter 0.8 mm, outer diameter 1.4 mm, length 
26 cm, membrane area 6.5 cm2, treated with glycerol) were kindly donated by Aquaporin 
A/S. Silicone tubes (PDMS, inner diameter 1.0 mm, outer diameter 2.0 mm, length 60 cm, 
surface area 18.8 cm2) were purchased from Silex Silicones Ltd. Aspergillus niger glucose 
oxidase (GOx, EC 1.1.3.4, protein content 51.25 %) was purchased from Dyadic. Novozym 
28166 glucose oxidase (GOx, protein content calibrated against GOx from Dyadic using the 
Bradford assay 141 mg mL−1) was kindly donated by Novozymes A/S. Horseradish 
peroxidase (HRP, EC 1.11.1.7, lyophilized powder, 88.16 U mg−1, and 166 U mg−1), 
Bradford Reagent (for 1-1400 μg mL−1 protein), D-(+)-glucose (ACS reagent), 4-
aminoantipyrine (AAP, reagent grade), sodium 3,5-dichloro-2-hydroxybenzenesulfonate 
(DCHBS, > 98 %), potassium phosphate monobasic (KH2PO4, Ph Eur), and potassium 
phosphate dibasic (K2HPO4, > 99.0 %) were purchased from Merck (Sigma-Aldrich). 

Phosphate buffer of pH 7.5 and concentration 50 mmol L−1 (referred to as kPi buffer) 
was prepared from KH2PO4  and K2HPO4 and used throughout the work. 

Chemicals for surface modifications. Tin(IV) chloride (SnCl4, 1 M in heptane), 
chloromethyl methyl ether (CMME), copper(I) chloride (CuCl), 2,2′-bipyridyl (bipy), 1-
vinylimidazole (VI), 1-bromoethane (C2), 1-bromobutane (C4), 1-bromohexane (C6), 1-
bromononane (C9), 1-bromododecane (C12), 1-bromooctadecane (C18), potassium 
hydroxide (KOH), {[(chloromethyl)-phenyl]ethyl}trimethoxysilane (CPTS), copper(II) 
chloride (CuCl2), N,N,N′,N″,N″-pentamethyldiethylenetriamine (PMDETA), 2-
(dimethylamino)ethyl methacrylate (DMAEMA), and sodium sulphite (Na2SO3) were all 
purchased from Merck (Sigma-Aldrich). 
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Methods 

Immobilization yield yi and enzyme loading le were calculated as 

𝑦i 1
𝑐
𝑐

∙ 100% 

𝑙e
𝑐 𝑐 ∙ 𝑉i

𝐴M
 

where c1 is the enzyme concentration of the residual solution after immobilization 
quantified spectrophotometrically using the Bradford assay, c0 is the original enzyme 
concentration of the prepared immobilization solution, Vi is the volume of the 
immobilization solution, and AM is the surface area of the used membrane. 

General procedure for the biocatalytic test of the prepared bioreactors. The substrate 
solution (5 mmol L−1 glucose, 0.3 mmol L−1 AAP, and 3 mmol L−1 DCHBS, in kPi buffer) 
was pumped through the biocatalytic reactor by a syringe injector (NE-300 Just Infusion™ 
Syringe Pump, New Era Pump Systems Inc.) fitted with a 50-mL single-use plastic syringe 
(screened from light) at a constant flow rate (50 µL min−1). The reactor outlet was connected 
to an in-line detector (UV–VIS spectrophotometer, Vernier) fitted with a flow-through cell 
(optical path length 1.5 mm) and absorbance of the product (N-(4-antipyryl)-3-chloro-5-
sulfonate-p-benzoquinone-monoimine) at 515 nm was measured over time. The specific 
reaction rate rs was calculated as 

𝑟s
𝐴p ∙ 𝑓

𝜀p ∙ 𝑙 ∙ 𝑐 𝑐 ∙ 𝑉i
 

where Ap is the absorbance at the reactor outlet at the wavelength of 515 nm, f is the flow 
rate through the reactor, εp is the molar extinction coefficient of the product 
(26 mmol L−1 cm−1) and l is the optical path length of the flow-through cuvette. 

Polysulfone membrane 

Immobilization of GOx onto PES membrane via pore collapse and biocatalytic test. 
10 PES membranes were immersed in 20 mL of a concentrated solution of GOx (Dyadic, 
10 mg mL−1 in kPi buffer) overnight at 5 C. Thereafter the membranes were taken out of 
the solution and dried by vigorous air flow for 4 h. The enzyme concentration of the 
residual solution after immobilization was quantified spectrophotometrically using the 
Bradford assay. Immobilization yield yi and enzyme loading le were calculated. The 
prepared biocatalytic membranes were stored in ambient dry conditions before the 
biocatalytic test. A fresh membrane and a membrane after 1 month of storage were tested 
for biocatalytic activity following the general procedure. The substrate solution 
(0.25 mmol L−1 glucose, 0.3 mmol L−1 AAP, and 3 mmol L−1 DCHBS, and 4 U mL−1 HRP) 
was pumped at a constant flow rate (0.25 mL min−1) using a peristaltic pump (Shenchen 
LabV1). The absorbance of the product at the outlet (515 nm) was measured over time. The 
specific reaction rate rs was calculated. 

Co-immobilization of GOx + HRP onto PES membrane via pore collapse and 
biocatalytic test. 10 PES membranes were immersed in 20 mL of an enzyme solution of 
GOx and HRP (Dyadic GOx – 1 mg mL−1, and HRP – 88.16 U mg−1, 1 mg mL−1; in kPi 
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buffer) overnight at 5 C. Thereafter the membranes were taken out of the solution and 
dried by vigorous air flow for 4 h. The concentration of the remaining enzyme solution was 
measured using the Bradford assay. Immobilization yield yi and enzyme loading le were 
calculated. The prepared biocatalytic membranes were stored in ambient dry conditions 
before the biocatalytic test. A fresh membrane was tested for biocatalytic activity following 
the general procedure. The substrate solution (0.25 mmol L−1 glucose, 0.3 mmol L−1 AAP, 
and 3 mmol L−1 DCHBS) was pumped through the lumen of the membrane by a peristaltic 
pump (Shenchen LabV1) at a constant flow rate (0.1 mL min−1). The absorbance of the 
product at 515 nm was measured over time at the outlet using a flow-through cell with an 
optical path length of 4.1 mm. The specific reaction rate rs was calculated. 

Co-immobilization of GOx + HRP via adsorption onto collapsed/not-collapsed PES 
membranes and biocatalytic test. One PES membrane was immersed in ethanol shaking 
for 2 h and then dried in ambient air overnight. The membrane was then saturated with 
kPi buffer. Another PES membrane was immersed directly in kPi buffer for 2 h. Both 
membranes were thereafter filled with an enzyme solution of GOx and HRP (Novozymes 
GOx – 1.41 mg mL−1, and HRP – 166 U mg−1, 2.4 mg mL−1; in kPi buffer), the ends were 
sealed by flame, and the membranes were left overnight at 5 C. The following day, the 
membranes’ ends were opened and membranes emptied. The enzyme concentration of the 
residual solution after immobilization was quantified spectrophotometrically using the 
Bradford assay. Immobilization yield yi and enzyme loading le were calculated. The 
biocatalytic test was conducted immediately after immobilization following the general 
procedure. 

Surface modification of PES membranes. 18 PES membranes were immersed in 
ethanol shaking for 2 h and then in hexane for 30 min. A round-bottom flask was charged 
with the washed membranes and 60 mL of hexane. SnCl4 (3 mL, 50 mmol L−1) and CMME 
(1926 µL, 400 mmol L−1) were added and the reaction took place under magnetic stirring at 
room temperature for 15 min. The reacted PES-Cl membranes were thoroughly washed in 
hexane and ethanol, and stored in ethanol at 5 C. 13 PES-Cl membranes were placed in a 
round-bottom flask. The flask was evacuated and filled with N2 three times. Another 
round-bottom flask was charged with CuCl (219 mg, 2.21 mmol) and bipy (690 mg, 
4.41 mmol), and evacuated and filled with N2 three times. Deionized water (10 mL, purged 
with N2 for 1 h), ethanol (10 mL, purged with N2 for 1 h), and VI (20 mL, 221 mmol, passed 
through a short plug-flow basic-alumina column) were added. The 
catalyst:ligand:monomer molar ratio was, therefore, 1:2:100 and the monomer:solvent ratio 
was 1:2 by volume. The mixture was purged with N2 for 1 h. The purged mixture was 
transferred under N2 into the round-bottom flask containing the membranes and kept 
under the inert atmosphere. Polymerization took place under stirring at 35 C for 30 min. 
The grafted mPVI membranes were removed from the polymerization bath, washed with 
ethanol and water, and stored in water at 5 C. 12 grafted mPVI membranes were saturated 
with diethyl ether. Quaternization took place by immersing the ether-saturated 
membranes in 40 mL solutions (1 mol L−1) of the respective linear 1-bromoalkanes (C2, C4, 
C6, C9, C12, and C18) in diethyl ether stirring under reflux at 40 C overnight. The 
quaternized membranes were washed in diethyl ether and ethanol and stored in water at 
5 C. 

Co-immobilization of GOx + HRP onto modified PES membranes and biocatalytic 
test. All membranes were first saturated with kPi buffer. The pristine PES membrane, the 
grafted mPVI membrane, and the quaternized C6, C12, and C18 membranes were 
thereafter filled with an enzyme solution of GOx and HRP (Novozymes GOx – 
1.41 mg mL−1, and HRP – 166 U mg−1, 2.4 mg mL−1; in kPi buffer). An additional set was 
prepared of all the quaternized (C2, C4, C6, C9, C12, and C18) membranes, which were 
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filled with an enzyme solution of a higher concentration (Novozymes GOx – 2.82 mg mL−1, 
and HRP – 166 U mg−1, 4.8 mg mL−1; in kPi buffer). The ends of the enzyme-filled 
membranes were sealed by flame, and the membranes were left overnight at 5 C. The 
following day, the membranes’ ends were opened and membranes emptied. The enzyme 
concentration of the residual solution after immobilization was quantified 
spectrophotometrically using the Bradford assay. Immobilization yield yi and enzyme 
loading le were calculated. The biocatalytic test was conducted immediately after 
immobilization following the general procedure. 

Silicone tube 

Surface modification of PDMS tubes. 7 PDMS tubes were filled with a solution 
containing KOH (1 w/v %) and CPTS (10 v/v %) in methanol and the ends of the tubes 
were plugged with a metal rod. The filled tubes were immersed in a methanol bath and 
the reaction took place under reflux at 50 C for 5 h. The reacted PDMS-Cl tubes were 
thoroughly flushed with methanol and kept filled with methanol. Meanwhile, in one vial, 
CuCl2 (2.3 mg, 1.3 mmol L−1) was dissolved in deionized water (4 mL), and methanol 
(4 mL), PMDETA (7 uL, 2.6 mmol L−1), and DMAEMA (3.1 mL, 1.4 mol L−1, passed 
through a short plug-flow basic-alumina column) were added. In another vial, Na2SO3 
(8.2 mg, 5 mmol L−1) was dissolved in deionized water (1 mL), and methanol (1 mL) was 
added. The contents of the two vials were mixed and immediately injected into the 7 
PDMS-Cl tubes. The ends of the tubes were plugged with a metal rod, and the tubes were 
placed into a water:methanol bath, where polymerization took place at 35 C for 1 h. The 
PDMAEMA grafted PDMS tubes were flushed with methanol under sonication, and stored 
in methanol at 5 C. One grafted tube was filled with a solution of 1-bromohexane 
(1 mol L−1) in methanol, plugged, and quaternization took place in methanol bath under 
reflux at 50 C overnight. The quaternized tube was thoroughly washed with methanol 
and stored in methanol at 5 C. 

Co-immobilization of GOx + HRP onto modified PDMS tubes and biocatalytic test. 
The pristine PDMS, the grafted PDMAEMA, and the quaternized tubes were flushed with 
methanol, deionized water, and kPi buffer. Thereafter, the tubes were filled with an 
enzyme solution of GOx and HRP (Novozymes GOx – 0.71 mg mL−1, and HRP – 
166 U mg−1, 1.2 mg mL−1; in kPi buffer). The ends of the enzyme-filled tubes were plugged 
with a metal rod, and the tubes were left overnight at 5 C. The following day, the tubes 
were emptied and the enzyme concentration of the residual solution after immobilization 
was quantified spectrophotometrically using the Bradford assay. Immobilization yield yi 
and enzyme loading le were calculated. The biocatalytic test was conducted immediately 
after immobilization following the general procedure. 
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Table SI 1 XPS fitted theoretical values. 

Name 
C 1s N 1s O 1s S 2p Cl 2p Br 3d 

(atom %) 
PES 75.0 2.1 17.7 5.2 0.0 0.0 
PES-Cl 76.5 1.5 15.4 3.7 2.9 0.0 
mPHEMA05 72.6 0.9 22.6 2.2 1.8 0.0 
mPHEMA15 72.1 0.8 23.4 2.0 1.6 0.0 
mPHEMA30 71.8 0.8 24.0 1.9 1.5 0.0 
mPSS05 73.1 1.0 18.8 5.3 1.9 0.0 
mPSS15 71.9 0.8 19.9 5.9 1.6 0.0 
mPSS30 71.1 0.7 20.7 6.3 1.3 0.0 
mPVI05 76.2 2.8 14.7 3.5 2.8 0.0 
mPVI15 76.0 4.0 14.0 3.3 2.7 0.0 
mPVI30 75.8 5.1 13.4 3.2 2.5 0.0 
mPVIq05 76.4 2.7 14.2 3.4 2.7 0.7 
mPVIq15 76.3 3.8 13.1 3.1 2.5 1.3 
mPVIq30 76.2 4.7 12.2 2.9 2.3 1.7 
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Figure SI 1 NaCl and MgSO4 rejection R at 3 bar. 

   
Figure SI 2 SEM of wet PES membrane (glycerol removed) with gradually decreased pressure (800, 600 and 200 Pa from left to right). 
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Figure SI 3 SEM of PES membrane treated with glycerol (left) and washed with ethanol (right). 
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Figure SI 4 SEM of (a) PES, (b) mPHEMA, (c) mPSS, (d) mPVI and (e) mPVIq membranes grafted for 15 min. 



 

XVII 

   
Figure SI 5 SEM of the modified mPSS membrane grafted for (a) 5 min, (b) 15 min and (c) 30 min. 

   
Figure SI 6 SEM of the modified mPVI membrane grafted for (a) 5 min, (b) 15 min and (c) 30 min. 

   
Figure SI 7 SEM of the modified mPVIq membrane grafted for (a) 5 min, (b) 15 min and (c) 30 min. 
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ABSTRACT: Poly(dimethylsiloxane) (PDMS) is an attractive, versatile, and
convenient material for use in biomedical devices that are in direct contact with the
user. A crucial component in such a device is its surface in terms of antimicrobial
properties preventing infection. Moreover, due to its inherent hydrophobicity, PDMS is
rather prone to microbial colonization. Thus, developing an antimicrobial PDMS surface
in a simple, large-scale, and applicable manner is an essential step in fully exploiting
PDMS in the biomedical device industry. Current chemical modification methods for
PDMS surfaces are limited; therefore, we present herein a new method for introducing
an atom transfer radical polymerization (ATRP) initiator onto the PDMS surface via the
base-catalyzed grafting of [(chloromethyl)phenylethyl]trimethoxysilane to the PDMS. The initiator surface was grafted with poly[2-
(dimethylamino)ethyl methacrylate] (PDMAEMA) brushes via a surface-initiated supplemental activator and reducing agent ATRP
(SI-SARA-ATRP). The use of sodium sulfite as a novel reducing agent in SI-SARA-ATRP allowed for polymerization during
complete exposure to air. Moreover, a fast and linear growth was observed for the polymer over time, leading to a 400 nm thick
polymer layer in a 120 min reaction time. Furthermore, the grafted PDMAEMA was quaternized, using various alkylhalides, in order
to study the effect on surface antimicrobial properties. It was shown that antimicrobial activity not only depended highly on the
charge density but also on the amphiphilicity of the surface. The fast reaction rate, high oxygen tolerance, increased antimicrobial
activity, and the overall robustness and simplicity of the presented method collectively move PDMS closer to its full-scale
exploitation in biomedical devices.

■ INTRODUCTION

Poly(dimethylsiloxane) (PDMS) elastomers have attracted
considerable attention for their use in various biomedical
devices. Products such as soft contact lenses,1,2 implantable
cables,3 indwelling catheters,4 and many more5−8 can greatly
benefit from the easy processing, excellent mechanical
properties,8−10 biocompatibility,11 and other convenient
properties of PDMS. Despite these many advantages, however,
the hydrophobic nature of PDMS makes its surface
biocompatible to cells11 and thus prone to microbial
colonization, which may develop into an infection and result
in severe complications in long-term users of such devices. The
development of strategies to limit the growth of bacteria on
PDMS surfaces is therefore necessary. Among several
approaches to this problem on antimicrobial surfaces,12,13 the
grafting of contact-killing cationic polymers containing
quaternary amines has resulted in a great ability to kill
bacteria.4,14,15 Moreover, the nonrelease nature of these
surfaces may limit the development of resistance in bacteria,
thus featuring permanent antimicrobial properties.16,17 In
particular, quaternized poly(dimethylaminoethyl methacrylate)
(PDMAEMA) has shown permanent bactericidal effects.18−20

In addition, when surface-grafted from a PDMS substrate, it
has exhibited high protein-repelling capabilities, low bacterial

attachment, and reduced cell adhesion compared to a native
PDMS surface.21 However, due to the low reactivity of PDMS
surfaces, there are only fewand complexmethods available
for the fast and efficient modification of PDMS. Density,
thickness, and surface coverage homogeneity are other
essential factors when seeking to achieve excellent antimicro-
bial activity.19,22−24 Surface-initiated atom transfer radical
polymerization (SI-ATRP) is one of the most popular and
versatile techniques for surface modifications.25 Featuring good
control over the abovementioned qualities, SI-ATRP serves as
an invaluable tool offering precise surface manipulation
suitable for antimicrobial studies.18−20,22,23 Indeed, several
examples of DMAEMA surface modification by SI-ATRP have
been reported.18−23 However, the requirement of an inert
atmosphere in conventional SI-ATRP limits its application
potential in scaled up production and hinders its commercial
exploitation.
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High oxygen sensitivity in conventional SI-ATRP has been
tackled through different approaches, such as activator
generated by electron transfer,26 activator regenerated by
electron transfer (ARGET),27 and supplemental activator and
reducing agent (SARA)28−30 SI-ATRP. The core idea behind
these methods involves adding an amount of reducing agent to
the polymerization mixture, which then helps maintain the
metal−complex catalyst activity in the presence of oxygen
through the continuous reduction of the catalyst. A notable
example of an oxygen-tolerant, SI-ATRP of PDMAEMA was
reported by Dong and Matyjaszewski.31 In their work, polymer
brushes were grafted from an initiator-modified silicon wafer,
using tin(II) 2-ethylhexanoate as a reducing agent. After an 18
h reaction time, the layer thickness of the modified surface was
approximately 20 nm. Using this approach, a couple of reports
showed how it was possible to transfer the conditions to other
types of surfaces, whereby PDMAEMA was grafted from either
filter paper32 or lignin nanofiber mats,33 for a number of
different applications. In the latter case, ascorbic acid was used
as a reducing agent, which resulted in a thickness of 72 nm
after 6 h of polymerization. As another example, Dunderdale et
al.34 showed how it was possible to graft DMAEMA from
silicon wafer surfaces in an oxygen atmosphere (ARGET),
leading to 2−300 nm thick grafts within 3 h. They even
showed that simply painting the polymerization solution onto
the wafer surface was sufficient to enable grafting to take place.
This clearly demonstrates the great potential of using ARGET
SI-ATRP for surface modification and tailoring the surface
properties of solid substrates. However, to the best of our
knowledge, no work on oxygen-tolerant ATRP of PDMAEMA
grafted from a PDMS substrate has been reported to date.
Thanks to their oxygen tolerance and simplicity, these methods
offer great potential to achieve permanently antimicrobial
PDMS surfaces on a commercial scale.
In this work, we present an oxygen-tolerant, SI-SARA-ATRP

of PDMAEMA, using Na2SO3 as a novel reducing agent. This
was validated by grafting DMAEMA from a silicon wafer to
demonstrate the efficiency of the process, while the system was
subsequently transferred to PDMS grafting in our open-to-air
screening platform.35

■ RESULTS AND DISCUSSION
A characteristic property of controlled radical polymerization is
linear development in the polymer’s chain length as a function
of reaction time, as well as the synthesized polymer having
narrow dispersity. To confirm that the kinetics of the SI-SARA-
ATRP system behaved in this manner, a model study was
conducted on silicon wafers. The wafers were functionalized
with a standard ATRP initiator (surface-anchored α-
bromoisobutyryl bromide, APTES−BiBB) and were immersed
into a glass vial holding an aqueous solution of H2O/MeOH
(1:1, v/v) containing monomer (DMAEMA) and catalyst/
ligand [Cu(II)Cl2/N,N,N′,N″,N″-pentamethyldiethylenetri-
amine (PMDETA)]. To enable the wafer to be gradually
withdrawn from the polymerization mixture, a large headspace
was used in the reaction. Depending on the size of the
headspace, there would be a delay in the onset of polymer-
ization to allow for the removal of excess oxygen, as also
reported by Dunderdale et al.34 for their ARGET system. This
delay in the onset of polymerization was prevented by
replacing the air in the vial with nitrogen, but this was
essentially not required for smaller amounts of oxygen in the
system. The vial was sealed with a septum, and polymerization

was initiated by the addition of Na2SO3. Through the use of
ellipsometry, DMAEMA brush thickness could be measured at
various time intervals of 10, 30, 60, 90, and 120 min (see
Figure 1).

Brush thickness propagation followed a clear linear trend
with respect to reaction time. A common limitation for SI-
ATRP is the long reaction times required to obtain sufficiently
long brushes for effective surface modification. In this case,
very large brush thicknesses were achieved within short
polymerization times, with up to 400 nm being achieved
after just 120 min. Interestingly, the difference in the refractive
index of the various DMAEMA brush lengths could be directly
observed on the silicon waferas shown in Figure 1.
In addition, this system was benchmarked against a more

traditional SI-ARGET-ATRP system, in that Na2SO3 was
replaced with sodium ascorbate as the reducing agent.
However, reaction kinetics under these conditions was much
slower and resulted in a brush thickness of only 34.15 ± 0.5
nm after 120 min (see Figure S1). This is attributed to the
SARA mechanism, which generally exhibits a faster reaction
rate, as compared to ARGET. In conclusion, employing
Na2SO3 as the reducing agent facilitates the polymerization of
DMAEMA at a much higher propagation rate, while still
maintaining the linear brush length growth alongside relatively
low standard deviation.

SI-SARA-ATRP Employed for Grafting PDMS on an
Open Atmosphere Screening Platform. Inspired by the
work of Brook et al.,36 in which thiols were introduced onto a
PDMS surface via silylation with (3-mercaptopropyl)-
trimethoxysilane, we show herein how {[(chloromethyl)-
phenyl]ethyl}trimethoxysilane (CPTS) can be used in a
similar fashion to graft an ATRP initiator to the PDMS
surface. The presence of the ATRP initiator was confirmed by
Fourier transform infrared (FT-IR) (Figure S2). The use of
trimethoxysilane as a grafting unit resulted in the formation of
a thin layer covering the entire surface, thereby providing an
easy method for preparing a full ATRP initiator surface layer
anchored to the PDMSas illustrated in Figure 2a.

Figure 1. (a) Thickness of the grafted PDMAEMA layer over time. A
clear linear trend in the growth of the polymer over time can be
observed, yielding a very thick surface layer (400 nm) within a short
reaction time (120 min). (b) Photographic image of the modified
wafer, where the difference in the refractive index for the individual
brush lengths can be observed as a change in wafer coloration.
Polymerization time increases from the bottom to the top of the
wafer.
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Figure 2. (a) Reaction scheme of the PDMS surface modifications. First, activation of the PDMS surface via the base-catalyzed equilibration of
CPTS onto the PDMS surface took place, followed by PDMAEMA grafting from the surface under SI-SARA-ATRP conditions. Finally, the surface
was quaternized, using a direct reaction with alkyl halides. (b) Overview of the experimental setup of reactions conducted on the screening
platform. PDMAEMA was grafted at three different polymerization times (10, 30, and 60 min), and each of these was then quaternized with a set of
various alkyl halides.

Figure 3. (a) FT-IR spectra of pristine PDMS and PDMAEMA functionalized PDMS after 10, 30, and 60 min reaction times. The zoomed-in
image shows the corresponding growth of a carbonyl stretch originating from PDMAEMA. (b) FT-IR spectra of pristine PDMS, PDMAEMA-
modified PDMS at 30 min polymerization, and the quaternized PDMAEMA-modified PDMS with C1−C10 alkyl halides. The zoomed-in image
shows the corresponding growth of C−H stretches originating from the alkyl halides.
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This was then further utilized for grafting DMAEMA, using
the same concentration of reagents as previously described,
albeit now in a completely open atmosphere in a specially
designed 96-well plate screening platform.35 The platform
allowed for simultaneous brush length variation as well as
quaternization of the side chain, using a series of alkylhalides,
as illustrated in Figure 2b. Traditional ATRP experiments
normally require completely inert conditions, which makes
parallelized synthesis complicated and generally requires the
use of a glovebox to allow for handling of multiple surfaces.
ARGET- and SARA-ATRP, in this respect, have been proven
to have advantages (as mentioned above). The use of a
reducing agent enables both the reduction of the Cu(II)
complex to Cu(I), as well as the removal of excess oxygen,
thereby protecting the catalyst from unwanted oxidation.
However, most experiments have been run under semi-open
conditions with limited amounts of air, which still requires a
closed environment.37−39 Herein, we show the possibility of
conducting SI-SARA-ATRP in completely open conditions.
The procedure allowed for the parallel synthesis of various
DMAEMA brush lengths on a PDMS substrate, as well as post-
modification via N-alkylation, as illustrated in Figure 2.
Initial analysis by FT-IR of the DMAEMA grafted surfaces

showed a distinctive peak at 1728 cm−1 originating from the
carbonyl ester of the methacrylate (see Figure 3a). The
intensity of the peak increased in good correlation with
polymerization time, and the high intensity corresponded well
with the expected long brush length observed in the model
study conducted on silicon wafers. Surface analysis by X-ray
photoelectron spectroscopy (XPS) was also attempted, in
order to confirm the presence of the DMAEMA polymer
brush. Unfortunately, due to the inherent ability of PDMS to
facilitate surface hydrophobic recovery,40 only the PDMS
substrate was detected, even though the surface could clearly
be observed visually to have been modified and wetted easily
with water (see below). Therefore, to ensure that the grafted
polymer was retained at the interface, the surface was stored
under wet conditions prior to further use. By keeping the
surface wet, a hydrophilic interaction with DMAEMA was
favored, and the rearrangement could be suppressed before

further modification. Because XPS is a high-vacuum technique,
it is not possible to conduct the analysis in moist conditions to
confirm the grafting chemically.
To obtain the positively charged quaternary ammonium

surfaces, N-alkylation was achieved by using a series of
alkylhalides: iodomethane (C1), 1-bromobutane (C4), 1-
bromooctane (C8), 1-bromodecane (C10), and 2-bromoethyl
methylether [(CH2)2OCH3]. Again, the samples were stored
in water immediately after reaction to prevent hydrophobic
recovery. The surfaces were analyzed using FT-IR (see Figure
3b), whereby the addition of hydrocarbon chains to
DMAEMA resulted in an increase in sp3 hybridization, as
seen for all surfaces at 2928, 2905, and 2857 cm−1, respectively.
As expected, DMAEMA had the lowest sp3 signal of all
modifications due to the lack of a hydrocarbon chain at the
side-chain amine. A significantly higher intensity was found for
DMAEMA C1, DMAEMA C4, DMAEMA C8, and DMAEMA
(CH2)2OCH3. The similar signal intensity between these
modifications may be due to the extent of reaction.
Iodomethane would be expected to be both more reactive
and less sterically hindered than 1-bromobutane, leading to a
higher sp3 signal. DMAEMA C8 had the second highest
intensity, followed by DMAEMA C10, corresponding well with
having the longest carbon chain of all the quarternizations. A
similar trend was found at the 10 and 60 min polymerization
times, although it was less evident at 60 min (see Figures S3
and S4). Due to the PDMS substrate having been stored under
wet conditions, the surface was briefly washed with EtOH and
dried in air before collecting the IR spectra. Nonetheless, there
were clear signs of residual alcohol observed in the IR spectra
at 1740−1570 and 3000−3650 cm−1, resulting from the OH
stretches. Although the broad intensive peak at 1740−1570
cm−1 overlapped with the original carbonyl peak from the
ester, the ability of PDMS to absorb water to such an extent
strongly suggests the creation of a more hydrophilic surface.
Water contact angle (WCA) measurements were also

conducted to investigate the change in hydrophilicity as a
function of polymerization time and surface modification.
Advancing contact angles did not initially reveal any significant
differences compared to pristine PDMS or between individual

Figure 4. (a) Advancing WCA of the surface-functionalized PDMS. No significant differences are observed across the samples in comparison to the
pristine PDMS surface. (b) Receding WCA of the surface-functionalized PDMS. A general decrease in the WCA can be observed when compared
to the pristine surface. Moreover, a slight increase in the WCA can be observed via the increasing alkyl chain length in the quaternized surfaces
(C1−C10).

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c01611
ACS Omega XXXX, XXX, XXX−XXX

D



surface modifications (see Figure 4a). On the other hand, a
drastically more hydrophilic surface was observed from the
receding WCA for all surface modifications, compared to
PDMS (see Figure 4b).
The receding WCA for the pristine PDMS was 82°, while all

the modified surfaces showed significantly lower receding
contact angles. There is a clear trend of lower receding WCA’s
for surface-grafted DMAEMA (hydrophilic) with increasing
polymerization times (from 50 to 27°) which reflects the
increased film thickness with increased polymerization time.
For DMAEMA C1, which is also hydrophilic, a similar trend
was observed in going from 47 to 37° at 10 and 60 min
polymerization times, respectively. On the contrary, an
increase in the contact angle was observed for the amphiphilic
DMAEMA C4, which went from 37° at 10 min to 55° at 60
min. No significant differences were found for DMAEMA C8,
DMAEMA C10, or DMAEMA (CH2)2OCH3 for any
polymerization time. The discrepancy among the different
modifications in terms of polymerization time is ascribed to the
varying chain assembly due to nonelectrostatic effects, as
recently described.41 Furthermore, WCA hysteresis, which was
also calculated and can be found in Figure S5, shows a general
increase after modification, further confirming the above-
mentioned conclusions. The IR and generally lower receding
contact angles confirm a clear change in the surface chemistry
of the PDMS substrate and corroborate the facilitation of the
grafting and quaternization of DMAEMA.
Biofilm Formation. Contact-active antimicrobial surfaces

are of great interest in the biomedical field as a means of
creating constant sterile surfaces without the release of
additives. These coatings, which can help protect against
bacterial colonization and thereby prevent infection, contain
polymeric quaternary ammonium and have been proven to
induce a bactericidal effect through electrostatic interaction
with the cell membrane of the bacteria. Although many studies
have demonstrated this effect, our fundamental understanding
of the structure−property relationship between the bactericidal
properties and the chemical nature of the grafted polymer still
requires further research. To aid in this investigation, a crystal
violet assay was used as a way to quantify the biofilm inhibition
properties of the modified surfaces against a Pseudomonas
aeruginosa strain. The violet dye attaches to the DNA and
proteins in cells, and the absorbance of the color can therefore
be directly correlated with the number of viable bacteria found
on the surface. The bacteriological results are shown in Figure
5.
At first, no significant differences in optical density (OD)

could be found when comparing the pristine PDMS with
modified samples at either 10 or 30 min polymerization times.
However, at 60 min, a significantly lower OD was observed for
DMAEMA C1, DMAEMA C4, DMAEMA C8, and DMAEMA
C10. Several studies have shown that the charge density for
these types of surfaces needs to be above a certain threshold to
engender antimicrobial activity.22−24 The longer polymer
chains could similarly help increase both charge density as
well as system mobility, thus increasing their bactericidal effect.
On the other hand, this effect was not seen for DMAEMA,
showing that positive charges are required for the bactericidal
interaction with the cell membrane. DMAEMA (CH2)2OCH3,
however, did not show any significant reduction in OD for any
polymerization time, thereby indicating that a specific
amphiphilicity needs to be present to facilitate proper

integration with the membrane in order to induce the
bactericidal effect.

■ CONCLUSIONS
Activating the PDMS surface, using direct silylation in alkaline
conditions, was deemed a highly effective, simple, and efficient
method. By employing this simple approach, further grafting of
the surface using ATRP is an easy option for a broad range of
products prepared in PDMS across the medico-industry. The
grafting of extraordinarily long 400 nm DMAEMA brushes,
within short reaction times (120 min), was successfully
conducted through SI-SARA-ATRP by utilizing Na2SO3 as a
novel reducing agent that effectively protected the Cu catalyst
against oxidation, allowing the reaction to be conducted in a
completely open atmosphere on a 96-well screening platform.
Furthermore, parallel synthesis on the platform allowed for the
investigation of the structure−property relationship between
the antimicrobial activities of various brush lengths, as well as
post-functionalization via N-alkylation, to create positively
charged quaternary ammonium. The activity depended highly
on the chain length of the polymer brush in order to obtain a
sufficiently high charge density. Therefore, significantly lower
numbers of viable bacteria were only seen for DMAEMA C1,
C4, C8, and C10 at a 60 min polymerization time. No
apparent reduction was observed for DMAEMA and
DMAEMA (CH2)2OCH3, even at the longest grafting times,
showing that not only charge density but also the
amphiphilicity is important in facilitating optimal bactericidal
properties.

■ EXPERIMENTAL SECTION
Materials. All chemicals and solvents were of analytical

grade and used without further purification, unless stated
otherwise. Inhibitors were removed from the monomers prior
to use by passing them through a short plug flow column of
basic alumina.

Characterization.WCA measurements were conducted on
a DataPhysics OCA 20. Initially, a drop of 4 μL was placed on
the surface with the needle inside, and the drop was then

Figure 5. Crystal violet assay of PDMAEMA-functionalized PDMS.
OD measured at 595 nm represents the growth of bacteria (P.
aeruginosa) on the respective surfaces, where polymerization time can
be confirmed as a key factor in reducing growth.
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expanded and retracted. All WCAs reported are an average of
three measurements. FT-IR spectroscopy was conducted on an
attenuated total reflection (ATR)-FT-IR spectrometer (Ther-
mo iS50 with a built-in diamond ATR with a resolution of 4
cm−1) to confirm the presence of functional groups. All spectra
were normalized to a reference Si−O−Si stretch at 1007 cm−1.
Absorbance measurements and UV−vis spectroscopy were
carried out on a VICTOR X3 2030 multilabel reader
(PerkinElmer). Brush thickness on the silicon wafers was
measured using variable angle ellipsometry (M-2000, J.A.
Woollam Co., Inc.) and conducted in air at room temperature
over a wavelength range between 250 and 1000 nm and at six
different angles of incidence (50, 55, 60, 65, 70, and 75°).
Analysis of the ellipsometric data was done using the
instrument software (CompleteEASE, J.A. Woollam Co.,
Inc.). The optical model comprised a thick Si substrate, an
intermediate layer with a thickness of 1 nm, a SiO2 layer, and a
transparent polymer layer. The thickness of the silicon oxide
layer was determined in air before surface functionalization.
The refractive index of the polymer layer is described using the
Cauchy relation (n = A + B/λ2). Therefore, the model
comprised a total of three free parameters (thickness, A, and B
of the polymer layer). The average and standard deviations of
the thickness were obtained by measuring at three different
points of the sample.
Preparation of Silicon Wafers. Thermally oxidized

silicon wafers with a SiO2 layer (WaferNet, USA) were used.
Prior to functionalization, the wafer was rinsed with acetone,
ethanol, and deionized water three times. The surface was
subsequently plasma-cleaned (Harrick Plasma) for 3 min in
500 mTorr water vapor in order to produce hydroxyl groups.
Thereafter, the wafer was left for 24 h in a desiccator together
with a 4 mL solution of APTES in toluene (volume ratio: 1:1).
The wafer was then rinsed with toluene, ethanol, and acetone
and dried under a stream of argon. To graft the initiator onto
the surface, the functionalized surfaces were placed into a
mixture of dichloromethane (DCM) (20 mL) and triethyl-
amine (1.3 mL) at 0 °C, following which 2-bromoisobutyryl-
bromide (1 mL) was added dropwise. The reaction mixture
was stirred at room temperature for 12 h and rinsed with
DCM, acetone, and EtOH three times and then dried under
argon. The grafted initiator surfaces were used immediately
after preparation for the polymerization stage.
SI-SARA-ATRP on Silicon Wafer. To a 40 mL vial, 2.6 mg

Cu(II)Cl2, 8.14 μL PMDETA, 3.54 mL DMAEMA, and 9.45
mL MeOH/H2O (1:1, v/v) were added and mixed via
magnetic stirring. A metal wire was fixed to a clamp, which was
then fastened to the top of the silicon wafer and transferred to
the vial. The metal wire was punched through a septum, the
system was sealed, and the air evacuated and replaced with
nitrogen three times. In a 4 mL vial, 9.45 mg of Na2SO3 was
dissolved in 1 mL H2O and then 1 mL MeOH was added,
following which the mixture was transferred to the reaction vial
via a nitrogen-filled syringe to initiate polymerization. The total
volume used was 15 mL with a final concentration of
Cu(II)Cl2: 1.3 mM, PMDETA: 2.6 mM, Na2SO3: 5 mM,
and DMAEMA: 1.4 M. To sample different DMAEMA brush
length reaction times, the depth of the wafer was controlled by
moving the sample out of the reaction mixture, using the
attached metal wire, after 10, 30, 60, 90, and 120 min. The
wafer was then briefly washed in pristine solvent (MeOH/
H2O), water, and EtOH and dried in flowing air.

PDMS Preparation. An Elastollan RT 625 PDMS film was
prepared in a mold consisting of an aluminum frame placed on
top of a steel support. Approximately, 13 g of a 9:1 w/w part A
to B mixture of Elastollan RT 625 was added to a mixing cup
and placed in a speed mixer at 2700 rpm for 3 min before
being poured into the mold. The PDMS was cured at 100 °C
for 60 min and left to cool to room temperature.

Attachment of the ATRP Initiator. In a 250 mL beaker,
KOH (1.700 g, 0.030 mol) was dissolved in MeOH (155 mL),
following which CPTS (15.6 mL, 0.064 mol) was added. The
solution was transferred to a Petri dish (d = 21 cm) along with
the PDMS film and left for 6 h at 50 °C under magnetic
stirring. After the reaction, the film was washed by being placed
in a 250 mL beaker containing DCM for 10 min under
magnetic stirring at room temperature. The film was then
similarly washed in MeOH for 30 min under magnetic stirring.

SI-SARA-ATRP on the Screening Platform. The CPTS-
modified PDMS film was mounted onto the screening platform
as described in our previous work.35 To each well, 20 μL of
solvent (MeOH/H2O, 1:1, v/v), 40 μL of DMAEMA (2.8 M
in MeOH/H2O, 1:1, v/v), and 10 μL of Cu(II)Cl2/PMDETA
(10.4 mM/20.8 mM in MeOH/H2O, 1:1, v/v) were added. To
initiate polymerization, 10 μL of 40 mM Na2SO3 solution in
MeOH/H2O, 1:1, v/v was transferred to each well. To obtain
different chain lengths of DMAEMA, the reaction was
terminated by removing the reaction mixture via a multi-
pipette and by replacing it with a solvent. The wells were then
filled with the solvent (MeOH/H2O, 1:1, v/v) and agitated at
200 rpm for 15 min, and the cleaning step was repeated with
water. The setup was dried overnight in a vacuum oven at
room temperature.

Quaternization of DMAEMA. To predetermined wells, 80
μL of 3 M stock solution of either iodomethane, 1-
bromobutane, or 2-bromoethyl methyl ether in MeOH or 1-
bromooctane or 1-bromodecane in MeOH/tetrahydrofuran
(9:1, v/v) was added. The wells were covered with parafilm to
avoid evaporation and were heated to 40 °C while being
agitated overnight at 200 rpm. After the reaction was
completed, the wells were emptied and subsequently filled
with MeOH and agitated at 200 rpm for 15 min. The cleaning
step was repeated with water, and the final modified PDMS
was stored in wet conditions in a fridge at 5 °C.

Microtiter Dish Biofilm Formation Assay. P. aeruginosa
ATCC 27853 was cultivated in 4 mL Luria Broth medium
(Sigma-Aldrich, USA) at 37 °C in a cultivation incubator
shaking overnight at 200 rpm. The P. aeruginosa culture
suspension was adjusted to an OD OD600 of 0.05. A volume of
100 μL of the P. aeruginosa suspension was inoculated in the
wells of the modified PDMS microplate system. The plates
were then covered with an air-permeable sealing tape and
placed in a plastic bag containing a moist napkin in order to
maintain air humidity and avoid evaporation of the cultivation
medium from the wells. The plates were then incubated at 37
°C for 20 h. Similar to the procedure described by O’Toole
(2011),42 the planktonic P. aeruginosa cells were removed by
discarding the culture, and the wells were washed with 120 μL
of phosphate-buffered saline (PBS) buffer to remove any
excess culture and loosely adhered cells. The plates were
vigorously tapped on a tissue paper to remove excess buffer
from the microtiter dish plates. A volume of 100 μL 0.01%
crystal violet dye was added to each well, and the plates were
incubated at room temperature for 15 min to stain the
adherent bacteria. The crystal violet solution was discarded,
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and the wells were washed four times with 120 μL PBS buffer;
excess liquid was removed each time by vigorously tapping the
plate on tissue paper. A volume of 90 μL 99% ethanol was
added to each well and mixed through pipetting to solubilize
the crystal violet dye. Subsequently, 65 μL of the well content
was transferred to a 96-well flat-bottom TPP plate (Techno
Plastic Products AG, Switzerland), and absorbance was
measured at 590 nm using a VICTOR X3 2030 multilabel
reader (PerkinElmer). The assay was performed on duplicate
PDMS plates, on which each modification was represented
three times.
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Figure SI 1 Grafted PDMAEMA layer thickness over polymerization time. SI-ARGET-ATRP on silicon wafer using sodium ascorbate as 
reducing agent. 
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Figure SI 2 FT-IR of pristine PDMS and PDMS-Cl with the ATRP initiator attached. The zoom in shows two conjugated carbon double 
bond stretches in PDMS-Cl originating from a benzene ring, confirming the presence of the ATRP initiator on the surface. 

 
Figure SI 3 FT-IR of surface functionalized PDMS after 10 min polymerization time of DMAEMA. The zoom in shows C-H stretches 
originating from the various alkyl halides. 
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Figure SI 4 FT-IR of surface functionalized PDMS after 60 min polymerization time of DMAEMA. The zoom in shows C-H stretches 
originating from the various alkyl halides. 
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Figure SI 5 WCA hysteresis of surface functionalized PDMS. 
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Monolithic flow reactor for enzymatic
oxidations
Libor Zverina, Manuel Pinelo, John M Woodley and
Anders E Daugaard*

Abstract

BACKGROUND: Oxidation is among the most important reactions in organic chemistry. Enzymatic oxidation offers a greener
alternative to a conventional chemo-catalytic approach and opens the potential for new reactions. However, inefficient use
of expensive enzymes and oxygen (O2) limitations represent particular challenges for biocatalytic reactor design. This work
reports a new tubular reactor for continuous flow enzymatic oxidations.

RESULTS: The reactor comprises a thiol-functional porous monolith (0.93 ± 0.16 m2 g−1) and an O2-permeable wall (115 600
± 1500 mL m−2 day−1). The monolith retains enzyme inside the reactor leading to efficient use. The wall acts as a membrane
contactor providing transport of O2 from atmospheric air to the immediate proximity of the enzyme inside the reactor, without
any pressure and sparging required. The reactor performance was demonstrated using oxidation of glucose by glucose oxidase
(EC 1.1.3.4) coupled with in situ consumption of hydrogen peroxide by horseradish peroxidase (EC 1.11.1.7). At a constant flow
rate of 0.1 mL min−1, the product concentration reached 0.10 mmol L−1 after 1.5 h and continued to be relatively high for the
next ≥10 h. Overall, the reactor remained active for>40 h using only 15 ∼g glucose oxidase. Furthermore, the reactor could be
rejuvenated by periodic injection of fresh enzyme and thus can operate continuously for extended periods.

CONCLUSION: We have shown here an alternative approach to efficient enzyme use and O2 delivery. Moreover, with its flexible
design, the reactor can be optimized to accommodate a range of gas-dependent biocatalytic transformations.
© 2021 Society of Chemical Industry (SCI).

Supporting information may be found in the online version of this article.

Keywords: porous monolith; PolyHIPEs; Thiol-ene chemistry; Oxygen-dependent enzymes; Glucose oxidase; Continuous flow reactor

INTRODUCTION
Many processes in the chemical industry such as synthesis of fine
chemicals or production of active pharmaceutical ingredients
often involve oxidation reactions. Compared to conventional
chemo-catalytic methods, enzymatic oxidation offers an environ-
mentally friendlier alternative using molecular oxygen (O2) as an
abundant and nontoxic oxidizing agent. Moreover, with the tre-
mendous advances in protein engineering, a range of new bioca-
talysts with tailored properties has emerged. Thus, a huge
potential for new reactions allowing preparation of novel high-
value compounds has opened up.1

In order to move biocatalytic transformations towards industrial
viability, inefficient use of expensive enzymes needs to be
addressed. One popular approach, which also is becoming
increasingly relevant for pharmaceutical production,2 is to imple-
ment continuous process and flow chemistry combined with
enzyme immobilization.3 In particular, porous monolith reactors
are quickly emerging as an attractive path to continuous-flow
enzymatic reactions. When compared to other immobilization
carriers, such as microbeads (packed bed reactors)4 or
membranes,5 the biggest advantages of porous monoliths are
their low to nonexistent pressure drop as well as large surface area
for enzyme immobilization, which are both highly desired proper-
ties for continuous flow systems.6 Other benefits include

straightforward manufacturing and realistic scaling possibilities
that are essential for future industrial applications. However, in
situ product separation possibilities are limited, compared to
membranes, and monolithic systems therefore require subse-
quent separation of products.5 Interestingly, most monolith
enzyme reactor studies focus on immobilization strategies of pro-
teolytic enzymes such as trypsin,7–10 because autodigestion and
loss of activity are eliminated via immobilization.11 Even so,
lipases also were immobilized on different kinds of polymeric
monoliths. The resulting reactors achieved high conversions12

and long-lasting reactor activity.13 Despite the potential to use
enzymes more efficiently and to improve their stability via immo-
bilization, studies on O2-dependent enzymes in continuous flow
monolith reactors are rare. This could be a result of the conse-
quent challenge of integrating a sufficient O2 supply system in
such reactors. Only recently, Ahmad et al. have used laccase
immobilized on silica monoliths for degradation of
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micropollutants in water.14,15 Increased activity of the immobi-
lized enzyme and high operational and storage stability were
achieved. However, as the authors comment, a decreased reac-
tion rate was observed after 2 h, attributed to a lack of O2, because
the reactor configuration did not allow for continuous aeration or
feed of O2.
Several methods to prepare porous materials have been devel-

oped over time.16 Invented by Unilever in 1982,17 polymerized
high internal phase emulsion (polyHIPE) is nowadays receiving
particular attention, and is being exploited in various applications,
for example as selective absorbers,18–20 chromatographic col-
umns21,22 or heterogeneous catalysts.23,24 PolyHIPE materials
offer very facile scalable preparation, good flow-through proper-
ties and low pressure drop as a consequence of their porous struc-
ture, large specific surface area, as well as easy surface chemistry
modifications.25 Owing to these unique properties, polyHIPEs
have recently been employed in immobilized enzyme monolith
reactors26–29 exhibiting high activity, good stability and fast reac-
tion rate. These superior results were attributed to the open pore
structure specific to polyHIPEs leading to improved mass transfer,
compared to other monolithic cauliflower-like porous materials.
As a platform for enzyme immobilization, thiol-ene polymeriza-

tion products have proven to be extremely versatile.30–34 These
materials can take the form of particles35 and solid samples,30,36

as well as porous polyHIPEs.27,37,38 Moreover, owing to the modu-
larity of the system, mechanical properties, structural properties
(porosity, particle size) and chemical properties (surface hydrophi-
licity and chemical functionality) can be manipulated easily via
multiple routes.31,39–42 in particular, the introduction of off-
stoichiometric thiol-enes30,43 has extended this possibility to con-
trol and tailor both the surface chemistry and the bulk properties
of the materials, which is highly attractive for enzyme immobiliza-
tion.27,30,36,44 It is possible to optimize the surface chemistry to
provide a very specific environment for enzymes on surfaces,
and this optimization route was recently exploited to control the
selectivity of immobilized ⊎-glucosidase.45 As such, thiol-ene sur-
faces in combination with polyHIPEs provide a good basis for
preparation of a multifunctional immobilization system, with a
large specific surface area.
In this work, we aimed to exploit a porous monolith inside a

flow-through reactor with a gas-permeable wall for enzymatic oxi-
dations, targeting low and efficient enzyme consumption, and
cheap, sustainable O2 delivery. Ultimately, this aimed to establish
systems permitting very specific and highly sensitive gas-
dependent enzymes to be exploited in continuous flow systems
for reaction of O2, as well as other relevant gases such as carbon
dioxide (CO2), hydrogen (H2) and ammonia (NH3).

MATERIALS AND METHODS
Materials
Pentaerythritol tetrakis(3-mercaptopropionate) (PETMP, >90.0%)
was purchased from TCI. 1,3,5-Triallyl-1,3,5-triazine-2,4,6
(1H,3H,5H)-trione (TATATO, 98%), benzoyl peroxide (BPO, with
25% water), 4,N,N-trimethylaniline (TMA, >98.5%), toluene, cal-
cium chloride anhydrous (CaCl2, >95%), horseradish peroxidase
(HRP, EC 1.11.1.7, lyophilized powder, 88.16 U mg−1),
4-aminoantipyrine (AAP, reagent grade), sodium 3,5-dichloro-
2-hydroxybenzenesulfonate (DCHBS, >98%), D-(+)-glucose (ACS
reagent), potassium phosphate monobasic (KH2PO4, Ph Eur),
potassium phosphate dibasic (K2HPO4, >99.0%) and Bradford
Reagent (for 1–1400 μg mL−1 protein) were purchased from

Merck (Sigma-Aldrich, St Louis, MO, USA). Hypermer B246 (modi-
fied polyester) was acquired from Croda Inc. Aspergillus niger glu-
cose oxidase (GOx, EC 1.1.3.4, protein content 51.25%) was
purchased from Dyadic. Polydimethylsiloxane tubing [PDMS,
inner diameter (i.d.) 6.4 mm, outer diameter (o.d.) 8 mm; and
i.d. 10 mm, o.d. 14 mm] was purchased from Silex Co. (Bordon,
UK) and VWR international (Radnor, PA, USA), respectively. All of
the materials were used as received without further purification.

Monolith preparation
Two speed-mixing cups, each containing Hypermer B246 (64 mg),
TATATO (0.40 g, 1.6 mmol) and PETMP (0.82 g, 1.7 mmol) were
prepared, resulting in a total 40% excess of thiol groups. A solu-
tion of TMA in toluene (1.5 mL, 17 mmol L−1) was added to one
cup and a solution of BPO in toluene (1.5 mL, 0.15 mol L−1) was
added to the other cup. The contents of the two cups were
homogenized by speed mixing (3500 rpm, 1 min). An aqueous
solution of CaCl2 (7.7 mL, 1 wt%) was added to each cup in steps
of 2 mL, followed by speed mixing (3500 rpm, 1 min) after each
addition resulting in stable white emulsions. The two emulsions
were mixed together and injected into a tubular mold (PDMS
tube, i.d. 10 mm) by means of a double-barreled syringe fitted
with a static-mixer tip. After 1 h, the cured monolith was taken
out from the mold, washed in acetone for 2 h and finally dried
in vacuum at room temperature for 40 h. The weight, length
and diameter of each prepared monolith was measured. The
monolith was stored in air at room temperature until further use.

Monolith characterization
Fourier transform infrared spectroscopy (FTIR) was carried out
using Nicolet iS50 FT-IR (Thermo Fisher Scientific, Waltham, MA,
USA) spectrometer fitted with a diamond crystal attenuated total
reflection accessory, which operated at a resolution of 4 cm−1 and
32 scans per measurement.
Photography was taken using a digital camera Panasonic Lumix

DMC-G80W fitted with Lumix G Vario lens (12–60 mm, F3.5–5.6;
Panasonic, Osaka, Japan).
Optical microscopy was performed on Leica DMLB. The micro-

photographs were acquired at ×4 magnification with direct illu-
mination (12 V, 100 W) and captured by a digital camera Leica
MC190HD (Leica, Wetzlar, Germany).
Scanning electron microscopy (SEM) was performed on Zeiss

Supra VP 40 (Zeiss, Oberkochen, Germany). Secondary electron
images were acquired in low vacuummode (water vapor pressure
100 Pa) at 3 kV accelerating voltage. SEM image analysis was per-
formed using IMAGEJ 1.47 t. The acquired SEM image was first con-
verted to black and white to represent the two phases
(Supporting Information, Fig. S1; the black:white ratio matched
the empirically observed open porosity from the fluid displace-
ment measurements described below). Pore sizes were measured
manually across the image and pore size distribution and average
pore size were calculated using ORIGINPRO 2019. Specific surface
area A was calculated as

A=
pπd2L
4m

where p is the boundary perimeter per cross-section area
(μm μm−2), d is the monolith diameter (mm), L is the monolith
length (cm) and m is the monolith dry weight (g).
Fluid displacement measurements were carried in a 10-mL vol-

umetric cylinder. A piece of dry monolith (7.6 cm long) was
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immersed in phosphate buffer (7.5 mL, 50 mmol L−1, pH 7.5) and
placed on a shaking table (120 rpm). After fluid displacement
inside the monolith (air for water) took place (approx. 60 min),
the volume was recorded. The wet monolith then was taken out
from the cylinder and the residual volume recorded.
The open porosity ε was calculated as

ε=
V0−V res

Vd−V res
·100%

where V0 is the initial volume of phosphate buffer (7.5 mL), Vd is
the volume recorded after fluid displacement and Vres is the resid-
ual volume. The open porosity value and standard deviation is
based on four independent measurements.

Reactor preparation and characterization
In order to assemble a reactor module, the monolith was inserted
into a PDMS tubing (20 cm long, 6.4 mm i.d., 0.8 mm wall thick-
ness) and Luer lock connectors were fitted at both ends. A photo-
graph of the assembled reactor is shown in Fig. 1(a).
The reactor volume VR was calculated as

VR=
πd2RLR
4

−V

where dR is the internal diameter of the tube (6.4 mm), LR is the
tube length (20 cm) and V is the monolith volume excluding open
and accessible pores (determined in the fluid displacement mea-
surements as described above).
Oxygen transmission rate across the PDMS wall was deter-

mined with Lyssy OPT-5000. Pressurized O2 (purity 5.5) and
nitrogen (N2) (purity 6.0) from Air Liquide were employed as a
test and a carrier gas, respectively. Measurement temperature
was 23 °C, relative gas humidity 0% and pressure difference
across the sample 1 bar.

Enzyme retention
A solution of GOx and HRP (5 μg mL−1 GOx, 0.5 mg mL−1 HRP, in
50 mmol L−1 phosphate buffer of pH 7.5) was pumped by a peri-
staltic pump (Shenchen LabV1) at a constant flow rate
(0.1 mL min−1) through the reactor. The eluate was collected in
a microtiter plate into equal fractions (300-μL). The total protein
concentration of each fraction was determined colorimetrically
by Bradford assay.
The amount of retained enzymes x inside the reactor was calcu-

lated as

x tð Þ=
_V
m
·
ðt
0
cf−ceð Þdt

Figure 1. (a) Assembled reactor photograph; and monolith (b) macro photograph, (c) microphotograph and (d) scanning electron micrograph.
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where _V is the flow rate (0.1mLmin−1), m is the weight of dry
monolith (mg), cf and ce are the concentrations of feed and eluate,
respectively (mgmL−1), and t is time (min). The numerical integra-
tion was calculated using ORIGINPRO 2019.

Reactor test and rejuvenation
A solution of GOx and HRP (5 μg mL−1 GOx, 0.5 mg mL−1 HRP, in
50 mmol L−1 phosphate buffer of pH 7.5) was pumped by a peri-
staltic pump (Shenchen LabV1) at a constant flow rate
(0.1 mL min−1) through the reactor for 30 min. Thereafter, a sub-
strate solution (0.2 mmol L−1 AAP, 2 mmol L−1 DCHBS,
0.2 mol L−1 glucose, in 50 mmol L−1 phosphate buffer of pH 7.5)
was pumped through the reactor at the same flow rate for over
40 h. The outlet was connected to an in-line UV–visible detector
(UV–VIS Spectrophotometer, Vernier, Beaverton, OR, USA)
through a flow cell (176.700QS, Hellma GmbH & Co. KG, Müllheim,
Germany) and absorbance of the product (N-(4-antipyryl)-
3-chloro-5-sulfonate-p-benzoquinone-monoimine) at 515 nm
was measured over time.
In the rejuvenation experiment, a solution of GOx and HRP

(5 μg mL−1 GOx, 0.5 mg mL−1 HRP, in 50 mmol L−1 phosphate
buffer of pH 7.5) was pumped through the reactor at
0.1 mL min−1 for 30 min, followed by the substrate solution
pumping for 23.5 h. This 24-h cycle was repeated a further three
times. Absorbance of the eluate at 515 nm was measured by the
same means as described above.
The product concentration cp was calculated using Lambert–

Beer law as

cp=
Ap

εpl

where AP is the absorbance at 515 nm, εp is the extinction coeffi-
cient of the product (26 mmol L−1 cm−1) and l is the optical path
length (1 cm).

RESULTS AND DISCUSSION
A new tubular reactor was constructed. The core element of the
reactor is a porous monolith based on thiol-ene polymerization,
which was selected to provide a large surface area for enzyme
retention inside the reactor. The monolith is fitted into a highly
O2-permeable PDMS tube, which was selected to ensure a fast
and efficient supply of O2 inside the reactor. Such a reactor can
accommodate enzymatic oxidations and can operate under con-
tinuous flow conditions.

Reactor preparation and characterization
The porousmonolith is prepared from a high internal phase emul-
sion. The continuous organic phase of the emulsion contains
thiol- and allyl- multifunctional monomers – PETMP and TATATO.
The dispersed aqueous phase serves as a template that deter-
mines the resulting microporous character of the monolith. The
combination of a thermal initiator (BPO) and an activator (TMA)
allows for curing at room temperature, making the process inex-
pensive and extremely facile. Using 40 mol% excess of thiol
groups in the monomer composition results in a monolith with
thiol-functional surface, as can be seen from the FTIR spectrum
(Fig. S2). We have shown previously that horseradish peroxidase
maintains reasonable activity when immobilized on such a sur-
face.30 Therefore, this surface chemistry without further alteration
was chosen to be exploited also here in this novel monolithic

reactor design. Nevertheless, the thiol functionality opens up
the possibility for further modifications of the surface chemistry
via facile thiol-ene click reactions. This is an interesting approach
to tailor the chemical properties of themonolith tomatch the spe-
cific operational needs of the process and to optimize the reactor
for a specific enzyme in question.
After molding, curing, washing and drying, a solid piece of cylin-

drical monolith is prepared. The resulting monolith is shown on
different scales in Fig. 1.
Thanks to use of a high internal phase emulsion in the prepara-

tion process, the monolith exhibits an open porous structure at a
variety of scales (see Fig. 1). Even at a macro scale [Fig. 1(b)],
a rough and porous texture can be observed on the apparent sur-
face of the monolith. This texture is even more visible under the
optical microscope [Fig. 1(c)]. Such texture provides a large sur-
face area that is readily available for enzyme adsorption. Further-
more, the SEM picture [Fig. 1(d)] provides clear evidence of a
highly porous and open structure at a micrometric scale. The
porous properties of the monolith were further quantified by
SEM image analysis (pore size distribution and specific surface
area) and by fluid displacement measurements (open porosity).
The results together with other basic parameters are listed in
Table 1.
As seen from the values in Table 1, the large micrometer-sized

pores (for full pore size distribution, see Fig. S3) that create
≈70% of the monolith's apparent volume give an access to an
immense surface area inside the monolith (≈1 m2 g–1 monolith).
This represents a great potential for utilizing such monolith as a
mean for enzyme retention.
In order to finalize the reactor, the thiol-functional monolith was

inserted into a thin-walled PDMS tube, leaving only a very small
cavity between the monolith and the PDMS tube to maximize
the amount of surface andminimize the liquid volume in the reac-
tor. The fully assembled reactor is depicted in Fig. 1(a). The tube
provides contact between the liquid phase inside the reactor con-
taining the reagents and the gas phase (air) on the outside that
contains O2. Well-known for its very high gas permeability (also
shown in Table 1 and Fig. S4), PDMS acts here as amembrane con-
tactor. Driven simply by diffusion, O2 is transported through the
PDMS contactor inside the reactor within immediate proximity
of the O2-dependent enzyme retained on themonolith. The deliv-
ered O2 is consumed by the retained enzyme right away, which
creates a larger concentration gradient across the membrane fur-
ther increasing the driving force for O2 delivery. No additional
equipment and cost is required for this efficient aeration, making
the approach highly sustainable. Moreover, as no sparging of gas

Table 1. Monolith and reactor characteristics

Monolith

Dry weight (g) 2.1± 0.1
Length (cm) 15.2 ± 0.1
Diameter (mm) 6.1 ± 0.4
Average pore size (μm) 8 ± 4
Specific surface area (m2 g−1) 0.93 ± 0.16
Open porosity (%) 67 ± 6

Reactor
Reactor volume (mL) 4.8 ± 0.3
O2 transmission rate (mL m−2 day−1) 115 600 ± 1500
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is employed in this setup, the gas–liquid induced enzyme deacti-
vation is suppressed.
Thanks to the superior permeability of PDMS to hydrophobic

gases other than O2, this reactor could be exploited for biocata-
lytic transformations of these gases, for example CO2 or CH4, by
adding an outer jacket, which would allow controlled delivery.

Reactor testing
The fully assembled reactor was connected to a testing apparatus
as shown in Fig. 2. The continuous flow through the reactor is
driven by a peristaltic pump, where either enzyme or substrate
solution can be selected as a feed.

In order to demonstrate the performance of the reactor in O2-
dependent biocatalytic transformations, oxidation of glucose by
glucose oxidase coupled with an in situ consumption of the gen-
erated hydrogen peroxide (H2O2) by horseradish peroxidase was
carried out. The reaction scheme is shown in Fig. 3.
Coupling of the glucose oxidation with an HRP-catalyzed reac-

tion reduces the inhibition of glucose oxidase by H2O2, because
the HRP-catalyzed reaction happens at a much higher reaction
rate. Moreover, because the product of the second reaction is col-
ored and the reaction is faster than the oxidation by GOx, the
kinetics of the GOx-catalyzed oxidation can be followed by UV–
visible spectrophotometry.
First, a solution of GOx and HRP was pumped through the reac-

tor at a constant flow rate 0.1 mL min−1. The ratio of GOx:HRP was
set to 1:100 by weight at an overall enzyme concentration
0.505 mg mL−1 to ensure that the reaction is not limited by
H2O2 as discussed above. The amount of retained enzyme inside
the reactor over time was determined by comparing the initial
enzyme concentration with the concentration of the eluate. The
result can be seen in Fig. 4(a).
As shown in Fig. 4(a), the amount of retained enzyme increased

linearly immediately from time 0 (T0). After 30 min, a steady-state
was reached, where the net amount of retained GOx and HRP
remains constant. This indicates that the reactor operates in a
fashion similar to the principle of liquid chromatography: here,
the monolith acts as a stationary phase retaining the enzyme
inside the reactor, and the enzyme solution is a mobile phase,
where the enzyme itself moves though the column at a low veloc-
ity. Thus, the retained enzyme has the possibility to convert more
substrate that moves faster through the monolith.
Based on the previous result, the following reactor test started

with 30-min enzyme loading in the first step, resulting in a total
load of 15 μg GOx and 1.5 mg HRP. The reactor test was contin-
ued with subsequent pumping of substrates, and the product
concentration in the eluate was measured over time at the exit
of the reactor as shown in Fig. 4(b).
At the flow rate of 0.1 mL min−1, the residence time inside the

reactor was 45 min [shown as 0.75 h in Fig. 4(b)]. Thereafter
the first eluate comes out, which consists of unused GOx and
HRP. Afterwards, a rapid onset of the product formation was

Figure 2. Reactor test setup. First, the enzymes, then the substrate were
driven by the peristaltic pump through the reactor. The magnified view
shows how enzyme is retained on the monolith by a combination of
adsorption and covalent bonding as well as how O2 from the outer atmo-
sphere enters through the PDMS wall of the reactor.

Figure 3. Reaction scheme of oxidation of glucose by glucose oxidase coupled with an in situ consumption of H2O2 by horseradish peroxidase.
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observed. This is ascribed to a higher concentration of free GOx
and HRP at the interface between the enzymes and the substrate
solution. The product concentration peaked ≈1.5 h from T0 at the
value of 0.10 mmol L−1 and subsequently continued to be rela-
tively high for the next ≥10 h. It is assumed that all free enzyme
had leached from the reactor at this time, and thus the biocata-
lytic activity is credited to a significant amount of GOx and HRP
retained on the porous monolith via adsorption as depicted in
Fig. 2. Over time, the product concentration slowly decreased
from this point, which is attributed to a gradual desorption and
leakage of adsorbed enzymes from the reactor. After 25 h from
T0, the product concentration in the eluate reached a constant
value of 0.01 mmol L−1 for the following >15 h. This activity is
attributed to a small portion of enzymes being strongly bound
to the monolith via disulfide bridges as shown in Fig. 2. Overall,
the reactor remained active for >40 h with a single load of only
15 μg GOx and 1.5 mg HRP.
In an attempt to further quantify the rate of desorption, the

enzyme concentration in the eluate was measured over time
using a Bradford assay, where enzymes were pumped through
the reactor under the same conditions as described above
(0.505 mg mL−1, 0.1 mL min−1, 30 min) followed by pure buffer
solution. The results can be seen in Fig. S5. The enzyme concentra-
tion in the eluate decreased over time, as expected. However, due

to the low concentrations of leaching enzymes, this could not be
monitored accurately after 70 min and, thus, the rate of desorp-
tion over time could not be quantified. Nonetheless, these data
further support the theory that the enzyme slowly desorbs from
the monolith and gradually leaves the reactor.

Rejuvenation
The highest activity in the reactor was recorded during the first
24 h of operation (as discussed above). Thus, the reactor was
reloaded with fresh GOx and HRP every 24 h to test the possibility
of prolonged continuous production with this new reactor setup.
The product concentration in the eluate was measured over time
immediately after the reactor as shown in Fig. 5.
The first 24 h of operation shown in Fig. 5 correspond largely to

that shown in Fig. 4(b) (overlapping data can be found in Fig. S6).
In this case, the product formation at the very beginning was
slightly lower, which is credited to diffusional variations between
the monolith surface (which has some variations from production
to production) and the free enzymes and the substrates as they
progress through the reactor. Nevertheless, after this initial phase,
the biocatalytic activity in the two tests followed the same trend.
When the first rejuvenation took place, the behavior changed and
a difference in the product concentration profile was observed.
The reactor activity quickly spiked above the detector range,
where the product concentration could not be quantified accu-
rately. This high activity spike lasted for 2 h, after which the prod-
uct concentration steadily decreased until the pre-rejuvenation
activity was obtained after ≈10 h from the rejuvenation point.
The difference in activity between the first cycle and the rejuvena-
tion cycle is attributed to the different state of the reactor in these
cycles. Although the same amount of enzyme was used in both
cycles, the first loading started from a dry reactor, whereas the
rejuvenation took place directly in a reactor that was wet from
the previous run. When the rejuvenation cycle was repeated, the
same behavior was observed. Thus, the rejuvenation led to a
steady state with a repeatable high activity, which allowed for
continuous use of the reactor.
Potentially, the unused enzyme, which is eluted in the very

beginning before the product formation starts, could be
reclaimed by fractionation. This separate enzyme fraction then
could be reused, for instance to rejuvenate the reactor. This would
further increase the efficient use of enzymes with this reactor

Figure 4. (a) The amount of retained GOx and HRP inside the reactor per
gram of monolith in time. (b) Product concentration in time (log-scale).

Figure 5. Product concentration in time during 24-h rejuvenation cycles.
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design. However, further study would be required to prove this
concept.

CONCLUSIONS
A novel reactor design for biocatalytic oxidations in continuous
flow was demonstrated. It comprises a monolith made of thiol-
ene polyHIPE and a PDMS wall. The porous microstructure and
surface chemistry of the monolith provides a means for enzyme
retention inside the reactor in a fashion similar to liquid chroma-
tography. In this manner, a larger amount of substrate can be con-
verted by a small amount of enzyme. PDMS acts as a highly gas
permeable membrane contactor. Oxygen from air is delivered
by diffusion without bubbling or any added cost through the
PDMS contactor being in close proximity to the retained enzymes.
The concept was proven for enzymatic oxidations by using a com-
bination of glucose oxidase and horseradish peroxidase. At a con-
stant flow rate of 0.1 mL min−1, the reactor maintained activity for
>40 h using only 15 μg GOx. This system thereby allows correla-
tion of the activity of immobilized enzymes over time with various
other factors (e.g. pH, substrate variations or co-solvents). More-
over, the activity of the reactor can remain high for continuous
production by periodical injection of a fresh enzyme permitting
also much longer periods of activity.
We have here shown an alternative approach to accommodate

enzymatic oxidations or other gas-dependent biocatalytic trans-
formations, as various enzymes could potentially be exploited in
such reactor design. Further optimization, for instance altering
the surface chemistry via facile thiol-ene click reactions to tailor
the retention time and to match the enzyme of interest, as well
as optimization of other reactor parameters are possible.
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Figure SI 1 (a) raw SEM picture of the monolith, (b) black and white representation (black area represents pores; used to measure the 
pore sizes), (c) edge representation (used to determine the boundary perimeter per cross-section area). 
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Figure SI 2 FT-IR spectrum of the monolith. 
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Figure SI 3 Histogram of pore sizes inside the monolith and fitted gamma distribution curve. 
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Figure SI 4 Concentration of dissolved oxygen in water passed through a PDMS tube of varying length at different flow rates. A dramatic 
increase in oxygen level is observed already at 5 cm, further increasing with longer tubes, showing high oxygen permeability of the tube. 
The feeding water was deoxygenated by nitrogen sparging. 
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Figure SI 5 Enzyme concentration of the feed and the eluate over time. The eluate concentration decreases over time, as the enzymes 
gradually leave the reactor until the concentration cannot be reliably measured. 
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Figure SI 6 Product concentration over time. Overlap of the data from the first reactor test and the first 24 h of the rejuvenation test. 
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