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IIMMMMOOBBIILLIISSIIEERRUUNNGG  VVOONN  EENNZZYYMMEENN  AAUUFF  

MMEESSOOPPOORRÖÖSSEENN  TTRRÄÄGGEERRMMAATTEERRIIAALLIIEENN  UUNNDD  

DDEERREENN  AANNWWEENNDDUUNNGG  IINN  KKOONNTTIINNUUIIEERRLLIICCHHEENN  

BBIIOOTTRRAANNSSFFOORRMMAATTIIOONNSSPPRROOZZEESSSSEENN  

Oxidationen sind vermutlich, neben der Knüpfung von Kohlenstoff-Kohlenstoff 

Bindungen, die häufigsten in der chemischen und pharmazeutischen Industrie durchgeführten 

Reaktionen. Als Oxidationsmittel werden CrO3, Na2Cr2O7, OsO4, FeSO4, KMnO4 und MnO 

bzw. verschiedene Metall-Katalysatoren verwendet. Bei der Oxidation von Ethen zu 

Acetaldehyd nach dem Wacker-Verfahren wird beispielsweise ein PdCl2/CuCl2 Katalysator 

eingesetzt, während ein Rh-Katalysator bei der Carbonylierung von Methanol zu Essigsäure 

im Monsanto-Verfahren verwendet wird. Besonders vielfältig sind die Oxidationsreaktionen 

von primären oder sekundären Alkoholen zu Aldehyden bzw. Ketonen. Beispielsweise wird 

Dimethylsulfoxid als Oxidationsmittel bei der Swern-Oxidation eingesetzt. Bei der Dess-

Martin-Oxidation verwendet man Periodinan, N,N’-Dicyclohexylcarbodiimid bei der Pfitzner-

Moffatt-Oxidation und Chrom(VI)-oxid bei der Jones-Oxidation. Aufgrund der Tatsache, dass 

es sich bei den verwendeten Oxidationsmitteln und Katalysatoren häufig um metallhaltige 

Verbindungen oder metallorganische Reagenzien handelt, stellen Oxidationreaktionen 

insbesondere in der pharmazeutischen Industrie ein Problem dar. Aufwendige und teure 

Aufarbeitungsschritte sind notwendig, um das Oxidationsprodukt in der nötigen Reinheit zu 

erhalten; die Grenzwertkonzentrationen im Wirkstoff für verschiedene Metalle, die bei 

Oxidationen eingesetzt werden, liegen bei wenigen ppm oder gar im ppb-Bereich. Daher 

werden Oxidationsreaktionen, die zur Endstufe des gewünschten Wirkstoffes führen, in der 

Regel nicht durchgeführt. Man oxidiert bereits eine „frühe“ Vorstufe, um eine Abreicherung 

des eingesetzten Metalls in den Folgestufen herbeizuführen.  
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Eine interessante Alternative zu den herkömmlich verwendeten Oxidationsmitteln und 

Katalysatoren bietet die „natürliche“ Oxidation mittels oxidativer Enzyme in grösstenteils 

wässrigen Medien. Weitere Vorteile von Enzymen sind deren Enantioselektivität, 

Substratspezifität und die katalytische Aktivität unter milden Bedingungen. Enzyme sind 

bisher als chirale Katalysatoren in der asymmetrischen Synthese unübertroffen. Das bei den 

herkömmlichen Synthesemethoden von chiralen Verbindungen anfallende racemische 

Gemisch ist nur mit erheblichem Aufwand zu trennen und stellt in der Regel, vom 

ökonomischen Standpunkt aus betrachtet, keine Option dar. Aus den genannten Gründen sind 

enzymkatalysierte Prozesse hochinteressant, vor allem für die Synthese von pharmazeutischen 

Wirkstoffen; da sich in der Regel die physiologische Wirkung von Enantiomeren auf den 

menschlichen Organismus unterscheidet, gelten die „falschen“ Enantiomere als 

Verunreinung.  

Peroxidasen beispielsweise katalysieren Oxidationen unter Verwendung von Peroxiden 

als Oxidantionsmittel. Viele Peroxidasen besitzen Häm als prosthetische Gruppe und sind ihre 

Spezifität betreffend vielseitig einsetzbar. Chloroperoxidase (CPO), ein Enzym des marinen 

Pilzes Caldariomyces fumago, ist eines der vielseitigsten Enzyme in der Gruppe der 

Haloperoxidasen. Es katalysiert oxidative Dehydrogenierungen, oxidative Halogenierungen, 

Epoxidierungen und überträgt Sauerstoff auf aktivierte Gruppen. Manganperoxidase (MnP) 

katalysiert spezifisch die H2O2-abhängige Oxidation von Mn2+ zu Mn3+. Ausserdem wird es 

für die Oxidation einer Vielzahl organischer Verbindungen eingesetzt. Hierbei agiert Mn2+ als 

Redoxmediator, wobei auch Mn-unabhängige Oxidationen möglich. Peroxidasen sind 

empfindlich gegenüber dem benötigten Oxidationsmittel Wasserstoffperoxid. Erhöhte H2O2-

Konzentrationen bewirken eine Desaktivierung der Enzyme. Um dies zu umgehen, kann 

durch eine weitere enzymatische Reaktion mit Glukoseoxidase (GOx) aus Glukose und 

Sauerstoff kontinuierlich Wasserstoffperoxid hergestellt werden. Die verwendete 

Glukoseoxidase ist ein Enzym, das aus dem Pilz Aspergillus niger extrahiert werden kann. 

Laccasen gehören zur Gruppe der Oxidoreduktasen und werden wegen ihrer Substratspezifität 

auch als Monophenoloxidase bezeichnet. Sie katalysieren die gekoppelte Oxidation 

phenolischer Substanzen unter Reduktion von Sauerstoff. Durch Oxidation der Phenolgruppe 

wird ein Radikal gebildet, während gleichzeitig Sauerstoff zu Wasser reduziert wird.  

Im Rahmen dieser Arbeit wurden die vorgestellten Enzyme auf maßgeschneiderten, 

mesoporösen Silikaten immobilisiert, um sie in einer „heterogenisierten Form“ in 

Festbettreaktoren einzusetzen. Die Immobilisierung von Enzymen auf mesoporösen Silikaten 

resultiert oftmals auch in ihrer Stabilisierung gegenüber thermischen und mechanischen 



   

  iii 

Einflüssen und erleichtert vor allem die Abtrennung des Katalysators aus der 

Reaktionslösung.  

CPO und GOx wurden zunächst auf SBA-15 physisorbiert und in einem Festbettreaktor 

in der Oxidation von Indol zu 2-Oxindol getestet. Der Produktstrom an 2-Oxindol betrug 

lediglich 0,012 mmol⋅min-1, da ein Großteil der physisorbierten Enzyme relativ schnell 

ausgewaschen wurde. Eine Verbesserung brachte die kovalente Verankerung der Enzyme auf 

organo-modifiziertem SBA-15; hierbei stieg der Produktstrom an 2-Oxindol um den Faktor 

3,4 auf 0,041 mmol⋅min-1. Eine Steigerung um mehrer Größenordnungen, auf 

1,678 mmol⋅min-1 konnte durch den Einsatz von quervernetzten Enzymen in den Käfigen von 

MCF-Materialien erreicht werden.                

Die Immobilisierung von Enzymen, insbesondere durch Quervernetzung (cross-linking) 

in käfigartigen Materialien, wurde im Rahmen dieser Arbeit hinsichtlich ihrer Effektivität und 

der maximalen Aktivität des Enzym-Träger-Systems systematisch verbessert. Die in dieser 

Arbeit eingeführte Kenngröße der effektiven Aktivität beschreibt die Aktivität des Enzym-

Träger-Systems, d.h. die nach der Immobilisierung aktiven und für das Substrat erreichbaren 

Enzyme pro Menge an immobilisertem Enzym. Somit ist die effektive Aktivität des Enzym-

Träger-Systems auch ein Maß für die Effizienz des Immobilisierungsprozesses, mit deren 

Hilfe die Immobilisierung auch aus ökonomischer Sicht bewertet werden kann.        

Die Aktivität von physisorbierter CPO auf SBA-15 beträgt 218 U·g-1, für SBA-16 und 

MCF als Träger wurden 396 U·g-1 bzw. 584 U·g-1 erzielt. Die effektive Aktivität von 

physisorbierter CPO beläuft sich auf 1,3 U·nmol-1 für SBA-15 und 2,1 U·nmol-1 bzw. 

2,2 U·nmol-1 für SBA-16 und MCF. Eine enorme Steigerung der Materialaktivität auf 

6944 U·g-1 und der effektiven Aktivität auf 16,2 U·nmol-1 konnte durch quervernetzen der 

Enzyme im käfigartigen MCF-Materialien erreicht werden. Bei der Quervernetzung von 

Enzymen in käfigartigen Silikaten laufen zwei Prozesse parallel ab: i) die Adsorption der 

Enzyme im porösen Netzwerk und ii) deren Quervernetzung. Detaillierte Untersuchungen der 

Adsorptionskinetik zeigen, dass 92 % der eingesetzten Menge an CPO innerhalb einer Stunde 

unter optimalen pH-Bedingungen adsorbiert werden können. Weiterhin konnte gezeigt 

werden, dass mit der Entkopplung von Adsorption und Quervernetzung, durch sukzessive 

Zugabe von Enzym und Quervernetzer zu einer gepufferten Silikatsuspension bei optimalem 

pH für den jeweiligen Schritt, die besten Ergebnisse erzielt werden können. Für dieses pH-

Wechsel-Verfahren bei der Enzymquervernetzung in käfigartigen Silikaten wurde eine 

Materialaktivität von 9073 U·g-1 und eine effektiven Aktivität von 20,1 U·nmol-1 erzielt.      
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Im Rahmen einer Kooperation mit dem Helmholtz-Zentrum Berlin für Materialien und 

Energie GmbH konnte mittels Kleinwinkelneutronenstreuexperimenten (SANS) und in-situ 

Gasadsorption erstmals der direkte Beweis erbracht werden, dass sich die immobilisierten und 

quervernetzten Enzyme auch tatsächlich in den Poren der mesoporösen Trägermaterialien 

befinden. Mit Hilfe von SANS konnte auch das Auswaschen der Enzyme aus dem porösen 

Träger bei ihrem Einsatz im Festbettreaktor direkt detektiert werden.  

Am Beispiel der Oxidation von Indol zu 2-Oxindol mittels CPO und in-situ 

Wasserstoffperoxiderzeugung durch GOx im Festbettreaktor wurden grundlegende 

Kenntnisse hinsichtlich des Immobilisierungsprozesses und der Prozessoptimierung im 

Reaktor gesammelt. Die so gewonnenen Erkenntnisse wurden auf die Oxidation von 

Dibenzothiophen (DBT) im Festbettreaktor übertragen. Immobilisierte Laccase und der 

Mediator 2,2′-Azino-bis(3-ethylbenzothiazolin-6-sulfonsäure) (ABTS) wurden zum 

biologischen Abbau von DBT eingesetzt. Hierbei oxidiert die immobilisierte Laccase den 

Mediator zu einem ABTS•+-Radikalkation, das in einer Folgereaktion DBT oxidiert. 

Untersuchungen im Festbettreaktor zeigten, dass nur eine minimale Menge an ABTS zum 

stabilen Radikalkation oxidiert werden konnte. Aus der Literatur ist bekannt, dass diese 

enzymatische Transformation einen grossen Überschuss an Sauerstoff benötigt (im 

Autoklaven mit O2-Überdruck). Um diesem Problem zu begegnen, wurde ein 

Wirbelschichtreaktor eingesetzt, um zusätzlich zur DBT-ABTS-Lösung einen Luftstrom 

durch den Reaktor zu leiten. Durch dieser Prozessführung konnten ca. 50 % der eingesetzten 

ABTS-Menge umgesetzt werden. Die Oxidation von DBT wurde jedoch nicht beobachtet, da 

dieser Oxidationsschritt rein „chemischen“ und nicht enzymkatalisiert abläuft. Deswegen 

wurde an den Ausgang des Wirbelschichtreaktors eine spiralförmige Leitung angebracht, die 

extern auf 70 C geheizt wurde. Bei einer Flussrate von 0,2 ml·min-1 konnte mit dieser 

Prozessführung ein DBT-Umsatz von bis zu 86 % erzielt werden.  

Abschliessend wurde die enzymkatalysierte enantioselektive Epoxidierung von 2,2-

Dimethyl-6-cyano-3-chromen untersucht. Chirale Epoxide sind auf Grund ihrer Reaktivität 

wichtige und hochinteressante Synthesebausteine in der pharmazeutischen Industrie. 2,2-

Dimethyl-6-cyano-3-chromen ist ein Intermediat für die Synthese von ATP-sensitiven 

Kaliumkanalöffnern wie Bimakalim. ATP-sensitive Kaliumkanäle sind ein wichtiger 

Bestandteil des Blutzucker-Sensorsystems. Kaliumkanalöffner sind bestimmte 

Blutdrucksenker, die durch die Öffnung des Kaliumkanals den Einstrom von Ca2+-Ionen in 

die Zelle senken und somit einer Erregung von Gefäßmuskelzellen entgegen wirken. Es 

konnte eine Reihe von hochwirksamen Kaliumkanalöffnern entwickelt werden, die Chromen 
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als Leitstruktur gemeinsam haben und über chirale Chromenepoxide synthetisiert werden 

können. Als Teil dieser Arbeit wurde 2,2-Dimethyl-6-cyano-3-chromen im Festbettreaktor 

mittels immobilisierter CPO und GOx in einer gepufferten Lösung (pH = 5,5) zu dem Diol 

3,4-Dihydroxy-2,2-dimethyl-2H-1-benzopyran-6-carbonitril in guten Umsätzen umgesetzt. 

Jedoch war es nicht möglich bei dem verwendeten Reaktionsmedium, einer sauer gepufferten 

wässrigen Lösung, das Epoxid zu isolieren, da dieses in der Reaktionslösung sofort zum Diol 

hydrolysiert wurde. Eine Prozessführung, welche die Hydrolyse unterbindet und zu einem 

stabilen Epoxid führte, war mit den Enzymen CPO und GOx nicht durchführbar. Aus diesem 

Grund, wurde das Reaktionsmedium gewechselt, statt einer sauer gepufferten wässrigen 

Lösung wurde Glycerin verwendet und die Peroxidase CPO wurde gegen MnP ausgetauscht. 

Als Oxidationsmittel wurde tBuOOH eingesetzt. Außerdem lösten sich die mesoporösen 

Silikate in der Reaktionsösung auf. Daher wurde MnP auf porösen Filterplättchen 

immobilisiert. Die verwendeten Filterplättchen bestehen aus porösem Edelstahl (Porenweite 

von 300 nm), der mit einem porösen Silikat (Porenweite von 3 nm) beschichtet ist. Unter 

optimierten Bedingungen konnte das (R,R)-Epoxid von 2,2-Dimethyl-1-benzopyran-6-

carbonitril mit einer Enantiomerenreinheit von über 98 % im Satzreaktor hergestellt werden. 

In einem weiteren Schritt wurde das Filterplättchen mit der immobilisierten MnP aus dem 

Satzreaktor entfernt und 2,4-Dihydroxypyridin zugegeben. Der Satzreaktor wurde auf 100 °C 

erhitzt und die Reaktionsmischung für 12 Stunden gerührt. Es konnte (3R,4S)-trans-3,4-

Dihydro-4-[(1,2-dihydro-2-oxo-4-pyridyl)oxy]-3-hydroxy-2,2-dimethyl-2H-1-benzopyran-6-

carbonitril mit einer Ausbeute von 60,4 % (bezogen auf das Epoxid) und einer 

Enantiomerenreinheit von ebenfalls über 98 % gewonnen werden. 

Im Rahmen dieser Arbeit wurden verschiedene Enzyme, unter Anwendung 

unterschiedlicher, effizienter Immobilisierungstechniken, auf festen Trägermaterialien 

verankert. Es erfolgte eine Optimierung hinsichtlich der Effizienz des 

Immobilisierungsprozesses (Enzymaktivität pro Menge Träger), des Leaching-Verhaltens 

bzw. der Stabilität des heterogenen Biokatalysators sowie hinsichtlich dessen 

Aktivitätssteigerung im Einsatz in kontinuierlich betriebenen Reaktoren. Im Zusammenhang 

mit der Testung der hergestellten Biokatalysatoren wurde ausserdem das Reaktordesign 

angepasst und optimiert. Ferner konnte eine zweistufige Reaktion, bei der eine chemische 

Umsetzung einem enzymkatalysierten Schritt folgt, im kontinuierlichen Reaktorbetrieb unter 

Verwendung von immobilisierten Enzymen realisiert werden. Des Weiteren wurde in einer 

"Eintopfreaktion" in einem Satzreaktor ein enantiomerenreines Produkt mit einer Ausbeute 

von über 60% hergestellt. In dieser Reaktionskaskade folgte nach der enzymkatalytischen 
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Umsetzung des Startmaterials zu einem Chromenepoxid die Epoxidöffung mittels 2,4-

Dihydroxypyridin und katalytischen Mengen an Pyridin.  

Die Durchführung biokatalytischer Prozesse, im Festbett- als auch im Satzreaktor, 

gekoppelt in einer Reaktionskaskade mit einer chemischen Umsetzung, wurde getestet und 

optimiert auch im Hinblick auf das Reaktordesign und die Prozessführung. 
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AABBSSTTRRAACCTT  

Green and sustainable chemistry is an approach to reduce or to eliminate the use and the 

generation of hazardous substances by designing appropriate products and processes. The 

focus is on minimizing the hazard and maximizing the efficiency of chemical reactions. The 

demand for specific and highly-purified fine-chemicals and pharmaceuticals can not be 

fulfilled with conventional catalysts alone. A promising alternative is the use of enzymes, the 

catalysts of biological processes. Enzymes are used to increase the selectivity of reactions; 

their outstanding advantage is the differentiation between enantiomers. Enzyme-catalyzed 

reactions routinely achieve enantiomeric excess of more than 99 %, which is important for the 

pharmaceutical industry. Until the early eighties, most of the chiral drugs, which were 

launched on the market, were racemates. However, the therapeutically non-active enantiomers 

in a racemate were not declared as an impurity until twenty years after the thalomide medical 

tragedy. Since 2004, all approved chiral synthetic drugs enter the market as single 

enantiomers. Thus, a prominent task for the pharmaceutical industry is the introduction of 

chirality into the target drug molecules. Several processes have been developed to 

manufacture enantiopure drug compounds: i) chiral pool synthesis, ii) optical resolution and 

iii) asymmetric synthesis. Nevertheless, the built-in chirality traces back to available 

enantiopure building blocks, while optical resolution is highly complicated on industrial scale 

and is accompanied by a large loss of production capacity. Thus, the most promising strategy 

is asymmetric synthesis including asymmetric catalysts and/or enzymatic or biological 

catalysis. 

The technical use of enzymes has increased in the last twenty years due to their directed 

evolution. This technology has emerged as a useful tool to engineer the catalytic properties of 

enzymes, including thermostability, robustness in “hostile” organic solvents, and 

enantioselectivity. Hence, a multitude of enzymes with high purity can be produced in an 

efficient and inexpensive way. However, the use of enzymes on a large-scale for industrial 

applications is handicapped by the low operational stability, and the difficult recovery and 

reuse. Thus, enzyme immobilization paves the way for economic efficiency and, furthermore, 
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the development of continuous enzyme-catalyzed processes. In addition, immobilization often 

results in enhanced stability under storage as well as under operational conditions with respect 

to denaturation by high temperature, organic solvents or autolysis and to a broad pH range.  

In this work, a variety of enzymes like chloroperoxidase (CPO, E.C. 1.11.1.10) from the 

marine fungus Caldariomyces fumago, glucose oxidase (GOx, E.C. 1.1.3.4) from Aspergillus 

niger, laccases (Lacc, E.C. 1.10.3.2) from Trametes versicolor, and manganese peroxidase 

(MnP, E.C. 1.11.1.13) from Phanerochaete chrysosporium has been immobilized following 

different strategies: i) physisorption, ii) covalent anchoring and iii) encapsulation by cross-

linking. SBA-15 and SBA-16, as well as siliceous mesocellular foams (MCF) were used as 

enzyme carriers. These materials fulfill many of the requirements for enzyme supports such as 

large surface area, sufficient functional groups for enzyme attachment, hydrophilic character, 

water insolubility, chemical and thermal stability, mechanical strength, suitable particle form, 

regenerability, and toxicological safety. The mesoporous silica materials were characterized 

by powder X-ray diffraction, nitrogen adsorption and small angle neutron scattering (SANS). 

Additionally, the organo-modified materials are characterized by elemental analysis, diffuse 

reflectance infrared spectroscopy, and solid-state NMR spectroscopy. After enzyme 

immobilization, the resulting heterogeneous biocatalysts were characterized by activity assays 

to calculate the activity of the material and, furthermore, the amount of the immobilized 

enzyme was determined. Employing these characteristic values, the efficiency of the 

immobilization process was described and established within this work in terms of the 

effective activity of the immobilized enzymes.  

In the subsequent step, the immobilized enzymes were used in biocatalysis and 

biodegradation in different types of reactors. The oxidation of indole to oxindole was carried 

out in a batch as well as in a fixed-bed reactor with immobilized chloroperoxidase as 

biocatalyst. By examining this oxidation reaction, a comparison of different immobilization 

methods concerning the leaching behavior of the enzyme is drawn. Preventing deactivation of 

the fragile chloroperoxidase, the oxidizing agent hydrogen peroxide was generated in-situ via 

the oxidation of β–D-glucose to gluconolactone in a tandem reaction with immobilized 

glucose oxidase.  

In a subsequent set of experiments, immobilized laccase was tested in the 

biodegradation of dibenzothiophene (DBT) using 2,2′-azino-bis(3-ethylbenzothiazoline-6-

sulfonic acid) (ABTS) as a mediator. The enzymatic oxidation of DBT catalyzed by 

immobilized laccase with ABTS was investigated in continuously-operated reactors. In this 
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case, different types of reactors were employed and a variety of different reaction conditions 

result in different conversions of DBT and different behavior in the ABTS oxidation.  

The last part of the work deals with the production of enantiopure chiral epoxides as 

highly reactive intermediates for drug synthesis via enzyme-catalyzed reaction steps. The 

enzyme-catalyzed oxidation of 2,2-dimethyl-2H-1-benzopyran-6-carbonitrile was 

investigated. By using the tandem reaction with immobilized CPO and GOx in buffered 

solutions chiral 3,4-dihydroxy-2,2-dimethyl-2H-1-benzopyran-6-carbonitriles were produced. 

In aqueous media, the desired epoxide 3,4-dihydro-2,2-dimethyl-2H-oxireno-benzopyran-6-

carbonitrile was hydrolyzed to the corresponding diol. To circumvent hydrolysis, the reaction 

medium was changed. The desired chiral epoxides can be obtained in glycerol with MnP and 

tBuOOH as oxidizing agent. These epoxides are interesting intermediates for chemical 

synthesis. ATP-sensitive potassium channels (KATP channel) play a major role in neuronal 

excitability and in the basic electrical and mechanical functions of a wide variety of tissues, 

including smooth muscle, cardiac muscle and glands.   

The starting point was the immobilization of the fragile enzyme chloroperoxidase 

(CPO) onto tailor-made mesoporous channel-like SBA-15 materials. Physisorbed 

CPO-SBA-15 was used in the oxidation of indole to 2-oxindole in a batch reactor. Generally, 

CPO is known to be susceptible to oxidative deactivation by locally higher hydrogen peroxide 

concentrations in the reaction mixture. Thus, the recycling experiments with CPO-SBA-15 

and external addition of the oxidant are disappointing, the yield of oxindole decreased from 

86 % to 16 % after the second recycling step. It was found that CPO deactivation can be 

circumvented by in-situ hydrogen peroxide generation via oxidation of glucose with glucose 

oxidase (GOx). Employing the tandem reaction with immobilized CPO and GOx, the 

reusability of the biocatalyst is increased. The yield of oxindole obtained in the batch reactor 

is constant at almost 60 % after four recycling cycles. For large-scale applications, a 

continuously-operated process is desired. Therefore, a fixed-bed reactor was designed which 

was filled with a mixture of CPO-SBA-15 and GOx-SBA-15 and a glucose-indole solution 

was pumped through the reactor. After the physisorbed enzymes were leached out of the 

mesoporous support, a final constant oxindole yield of about 4 % was achieved. Leaching of 

the enzymes from the support is, besides enzyme deactivation, the most encountered problem 

in heterogeneous enzymatic catalysis. One promising approach to supress enzyme leaching is 

covalent anchoring of the enzymes to the mesoporous support. Therefore, the SBA-15 

material was grafted with aminopropyl trimethoxysilane and reacted in a subsequent step with 

glutaraldehyde (GA). The functionalized support was used for the immobilization of CPO. 
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The oxidation of indole in the fixed-bed reactor filled with CPO and GOx covalently linked 

onto the functionalized SBA-15 results in a final yield of oxindole of about 8 %. The yield 

increased by a factor of two compared to the physisorption of CPO and GOx onto SBA-15. 

To obtain high conversions of the substrates (glucose and indole) in the fixed-bed reactor, 

several aspects have to be taken into account: i) leaching must be suppressed, ii) the possible 

uptake of enzymes by the support used must be increased and iii) the accessibility of the 

enzymes immobilized for the substrates must be enhanced. These guidelines are fulfilled by 

the assembly of cross-linked enzymes in the pore cages of mesocellular foams (MCF). These 

materials are excellently suitable for the encapsulation of cross-linked enzymes because of 

their ultra-large cavities connected by smaller windows. Through these windows, enzymes 

can enter the cavities, where agglomeration and cross-linking with glutaraldehyde (GA) takes 

place. The diameter of the cross-linked enzymes (CLEAs) formed is larger than the diameter 

of the pore entrance and thus, leaching is suppressed. Furthermore, it was found that the 

physical adsorption of CPO onto MCF occurred very rapidly, and after about one hour 92 % 

of the CPO were adsorbed. Changes of the experimental parameters show that the optimum 

pH level for physisorption differs from that for cross-linking. In order to minimize the 

diffusion path, the formation of CPO-CLEAs in pore cages connected to the outer surface to 

increase the availability for the substrates is preferred. Thus, CPO was physisorbed at its 

optimum pH level (pH = 3.8), and the addition of GA viz. cross-linking of the enzymes 

occurred after the pH level was adjusted to the ideal conditions for cross-linking (pH = 5). 

Following this strategy, materials showing specific activities of up to 11 kU•g-1 compared to 

0.2 kU•g-1 for physisorbed CPO onto SBA-15 are prepared. Furthermore, the determination of 

the amount of enzyme immobilized and measurements of the resulting activity of the 

immobilized enzymes allowed evaluation of the efficiency of the immobilization process. The 

highest effective activity, viz. the enzyme activity units per amount of enzyme adsorbed, of a 

CPO-CLEA-MCF material reached 27.1 U•nmol-1. This means that about 84 % of active 

immobilized enzymes were available in the pores. The maximum effective activity of CPO-

SBA-15 amounts to 1.29 U•nmol-1 and, thus only 4 % of the immobilized enzymes are active 

and available. 

The use of the 64 U CPO-CLEA-MCF and 21 U GOx-CLEA-MCF in a fixed-bed 

reactor as catalyst for the oxidation of indole resulted in an oxindole yield of up to 20 %. For 

evaluation of the catalytic indole conversion and the biocatalyst used, a comparison of the 

space-time yield (STY) and the turnover frequency (TOF) between the different catalyst 

preparations such as physisorption, covalent anchoring and cross-linking was drawn. The 
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STY increased in the order CPO-SBA-15, CPO-GA-ATS-SBA-15 and CPO-CLEA-MCF 

from 0.007, 0.010 to 0.346 mmoloxindole•h
-1•gcatalyst

-1. The TOFs calculated for the indole 

conversion in the fixed-bed reactor amount to 1044 h-1 for CPO-SBA-15, and to 1726 and 

9674 h-1 for CPO-GA-ATS-SBA-15 and CPO-CLEA-MCF, respectively. The impressive 

increase in STY and TOF evidences the enormous enhancement in efficiency of the catalytic 

process. A further challenge was to provide convincing evidence for the location of the CPO-

CLEAs in the pores of the mesoporous support.  

The presence of CPO-CLEAs in the pores of the mesocellular foam was confirmed by 

small-angle neutron scattering (SANS) after perfluoropentane adsorption, based on the 

principles of contrast matching. These experiments clearly confirm that the CPO-CLEAs are 

located in the pores of the mesocellular foam and that the non-cross-linked enzymes are 

washed out during the catalytic experiment in the fixed-bed reactor.  

Thereafter, immobilization of glucose oxidase, laccase and manganese peroxidase was 

attempted. The reaction engineering of the fixed-bed reactor set-up is important in the 

continuous biodegradation of dibenzothiophene (DBT). It was shown that the formation of the 

2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) radical cation with 

immobilized laccase can be achieved by supplying an air stream into a simple fixed-bed 

reactor. Thus, an ABTS conversion of about 40 % in a continuously-operated process is 

obtained. Due to the fact that the DBT conversion with a laccase-mediator system requires a 

large excess of mediator (ABTS) and oxygen in order to establish a continuous operation, a 

1 m heater coil was attached to the fixed-bed reactor connected to an air stream and heated up 

to 70 °C. This setup was found to be suitable for the DBT oxidation via immobilized laccase 

and ABTS. The ABTS and DBT conversion amounted to 53 % and 10 %, respectively. 

Finally, the oxidation of 2,2-dimethyl-2H-1-benzopyran-6-carbonitrile with 

immobilized CPO and manganese peroxidase (MnP) was performed. In an aqueous buffered 

reaction solution, the oxidation of the chromene derivate resulted in chiral diols. The 

continuous formation of the chiral diols was carried out with CPO and GOx immobilized on 

MCFs in a buffered solution (pH = 5.5). For the continuous catalytic experiments, a fixed-bed 

reactor was filled with cross-linked CPO and GOx supported on MCF materials. In the 

continuously-operated reactor, the production of the (R,S)-diol tended to zero with time, while 

the amount of the (S,R)-diol produced decreased only slightly. Thus, the ee increases up to 

100 %, which makes the performance of immobilized CPO and GOx in the fixed-bed reactor 

interesting for enantiopure synthesis of 3,4-dihydroxy-2,2-dimethyl-2H-1-benzopyran-6-

carbonitriles. To circumvent the hydrolysis of the epoxide to the diol, the reaction medium 
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was exchanged. The chiral epoxides were obtained in glycerol with immobilized MnP. While 

the required oxidant hydrogen peroxide was generated in-situ with glucose and immobilized 

GOx, the oxidizing agent tBuOOH was added externally. The oxidation of 2,2-dimethyl-1-

benzopyran-6-carbonitrile in the batch reactor with co-immobilized MnP and GOx onto a 

membrane in a glucose-glyerol solution resulted in chiral (3R,4R)-3,4-dihydro-2,2-dimethyl-

2H-oxireno-benzopyran-6-carbonitrile with an enantiomeric excess of over 98 %. In a 

subsequent reaction step, the chiral chromene epoxide was transformed in a one-pot approach. 

After the removal of the membrane with immobilized MnP from the batch reactor, 2,4-

dihydroxypyridine and catalytic amounts of pyridine are added to enforce the epoxide 

opening. This reaction procedure yields enantiopure (3R,4S)-trans-3,4-dihydro-4-[(1,2-

dihydro-2-oxo-4-pyridyl)oxy]-3-hydroxy-2,2-dimethyl-2H-1-benzopyran-6-carbonitrile  

In this work, enzyme immobilization techniques and the characterization of the enzyme-

loaded siliceous materials were improved. Mesoporous silica materials were tailor-made with 

respect to their pore sizes and geometry. Various immobilization techniques like 

physisorption, covalent anchoring and cross-linking were compared and analyzed with respect 

to the operational stability, the adsorption capacity, the immobilization efficiency and the 

resulting activities of the biocatalyst. Thus, comprehensive and accurate characterization 

methods employing various techniques, like activity assays, UV/Vis spectroscopy, ICP-OES 

analysis and SANS with in-situ adsorption were established in this work. Furthermore, the 

reaction engineering was improved to enable efficient biocatalysis. The biotransformation of 

indole and a chromene derivate as well as the biodegradation of dibenzothiophene were 

investigated with respect to the process engineering and the design of a suitable reactor. 
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11  MMOOTTIIVVAATTIIOONN  

Environmental pollution is one of the central issues at present time. Reducing and/or 

preventing the use of pollutant and hazardous chemicals in nature are a premier task of 

modern chemistry. Green and sustainable chemistry is the approach to reduce or to eliminate 

the use and the generation of hazardous substances by designing appropriate products and 

processes.1 The focus is on minimizing the hazard and maximizing the efficiency of chemical 

reactions. Therefore, a broad variety of catalysts is used in chemical industry, which often 

contain hazardous metals. Furthermore, the demand in specific and highly purified fine 

chemicals and pharmaceuticals can hardly be achieved by the use of conventional catalysts. A 

promising alternative are enzymes, the catalysts of biological processes. Enzymes are used to 

increase chemical selectivity; their outstanding advantage is the differentiation between 

enantiomers. Enzyme-catalyzed reactions routinely achieve an enantiomeric excess of more 

than 99 %. Because enzymes are operating mostly at near-ambient conditions with respect to 

temperature and pH and preferentially in aqueous media, they are interesting in technical 

applications in fields like detergents, cleansers, textiles, foods, feeds, and pulp and paper.2,3 

The technical use of enzymes has been increased in the last twenty years due to directed 

evolution. This technology has emerged as a useful tool to engineer the catalytic properties of 

enzymes, including thermostability, robustness in organic solvents, and enantioselectivity. 

Hence, a multitude of enzymes with high purity can be produced nowadays in an efficient and 

inexpensive way.4  

The use of enzymes in large-scale industrial applications is handicapped by their low 

operational stability, their difficult recovery and reuse. Thus, enzyme immobilization paves 

the way for an economic use and, furthermore, the development of continuous bioprocesses. 

In addition, immobilization often results in enhanced stabilization under storage as well as 

operational conditions with respect to denaturation by high temperature, organic solvents or 

autolysis and to a broad pH range5. Three routes for enzymes immobilization are established: 

i) binding to a support, ii) encapsulation and iii) cross-linking (carrier-free)6. Mesoporous 

silicates are promising candidates for enzyme immobilization with respect to catalytic 

application. These materials fulfill many of the requirements for enzyme carriers such as large 
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surface area, sufficient functional groups for enzyme attachment, hydrophilic character, water 

insolubility, chemical and thermal stability, mechanical strength, suitable particle form, 

regenerability, and toxicological safety7. Many reviews have been published referring to 

various aspects of ordered mesoporous materials, like synthesis, surface modification, 

application as host materials and their use in catalysis.8-17  

This work is devoted to the heterogenization of the used enzymes by immobilization on 

a porous support in order to improve the stability, the life-time, allow for a facile recovery 

from the reaction mixture, and allow their application in continuously-operated fixed-bed 

reactors.  

Starting point was the immobilization of a broad variety of different enzymes like 

chloroperoxidase (CPO, E.C. 1.11.1.10) from the marine fungus Caldariomyces fumago, 

glucose oxidase (GOx, E.C. 1.1.3.4) from Aspergillus niger, laccase (Lacc, E.C. 1.10.3.2) 

from Trametes versicolor, and manganese peroxidase (MnP, E.C. 1.11.1.13) from 

Phanerochaete chrysosporium. Three methods were mainly applied for enzyme 

immobilization: i) physical adsorption onto SBA-15, SBA-16 and MCF, ii) covalent 

anchoring onto modified SBA-15, and iii) cross-linking in the pore cages of MCFs (Figure 

1-1). The optimum conditions for the preparation of the immobilized enzymes regarding the 

resulting activity of the material as well as the efficiency of the immobilization process were 

intensively studied. 

 
Figure 1-1. Overview over the applied immobilization methods in this work.  

In the subsequent step, the immobilized enzymes were used in biocatalysis and 

biodegradation in different types of reactors. The catalytic performance of the heterogenous 

catalysts regarding leaching and deactivation of the immobilized enzymes was determined. 

Furthermore, different types of reactors were tested. 
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− The oxidation of indole to oxindole was carried out in a batch as well as in a fixed-

bed reactor with immobilized chloroperoxidase as biocatalyst. To prevent the 

deactivation of the fragile chloroperoxidase, the oxidizing agent hydrogen 

peroxide was generated in-situ via the oxidation of β–D-glucose to gluconolactone 

in a tandem reaction with immobilized glucose oxidase (Figure 1-2). Examining 

this oxidation reaction, a thorough study of the leaching behavior of the catalysts 

prepared via different immobilization methods was carried out and allowed an 

evaluation of their performance.  
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Figure 1-2. Tandem reaction with immobilized CPO and GOx in the oxidation of indole.  

− Furthermore, immobilized laccase with 2,2′-azino-bis(3-ethylbenzothiazoline-6-

sulfonic acid) (ABTS) acting as mediator was tested in the biodegradation of 

dibenzothiophene (DBT) according to Figure 1-3. The enzymatic oxidation of 

DBT catalyzed by immobilized laccase with ABTS was investigated in 

continuously operating reactors. In this section, the focus was on testing different 

types of reactors and a variety of different reaction conditions.  

 
Figure 1-3. Scheme for the DBT biodegradation with an immobilized laccase – ABTS system.   

− Finally, immobilized manganese peroxidase was used for the enzymatic oxidation 

of 2,2-dimethyl-2H-1-benzopyran-6-carbonitrile. The enantiomeric purity of the 

desired epoxide 3,4-dihydro-2,2-dimethyl-2H-oxireno-benzopyran-6-carbonitrile 
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was determined. The aim was to suppress hydrolysis to the corresponding diols 

(3,4-dihydroxy-2,2-dimethyl-2H-1-benzopyran-6-carbonitrile) as shown in Figure 

1-4.  

 
Figure 1-4. Oxidation of 2,2-dimethyl-2H-1-benzopyran-6-carbonitrile with immobilized CPO and 
MnP in aqueous and organic media.     

In the last step, a cascade reaction was tested. The intermediate epoxide was converted 

in a one-pot approach to (3R,4S)-trans-3,4-dihydro-4-[(1,2-dihydro-2-oxo-4-pyridyl)oxy]-3-

hydroxy-2,2-dimethyl-2H-1-benzopyran-6-carbonitrile. The enantiomeric purity of the final 

product was determined and the influence of the reaction conditions on the enantiomeric 

excess was tested 

 

 



Literature survey 

   

5 

22  LLIITTEERRAATTUURREE  SSUURRVVEEYY  

22..11  SSTTRRUUCCTTUURREE,,  FFUUNNCCTTIIOONN  AANNDD  AAPPPPLLIICCAATTIIOONN  OOFF  

SSEELLEECCTTEEDD  EENNZZYYMMEESS  

2.1.1 CHLOROPEROXIDASE (CPO, E.C. 1.11.1.10) 

Chloroperoxidase (CPO) belongs to the group of heme-containing haloperoxidases. 

Haloperoxidases are a group of enzymes that are able to catalyze the halogenation of organic 

compounds in the presence of halide ions and peroxides such as H2O2 and they are subdivided 

by their different reaction mechanisms: a) those which contain a heme group; b) those which 

contain vanadium; and c) those which do not contain metals.18;19 Chloroperoxidase features a 

ferriprotoporphyrin IX system as its active site. In addition, several non-heme 

haloperoxidases are known: Vanadium-containing peroxidases (e.g. bromoperoxidase), 

selenium-containing peroxidases20 (e.g. glutathione peroxidase), manganese peroxidase21 and 

the metal-free flavoprotein-haemoprotein complex known as flavoperoxidase22. 

Haloperoxidases exist in nature and are produced by many different organisms including 

bacteria.23 Already in 1965, CPO was isolated and purified by Hager et al.24. The molar mass 

of the protein is approximately 42 kDa, depending on the amount of glycolysis. The enzyme 

is glycosylated with a carbohydrate content of about 25 wt.-% and the dimensions determined 

by single-crystal X-ray diffraction25 are approximately 5.3 x 5.5 x 3.1 nm. The three-

dimensional structure of CPO was first determined 1966 in sufficient resolution24. 

Furthermore, chloroperoxidase from Caldariomyces fumago was the first of the 

haloperoxidase enzymes, which was cloned and sequenced.26 

The catalytic cycle, illustrated in Figure 2-1, is initiated by hydrogen peroxide or 

another oxygen atom donor binding to the high spin penta-coordinated ferric resting state to 

give compound I, a porphyrin π-cation radical containing an iron center, which is formally 

FeIV.27 Thereafter, three pathways are available: 
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− In the peroxidase mode, compound I undergoes a one-electron reduction to form 

compound II, which contains an oxyferryl center coordinated to the porphyrin ligand. 

Compound II is then reduced back to the ferric resting state with concomitant one-

electron substrate oxidation. 

− In the catalase mode, oxidation of an electron donor (H2O2) yields O2 and compound I 

returns to the native resting state. 

− In the halogenation mode, it is proposed that compound I reacts with the halide to 

form a hypothetical ferric hypohalite adduct termed compound X, which then 

transfers a halogen atom to the substrate and regenerates the resting state. The resting 

state and compound I are neutral, while the overall charge on compounds II and X 

is -1. 
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Figure 2-1. The catalytic cycle of CPO. 

Haloperoxidases are attractive due to their ability to halogenate a range of organic 

compounds of commercial and pharmaceutical interest. In addition to halogenation, these 

enzymes have been shown to catalyze sulfoxidation, epoxidation, oxidation and other specific 

reactions of a range of organic compounds. Many of these reactions are carried out in a 

stereospecific manner. 



Literature survey 

   

7 

2.1.1.1 HALOGENATION 
CPO can act as halide-transfer reagent in the presence of halide ions and hydrogen 

peroxide.28 Nowadays CPO is established as biocatalyst for halogenationof organic halogen-

acceptor substrates. The chlorination of monochlorodimedone (MCD) to dichlorodimedone 

(DCD) by CPO is used as standard activity essay for the determination of the activity of CPO 

(Figure 2-2). 
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Figure 2-2. MCD activity assay of CPO. 

2.1.1.2 OXIDATION OF HETEROATOMS 
The oxidation of aryl amines to the corresponding nitroso derivates is catalyzed by 

chloroperoxidase. One of the most prominent examples is the preparation of the antibiotic 

pyrrolnitrin by oxidation of aminopyrrolnitrin.29 

Optically active sulfoxides play an important role in asymmetric synthesis. Enzyme-

catalyzed sulfoxidations have been developed for their preparation.30 Chloroperoxidase 

efficiently catalyzes the enantioselective oxidation of alkyl, aryl, dialkyl, or vinyl sulfides; it 

oxidizes the substrates to the corresponding sulfoxides with up to 99 % enantiomeric excess. 

2.1.1.3 EPOXIDATION OF OLEFINS 
Optically active epoxides are important building blocks in the asymmetric synthesis of 

natural products, pharmaceuticals and biologically active compounds. The Sharpless31 and 

Jacobsen32 oxidations are the most versatile metal-catalyzed asymmetric oxidations. With 

these catalysts, a broad spectrum of organic compounds can be oxidized. However, nowadays, 

it is desirable to synthesize chiral epoxides under moderate conditions. The first CPO-

catalyzed epoxidation was reported by McCarthy and White in 1983.33 Since than, CPO has 

been tried for a variety of enantiomeric epoxidations.34-38 The enzyme was found to epoxidize 

straight-chain aliphatic and cyclic cis-olefins in a highly stereoselective manner (Figure 2-3). 

The enzyme has also been used for the efficient synthesis of very relevant and biologically 

active natural products like (R)-(–)-mevalonolactone39 and an α-methylamino acid synthon40. 
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Figure 2-3. Stereoselective epoxidation of olefins. 

2.1.2 GLUCOSE OXIDASE (GOX, E.C. 1.1.3.4) 

Glucose oxidase has been highly purified from the extracts of three fungi, Penicilium 

notatum, Penicilium amagasakiense and Aspergillus niger.41 It has generally been assumed 

that GOx enzymes from different sources have the same properties. GOx is a dimeric protein 

with a molecular weight of 160 kDa, containing one tightly bound (Ka = 1 x 10-10) flavin 

adenine dinucleotide (FAD) per monomer as cofactor (actually there are two FAD-sites per 

enzyme). The FAD is not covalently bound and can be released from the holo-protein (a 

protein with co-factor) following partial unfolding of the protein. This process can be 

performed under mild conditions preventing full denaturation of the protein. The respective 

GOx apo-enzyme can be produced by FAD extraction. The apo-enzyme (protein part of a 

holo-enzyme) missing the FAD cofactor is not bio-catalytically active, but it can be 

reconstituted with a native or artificially modified FAD cofactor. The enzyme is glycosylated 

with a carbohydrate content of 16 wt.-%. The carbohydrate moiety is designated as high 

mannose type with 80 wt.-% of the carbohydrate content. The mannose is N- and O-

glycosidically linked to the amino acids asparagine, threonine and serine. 

The holo-enzyme is made up of two identical subunits. The monomers are connected 

non-covalently via a long but narrow contact area. There are 120 contact points between the 

dimers centered around eleven residues, which form either salt linkages or hydrogen bonds. 

The monomeric molecule is a compact spheroid with approximate dimensions of 

6.0 x 5.2 x 3.7 nm.5 The monomer folds into two structural domains. One of the domains 

binds FAD and the other is involved in substrate binding. The subunit contains one disulfide 

bridge. The corresponding dimensions of the dimer are 7.0 x 5.5 x 8.0 nm.3 The minimum 

distance between the flavin and the surface of the monomer is 1.3 nm. The native protein is 

acidic having an isoelectric point (pI) of 4.2. GOx is active over a broad range of pH values.42 
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2.1.2.1 H2O2 GENERATION WITH GLUCOSE OXIDASE 
Glucose oxidase catalyses the oxidation of β-D-glucose to δ-D-glucono-1,5-lactone and 

hydrogen peroxide, using molecular oxygen as electron acceptor.43 The initial product of 

glucose oxidation is D-glucono-1,5-lactone. This is a weak competitive inhibitor of GOx, 

which hydrolyses spontaneously to gluconic acid (cf. Figure 2-4). The slow addition of the 

oxidant is essential for successful oxidations with peroxidases, as it increases its lifetime. In 

order to keep the H2O2 concentration below a certain critical concentration, a glucose oxidase 

– chloroperoxidase – tandem-reaction has been established.44 Thereby, hydrogen peroxide is 

generated in situ.     

O
OH

OH

OH

OH

OH O
OH

OH

OH

OH

O

O
2 H

2
O

2
OH

O

OH

OH

OH

OH

O
OH

glucose oxidase

 
Figure 2-4. Hydrogen peroxide generation from β-D-glucose with glucose oxidase. 

2.1.3 LACCASE (LACC, E.C. 1.10.3.2) 

Laccase belongs to the group of blue copper proteins or blue copper oxidases with a 

molecular mass of 70 kDa. This protein is characterized by four catalytic active copper atoms. 

One mononuclear copper site containing a type I Cu is located at the T1 site, where the 

reducing substrate binds, and it is responsible for the characteristic color of the enzyme in the 

oxidized state Cu2+.45 The trinuclear copper site contains one type II Cu and two type III Cu. 

The substrates are oxidized near the mononuclear site, and the electrons are transferred to the 

trinuclear site where the molecular oxygen is reduced.46 The three different copper species 

can be differentiated from their spectroscopic behavior. The T1 copper has a strong 

absorption around 600 nm, while the T2 copper exhibits only weak absorption in the visible 

region but is EPR-active. The two coppers of the T3 site are characterized by an absorption 

band at about 330 nm. They are EPR silent due to an antiferromagnetic coupling mediated by 

a bridging ligand.47  

The structure of laccase from Trametes versicolor is a monomer, organized in three 

sequentially arranged domains (Figure 2-5) with a dimension of about 6.5 x 5.5 x 4.5 nm3. 

Domain 1 comprises two four-stranded β-sheets and four 310-helices. The second domain has 

one six-stranded and one five-stranded β-sheet, and there are three 310-helixes in peptides 

connecting individual β-strands. Finally, domain 3 consists of a β-barrel formed by two five-
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stranded β-sheets and a two-stranded β-sheet that, together with an α-helix and a β-turn, form 

the cavity in which the type 1 copper is located. The tri-nuclear copper cluster (T2/T3) is 

embedded between domains 1 and 3 with both domains providing residues for the 

coordination of the copper ions.47  

 
Figure 2-5. The arrangement of the domain structure is depicted in different color-coding (D1–D3). Copper ions 
are drawn as blue spheres. Carbohydrates and disulfide bonds are included as stick models.47 

Laccase is widely found in higher plants and fungi and is present in insects and 

bacteria.48 Laccase was first discovered by Yoshida in 1883.49 It was extracted from the 

exudates of the Japanese lacquer tree Rhus vernicifera. Laccase was firstly isolated from fungi 

in 1896 by Bertrand.50 Fungal laccases exhibit a higher redox potential compared to bacterial 

or plant laccases. Therefore, fungal laccases are involved in the degradation of lignin.45 

Concerning their use in biotechnology, fungal laccases have widespread applications, ranging 

from effluent decoloration, pulp bleaching, removal of phenolics from wines, organic 

synthesis, biosensors, synthesis of complex medical compounds to dye transfer blocking 

functions in detergents and washing powders.  
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2.1.3.1 LACCASE MEDIATOR SYSTEMS 
Laccases are able to oxidize electron-rich compounds such as phenols and anilines. The 

redox potential of laccase alone is not high enough for breaking carbon–hydrogen aliphatic 

bonds. In the presence of a redox co-catalyst, a so-called mediator, the oxidation of certain 

carbon–hydrogen bonds becomes feasible.51 A mediator is a small molecule that acts as an 

‘electron shuttle’. After it is oxidized by the enzyme generating a strongly oxidizing 

intermediate, the co-mediator (oxidized mediator), it diffuses away from the enzymatic pocket 

and oxidizes any substrate. Then the reduced mediator returns to the catalytic cycle (Figure 

2-6). 

 
Figure 2-6. Catalytic cycle of the laccase-mediator-system. 

The mediator-substrate oxidation has been reported to occur via an ionic mechanism, or 

two radical mechanisms, electron transfer or hydrogen atom abstraction.52,53 The most 

prominent mediator is ABTS (2,2’-azinobis-(3-ethylbenzothiazoline-6-sulphonic acid)) which 

reacts via radical pathways as well as HBT (1-hydroxybenztriazole). In contrast TEMPO 

(2,2,6,6-tetramethyl-1-piperidinyloxy free radical) and its analogues favor the ionic pathway. 

Up until now, more than 100 mediators have been described.54 Various laccases oxidize 

ABTS by free radicals to the cation radical ABTS+•. Furthermore, the concentration of the 

intensively colored, green-blue cation radical can be correlated to the enzymatic activity 

(ε418 = 36000 M-1·cm-1). The cation radicals represent an intermediate oxidation step in the 

redox cycle of azines and after abstraction of the second electron, the corresponding dications 

can be obtained. The redox potentials of ABTS+• and ABTS2+ amount to 0.680 V and 1.09 V, 

respectively.55 HBT belongs to the familiy of N-heterocyclic compounds containing N–OH 

groups. After oxygen consumption, it is converted by laccase into an active intermediate, 

which is subsequently oxidized to a reactive radical (R–NO•).56 The HBT redox potential 

amounts to 1.1-1.2 V.57  
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2.1.4 MANGANESE PEROXIDASE (MNP, E.C. 1.11.1.13) 

Manganese peroxidase (MnP) is an extracellular heme-containing enzyme that catalyzes 

the H2O2-dependent oxidation of Mn2+ to Mn3+. Furthermore, it is used to oxidize a broad 

variety of organic compounds. Generally, Mn(II) acts as redox mediator58, but also Mn-

independent transformations are also possible.59,60 Manganese peroxidase (MnP) is the most 

common lignin-modifying peroxidase produced by almost all wood-colonizing 

basidiomycetes causing white-rot and various soil-colonizing litter-decomposing fungi. There, 

MnP oxidizes Mn2+, which is always present in wood and soils, to Mn3+, which is stabilized 

by fungal chelators like oxalic acid. The chelated Mn3+ acts as redox-mediator that attacks 

phenolic lignin structures.61,62  
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Figure 2-7. Products obtained from the oxidation of a phenolic lignin model dimer 1-(3,5-dimethoxy-4-
hydroxyphenyl)-2-[4-(hydroxymethyl)-2-methoxyphenoxy]-1,3-dihydro-xypropane by manganese peroxidase. 

Furthermore, bio-bleaching by MnP is a process attracting quite considerable attention 

over the last years due to environmental concerns. Bleaching processes at kraft mills are 
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shifting away from the use of conventional chlorine-based chemicals. In the pursuit of new 

environmentally-benign bleaching methods, oxidative enzymes of white-rot fungi are being 

considered. Laccases and manganese peroxidase have been shown to effectively bleach and 

delignify kraft pulps. Approaches to bleach wheat straw as well as hardwood pulp by MnP 

resulted in substantial changes in the composition of the original material including increasing 

pulp brightness.63,64 The catalytic cycle of MnP is similar to that of other heme 

peroxidases.65,66,67 It is initiated by binding of H2O2 or an organic peroxide to the native ferric 

enzyme and formation of an iron-peroxide complex. Subsequent cleavage of the peroxide 

oxygen-oxygen bond requires a 2-electron transfer from the heme resulting in formation of 

MnP Compound I, which is a Fe4+-oxo-porphyrin-radical complex. Afterwards, the dioxygen 

bond is heterolytically cleaved. The following reduction proceeds through MnP Compound II 

(a Fe4+-oxo-porphyrin complex). Then, a monochelated Mn2+ ion acts as one-electron donor 

for this porphyrin intermediate and is oxidized to Mn3+. The reduction of Compound II results 

in another Mn3+ and the native enzyme is recovered. 
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22..22  MMEESSOOPPOORROOUUSS  SSIILLIICCEEOOUUSS  MMAATTEERRIIAALLSS  

The International Union of Pure and Applied Chemistry (IUPAC) has classified porous 

solids depending on their pore size into three groups: materials exhibiting pore diameters 

below 2 nm are named microporous, porous solids with a pore diameter between 2 and 50 nm 

are labeled mesoporous, while solids with a pore diameter above 50 nm are named 

macroporous.68 The preparation of low-density silica materials by hydrolysis of 

tetraethylorthosilicate in the presence of cationic surfactants (hexadecyltrimethylammonium 

bromide) was first described and patented by Chiola et al. in 1969.69,70  

In 1990, Kuroda et al. reported the preparation of hexagonally-arranged mesoporous 

silicas with uniform pores having diameters between 2 and 4 nm and exhibiting surface areas 

of about 900 m2/g.71 Single layered polysilicate kanemite (NaHSi2O5·3H2O) was reacted with 

alkyltrimethylammonium chloride solutions. In the subsequent calcination the organic 

template was removed leading to the formation of micro- and mesopores. The transformation 

of kanemite in the presence of templates with different alkyl chain length into mesoporous 

materials with different pore size was later reported by Inagaki et al.72 These novel materials 

were named FSM-n (Folded Sheet Materials, n is the number of carbon atoms of the alkyl 

moiety). 

Kresge et al. from the “Mobil Research and Development Corporation” reported the 

synthesis of ordered mesoporous solids from aluminosilicate gels in the presence of 

quaternary ammonium surfactants in 1992: the birth of the M41S family.73,74 As initial 

synthesis mechanism, a liquid-crystal templating mechanism was postulated. The inorganic 

material occupies the continuous solvent region to create inorganic walls between the 

surfactant cylinders. It is possible that encapsulation occurs because anionic aluminosilicate 

species enter the solvent region to balance the cationic hydrophilic surfaces on the micelles. 

When the ordered array is established, calcination is used to remove the organic template. The 

members of M41S family are MCM-4174 (hexagonal p6mm phase), MCM-4875 (cubic Ia-3d 

phase) and MCM-5076 (a stabilized lamellar phase). MCM-X derives from Mobil 

Composition of Matter No. X. 

In addition to the “classical” (S+I −; cationic surfactant (S+) and anionic inorganic 

species (I −)) route to mesoporous molecular sieves such as MCM-41 and MCM-48, new 

synthesis concepts have been developed. The (S+I −) pathway involves condensation of an 

anionic surfactant with cationic inorganic species.77 Two other routes were also developed in 

which the surfactant and the inorganic phase have the same charge. They are separated from 
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each other by small ions with opposite charge: (S+X−I+) with X− = Cl− or Br− and (S−M+I −) 

with M+ = Na+ or K+.77,78 A neutral (S0I0) templating route at room temperature was proposed 

by Tanev and Pinnavaia; the resulting materials are named HMS (Hexagonal Mesoporous 

Silica).79 Compared with the electrostatically-templated MCM-41 silicas, HMS materials 

show a consistently larger wall thickness (1.7 to 3 nm), but a lower long-range hexagonal 

order.80 

In 1993, Stucky and co-workers have synthesized a novel cubic three-dimensional 

structured mesoporous molecular sieve, which was named SBA-1 (Santa Barbara Material 

No. 1).77 The cubic phase SBA-1 was synthesized in acidic media, showing an ordered three-

dimensional structure with two types of globular cages forming a continuous porous 

network.77,81 Besides the very famous hexagonal phase SBA-15 with pore sizes ranging from 

5 to as large as 30 nm, a variety of other cubic structures (i.e. SBA-2, SBA-7, SBA-8, 

SBA-16) were prepared using oligomers and triblock copolymers as templates.82,83 The highly 

ordered large pore mesoporous silica SBA-15, prepared by using the amphiphilic triblock 

copolymer EO20PO70EO20 (Pluronic P123) as template, possesses also a two-dimensional 

hexagonal structure comparable to MCM-41. However, the pore walls are substantially 

thicker (~2 to 6 nm) and the large mesopores are interconnected by micropores. SBA-15 may 

exhibit a large variety of morphologies depending on the synthesis conditions. Moreover, the 

pore size can be adjusted by varying the synthesis gel composition (e.g. addition of the 

swelling agent TMB) and the synthesis conditions (e.g. temperature).84 SBA-16 is a 

mesoporous silica material with large cage-like mesopores arranged in a three-dimensional 

structure with a cubic-body-centered Im-3m symmetry. Analogous to SBA-15, the synthesis 

of SBA-16 is conducted under acidic conditions using a non-ionic triblock copolymer as 

surfactant. The mesophase is created using mixtures of Pluronic P123 and F127 

(EO106PO70EO106) or employing mixtures of water, tert-butanol and F127. 

  
Figure 2-8. Schematic presentation of the hexagonal SBA-15 (left) and the cubic cage-like SBA-16. 

Stucky and his group also reported the preparation of mesocellular foams (MCF, Figure 

2-9) employing triblock copolymers stabilized in oil in water emulsions.85-88 The addition of a 

sufficiently large amount of an organic co-solvent induces a phase transformation from the 
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highly ordered mesostructure of SBA-15-type silicas to remarkable mesocellular foams 

composed of uniformly sized, large spherical cells that are interconnected by uniform 

windows to create a continuous three-dimensional pore system. These materials are suitable 

and interesting candidates for the immobilization of large biomolecules.5  

 
Figure 2-9. Schematic representation of the mesocellular foam (MCF). 

Furthermore, a multitude other mesoporous siliceous materials has been developed over 

the last years, such as LMU-1 (Ludwig-Maximilians Universität No. 1),89 KIT-6 (Korean 

Advanced Institute of Science and Technology No. 1),90 FDU-12 (Fudan University 

Shanghai).91 Further details on the preparation of mesoporous silicas and carbons, organic-

inorganic hybrid materials (PMOs) and mesoporous thin films are published in several 

reviews.92-95   

 

 



Literature survey 

   

17 

22..33  EENNZZYYMMEE  IIMMMMOOBBIILLIIZZAATTIIOONN  

2.3.1 GENERAL ASPECTS 

Besides the advantages of biocatalysis for green and sustainable processes, the use of 

enzymes entails a number of practical problems. In addition to the high cost of isolation and 

purification of enzymes, their application is often prevented by their low long-term 

operational stability, difficult recovery and reuse.6,96-98 Furthermore, the implementation of 

continuously-operated reactors in which dissolved enzymes are used as catalysts is difficult. 

The usage of enzymes in an immobilized form allows more convenient handling. 

Immobilized enzymes can be separated easily from the product (minimizing the protein 

contamination of the product) and an efficient recovery and reuse of costly enzymes is 

possible. Immobilization also enables the use of enzymes in continuously-operated fixed-bed 

reactors. Thus, enzyme immobilization is an important step towards an efficient reaction 

technology for establishing continuously-operated enzyme-catalyzed processes in industry.  

The different methods for enzyme immobilization can be subdivided into three main 

categories: i) binding onto a prefabricated carrier, ii) entrapment in polymer matrices, and iii) 

cross-linking.96 In the case of using prefabricated carriers, the properties of the immobilized 

enzymes are derived from the properties of the enzyme used and the properties of the carrier 

(Figure 2-10).98      

 
Figure 2-10. Characteristic parameters for efficient enzyme immobilization strategies and interaction between 
the enzyme and carrier used. 
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Several parameters have to be considered when a suitable enzyme-carrier system is 

selected. The choice of the enzyme depends on the desired reaction, which shall be catalyzed. 

The characteristics of the carrier, which have to be taken into account, are mainly the 

accessible pore size and volume, the chemical stability, and for continuous fixed-bed 

applications the particle size and flow resistance. Furthermore, high enzyme loading with high 

resulting activity is often desirable. The resulting biocatalyst, viz. the immobilized enzyme, 

must be stable with respect to leaching. Finally, a very important requirement is the facile 

pore diffusion of the substrate, which strongly influences the effectivity in relation to the free 

enzyme.  

2.3.2 ENZYME IMMOBILIZATION ON MESOPOROUS 
SUPPORTS 

2.3.2.1 METHODS AND STRATEGIES 
A classification of different immobilization strategies of proteins on mesoporous 

supports is shown in Figure 2-11, which gives an overview of the immobilization methods 

available so far. Mesoporous inorganic materials are suitable supports due to their mechanical 

stability and the feasibility of shaping macroscopic particles with well-defined properties.  

Physisorption of proteins onto oxide surfaces is governed by the interaction of amino 

acids of the peptide chains with the solid surface. The predominant binding forces of proteins 

to hydrated silica surfaces are electrostatic interactions, hydrogen bonding and van der Waals 

interactions.5 Electrostatic protein-surface interactions are likely to be dominating when the 

adsorption is performed at a pH below the isoelectric point (pI) of the protein, i.e. the point 

where the overall charge of the proteins is zero. At a pH ˂ pI, the protein possesses a positive 

charge, while the silica support is negatively charged at a pH above ca. 3.99 Increasing the 

positive charge of the protein results in stronger interaction between protein and surface, but 

the repulsion between adsorbed proteins is increased as well. Nevertheless, the pH 

dependence is very much dependent on the protein itself, due to the wide variety of possible 

chemical properties originating from different surface groups including amines, carboxylates 

and disulfide bridges. 
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Figure 2-11. Overview of immobilization strategies on mesoporous supports including gel entrapping. 

A more promising strategy for binding an enzyme strongly onto a carrier is covalent 

anchoring. The enzymes are chemically bound to the support via a reaction of the functional 

groups of the enzymes with organic moieties of a functionalized support to ensure strong 

binding and negligible leaching. The potentially most useful surface functional groups are 

alkyl chlorides100, amines100-110, carboxylic acids100,110 and thiols100,111. Other functional 

groups such as alkyl, phenyl and vinyl can be added to modify the environment of the enzyme 

by increasing the hydrophobicity of the surface.112 Nevertheless, the covalent binding has to 

be carried out in such a manner that the conformational flexibility and the functionality of the 

enzyme is not altered. 

Another way of preventing leaching of the enzyme from the mesoporous support is 

physical encapsulation inside the pores.113,114 Several routes have been explored including 

silanation or coating with microporous silicas or organic layers. First, the protein is adsorbed 

from the solution and subsequently the pore entrance is reduced in size by e.g. silanation 

using 3-aminopropyltriethoxysilane.99  

Biocatalysts can also be immobilized through chemical cross-linking using homo- and 

hetero-bifunctional cross-linking agents, respectively. Immobilization via cross-linking of 

enzyme molecules is an attractive strategy because a stable catalyst with high retention of 
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activity is obtained. Furthermore, chemical cross-linking of the enzymes preserves their 

catalytic activity even under harsh conditions such as high temperature, extreme pH values, 

the presence of organic solvents and radicals. Glutardialdehyde (GA), a frequently used cross-

linking agent, reacts with amino groups in a base-catalyzed reaction. GA has been used 

extensively because it is inexpensive, efficient and stable. Adsorption followed by cross-

linking may allow encapsulation of proteins on porous support having a cage-like 

structure.115-118  

The advantages and disadvantages of the four preferred immobilization methods are 

compared in Table 2-1. For more information, the interested reader is referred to recent 

reviews in this area.5,119     

Table 2-1. Advantages and disadvantages of the four preferred immobilization methods. 

Immobilization 
method 

Advantages Disadvantages 

Encapsulation − Enzyme molecules retained 

− Enzyme molecules free to 
move inside channels 

− Complicated experimental procedure 

− Reactive species and toxic solvents may 
denature enzymes 

− Reduced pore opening may decrease 
diffusion rate of reactants and products 

Physical 
adsorption 

− Simple (and cheap) 
experimental procedure 

− No toxic solvents 

− Little or no conformational 
changes of the enzyme or 
destruction of its active center 

− Leaching of enzymes during reaction 
resulting from changes in pH, 
temperature and ionic strength 

Covalent binding − Enzyme molecules retained 

− Wide choice of organic linkers 
available 

− More expensive and complicated 
procedure in support preparation 

− Enzyme molecules immobile inside the 
channels 

CLEA confinement − Concentration inside the pores 
prior to cross-linking 

− Size of the CLEAs is restricted 
by the cage size 

− Enzyme molecules immobile inside the 
channels 
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2.3.2.2 IMMOBILIZATION ON MESOPOROUS SUPPORTS     
Diaz and Balkus published the first work on the immobilization of globular proteins 

(cytochrome c, papain, and trypsin) on MCM-41.99 A clear (almost linear) dependence of the 

protein size on the achieved loading was found. In 2001, Deere et al. reported on a 

cytochrome c – mesoporous silicate system.120  For their studies MPS, a commercially 

available silicate and a cyano-modified silicate were used. The MPS was formed involving 

surfactants as structure directing reagents. Deere et al. showed that the pore sizes of these 

molecular sieves are large enough to accommodate the protein. Thus, their large internal 

surface is accessible for the protein. The immobilization of a broad choice of biomolecules 

with molecular masses ranging from 12 kDa to 76 kDa was reported by Yiu et al.111 The 

authors pointed out that the adsorption of these proteins (e.g. cytochrome c, lysozyme, 

myoglobin, β-lactoglobulin, ovalbumin and conalbumin) is size selective. Furthermore, an 

irreversible binding of proteins on thiol-functionalized SBA-15 (treated with 

mercaptopropyltriethoxy-silane) was achieved. The important role of surface chemistry and 

particle morphology with respect to the immobilization of biomolecules was shown by Fan et 

al.121 A carefully controlled synthesis of SBA-15 results in a discrete rod-like morphology 

possessing a uniform length of 1-2 µm, so called rod-SBA-15.122 Smaller particles possess a 

larger number of pore entrances due to the larger external surface area compared to the 

conventionally prepared larger particles, which results in an improved bio-immobilization 

performance. For rod-like SBA-15, a very rapid (t < 10 min to reach equilibrium) and large 

(up to 533 mg/g) uptake of the protein lysozyme was reported. Hence, 94 % of the total 

amount lysozyme was adsorbed into rod-SBA-15, while the uptake amounted to only about 

40 % in the case of conventional SBA-15 after more than twelve hours. Petri et al. presented 

covalently bonded chloroperoxidase onto silica gel derivatized with 

3-glycidoxypropyltrimethoxysilane as an efficient heterogeneous biocatalyst.123 The loss of 

activity in comparison to the native CPO was compensated by better enzyme stability and no 

leaching was detected in buffer solutions. In 2004, Vinu et al. found that the amount of 

cytochrome c adsorbed on different adsorbents (MCM-41 and SBA-15 with various pore 

diameters) was significantly changed by adjusting the solution pH.124 The maximum loading 

of cytochrome c was achieved near the isoelectric point of cytochrome c (pI = 9.8). It has also 

been discovered that the amount of cytochrome c adsorption can be increased by the 

introduction of aluminum sites into the pure silica materials. The observed increase in 

adsorption capacity is probably a consequence of the strong electrostatic interaction between 

the negative charges on the aluminum sites and the positively charged amino acid side chains 
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on the surface of cytochrome c. Furthermore, it was found that the amount adsorbed is mainly 

a function of the specific pore volume and that ca. 30 % of the total pore volume is occupied 

by the protein. But not only aluminum sites influence enzyme immobilization. Aburto et al. 

impregnated SBA-16 with Cs+ ions, which resulted in an increased activity of immobilized 

chloroperoxidase compared to a sample prepared by physical adsorption.125 The authors 

suspect that the higher activity is due to the proper enzyme orientation on the Cs-doped 

surface leading to an orientation of the active site of the enzyme away from the silica wall. It 

cannot be ruled out that the higher activity is due to enzymes, which are adsorbed on the outer 

surface of the material. Interactions between the enzymes and the Cs-doped outer surface may 

result in an increase in activity because diffusion of the substrate into the pore system is not 

required. However, a detailed mechanistic understanding has not been achieved so far.  

Furthermore, not only the incorporation of metal ions was found to affect the 

immobilization of enzymes but also the functionalization with organo moieties. In order to 

reduce leaching, functionalization of the mesoporous silica support is another promising 

approach. An easy access to organic-inorganic hybrid materials based on SBA-15 is provided 

by surface modification.126,127 Thereby, surface silanol groups are condensed with an 

organotrialkoxysilane or with another reactive silane species to generate covalently bound 

organic moieties. There are two approaches to surface modification, i.e., post-modification, 

also known as grafting, and direct synthesis or co-condensation.119,128 Grafting is the method 

more commonly used for performing surface modification by covalently linking organosilane 

species with surface silanol groups.  

However, the grafting method has several shortcomings: 

− The pore size is reduced due to the attachment of a layer of functional moieties on 

the surface.  

− It is time-consuming, because two steps are required to accomplish the 

modification process. 

− The number of accessible surface silanol groups on the mesoporous silica 

materials is limited. 

− Difficulties in controlling the loading and position of the organosilane may arise. 

Two research groups published independently their work about co-condensation.129,130 

This method allows surface modification of the mesoporous materials in a single step by 

copolymerization of organosilanes with silica or organosilica precursors in the presence of a 

surfactant. This approach enables a higher and more homogeneous surface coverage of 

organosilane functionalities. The disadvantage of the co-condensation route is that the 
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functionalized alkoxysilane (e.g. 3-aminopropyltriethoxysilane) must hydrolyze at a similar 

rate as the un-functionalized alkoxysilane (e.g. tetraethylorthosilicate). Otherwise a 

heterogeneous gel will be formed and, the functional groups will not be homogenously 

distributed. 

Yiu et al. showed in their study that there is an essential difference between in-situ 

synthesis and postmodification.100 The method of functionalization is found to be critical for 

using the resulting organosilica materials as support for trypsin immobilization. Thiol, 

chloride and acid functionalized solids are more active when the functional group has been 

incorporated during the synthesis of the mesoporous molecular sieve rather than by post-

synthetic treatment. This study also shows that the nature of the functional group is critical. 

For example, amine-functionalized solids exhibit improved leaching characteristics, but the 

observed catalytic activity of trypsin is strongly reduced. The best support for trypsin in this 

study is a thiol-functionalized SBA-15, which was prepared by direct synthesis. This catalyst, 

which exhibits negligible leaching in the respective activity assays, possesses a catalytic 

activity that corresponds to 84 % of the activity determined for the free enzyme. It has to be 

pointed out that this study only applies to trypsin and may not be generalized.  

A new strategy for enzyme immobilization, a so-called carrier-free immobilization, is 

the formation of cross-linked enzyme aggregates (CLEAs) invented by Sheldon and co-

workers.131-136 The addition of salts, water-miscible organic solvents or non-ionic polymers to 

aqueous solutions of proteins leads to their precipitation as physical aggregates. Subsequent 

cross-linking of these physical aggregates makes them permanently insoluble while 

maintaining their pre-organized superstructure and their catalytic activity. The CLEA 

methodology essentially combines purification and immobilization into a single unit operation 

that does not require highly pure enzymes. Since the discovery of CLEAs, this novel route is 

widely used for the heterogenization of a variety of enzymes.131-136 

A combination of the carrier-free CLEA approach with hierarchically ordered 

mesocellular mesoporous silica materials (HMMS) was developed by Hyeon and co-

workers.116-118 The final pore structure of HMMS combines two types of pores: mesocellular 

silica foam (MCF) pores and one-dimensional SBA-15 channels. The HMMS has been tested 

as a support for the cross-linked enzymes α-chymotrypsin and lipase. The formation of cross-

linked enzyme aggregates entrapped in the mesocellular pores of HMMS (dp = 37 nm), which 

do not leach out through the narrow mesoporous channels (dc = 13 nm) is observed. The 

formation of CLEAs of α-chymotrypsin in HMMS allows high enzyme loadings accompanied 

by significantly increased enzyme stability. No decrease in activity was observed under 
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rigorous shaking for two weeks, while adsorbed and free α-chymotrypsin showed rapid 

inactivation due to enzyme leaching and presumably autolysis. The CLEAs of lipase in 

HMMS retained 30 % of the specific activity of free lipase, but with significantly enhanced 

stability. In a further study, the same authors apply the CLEA approach to enzyme 

immobilization in SBA-15, which has one-dimensional pores.137 It is not clear, however, 

whether the use of SBA-15 instead of materials with a bottle-neck pore structure presents an 

advantage with respect to enzyme leaching.  

A further improvement is the development of multifunctional nanocomposites of 

enzymes and magnetic nanoparticles located in the pores of HMMS materials.138 This 

approach involves a simple, two-step process comprising the co-adsorption of enzymes and 

magnetic nanoparticles into HMMS followed by glutardealdehyde treatment. α-Chymotrypsin 

was immobilized via co-adsorption of the enzyme and magnetite (Fe3O4) nanoparticles 

followed by cross-linking of the enzymes with glutaraldehyde. Under optimal conditions, the 

cross-linking of the enzymes resulted in the effective entrapment of the magnetite 

nanoparticles in the CLEAs. An analogous immobilization of lipase into magnetic siliceous 

mesocellular foam functionalized with octyl groups was described by Zhang et al.139 Prior the 

lipase immobilization, magnetic nanoparticles (γ-Fe2O3) were uniformly dispersed and grafted 

onto the pore. In a subsequent step, the resulting magnetic siliceous mesocellular foam was 

modified with n-octyltrimethoxysilane. The authors found that full resolution of secondary 

alcohols can be achieved within 1.5 h using the magnetic biocatalyst, whereas only 30 % 

conversion was obtained when free lipase was tested under the identical reaction conditions. 

A pressure-driven method for entrapping enzymes in MCFs was described by Han et 

al.153 High pressure (205 to 345 bar) was used to achieve high enzyme loadings (up to 

275 mg/g of silica) of the support. The modified mesoporous silica was dispersed in 2-

propanol and packed into a high-performance liquid chromatography (HPLC) column. After 

the 2-propanol in the column was removed thoroughly by washing with water, the enzyme 

stock solution was cycled through the pre-packed silica column for 2 h under high pressure. 

Compared to the conventional approach, the pressure-driven method resulted in significantly 

higher enzyme loading on MCF and FDU-12 materials within a shorter period of time. For 

example, 24 h of stirring led to an enzyme loading of 92 mg/g onto MCF, whereas an enzyme 

loading of 275 mg/g was achieved within 2 h with the pressure-driven method. 

A new class of organic-inorganic hybrid supports named periodic mesoporous 

organosilicas (PMOs) are characterized by their specific interactions with guest molecules. 

Therefore, enzyme immobilization onto PMOs is of current interest, but only little work was 
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reported in this area up till now. For example, Hudson et al.231 described the immobilization 

of cytochrome c and xylanase onto SBA-15 and a 1,2bis(trimethoxysilyl)ethane-based PMO. 

They observed that electrostatic attraction dominated protein interactions with SBA-15, while 

weaker hydrophobic interactions are more prominent with the PMO. An advantage of PMOs 

is the easy design of the solid support by simple variation of the organic bridging group. This 

variation enables tailor-made pore structures for a broad variety of proteins. In two similar 

publications, Qiao et al.140,141 describe the adsorption of bovine heart cytochrome c and 

lysozme onto a 1,2bis(trimethoxysilyl)ethane-based PMO in comparison to conventional 

SBA-15. As the amounts of enzyme adsorbed decrease with ionic strength of the solution, the 

authors concluded that the electrostatic interaction between the enzymes and support is much 

more important than the hydrophobic interaction. However, the more hydrophilic silica-based 

supports still allow higher enzyme loadings. 

A completely new route in enzyme immobilization was developed by Wang and 

Caruso.142,143 The authors reported the encapsulation of enzymes in bimodal mesoporous 

silica spheres (BMS). The enzymes were immobilized in the BMS spheres, and a multilayer 

shell was then assembled on the sphere surface layer-by-layer (LbL). For comparison, 

nonporous and mesoporous silica spheres with a range of pore sizes were used as hosts. Two 

routes were used to form dense coatings on the enzyme-loaded BMS spheres: (1) a 

polyelectrolyte (PE) multilayer shell was formed through the alternate deposition of poly 

(diallyldimethylammonium chloride) and poly(sodium 4-styrenesulfonate); and (2) a 

composite shell was prepared through the alternate deposition of poly 

(diallyldimethylammonium chloride) onto the porous silica spheres with pore sizes between 

10 and 40 nm. Enzyme loadings in the range of 20 to 40 wt.- % were obtained for small 

enzymes (diameter ca. 3 nm) with a high pI ( > 10) and ca. 8 wt. % for larger enzymes such as 

catalase. The lifetime of catalase was improved by encasing LbL assembled PE shells on the 

catalase-loaded BMS spheres. The encapsulated catalase can also be recycled 25 times with 

an associated loss of activity of 30 %, which is significantly smaller than the loss in activity 

observed for catalase immobilized in the neat BMS spheres (ca. 65 %). Additionally, ca. 98 % 

of the activity of the encapsulated catalase was retained when subjected to a proteolysis 

treatment. The enzyme-loaded particles prepared in this study are expected to find future 

applications in industrial catalysis. For detailed information on this topic, the reader is 

referred to following reviews: 5, 7, 119, and 144. 
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22..44  BBIIOOTTEECCHHNNOOLLOOGGYY  

Due to the fact that biotechnology is a relatively young discipline with an enormous 

importance and a huge multiplicity in research, a broad variety of different terms and 

definitions is in use. Furthermore, several branches of biotechnology are identified with 

respect to their major application area (the colors of biotechnology): 

− Green biotechnology is applied to agricultural processes, e.g. in crop science. 

− Blue biotechnology is derived from marine and aquatic applications. 

− Red biotechnology is applied to medical processes, e.g. the production of 

antibiotics. 

− White biotechnology is a synonym for industrial biotechnology, e.g. the use of 

enzymes as industrial catalysts, where lowering the consumption of energy and 

resources compared to traditional industrial processes is aimed at. 

Biocatalysis as a part of biotechnology, deals with the utilization of enzymes to perform 

chemical transformations.145 Bommarius and Riebel pointed out that from different 

disciplines, biocatalysis can be seen from very different perspectives (Figure 2-12).146 

Chemists prefer a molecule-oriented perspective with respect to chemical compounds and 

transformations, whereas chemical engineers favor a process-oriented view and biologists 

prefer a systems-oriented perspective, viz. a description of the whole organism.146 Besides 

biocatalysis the terms biodegradation and biotransformation exist in parallel, but deal with the 

same thing: enzymatic catalysis. The used term depends only on the area of application. The 

degradation of environmental pollutants is termed biodegradation, while in industry enzyme-

catalyzed reactions are referred to as biotransformation. In some cases, these interests can 

overlap: The Dow Chemical Company for example integrates the biodegradation of a waste 

compound into a manufacturing process. The unwanted side reaction product 1,2,3-

trichloropropane is “biotransformed” into epichlorohydrin, which is a precursor to glycidyl 

nitrate, an energetic binder used in explosive and propellant compositions.147 
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Figure 2-12. Central role of biotechnology between interdisciplinary sciences and multiple applications in 
industries and interdependence of the three main application areas: biocatalysis, biotransformation and 
biodegradation (after ref. 146).  

The triumphant advance of chemical biotechnology is a product of the rapidly 

broadened knowledge about metabolic pathways, genoms and enzymes as well as the 

progress in biochemical engineering. Nevertheless, the key is the understanding of the 

underlying biochemical principles and the mechanism of enzyme-catalyzed reactions. 
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2.4.1 INDUSTRIAL BIOCATALYIS: GENERAL REMARKS 

Biocatalysis is the utilization of the catalytic potentials of enzymes to perform chemical 

reactions and to fabricate products for the chemical, pharmaceutical and food industries. 

Concerning green and sustainable chemistry, biocatalysis opens a wide field in industry and 

academia with respect to high stereoselectivities and enantiomerically pure products.2 

Biotechnology is currently considered a suitable alternative to conventional process 

technology in industrial catalysis, sensing applications and disease diagnostics. Biocatalysis 

covers the area from the development of the “right” enzyme for the desired reaction to the 

engineering in large-scale applications. In organic synthesis, these biocatalysts can be used as 

the sole catalyst in a reaction, in combination with other enzymes, or with non-biological 

reagents. Many enzymes accept unnatural substrates and in addition genetic engineering can 

broaden their substrate specificity and increase their activity. Nowadays, both, natural and 

engineered enzymes can be produced on a large scale using recombinant DNA 

technologies.148 However, the use of enzymes in industrial applications is restricted because 

limited enzyme availability, small substrate scope, and poor operational stability. The above 

mentioned recombinant DNA technology overcomes most of these limitations. While in 

laboratories, new biocatalytic reactions are often developed by the discovery of new enzyme 

activities, for industrial processes, the starting point will usually be the desired product, which 

can be synthesized by possible biocatalytic reactions that convert suitable substrates into the 

final product. Figure 2-13 illustrates the development of an industrial biocatalytic process. 

One or more biocatalysts must be identified or developed (recombinant DNA), a process must 

be set up, and the resulting bioconversion must be economically feasible. Limiting aspects of 

the biocatalytic process are improved systematically to increase the efficiency of the process 

(Figure 2-13). Today, only a limited number of specific reactor configurations is found in 

large-scale industrial processes. To afford the application of biocatalysts, they must be used in 

an immobilized form as heterogeneous catalysts. Immobilization allows their recovery and 

reuse and enhances their operational stability. Against this background, immobilization paves 

the way for an economic use of the enzyme and, furthermore, the development of continuous 

bioprocesses. In addition, immobilization often results in enhanced stabilization under storage 

as well as operational conditions with respect to denaturation by high temperature, organic 

solvents or autolysis. Furthermore, immobilized enzymes are active within a broad pH range.5  
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Figure 2-13. Development of a biocatalytic process in industry. 
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2.4.2 BIOCATALYSIS WITH ENZYMES IMMOBILIZED ON 
MESOPOROUS SUPPORTS 

In this chapter, recent developments in enzyme-catalyzed reactions using enzymes 

immobilized onto porous supports are discribed. Mesoporous silicates are promising 

candidates for enzyme immobilization with respect to an envisaged catalytic application. 

These materials fulfill many of the requirements for enzyme carriers such as large surface 

area, sufficient number of functional groups for enzyme attachment, hydrophilic character, 

water insolubility, chemical and thermal stability, mechanical strength, suitable particle form, 

regenerability, and toxicological safety.7 Immobilization of enzymes on a suitable support 

such as porous silica may provide stable and active biocatalysts and overcome the major 

drawbacks of enzymes for industrial applications like their low long-term stability under 

reaction conditions and the difficult recovery and recycling of the biocatalyst. Ordered 

mesoporous silica have emerged as new class of versatile supports, which are superior to 

silica due to their large specific surface area and narrow pore size distribution, which is 

tunable by variation of the synthesis conditions. Most papers dealing the immobilization of 

enzymes on mesoporous silica focus only on the immobilization process itself using 

standardized activity assays to determine the activity of the supported enzyme. From the 

behavior of the biocatalyst during an activity assay e.g. in the cuvette of a UV-Vis 

spectrometer, only limited conclusions can be drawn with respect to its behavior, viz. 

operational stability and activity, in a catalytic process in a continuously-operated reactor. 

This lack of correlation between activity in an assay and performance in a catalytic reaction 

under relevant conditions is often overlooked. The low space-time-yield of biocatalytic 

reactions is often considered a drawback because typically only low substrate concentrations 

may be used. Thus, substantial improvement is required in this area. In the studies published 

so far, mesoporous supports show potential for the immobilization of biomolecules for 

industrial applications including sufficient mechanical stability, facile functionalization, 

tunable pore structure, size and morphology, and the possible shaping of (macroscopic) 

particles. However, whether ordered mesoporous silicas are able to compete with traditional 

supports such as silica or polymers is also a question of economics. Future research should 

focus on the development of continuously-operating reactor systems for multistep syntheses 

using cascade reaction employing chemo- and biocatalysts. A broad overview about 

biocatalysis in organic and in industrial synthesis is given in the following reviews: 2, 3, 148, 149 

and 150.       
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2.4.2.1 RESOLUTION OF RACEMIC MIXTURES, HYDROLYSIS AND 
ESTERIFICATIONS 

The separation of racemic mixtures is generally very difficult. Therefore, the chiral 

resolution of a racemate into pure enantomers is of outstanding importance, especially in the 

production of pharmaceuticals. The kinetic resolution and accordingly the transesterification 

of racemic (±)-trans-4-methoxy-3-phenylglycidic acid methyl ester is an industrially 

important process since the optically pure (2R,3S)-trans-4-methoxy-3-phenylglycidic acid 

methyl ester (Figure 2-14) is used as an intermediate for the production of diltiazem, which is 

an important drug for e.g. coronary diseases. 
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Figure 2-14. Kinetic resolution of racemic (±)-trans-4-methoxy-3-phenylglycidic acid methyl ester glycidate 
with α-chymotrypsin immobilized on MCM-41. 

Fadnavis et al. observed that immobilized α-chymotrypsin shows stereoselectivity 

towards the (2S,3R)-isomer, yielding trans-(2S,3R)-p-methoxy-3-phenylglycidic acid butyl 

ester (ee = 75 %) and trans-(2R,3S)-p-methoxy-3-phenylglycidic acid methyl ester with ee = 

65 % at a conversion of 45 %.151 The immobilization of the active α-chymotrypsin on 

MCM-41 is obtained by adsorption of the zymogene α-chymotrypsinogen A onto the 

mesoporous silica followed by its activation with trypsin. Furthermore, the activity of 

immobilized α-chymotrypsin in aqueous buffer stored at room temperature was found to be 

persistent for at least 100 recycles (20 recycles per day) over one week followed by a gradual 

decrease to 15 % during the next 10 days. It was confirmed that the inherent properties of 

α-chymotrypsin do not change after immobilization in the pores of MCM-41 and the resulting 

heterogeneous catalyst can be used in both aqueous and reverse micellar media for practical 

applications. 
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Figure 2-15. Resolution of (R,S)-2-octanol with lipase from different microbial sources immobilized on 
SBA-15. 

Yu et al. tested the resolution of 2-octanol with vinyl acetate as acyl donor by 

employing five different lipases (Pseudomonas sp., Candida cylindracea, Mucor miehei, 

Porcine pancreatic, and Candida lipolytic) physisorbed onto SBA-15 in various organic 

solvents including n-hexane, n-heptane, toluene and acetone (Figure 2-15).152 The highest 

enantiomeric excess (ee = 99 %) at a conversion of 52 % was achieved with immobilized 

lipase from Pseudomonas sp. (PSL) employing n-hexane as solvent. The authors reported that 

the optimum conditions are a reaction temperature of 50 °C, a molar ratio of vinyl acetate to 

2-octanol of 2:1 and a water activity of aw = 0.56. In order to test the recycling stability of the 

immobilized enzyme, the batch resolution was carried out under the optimum conditions for 

30 hours. Thereafter, the immobilized PSL was recovered by centrifugation and reused for the 

next batch reaction under the same conditions. It is shown that the adsorbed lipase exhibits a 

good reusability, but the enantiomeric excess and the conversion decrease from 99 to 95.6 % 

and from 52 to 49.5 %, respectively. 

OAc

lipase

OAc OHOH

+

(R) (S)racemic mixture  
Figure 2-16. Kinetic resolution of 1-phenylethanol catalyzed by Candida antarctica lipase B on modified silica 
mesocellular foam (MCF). 

Full resolution of the racemic mixture of 1-phenylethanol to (S)-1-phenylethanol and 

(R)-1-phenylethyl acetate (Figure 2-16) was achieved in a packed fixed-bed reactor.153 A 

standard HPLC column was filled with a catalyst consisting of lipase Candida antarctica 

lipase B immobilized on modified silica mesocellular foam (MCF) prepared by the pressure-

driven immobilization method. The catalyst-packed column was tested for continuous 

conversion of 1-phenylethanol. The flow rate was adjusted to give full conversion of 

(R)-1-phenylethanol (i.e. 50 % conversion of the (R)-1-phenylethanol and (S)-1-phenylethanol 

racemic mixture). The activity and enantioselectivity of the reaction remained constant in the 

beginning and decreased by 9 % after 48 h of reaction. Unfortunately, the conversion of 
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(R)-1-phenylethanol was 100 % at the beginning and so deactivation in the early stage of the 

reaction was not detected. A multitude of batch reactor experiments was carried out in order 

to determine the conversion of (R)-1-phenylethanol over immobilized lipase prepared by the 

pressure-driven method as well as the conventional method in comparison to a commercial 

catalyst (Novozyme 435) and free lipase (CALB). After 5 h, a conversion of 50 % based on 

the racemic mixture was achieved over the immobilized lipases, while only 45 % were found 

for the free lipase. After a thermal treatment at 80 °C, only the catalyst prepared by the 

pressure-driven method reached a conversion of 50 %, probably due to the higher stability of 

the immobilized lipase. However, leaching of the enzyme from the support catalysts was 

reported still to be a problem. 

A broad variety of esterifications is catalyzed by lipases. They belong besides proteases, 

amylases, amidases and esterases to the hydrolytic enzymes, which provide the major 

contingent of enzymes used for industrial processes.154 Lipases (triacylglycerol 

acylhydrolases, E.C. 3.1.1.3) have turned bit by bit to key enzymes in the growing 

biotechnology sector and find use in a wide array of industrial applications including food 

technology, detergents, chemical industry and biomedical sciences. Lipases are hydrolases 

which cleave the carboxyl ester bonds in triacylglycerols under aqueous conditions to liberate 

fatty acids and glycerol. The natural substrates of lipases are long-chain triacylglycerols with 

very low solubility in water. Therefore, the reaction is catalyzed at the lipid–water interface. 

Under micro-aqueous conditions (viz. the organic solvent contains a very small amount of 

water), lipases possess the unique ability to carry out the reverse reaction, leading to 

esterification, alcoholysis and acidolysis. Besides being lipolytic, lipases also possess 

esterolytic activity. In order to improve the catalytic potential of lipases and to enhance their 

utilization in industrial processes and for further applications, several strategies have been 

developed for efficient immobilization onto mesoporous silicas. 
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Figure 2-17. Esterification of caprylic acid with glycerol catalyzed by cross-linked lipase in hexagonal 
mesoporous silica. 

Holmberg and co-workers employed cross-linked lipase in hexagonal mesoporous 

silica, titania and alumina as catalyst for the esterification of caprylic acid using a mixture of 

glycerol and water as reaction medium (Figure 2-17).155 They found that the degree of 

esterification depends on the microenvironment of the enzyme and that hydrophobized silica 
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gave a higher degree of esterification. Furthermore, the mesoporous materials loaded with 

cross-linked lipase using glutaraldehyde as cross-linking agent can be reused and the relative 

amounts of caprylic acid and monocaprylin formed stayed at almost the same level during 

five consecutive runs. The authors claimed that this catalyst is well suited for 

biotransformations in a continuous fixed-bed reactor, but regrettably did not show any results 

to support their claims. 
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Figure 2-18. Transesterification of methyl (±)-mandelate and vinyl acetate in 1-butyl-3-methylimidazolium 
tetrafluoroborate or hexafluorophosphate catalyzed by immobilized lipase PS. 

A special case of an esterification, which is commonly employed in the synthesis of 

natural products, is the acetylation. Because of its manifold applications in organic synthesis, 

the enzyme-catalyzed acetylation using immobilized lipases was also tested.156,157 Methyl (±)-

mandelate (methyl-α-hydroxyphenyl acetate) was chosen as a model substrate for the lipase-

catalyzed reaction (Figure 2-18) using an ionic liquid as solvent; the enzyme was immobilized 

on methacrylpropyl-modified SBA-15. Itoh et al. showed that the acetylation of methyl (±)-

mandelate results in the formation of (−)-methyl (R)-mandelate with an enantiomeric excess 

(ee) larger than 99 %. The yield of the esterification product (+)-methyl (S)-α-acetoxyphenyl 

acetate amounts to 71 % with an ee of ca. 22 %.156,157 This type of reaction is potentially 

interesting since it allows kinetic resolution of racemic mixtures. 

Zhang et al. tested the hydrolysis activity of lipase adsorbed in siliceous mesocellular 

foams containing different amounts of residual template in the nanopores.158 In a subsequent 

step, the adsorbed lipase is cross-linked with glutaraldehyde. The authors found that the 

hydrolytic activity of the adsorbed lipases increased with increasing content of template in the 

mesopores. The non-ionic template in the pores influences the micro-environment of the 

immobilized lipase and enhances its activity. Lipase adsorbed in MCF containing 46 wt.-% of 
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template (based on the weight loss determined by TG) showed a hydrolytic activity which is 

about 22 times higher than that of the lipase immobilized on fully detemplated MCF. 

Furthermore, after six recycles, the lipase activity in triacetin hydrolysis is reduced to 66 % of 

its original activity for the adsorbed lipase and to only 88 % for the cross-linked lipase. 

2.4.2.2 GAS PHASE REACTIONS 
To exploit the lipolytic nature of lipases supported onto MCM-41 and Al-MCM-41, 

gas-phase enzymatic reactions were carried out in a continuously-operated fixed-bed reactor. 

Pires et al. examined lipases produced by five different microorganisms in the esterification 

reaction of acetic acid with ethanol.159 The lipases employed in this study were extracted from 

Rhizopus oryzae, Rhizopus niveus, Mucor javanicus, Ps. Fluorescens, and Pseudomonas 

cepacia. In addition, the transesterification of acetic acid catalyzed by free and immobilized 

lipases was tested in the liquid-phase in a batch reactor. In general, an increase of the turnover 

number for the liquid-phase reactions carried out with the immobilized lipases compared to 

the native enzyme was observed. Moreover, the rates of liquid-phase reactions were higher 

than those measured for the gas-phase reactions, but the concentration of reactants and the 

amount of catalyst used were lower in the gas-phase experiments and, thus, a reliable 

comparison is not possible. Finally, a higher activity was observed for the lipases 

immobilized on Al-MCM-41 compared to those immobilized on MCM-41. The authors 

explain this increase in activity by i) an increase in the amount of adsorbed water due to the 

presence of Al atoms on the surface and ii) an increase in acidity when Al atoms are 

introduced into the walls of the support. An increase in the acidity of the support would 

increase the reaction rate because the esterification of acetic acid with ethanol is an acid-

catalyzed reaction. Furthermore, an increased amount of adsorbed water results in an increase 

in the water activity of the enzyme. Both cases result in an enhanced activity of the 

biocatalyst. However, biocatalysis in the gas-phase offers several advantages over liquid-

phases: i) the mass transfer is more efficient, ii) the production of by-products is reduced and 

iii) products and unconverted substrates can be easily recovered by condensation.  

2.4.2.3 CHEMICAL BUILDING BLOCKS FROM RENEWABLE 
SOURCES 

Nowadays, non-food applications of renewable raw materials are manifold. Starch is the 

most common storage carbohydrate in plants and starch-based products are used in the 

detergent, pharmaceutical and cosmetic industry. Additionally, the use of polymer, oligomer 

and monomer starch derivatives, which can be obtained by simple and selective hydrolysis 
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using enzymes and acids, is increasing. Acid-catalyzed hydrolysis of starch was widely used 

in the past and is now step by step replaced by enzymatic processes (Figure 2-19). Since it is 

used by the plants themselves, by microbes and also by higher organisms, a great diversity of 

enzymes is able to catalyze the hydrolysis of starch. Thus, there is a large interest in 

heterogeneous catalysts based on α-amylase to produce dextrin, glue, starchy syrup or other 

food ingredients such as glucose. 
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Figure 2-19. Commercial glucose production from starch (80 % amylopectine and 20 % amylase) with α-
amylase and amyloglucosidase. 

Pandya et al. reported the covalent anchoring of α-amylase into SBA-15, MCM-41 and 

mesocellular foams (MCF).160 Due to the inability of α-amylase to hydrolyze α(1-6) bonds, 

the actual reaction products are dextrins rather than maltose. The highest starch conversion 

with a specific activity of 80 % of the free enzyme was observed for α-amylase immobilized 

on MCF possibly due to the higher enzyme loading. Furthermore, the structural features of 

MCF provide accessibility and more diffusional freedom for substrate and product molecules. 

The authors concluded that the two-dimensional pore structure of MCM-41 and SBA-15 

might impose diffusional restrictions on substrate and product molecules. In general, it was 

observed that the stability of α-amylase was enhanced by immobilization on the mesoporous 

support and the catalysts retain their activity in starch hydrolysis for 140 minutes. 
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Figure 2-20. Dextrin conversion with glucoamylase immobilized on Sibunit. 

Szymańska et al. reported the successful immobilization of invertase and glucoamylase 

onto 3-aminopropyl-triethoxysilane (APTS) and 2-aminoethyl-3-aminopropyl-

trimethoxysilane (AEAPTS) functionalized mesocellular foams (MCF) showing promise for 

sucrose and starch hydrolysis.161 The conversion of sucrose with immobilized invertase on 

functionalized MCF suggests that i) no deactivation due to pore blocking occurred during the 

run, and ii) mass transport limitations were absent. The authors pointed out that immobilized 

glucoamylase shows an activity of 84.6 % of the initial activity for starch conversion after the 

heterogeneous catalyst has been stored for one month.  

The dextrin conversion to glucose (Figure 2-20) with immobilized glucoamylase on 

Sibunit (a commercial porous carbon with a pore diameter of 18 nm) in a continuously 

operated process was investigated by Kovalenko et al.162 Three different types of reactors 

were used: i) a differential gradient-less reactor, ii) a packed-bed reactor and iii) an immersed 

vortex reactor (IVR). The packed-bed reactor was used to determine the stability of the 

biocatalysts. The height of the biocatalyst bed was varied from 0.5 to 5.7 cm. The substrate 

solution was circulated through the biocatalyst bed using a peristaltic pump with a flow rate 

that was varied from 3 to 550 ml·min-1. The authors found that the presence of dextrin 

enhances the thermal stability of the immobilized enzyme: in a 53 % dextrin solution the 

stability increases five orders of magnitude compared to a solution without dextrin. During 

the continuous hydrolysis of 30-35 % dextrin solution at 60 °C, the immobilized 

glucoamylase on Sibunit shows an inactivation half-time exceeding 350 h. The use of an 

immersed vortex reactor (IVR), which rotates the reactor body filled with the biocatalyst, 

increases the dextrin hydrolysis rate, as well as the process productivity by a factor of 1.2 to 

1.5 in comparison with the packed-bed reactor. 

2.4.2.4 BIOMASS REFINEMENT AND BIODEGRADATION 
Sulfur-containing compounds of biomass and petroleum are a well known problem for 

industry and environment. The oil refining industry has a large interest in the production of 

clean fuels including diesel and gasoline in order to fulfill the present and future rigorous 
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environmental regulations. But, however, the technological and economical feasibility of 

biocatalytic oxidation and subsequent separation of organosulfur compounds by distillation to 

obtain low-sulfur fuels is insufficient. Up till now, only few papers were published dealing 

with this topic, which provides an interesting area for future studies. 
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Figure 2-21. Oxidation of 4,6-DMDBT with hydrogen peroxide and immobilized CPO. 

The homogeneously catalyzed enzymatic oxidation of dibenzothiophene by laccase163 

and the oxidation of 4,6-dimethyldibenzothiophene (4,6-DMDBT) by immobilized 

chloroperoxidase from Caldariomyces fumago (CPO) were recently investigated.164,165 

Chloroperoxidase was immobilized on amorphous and ordered silica-based materials either 

by physical adsorption or covalent anchoring using an organosilane derivative; both catalysts 

were tested in the oxidation of 4,6-DMDBT with H2O2 as oxidant according to Figure 2-21. 

The performance in this reaction was investigated with respect to the addition of organic 

solvents (e.g. acetonitrile), the thermal stability of the enzyme and the influence of different 

supports such as SBA-15, SBA-16, MCM-41 and Al-MCM-41. It was found that the activity 

is reduced by only 20 % in the presence of 60 vol.-% acetonitrile solution compared to the 

homogenously-catalyzed reaction in a buffer solution containing 20 vol.-% acetonitrile. 

Surprisingly, CPO immobilized on Al-MCM-41, which shows the highest activity at room 

temperature in a reaction mixture containing 20 vol.-% acetonitrile, is no longer active in the 

presence of higher concentrations of acetonitrile. An increase of the temperature from 24 °C 

to 35 °C results in a 2.5-fold higher reaction rate for the immobilized CPO, while the rate of 

the native enzyme decreased by 20 %. In summary, this study indicates that immobilization of 

CPO on mesoporous materials might be a promising approach for this specific case in 

petroleum industry. However, major hurdles to be overcome are still the cost of CPO, its low 

stability and the insufficient space-time-yield (STY) in the outlined reaction system. 
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Figure 2-22. Oxidation of benzo[a]pyrene with immobilized laccase on SBA-15 using ABTS or HBT as 
mediators. 

The biodegradation of benzo[a]pyrene (BaP), which is known to be the most potential 

carcinogenic polycyclic aromatic hydrocarbon, was tested with laccase from Trametes 

versicolor immobilized on SBA-15 nanoparticles via physical adsorption and covalent 

coupling.166 The reaction scheme is presented in Figure 2-22. The oxidation experiments were 

performed in a buffered 20 ml reaction volume containing the immobilized laccase and BaP 

(20 µM); 2,2’-azino-bis-3-ethylbenzothiazoline-6-sulfonic acid (ABTS) and 1-hydroxy 

benzotriazole (HBT), respectively, were added as mediator. The oxidation products including 

1,6-benzo[a]pyrene quinone, 3,6-benzo[a]pyrene quinone and 6,12-benzo[a]pyrene quinone 

were identified. The authors showed that residual BaP in the reaction solution containing 

1 mM HBT and 1 % Tween 80 amounts to about 57 % after 24 h and decreases to ca. 40 % 

after 48 h using covalent bound laccase, while residual BaP using physisorbed laccase 

remains constant at about 60 %. An unsolved problem in the case of biodegradation is the 

bioavailability of the substrates. In the papers published so far, substrate concentrations still 

do not exceed a few µmoles per liter.  
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Vegetable raw materials are not only important for the production of food or food 

additives, they become more and more interesting for energy generation using biomass. 

Biodiesel is a non-petroleum-based diesel fuel consisting of fatty acid methyl or ethyl esters, 

which are obtained via transesterification of vegetable oils and/or animal fat. Although a lot 

of attention is given to the production of biodiesel, only one paper deals with biodiesel 

synthesis employing immobilized enzymes on mesoporous materials.167 Salis et al. reported 

the ethanolysis of sunflower oil for biodiesel production with immobilized Pseudomonas 

fluorescens lipase.167 The authors furthermore investigated the role of the surface nature of the 

used support, viz. SBA-15, surface-modified SBA-15, organosilicate, polypropylene and 

polymethacrylate carrying surface epoxy groups. The sunflower oil ethanolysis was carried 

out in 4 ml screw-capped vials containing 2 g of sunflower oil and ethanol in a molar alcohol-

to-oil ratio of 8 / 1. The reaction vials were shaken in a water bath at 30 °C. The authors found 

that all biocatalysts tested in the present study were active towards sunflower oil ethanolysis 

and exhibit only little differences in their performance. The highest yield (91 mol-%) of ethyl 

esters after 8 h of reaction time was obtained for lipase immobilized on organosilicate (MSE). 

A yield of 88 mol-% was achieved when polymethacrylate was used as carrier, the yield 

amounts to 84 mol-% for the other supports. In conclusion, it was shown that the bio-catalytic 

biodiesel production with immobilized lipase by performing a simple ethanolysis is in 

principle feasible. 

2.4.2.5 OXIDATIONS IN ORGANIC SYNTHESIS 
Oxidation reactions belong to the basic repertoire of organic chemistry. A multitude of 

oxidizing agents belongs to the toolbox of organic syntheses for the oxidation of alkenes, 

alcohols and carbonyl groups. In modern oxidations, tailor-made transition-metal complexes 

act as homogeneous catalysts. Although these metal complexes control the chemo-, regio-, 

stereo-, and enantioselectivity of oxidation reactions, they are expensive, often not 

commercially available and in most cases potentially toxic. Furthermore, harsh and energy 

consuming reaction conditions are often necessary. Horseradish peroxidase (HRP) belongs to 

the group of oxidoreductases and is used as a reagent for organic syntheses, 

biotransformations and in coupled enzyme assays. Some applications of HRP are small-scale 

organic syntheses including N- and O-dealkylation, oxidative coupling, selective 

hydroxylation and oxygen-transfer reactions. However, van de Velde et al. raised the general 

point that scale-up of peroxidase-catalysed enantioselective oxidations to industrial level will 

require a substantial reduction in the price of enzyme per unit of product.168 Solutions to this 
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problem may include better process management of hydrogen peroxide to avoid enzyme 

inactivation and use of engineered enzymes with improved stability and catalytic efficiency. 

NH
2

NH
2

HOO

N

N NH
2

NH
2

+

immobilized HRP

2,3-diaminophenazine1,2-diaminobenzene  
Figure 2-23. Oxidation of 1,2-diaminobenzene with immobilized HRP and tert-butylhydroperoxide as oxidizing 
agent. 

For evaluation of the catalytic activity and efficiency of HRP immobilized on 

mesoporous silica, the oxidation of 1,2-diaminobenzene in toluene as shown in Figure 2-23 

was selected as test reaction by Takahasi et al.169 The experiments were performed in the 

absence of water, tert-butylhydroperoxide was used as the oxidant and HRP was immobilized 

on FSM-16, SBA-15 and MCM-41 materials with different pore diameters. The conversion 

over HRP immobilized on FSM-16 (dp = 5.1 nm) and on MCM-41 (dp = 5.0 nm) amounts to 

75 % and 63 %, respectively, after 7 h. When HRP was immobilized on supports possessing 

smaller or larger pores than 5 nm, the conversion was lower. Thus, the authors concluded that 

the average mesopore sizes have to match the molecular dimensions of the enzymes in order 

to prepare biocatalysts based on mesoporous silica exhibiting high activity and good stability. 

2.4.2.6 PULP BLEACHING 
The most abundant polymer on earth besides cellulose is lignin. About 65 to 75 % of the 

dry mass of wood consists of lignin. It is extracted by the Kraft process, but for further 

applications, e.g. in the paper industries, it has to be bleached. 

Effluent

Bleaching
vessel

Substrate 
solution

MnP-FSM-16
column

MnSO4

H2O2

Malonic

acid

 
Figure 2-24. Schematic drawing of the two-stage reactor system for pulp bleaching involving MnP immobilized 
in FSM-16 (after reference 170). 



Literature survey 

   

42 

In an attempt to use manganese peroxidase (MnP) for chlorine-free pulp biobleaching, 

MnP from Phanerochaete chrysosporium has been immobilized on FSM-16 with a pore 

diameter of 7.0 nm.170 This support has a pore diameter comparable to the size of the enzyme 

and the immobilized MnP exhibits high thermal stability and tolerance to H2O2. MnP 

immobilized on FSM-16 retained more than 80 % of its initial activity even after 10 days of 

reaction. Moreover, a two-stage reactor system is proposed (Figure 2-24). in which the Mn3+ 

generation step and the pulp-bleaching step were separated. In the first step, the substrate 

solution comprising Mn2+, H2O2 and malonic acid (as a chelating agent) was introduced in a 

column packed with MnP supported on FSM-16. In the next stage, the Mn3+ malonate 

complex generated by the immobilized MnP was transferred into the bleaching vessel 

containing unbleached treated Kraft pulp. By using a two-stage reactor system, the conditions 

for the oxidation of Mn2+ to Mn3+ by MnP and the subsequent oxidation of lignin in pulp by 

Mn3+ can be optimized independently. The best results were obtained when the MnP reaction 

and the pulp-bleaching reaction were performed at 39 and 70 °C, respectively, MnP activity 

was maintained throughout the reaction and the brightness of the pulp after 9 h had increased 

from 61 to 70 %. 

2.4.2.7 DIRECTED DEGRADATION OF PROTEINS 
Many of the enzymes (e.g. lysozyme, papain, subtilisin Carlsberg and trypsin) 

investigated so far are proteolytic enzymes that have large potential in the area of 

proteonomics owing to their potential to produce characteristic peptides that allow peptide 

mass finger printing. In particular trypsin is one of the three principal digestive proteinases, 

the other two being pepsin and chymotrypsin. In the digestive process, trypsin acts with other 

proteinases to break down dietary protein molecules to their component peptides and amino 

acids. Trypsin is the most discriminating of all the proteolytic enzymes in terms of the 

restricted number of chemical bonds that it will attack. Good use of this fact has been made 

by chemists interested in the determination of the amino acid sequence of proteins; trypsin is 

widely employed as a reagent for the orderly and unambiguous cleavage of such molecules. 

Magner and co-workers developed and studied a “nanoporous reactor” based on cyano-

functionalized mesoporous silicates for efficient proteolysis employing trypsin.171 The 

trypsin-mediated digestion of proteins is reported to occur within its mesochannels. 

Mesoporous silica (dp = 18 nm) is used as support for trypsin and rapid in-situ digestion of the 

proteins cytochrome c and myoglobin is observed. After digestion, the generated peptides 

were analyzed by matrix-assisted laser desorption ionization time-of-flight mass spectrometry 

(MALDI-TOF MS). The authors pointed out, that proteolysis by trypsin immobilized in the 
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channels of mesoporous silica is much more efficient than digestion in solution. This 

observation is ascribed to the nanoscopic confinement and the concentration enrichment of 

the substrate within the mesopores. Thus, the invented “nanoreactor” combines the 

advantages of short digestion time with retention of enzymatic activity, thus providing a 

promising way to advance the development of proteomics. 

In contrast, Itoh et al. demonstrated that catalase immobilized on folded-sheet 

mesoporous material (FSM, pore diameter = 7 nm) shows high stability against trypsin.172 

The immobilized catalase was mixed with up to 4 mg/ml trypsin and the activity remains at 

100 %, while the activity of native catalase is reduced to 5 % by the addition of 0.08 mg/ml 

trypsin. The authors show that enzyme proteolysis was slowed down by immobilization. 

2.4.2.8 CASCADE REACTIONS 
Chemical processes in industry have to be efficient and economic and must obey 

environmental restrictions. Progress has not only been made in the development of new 

catalytic methodologies, but as well in simplifying the production process itself. Complex 

multi-step syntheses are wasteful and expensive due to the isolation and purification of 

intermediates. Cascade reactions offer an opportunity to circumvent these isolation and 

purification steps. A combination of different enzymes in a cascade or one-pot synthesis is 

easily feasible, because enzymes may work under similar reaction conditions with respect to 

temperature, pressure, pH-level and solvent. Therefore, the use of enzymatic and chemo-

enzymatic cascades will largely improve the efficiency of a given synthesis by reduction of 

the solvent volume and by reducing the work-up steps to one.  
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nitrobenzene hydroxylaminobenzene 2-aminophenol 2-aminphenoxazin-3-one  
Figure 2-25. Multistep synthesis of 2-aminphenoxazin-3-one. 

Luckarift et al. reported the combinatorial synthesis of 2-aminophenoxazin-3-one 

(APO) in a microfluidic device (Figure 2-25).173 Microfluidic channels (40 mm long × 

1.5 mm wide × 0.1 mm deep; 6 ml volume) were fabricated in polydimethylsiloxane. The 

resulting chip is fabricated with three 50 mm channels to form an exit network to retain the 

immobilized catalysts. The biocatalyst immobilized on silica was loaded into the channels by 

applying a vacuum to the product reservoir. Individual microfluidic chips containing metallic 

zinc, silica-immobilized hydroxylaminobenzene mutase (HAB-mutase) and silica-support 
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soybean peroxidase (SBP) are connected in series to create a chemo-enzymatic system for this 

synthesis. Zinc catalyzes the initial reduction of nitrobenzene to hydroxylaminobenzene 

(HAB) which undergoes a biocatalytic conversion to 2-aminophenol followed by the enzyme-

catalyzed polymerization to APO. The immobilization of the enzymes onto silica allows 

stabilization and facile introduction of the biocatalyst into the microfluidic device. The system 

proved to be suitable for the synthesis of a complex natural product (APO) from a simple 

substrate (nitrobenzene) under continuous flow conditions. This work is a fine example for a 

chemo-enzymatic microfluidic device allowing the synthesis of a natural product from 

nitrobenzene. The invented flow-through system can in principle be applied to the 

transformation of a broad variety of nitroarene substrates into their corresponding 

phenoxazinone products, and provides an attractive alternative to conventional chemical 

synthesis. This example shall trigger more work in this area including the use of mesoporous 

silicas as support for immobilization of the enzyme. However, it is at present not clear 

whether the increase in performance will justify the potentially higher price of the device. 

CH
3

C
2
H

5

N
H

C
H

CH
3

COOR

CH
3

C
2
H

5

N
H

COOR
H

CH
3

CH
3

C
2
H

5

N
H H

CH
3

COOH

CH
3

C
2
H

5

N
H

COOH
H

CH
3

+

(R,S)-NEMPA-ME (S)-NEMPA-ME (R)-NEMPA

(S)-NEMPA

PSL

CAL-B

R = methyl group

 
Figure 2-26. Preparation of (S)-(-)-NEMPA by two-step resolution of (R,S) NEMPA-ME by using lipase from 
Pseudomonas cepacia (PSL) immobilized on SBA-15 and lipase B from Candida antarctica (CAL-B). 

The biocatalytic two step approach for the production of a key intermediate for 

(S)-metolachlor, which is an herbicide from the chloroacetanilide family described by Zheng 

et al. is shown in Figure 2-26.174 (S)-N-(2-ethyl-6-methylphenyl)alanine ((S)-NEMPA) was 

produced by a lipase-catalyzed hydrolytic kinetic racemate separation. The resolution of the 

racemic NEMPA methyl ester ((R,S)-NEMPA-ME) to obtain the enantiomerically pure (R)-

NEMPA and (S)-NEMPA-ME via immobilized lipase occurs in the first step. For this reaction 

step, several different lipases were screened and the authors found that the lipase from 
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Pseudomonas cepacia (PSL) gives good conversion of 48.2 % and excellent 

enantioselectivity for (R)-NEMPA with an ee of 99 %.  

The second step is again a resolution, which transforms the (S)-NEMPA-ME to the 

(S)-NEMPA without any reduction in enantiomeric excess using lipase B from Candida 

antarctica (CAL-B). The stability of PSL was enhanced by its immobilization onto SBA-15, 

which allows a rise in reaction temperature from 20 °C to 50 ° resulting in an increase of 

conversion from ca. 10 % to 45 %. At a reaction temperature of 50 °C, it was found that the 

free PSL lost 64.5 % of its activity within 24 h, while only 32.0 % was lost for the 

immobilized PSL. The disadvantage of this procedure is the need to extract the (S)-NEMPA-

ME with ether from the buffered reaction mixture after the first step. Further work aiming at 

the creation of a continuous process without an isolation step is required.       
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Figure 2-27. Reaction cascade for the one-pot synthesis of (R)-1-phenylethyl acetate starting from acetophenone 
hydrogenation. Reaction steps: (1) hydrogenation of acetophenone to (R,S)-1-phenylethanol; (2) acylation of 
(R)-1-phenylethanol to (R)-1-phenylethyl acetate over immobilized lipase and formation of ethanol.  

Another nice example should be mentioned briefly, although the reaction is conducted 

with commercial immobilized lipase Novozym 435: the cascade approach for the one-pot 

synthesis of (R)-1-phenylethyl acetate (Figure 2-27). The reaction starts with the 

hydrogenation of acetophenone performed over MCM-41-supported palladium catalysts in 

combination with immobilized lipase.175 Ethyl acetate was used as an acyl donor and the 

experiments were carried out under 1 bar of hydrogen at 70 °C. In the first step, the selective 

hydrogenation of acetophenone over a Pd supported catalysts proceeds and (R,S)-1-

phenylethanol is formed. The R-enantiomer of the racemic mixture is acylated to (R)-1-

phenylethyl acetate, while the reaction of the S-enantiomer is not catalyzed by the lipase.         
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33  EEXXPPEERRIIMMEENNTTAALL  SSEECCTTIIOONN  

33..11  RREEAAGGEENNTTSS  

All reagents were used without further purification. 

 

chemical supplier 

Acetic acid / triethylamine – buffer Fluka 

3-Aminopropyl trimethoxysilane Sigma Aldrich 
2,2′-Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) 

diammonium salt Sigma Aldrich 

α,α`-Azobisisobutyronitrile Fluka 

Biphenyl VWR 

tert-Butyl hydroperoxide solution Sigma Aldrich 
(R,R)-(−)-N,N′-bis(3,5-di-tert-butylsalicylidene)-1,2-

cyclohexanediaminomanganese(III) chloride 
Sigma Aldrich 

(S,S)-(−)-N,N′-bis(3,5-di-tert-butylsalicylidene)-1,2-
cyclohexanediaminomanganese(III) chloride 

Sigma Aldrich 

Chloroperoxidase from Caldariomyces fumago Fluka 

Citric acid Riedel-de Haen 

o-Dianisidine Sigma Aldrich 

Dibenzothiophene Sigma Aldrich 

2,2-Dimethyl-2H-1-benzopyran-6-carbonitrile Sigma Aldrich 

Dipotassium hydrogenphosphate Sigma Aldrich 

Glucose Fluka 

Glycerol VWR 

Glucose oxidase from Aspergillus niger Sigma Aldrich 

Glutaraldehyde solution (50 wt.-%) Sigma Aldrich 

3-Glycidoxypropyl trimethoxysilane Sigma Aldrich 

Horseradish peroxidase Sigma Aldrich 

Hydrogen peroxide, Perhydrol© (30 wt.-%) Merck 

Indole Sigma Aldrich 

2-Indolinone (2-Oxindole) Fluka 

Maleic anhydride VWR 

Manganese Peroxidase Sigma Aldrich 



Experimental section 

   

47 

Manganese(II)sulfate Sigma Aldrich 

Pluronic P123 Sigma Aldrich 

Potassium chloride VWR 

Sodium dihydrogenphosphate Sigma-Aldrich 

Sulfuryl chloride Sigma Aldrich 

Tetraethyl orthosilicate (TEOS) Sigma Aldrich 

1,3,5-trimethylbenzene VWR 
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33..22  IINNSSTTRRUUMMEENNTTAATTIIOONN  AANNDD  MMEETTHHOODDSS  

3.2.1 POWDER X-RAY DIFFRACTION 

Powder X-ray diffractograms were recorded on a Seifert XRD 3003 TT equipped with a 

Meteor 1D detector operated at 40 kV and 30 mA using monochromatic CuKα-radiation 

(λCuKα = 0.15405 nm). The scattering experiments were conducted at 2 θ values from 0.8 ° to 

10 ° with a step size of 0.01 °. The acquisition time was set to 10 seconds per step. 

3.2.2 SORPTION MEASUREMENTS 

Nitrogen sorption isotherms were recorded on a Micromeritics ASAP 2010 at 77 K. 

Samples were degassed for 24 h at 200 °C in vacuum. The specific surface area was 

determined in the range of p/p0 values between 0.05 to 0.2 using the linearized BET 

equation.176 The specific pore volume Vpore was determined after capillary condensation was 

completed. The pore size distribution was routinely calculated by NLDFT using the NLDFT 

kernels developed by Quantachrome.177 Furthermore, for comparison, the pore size 

distribution was also determined by the BJH method178 (developed by Barrett, Joyner and 

Halenda) and the BdB theory179 (developed by Broeckhoff and de Boer).         

3.2.3 SMALL ANGLE NEUTRON SCATTERING 

SANS experiments combined with in-situ nitrogen and C5F12 adsorption were 

performed at the SANS spectrometer V4, located at the cold neutron guide (λ = 6 Å) of the 

Helmholtz-Zentrum Berlin für Materialien und Energie (formerly Hahn-Meitner Institut 

Berlin).180,181 By varying the sample-to-detector distance from 1.7 m to 12 m and a 

collimation of 8 m the scattering intensity was recorded in the range of 0.06 nm-1 < q < 

3.58 nm-1. The SANS investigations are based on the principle of „contrast matching“, which 

has been established as a powerful method to probe mesoporous structures by small angle 

scattering methods.182,183 In the present investigation, the pores of the mesoporous silica 

samples have been filled at 280 K with condensed C5F12 by volumetric controlled gas 

adsorption. Since the neutron scattering length densities of condensed C5F12 (3.43·10-6 Å-2) 

and silica (3.40·10-6 Å-2) are practical identical, the analysis of the scattering data is 

significantly simplified by reducing the contrast to the two phases. 
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3.2.4 UV/VIS – SPECTROSCOPY 

UV/Vis spectroscopy was performed on a Cary 50 spectrometer from Varian. Detection 

wavelengths were used as stated in the text. Samples were measured in quartz cuvettes with a 

volume of 3 ml and an optical path length of 10.0 mm. A fibre optical system for standard 

immersion probes from Hellma was used if required. 

3.2.5 IR – SPECTROSCOPY 

IR spectra were recorded on a Thermo Nexus FT-IR spectrometer equipped with an 

ATR unit using neat samples. 

3.2.6 NMR SPECTROSCOPY 

NMR spectra were obtained with a Varian Mercury-Plus 400 spectrometer (proton 

frequency 400.42 MHz). Liquid state spectra were recorded in CDCl3 unless otherwise stated. 

Solid state NMR spectra were obtained using a 5 mm solid MAS probe.  

3.2.7 ELEMENTAL ANALYSIS 

CHN elemental analysis was carried out using a Vario EL III from Elementar. Values 

given are in weight percent (wt.-%). The concentrations of particular metal elements were 

determined with a Varian ICP-OES Vista MPX Simultaneous. 

3.2.8 CYCLIC VOLTAMMETRY 

Cyclic voltammetric experiments were performed with a Voltalab PST 050 potentiostat. 

The measurements were carried out with a conventional three-electrode configuration. As a 

working electrode for native laccase, a glassy carbon electrode (GCE) with a surface area of 

7.06 mm2 was used. For the immobilized laccase, a homemade metal mesh electrode was 

employed with a surface area of 2 cm2. A platinum wire counter electrode and a saturated 

calomel reference electrode (SCE) were used for the native as well as for the immobilized 

laccase. Before each experiment, the surface of the glassy carbon electrode was polished on a 

diamond-polishing pad followed by a thorough washing step with distilled water. Thereafter, 

a laccase solution was added drop-wise onto the carbon electrode followed by drying in air. 

The immobilized laccase was mixed with carbon powder and was pressed into the metal 

mesh. 
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3.2.9 HIGH PERFORMANCE LIQUID CHROMATOGRAPHY 
(HPLC) 

For high performance liquid chromatography (HPLC) a LaChrom Elite HPLC system 

from Hitachi High Technologies was used. The system was equipped with a quaternary pump 

l-2130 with online degasser, an autosampler l-2200, column oven l-2300 and a diode array 

detector l-2455. 

The following tables illustrate the HPLC operation conditions and retention times for 

the products and starting compounds of the reactions discussed in this work.       

Table 3-1. HPLC operating conditions for the indole conversion. 

injection volume 20 µl 

column temperature 20 °C 

flow rate 0.6 ml min
-1

 

column LiChroCART 125-3 HPLC cartridge from Merck 

LiChrospher
®
 100 RP 18 

eluent water-methanol mixture (v:v = 30:70) 

Table 3-2. Retention times for the indole conversion. 

substance  retention time / min  

2-oxindole 1.8 

indole 3.0 

Table 3-3. HPLC operating conditions for the biodegradation of dibenzothiophene. 

injection volume 50 µl 

column temperature 20 °C 

flow rate 1.5 ml min
-1

 

column LiChroCART 125-4 HPLC cartridge from Merck 

LiChrospher
®
 100 RP 18 

eluent water-acetonitrile mixture (v:v = 40:60) 

Table 3-4. Retention times for the biodegradation of dibenzothiophene. 

substance  retention time / min  

DBT-O2 1.8 

DBT-O 2.3 

dibenzothiophene (DBT) 9.3 
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Table 3-5. HPLC operating conditions for the epoxidation of 2,2-dimethyl-2H-1-benzopyran-6-carbonitrile. 

injection volume 20 µl 

column temperature 20 °C 

flow rate 0.75 ml min
-1

 

column CC 200/4 Nucleodex alpha-PM from Macherey-Nagel 

eluent 0.1 % TEAA-methanol mixture (v:v = 30:70) 

Table 3-6. Retention times for the epoxidation products of 2,2-dimethyl-2H-1-benzopyran-6-carbonitrile in 
ethanol. 

substance 
retention 
time / min  

(3R,4R)-epoxy-3,4-dihydro-2,2-dimethyl-2H-1-benzopyran-6-
carbonitrile 

  8.4 

(3S,4S)-epoxy-3,4-dihydro-2,2-dimethyl-2H-1-benzopyran-6-
carbonitrile 

10.0 

2,2-dimethyl-2H-1-benzopyran-6-carbonitrile 25.5 
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3.2.10 GAS CHROMATOGRAPHY / MASS SPECTROSCOPY 
(GC/MS) 

A gas chromatograph CP3800 attached with a mass spectrometer Saturn 2200 from 

Varian was used for GC/MS analysis. 

Table 3-7. GC/MS operating conditions for the epoxidation of 2,2-dimethyl-2H-1-benzopyran-6-carbonitrile. 

inlet temperature  250 °C 

inlet pressure 10.5 psi (724 mbar) 

total flow  36.5 ml min
-1

 

column HP-5 cross-linked, 5% phenyl methyl siloxane column 

(capillary 30.0 m x 320 µm x 0.25 µm) 

oven temperature 100 °C 

10 °C·min
-1

 up to 200 °C, 1.0 min 

20 °C·min
-1

 up to 250 °C, 4.5 min 

250 °C, 15.0 min      

split ratio 1 / 25 

carrier gas Helium 

column flow 5.0 ml·min
-1

 

transfer line temperature 210 °C 

ion trap temperature 200 °C 

mass range 10 – 400 m/z 

background mass 45 m/z 

scan time 1 sec/scan 

target Autotune 

AM voltage 4 V 

filament 60 µA 

detector temperature 200 °C 
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33..33  AACCTTIIVVIITTYY  AASSSSAAYYSS  

The most frequently used methods in assaying enzymatic activities are photometrically 

methods in general and especially light absorption methods. In this work, all used assays are 

based on spectroscopic monitoring of the reaction rate of the enzymatically catalyzed 

conversion of substrate to product.  

dn V dA
dt d dt

=
ε ⋅

 3-1 

For a generalized analysis, equation 3-1 describes the time depended change of the 

amount n as a function of the time depended change in absorbance A. V is the volume of the 

reaction mixture, d the path length of the cuvette and ε is the molar extinction coefficient of 

the test substance. From the obtained value dn·dt-1, the activity in units can be calculated. 

3.3.1 CHLOROPEROXIDASE 

The standard activity assay for CPO184,185 was performed as follows: 1 ml of an aqueous 

monochlorodimedone (MCD) solution (0.1 mM in a citrate buffer, pH = 2.75), 1 ml of an 

aqueous KCl solution (20 mM in a citrate buffer, pH = 2.75) and 200 µl of an aqueous 

hydrogen peroxide solution (8.8 mM in a citrate buffer, pH = 2.75) were dispensed into a 

cuvette. An aliquot, typically 10 µl CPO solution or suspension, were added. The decrease of 

absorption (λ = 277 nm) of MCD was detected as a function of time. 1 Unit (U) CPO is 

defined as the amount of CPO that chlorinates 1 µmol MCD per minute at pH = 2.75 in the 

presence of chloride and hydrogen peroxide: 1 U CPO ≡ 1 µmol MCD·min-1 (see Figure 2-2). 

3.3.2 GLUCOSE OXIDASE 

The activity of glucose oxidase was routinely assayed according to the procedure 

published by Bergmeyer (Figure 3-1).186 This linked assay system with (horseradish 

peroxidase) HRP oxidizes o-dianisidine in the presence of D-glucose. The oxidized form of o-

dianisidine was monitored by UV/Vis at a detection wavelength of 500 nm. The final 

concentrations of 3.1 ml reaction mixture are: 48 mM of sodium acetate, 0.16 mM of 

o-dianisidine, 1.61 % (w/v) glucose, and 6 units of HRP. One unit will oxidize 1.0 µmol of D-

glucose to D-gluconolactone and H2O2 per minute at pH = 5.1 at 35 °C (equivalent to an O2 

uptake of 22.4 µl per minute). 
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Figure 3-1. Glucose oxidase activity test after Bergmayer.186 

In addition, another assay for glucose oxidase was invented in the diploma thesis of the 

author187 and further developed in the bachelor thesis of M. Paradiso.188 To 5 ml of a solution 

containing D-glucose (50 mM) and potassium iodide (100 mM), an aliquot of GOx was added 

(scheme 2). The detection wavelength is 352 nm. This procedure is termed as potassium 

iodide assay (KI assay). The enzyme activity assays are carried out with a Varian Cary 50 

spectrophotometer equipped with a SMA fiber-optic supplied by Hellma.  

3.3.3 LACCASE 

The laccase activity was determined spectrophotometrically. The reaction mixture 

consisted of 3 ml of an acetate (100 mM) buffered ABTS (5 mM) solution and an aliquot of 

immobilized laccase. The detection method is based on the oxidation of ABTS. Generally, the 

formation rate of the radical cation is measured at a detection wavelength of 420 nm (molar 

absorbance coefficient ε = 36000 M-1·cm-1).189 One unit of laccase activity was defined as the 

enzyme amount oxidizing 1 µmol substrate per minute. 

In the catalytic experiments, the amount of the converted ABTS was determined by 

fitting a full scan UV/Vis spectrum. ABTS has an absorption maximum at 430 nm, while the 

radical cation has its maximum at 414 nm and a lesser maximum at 395 nm. The ratios of the 

peak areas of the ABTS peak and of the radical cation peak provide information about the 

converted amount of ABTS. 

3.3.4 MANGANESE PEROXIDASE 

The activity of manganese peroxidase was spectrometrically determined via the 

oxidation of Mn2+ to Mn3+. The assay was performed in a malonic acid buffer solution (pH = 

4.5) at room temperature. 1 ml of an aqueous manganese(II) sulfate solution (0.3 mM) and 

10 µl of a hydrogen peroxide solution (30 mM) were added to 0.8 ml of the buffered solution 

(160 mM of malonic acid). The detection wavelength was 270 nm. 1 Unit (U) of MnP is 

defined as the amount of enzyme that oxidizes 1 µmol Mn2+ to Mn3+ per minute at pH = 4.5 in 

the presence of hydrogen peroxide (according to equation 3-2). 
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V volume of the reaction solution 
Venzyme volume of the enzyme containing fraction 
d thickness of the cuvette 
ɛ extinction coefficient (11.59 cm2·µmol-1) 
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33..44  SSYYNNTTHHEESSEESS  

3.4.1 SYNTHESIS OF THE MESOPOROUS SUPPORTS 

3.4.1.1 SYNTHESIS OF SBA-15 
In a Schott screw cap bottle (V = 500 ml), 4 g of the amphiphilic triblock copolymer 

Pluronic P123 were dispersed in 30 g of water and stirred for about 4 h until the copolymer 

was completely dissolved.82-84 Then 120 g of a 2 M aqueous HCl solution were added and the 

mixture was stirred for another 2 h. 9.5 g (45.6 mmol) of tetraethyl orthosilicate (TEOS) were 

slowly added under stirring. The resulting gel was stirred in a water bath at 40 °C for 24 h and 

finally heated in an oven for 48 h at 130 °C. Thereafter, the reaction vessel was cooled to 

room temperature. The resulting gel was mixed with 100 ml of ethanol and the as-synthesized 

SBA-15 was recovered by vacuum suction filtration over black ribbon filter paper. The 

material was then washed two times with 400 ml of a water-ethanol mixture (v:v = 3:1) and 

dried at 100 °C for 24 h. The template was removed by calcination at 540 °C.  

3.4.1.2 SYNTHESIS OF SBA-16 
Silica of the SBA-16 type with large cage-like mesopores (CLMM) were synthesized as 

follows: Pluronic F127 (EO107PO70EO107) and its mixtures with Pluronic P123 

(EO20PO70EO20) were used to attain average molar compositions EOXPO70EOX (X = 20 to 

107) in the copolymer blend.190 In a typical synthesis, the copolymers were dissolved in a 

solution of hydrochloric acid in distilled water. After the addition of TEOS, stirring was 

continued for Y hours (Y = 12 to 48 h) at A °C (A = 30 to 60 °C). Thereafter, the gel was 

placed in an oven at B °C (B = 100 to 130 °C) for Z hours (Z = 24 h to 7 days) under static 

conditions. Thereafter, the glass bottle was cooled to room temperature, the as-synthesized 

SBA-16 was recovered by vacuum suction filtration over black ribbon filter paper, washed 

two times with 400 ml of a water-ethanol mixture (v:v = 3:1) and dried at 100 °C for 24 h. 

The template was decomposed by calcination at 540 °C. The samples are denoted as EOX-A-

Yh-B-Zh, where X is the average EO stoichiometry in the polymer mixture, A is the 

temperature and Y the time for the magnetic stirring and finally B is the temperature and Z 

the related time for the hydrothermal treatment. 

3.4.1.3 SYNTHESIS OF MESOCELLULAR FOAMS (MCFS) 
In a representative MCF synthesis, 2 g of the EO20PO70EO20 triblock copolymer 

(Pluronic P123) were dissolved in 75 ml of 1.6 M HCl at 40 °C.85 Typically, 3 g of 
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1,3,5-trimethylbenzene (TMB) as organic swelling agent were then added to the solution; 

other ratios of P123 and TMB are explicit stated in the text. Thereafter, the mixture was 

stirred for at least 1 h. 4.25 g of tetraethyl orthosilicate (TEOS) were added as silica source 

and the mixture was stirred for 24 h at 40 °C and aged for another 24 h at 120 °C. After 

filtration, washing and drying (according to the procedure described in the synthesis of SBA-

16), the resulting powder was calcined at 540 °C for 48 h.  

3.4.2 SURFACE MODIFICATION OF THE MESOPOROUS 
SUPPORTS 

1.0 g of the mesoporous material was activated at 150 °C for 24 h under vacuum. The 

material was then transferred to a round bottom flask with stopcock and condenser. 50 ml of 

dry toluene and 2.0 ml (1.892 g, 8.55 mmol) of (3-aminopropyl) trimethoxysilane (ATS) were 

added under nitrogen. The reaction mixture was refluxed under magnetic stirring for 24 h. 

After cooling, the solid product was recovered by suction filtration. After washing with 

toluene (100 ml) and acetone (100 ml), a white solid was recovered that was dried under 

vacuum (10-3 hPa) for 3 h and stored under argon. The obtained materials are referred to as 

ATS-X. 

500 mg of ATS-X were mixed with 30 ml of an aqueous 1 wt.-% glutaraldehyde (GA) 

solution and stirred for four hours. Immediately after mixing, the suspension turned yellow, 

later orange and finally red. After four hours, the product was recovered by suction filtration 

over a filter funnel equipped with a D3 frit. Washing with 500 ml water yielded a red solid 

that was dried under vacuum (10-3 hPa). The recovered material is referred to as GA-ATS-X. 

3.4.3 SYNTHESIS OF ORGANIC COMPOUNDS 

3.4.3.1 (3R,4R)-3,4-DIHYDRO-2,2-DIMETHYL-2H-OXIRENO-
BENZOPYRAN-6-CARBONITRILE 

O

NC

O

NC
O

 

A buffered solution (pH = 11.3) consisting of 0.05 M Na2HPO4 and 1.0 M NaOH was 

mixed with a 14 % aqueous NaOCl solution (v/v = 1/1). Thereafter, the pH level was again 

adjusted to pH = 11.3 and the solution was cooled to 0 °C. To 10 ml of this solution, 200 mg 

(1.25 mmol) of 2,2-dimethyl-2H-1-benzopyran-6-carbonitrile and 63 mg (0.1 mmol) of (R,R)-
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(−)-N,N′-bis(3,5-di-tert-butylsalicylidene)-1,2-cyclohexanediaminomanganese(III) chloride in 

2.5 ml CH2Cl2 were added. The two-phasic reaction mixture was stirred for about 9 hours at 

0 °C. The heterogeneous mixture was filtered, the organic phase was separated and washed 

with 10 ml of a saturated NaCl solution and dried over Na2SO4. The resulting solution was 

evaporated to dryness and chromatographed on silica gel with toluene and ethyl acetate as 

eluent (v/v = 85/15). The ee of the product was determined by 1H NMR using Eu(hfc)3 as 

chiral shift reagent and amounts to almost 100 %.191 
1H-NMR (400 MHz, CDCl3); δH: 1.3 (s, 3H, CH3, lit: 1.3), 1.6 (s, 3H, CH3, lit: 1.6), 

3.54 (d, 1H, H-3, lit: 3.51), 3.91 (d, 1H, H-4, lit: 3.91), 6.86 (d, 1H, H-8, lit: 6.85), 7.53 (dd, 

1H, H-7, lit: 7.52), 7.65 (d, 1H, H-5, lit: 7.65). 

8 7 6 5 4 3 2 1 0

δ / ppm

 
Figure 3-2. 

1H NMR spectrum of (3R,4R)-3,4-Dihydro-2,2-dimethyl-2H-oxireno-benzopyran-6-carbonitrile. 

3.4.3.2 (3S,4S)-3,4-DIHYDRO-2,2-DIMETHYL-2H-OXIRENO-
BENZOPYRAN-6-CARBONITRILE 

O

NC

O

NC
O

 

The synthesis of (3S,4S)-3,4-Dihydro-2,2-dimethyl-2H-oxireno-benzopyran-6-

carbonitrile is similar to the procedure described in chapter 3.4.3.1, with the exception of the 

catalyst used. In this reaction (S,S)-(−)-N,N′-bis(3,5-di-tert-butylsalicylidene)-1,2-
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cyclohexanediamino-manganese(III) chloride was used as a catalyst. (3S,4S)-3,4-Dihydro-2,2-

dimethyl-2H-oxireno-benzopyran-6-carbonitrile mixed with a small amount of the (3R,4R)-

enantiomer and the chiral shift reagent Eu(hcf)3 result in the NMR spectrum shown in Figure 

3-3. The double doublet of H-7 is shifted from δH = 7.53 to 8.02 for the (3S,4S)-enantiomer 

and to 7.93 for the (3R,4R)-enantiomer, respectively.              

8.2 8.1 8.0 7.9 7.8 7.7

δ / ppm
 

Figure 3-3. 
1H NMR spectrum of (3R,4R)-3,4-Dihydro-2,2-dimethyl-2H-oxireno-benzopyran-6-carbonitrile and 

(3S,4S)-3,4-Dihydro-2,2-dimethyl-2H-oxireno-benzopyran-6-carbonitrile using Eu(hfc)3 as chiral shift reagent. 

3.4.3.3 (3S,4R)-TRANS-3,4-DIHYDRO-3,4-DIHYDROXY-2,2-
DIMETHYL-2H-OXIRENO-BENZOPYRAN-6-CARBONITRILE 

O

NC
O

O

NC

OH

OH

 

25 mg of (3S,4S)-3,4-dihydro-2,2-dimethyl-2H-oxireno-benzopyran-6-carbonitrile were 

dissolved in 1 ml of tetrahydrofuran (THF). Then 50 µl of water and 2.5 µl of perchloric acid 

(70 %) were added. The reaction mixture was stirred at room temperature for about 2 hours. 

Thereafter, 1 ml of water was added and the organic compounds were extracted with CH2Cl2. 

The organic phase was washed with 0.7 M sodium bicarbonate solution and then dried over 

anhydrous sodium carbonate over night. The solvent was evaporated under reduced 

pressure.192    



Experimental section 

   

60 

3.4.3.4 (3R,4S)-TRANS-3,4-DIHYDRO-3,4-DIHYDROXY-2,2-
DIMETHYL-2H-OXIRENO-BENZOPYRAN-6-CARBONITRILE 

O

NC
O

O

NC

OH

OH

 

The synthesis procedure of (3R,4S)-trans-3,4-dihydro-3,4-dihydroxy-2,2-dimethyl-2H-

oxireno-benzopyran-6-carbonitrile is similar to the one described in chapter 3.4.3.3. Here, 

(3R,4R)-3,4-dihydro-2,2-dimethyl-2H-oxireno-benzopyran-6-carbonitrile is used as starting 

material. 

3.4.3.5 (3R,4S)-TRANS-3,4-DIHYDRO-4-[(1,2-DIHYDRO-2-OXO-
4-PYRIDYL)OXY]-3-HYDROXY-2,2-DIMETHYL-2H-1-
BENZOPYRAN-6-CARBONITRILE 

O

NC
O

N

OH

OH

N

O

NC OH

O

O

 

200 mg (1 mmol) of (3R,4R)-3,4-dihydro-2,2-dimethyl-2H-oxireno-benzopyran-6-

carbonitrile and 100 mg (1 mmol) of 2,4-dihydroxypyridine and 80 µl of pyridine were 

refluxed over night in 5 ml of ethanol. The resulting solution was evaporated and 

chromatographed on silica gel with methanol and ethyl acetate as eluent (v/v = 20/80).193,194 
1H-NMR (400 MHz, DMSO); δH: 1.35 (s, 6H, CH3), 3.78 (t, 1H, H-3, lit: 3.79), 5.29 (d, 

1H, H-4, lit: 5.3), 5.95 (m, 1H, H-5’, lit: 5.96), 6.14 (d, 1H, H-3’, lit: 6.14), 6.97 (d, 1H, H-8, 

lit: 6.97), 7.28 (d, 1H, H-6’, lit: 7.29), 7.67 (m, 1H, H-5, lit: 7.66), 7.67 (m, 1H, H-7, lit: 7.66), 

11.1 (br s, 1H, NH). 
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Figure 3-4. 

1H NMR spectrum of trans-3,4-dihydro-4-[(1,2-dihydro-2-oxo-4-pyridyl)oxy]-3-hydroxy-2,2-
dimethyl-2H-1-benzopyran-6-carbonitrile. 

3.4.4 IMMOBILIZATION EXPERIMENTS 

In a typical immobilization experiment, 20 mg of the mesoporous support and an 

aliquot of the particular enzyme were suspended in 5 ml of a 0.1 mM aqueous citrate or 

phosphate buffered solution. Depending on the experiment, the cross-linker glutardealdehyde 

was also added. After shaking the samples for a certain time interval in a water bath, the solid 

was filtered and washed. More detailed information is given in the text. 
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3.4.5 BIOCATALYTIC EXPERIMENTS 

3.4.5.1 OXIDATION OF INDOLE – BATCH REACTOR 
Various amounts of immobilized CPO and GOx were given to 5 ml of an aqueous 

buffered indole (3.0 mM; 15 µmol) glucose (50 mM; 250 µmol) solution. The reaction was 

conducted at room temperature. Samples were withdrawn every 30 min and analyzed by 

HPLC. Detailed reaction conditions are stated in the text. 

3.4.5.2 OXIDATION OF INDOLE – FIXED-BED REACTOR 
For the continuous flow experiments, a fixed-bed reactor was filled with the 

immobilized CPO and GOx catalysts. A buffered indole (3.5 mM) glucose (50 mM) solution 

(pH = 5.5) was pumped through the reactor (similar to Figure 3-5 A). 

3.4.5.3 BIODEGRADATION OF DIBENZOTHIOPHENE 
A fixed-bed reactor was filled with the immobilized laccase and a buffered (pH = 5.0) 

acetonitrile (20 vol.-%) solution containing DBT (30 µM) and ABTS (1 mM) was pumped 

through the reactor at a flow rate of 0.2 ml·min-1 at room temperature (Figure 3-5 A). In 

another set of experiments, an air stream (75 ml·min-1) was piped through the reactor (Figure 

3-5 B). The last set-up consists of heater coil with a length of 1 m and a diameter of 1.5 mm 

to the outlet of the reactor and heated to 70 °C (Figure 3-5 C). Samples were withdrawn and 

analyzed by HPLC to determine the DBT conversion. The ABTS conversion was calculated 

from the UV/Vis-spectra. 

 
Figure 3-5. Schematic presentation of the different reactor types used in DBT biodegradation. 
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3.4.5.4 BIOTRANSFORMATION OF 2,2-DIMETHYL-2H-1-
BENZOPYRAN-6-CARBONITRILE 

IN AQUEOUS MEDIA 

23 U of cross-linked CPO and 14 U of cross-linked GOx in mesocellular foams were 

added to 5 ml of an aqueous buffered 2,2-dimethyl-2H-1-benzopyran-6-carbonitrile 

(0.25 mM) glucose (50 mM) solution at pH = 5.5. The reaction was conducted at room 

temperature (25 °C). Samples were withdrawn every hour and analyzed by HPLC. For 

recycling experiments, the solid biocatalyst was filtered off, washed and re-used. Detailed 

reaction conditions are stated in the text. 

For the continuous flow experiments, a fixed-bed reactor was filled with 23 U CPO-

CLEA-MCF and 14 U GOx-CLEA-MCF and a buffered 2,2-dimethyl-2H-1-benzopyran-6-

carbonitrile (0.25 mM) glucose- (50 mM) solution was pumped through the reactor. 

IN ORGANIC MEDIA 

Various amounts of native and immobilized MnP were added to 2,2-dimethyl-2H-1-

benzopyran-6-carbonitrile dissolved in glycerol. tBuOOH and H2O2, which was in-situ 

generated using GOx, acted as oxidizing agent. In some experiments MnSO4 was added. The 

reaction was conducted at room temperature. Samples were withdrawn and analyzed by 

HPLC. Detailed reaction conditions are stated in the text. 
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44  RREESSUULLTTSS  AANNDD  DDIISSCCUUSSSSIIOONN  

44..11  SSYYNNTTHHEESSIISS  AANNDD  CCHHAARRAACCTTEERRIIZZAATTIIOONN  OOFF  VVAARRIIOOUUSS  

SSBBAA--1166  ––  TTYYPPEE  MMAATTEERRIIAALLSS  

Various mesoporous silicas were synthesized using mixtures of Pluronic F127 

poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide) triblock copolymer and of 

Pluronic P123 triblock copolymer as supramolecular templates. The resulting materials were 

characterized using X-ray diffraction, transmission electron microscopy, and nitrogen 

adsorption. 

 
Figure 4-1. Tuning the pore structure of mesoporous materials by varying the composition of the polymer 
mixture, the synthesis time and the synthesis temperature.  

Tha major advantage of these types of porous materials is the possibility of tuning the 

textural properties like pore entrance diameter, pore cage diameter and surface area easily. 

The pore cage diameter was enlarged by increasing the synthesis temperature and 

hydrothermal treatment time as well as the content of P123 copolymer in the polymer mixture 

(Table 4-1). Furthermore, variation of these parameters allows also tailoring of the pore 

entrance diameter. These investigations are a step forward in the synthesis of mesoporous 

molecular sieves with independently tailored mesopore diameter and entrance size to fit to 
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enzyme dimensions. Tailor-made porous supports showing tight-fitting pore geometry can be 

synthesized in order to reduce enzyme leaching rates after adsorption.  

SBA-15 exhibits a channel-like pore structure, which is not well suited for the 

encapsulation of enzymes. A cross-section of SBA-15 and SBA-16 like pores as well as the 

changeover from a channel-like to cage-like pore geometry is illustrated in Figure 4-1. This 

changeover was achieved by adjusting the synthesis procedure. As summarized in Table 4-1, 

this work shows that the silica materials can be synthesized with a wide range of mesopore 

cage diameters and entrance sizes by using block copolymer mixtures as templates and by 

controlling synthesis temperature and time. The prospect of independently tailoring of pore 

cage and entrance size is an advantage of these materials in the immobilization of 

biomolecules.  

Table 4-1. Textural properties (specific surface area ABET, specific pore volume VP, pore diameter dP, pore 
entrance diameter dE) of a choice of SBA-16 – like materials synthesized under various conditions. 

Sample ABET / m2g-1 VP / cm3g-1 dP,max / nm dE,max / nm 

EO30-40-24h-130-48h 523 0.71 9.7 (broad) 5.2; 9.7 

EO40-40-24h-130-48h 599 0.78 9.2 5.0; 8.5 

EO50-40-24h-130-48h 538 0.83 9.1 5.1; 7.0 

EO60-40-24h-130-48h 656 0.89 9.0 5.0 – 7.0 

EO60-60-24h-130-48h 555 0.74 8.5 6.1 

EO60-50-24h-130-48h 589 0.80 8.5 5.0 – 6.5 

EO60-40-24h-130-48h 616 0.82 8.5 5.2 – 7.1 

EO60-30-24h-130-48h 578 0.74 8.5 5.1 – 7.2 

EO106-40-24h-130-7d 411 0.59 7.6 5.1 

EO106-40-24h-130-5d 449 0.63 7.7 5.1 

EO106-40-24h-130-3d 490 0.63 7.6 5.0 

EO106-40-24h-130-1d 664 0.63 6.8 5.0 

EO70-40-24h-130-48h 552 0.72 8.8 4.5 

EO80-40-24h-130-48h 939 1.16 7.9 4.0 

EO90-40-24h-130-48h 573 0.72 8.0 (broad) 4.5 

EO106-40-24h-130-48h 513 0.63 7.9 (broad) 4.2 
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4.1.1 NITROGEN SORPTION 

Measuring the adsorption of nitrogen is an important method for characterizing porous 

solids. These experiments allow the determination of the specific surface area, the pore 

volume, the pore size, and the pore size distribution. Although the techniques of gas 

adsorption and the methods of adsorption data analysis are apparently well established, an 

accurate and reliable evaluation of those properties is still a difficult task. The different types 

of isotherms as well as different types of hysteresis loops are classified by the IUPAC. The 

classification has been recommended as an aid in the use of adsorption for the 

characterization of porous materials. 

The nitrogen sorption isotherms recorded in this study are all of type IV according to 

the IUPAC classification. In general, in cases of adsorption and desorption in cylindrical 

mesopores, the hysteresis loop is quite narrow. Both the capillary condensation pressure and 

the capillary evaporation pressure are increasing with rising pore diameter.195 In the case of 

cage-like mesopores, three different desorption mechanism are known: cavitation, pore 

blocking and near equilibrium desorption (Figure 4-2).196  
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Figure 4-2. Different stages of adsorption and desorption in porous materials. Three possible regimes of 
evaporation from the cavity are classified: cavitation, pore blocking and near equilibrium desorption.   

The classical explanation for the sorption hysteresis in ink-bottle pores assumes that 

capillary condensation during adsorption is destined by the radius of curvature of the wide 
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body of the pores.197 Therefore, the capillary condensation pressure is a function of the cage 

diameter. During the desorption step, evaporation of the capillary condensate in the pores is 

“blocked” by liquid remaining condensed in the necks. Therefore, the size of the largest 

entrance of the present cage-type mesopore is linked to the capillary evaporation pressure, if 

evaporation takes place above the lower limit of hysteresis.197 The emptying of the interior 

parts of the cage-like mesopores cannot take place when no direct access to the surrounding 

gas phase is given. Due to the fact that not-ideal mesoporous materials consist of an 

interconnected network of pores of varying shape, curvature and size, pore blocking 

controlled desorption is not only depending on the size of the necks, but also on the 

connectivity of the network. Theoretical studies show that the two kinds of desorption 

mechanisms (cavitation and pore blocking) take place depending on the size of the necks, the 

nature of the fluid-solid interaction, and the temperature.196,197 In contrast to the pore blocking 

effect, the cavitation mechanism describes the desorption of condensed liquid in a large cavity 

via spontaneous evaporation while the liquid in the necks remains condensed. An extensive 

explanation of the interactions of network effects of capillary evaporation is described by the 

percolation theory.198 The attempt of an experimental examination of the underlying 

evaporation mechanism for the materials employed in this work is described in chapter 4.1.5.       

In Figure 4-3 the nitrogen sorption isotherms of four materials which were synthesized 

by varying the EO ratio of the polymer blend of the template are shown. A decrease of the EO 

content of the polymer mixture from EO60PO70EO60 to EO30PO70EO30 results in a sharper 

hysteresis loop. The shape of the adsorption branch remains almost unchanged, while the 

shape of the desorption branch is changed. Since capillary condensation during adsorption is 

controlled by the size of the cavities all samples are expected to possess uniform pore cages. 

The present materials show a wider pore size distribution for their necks than for their 

spherical cavities.  
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Figure 4-3. Left: nitrogen sorption isotherms of materials obtained by varying the copolymer blend of the 
reaction mixture. Isotherms are shifted by 400 cm3 g-1 for clarity (filled symbols present the adsorption branch, 
while the unfilled symbols represent the desorption branch). Right: calculated NLDFT pore size distribution of 
the adsorption branch (filled) and desorption branch (unfilled). 

Furthermore, for the EO40 and EO30 materials a stepped desorption branch is observed 

and the pore size distribution exhibits two maxima. The EO60 material shows no step in the 

desorption branch when the gel was aged at a temperature of 40 °C. However, an increase in 

aging temperature to 50 and 60 °C results in the occurance of stepped nitrogen desorption 

isotherms (Figure 4-4). The step in the nitrogen desorption isotherm is reported to be 

characteristic for plugged hexagonal templated silicas (PHTS).199,200 PHTS are hexagonally-

ordered materials showing combined micro- and mesoporosity with internal microporous 

silica nanocapsules, and a tuneable amount of both open and encapsulated mesopores. The 

observed crossover of the isotherm shape is interpreted in literature: The isotherm in Figure 

4-4 (bottom) is characteristic of a material with regular cylindrical mesopores that are 

accessible only through permeable microporous plugs. This is evident from the desorption 

branch of the isotherm and the shape of the hysteresis loop, which is characteristic for ink-

bottle pores.197 On the other hand, the isotherms in Figure 4-4 (top) and Figure 4-3 (top) show 

a one-step capillary condensation indicating uniform mesopores and a two-step desorption 

branch indicating two types of pores showing pore blocking and near equilibrium desorption. 

Assuming a hemispherical shape of the plugs and using the Derjaguin-Broekhoff-de Boer 

approximation201 for the attractive interactions with the pore walls, calculations show that for 
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a typical pore (Rcyl), the equilibrium meniscus is not formed during the adsorption process if 

Rplug > ca. 1.5·Rcyl.
197 In this case, the condensation pressure is determined by Rcyl. Thus, the 

capillary condensation in the open and closed pores occurs at the same relative pressure, when 

the metastable adsorption film on the cylindrical surface loses its stability.202,203 In the open 

sections, the desorption occurs at equilibrium conditions via receding meniscus (high-pressure 

desorption step). In the closed pores, the desorption is delayed until the vapor pressure is 

reduced below the limit of stability of condensed nitrogen. The fractions of opened and closed 

mesopores can be determined from the pore size distributions of the desorption branch. 

Nevertheless, in the interpretation of nitrogen isotherms, ink-bottle pores can be considered as 

blocked pores in the broadest sense. Thus, the materials showing stepped isotherms exhibit 

both hexagonal pore channels as well as cage-like pore cavities with the same pore diameter 

of the channels and the cages. The above described features match with the results obtained 

from the materials synthesized by changing the aging temperature from 30 to 60 °C, as shown 

in Figure 4-4. Furthermore, pore sizes calculated from the adsorption branches using NLDFT 

from the EO60-60-24h-130-48h and EO60-50-24h-130-48h materials feature a shoulder at a 

pore size of about 10.5 nm besides the peak maximum at about 8.5 nm. This shoulder 

corresponds to one maximum of the NLDFT pore size distribution calculated from the 

desorption branch of the isotherm. Therefore it is assumed that the first step of the desorption 

branch is ascribed to channel-like pores and the second step of the isotherm is dedicated to 

cage-like pores, respectively.  

A plugged channel is in the broadest sense nothing but a cage with smaller entrances. 

This means that a porous material consisting of cage-like and channel-like pores exhibits a 

similar shaped isotherm as a material with plugged channels. Time-resolved neutron 

scattering experiments demonstrate that in the first stage of the formation of mesoporous 

templated materials only spherical micelles are present.204 During the formation of the hybrid 

organic–inorganic micelles a transformation from spherical to cylindrical micelles takes place. 

The precipitation of SBA-15 material is associated with the self-assembly of hybrid 

cylindrical micelles into the two-dimensional hexagonal structure of SBA-15. 
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Figure 4-4. Left: nitrogen sorption isotherms of materials obtained by varying the aging temperature from 30 to 
60 °C. Isotherms are shifted by 400 cm3 g-1 for clarity (filled symbols present the adsorption branch, while the 
unfilled symbols present the desorption branch). Right: calculated NLDFT pore size distribution of the 
adsorption branch (filled) and desorption branch (unfilled). 

Nevertheless, the stepped isotherms shown in Figure 4-3 and Figure 4-4 are indicative 

of properties of channel-like and cage-like pores. Furthermore, the formation of mesoporous 

channel-like SBA-15 occurs via spherical micelles which are transformed to cylindrical 

micelles.204,205 In-situ SAXS experiments show that at early stages of the SBA-16 synthesis 

there exist only disaggregated spherical micelles. After a certain reaction time, these spherical 

micelles are organized in a cubic array, but unordered micelles coexist.205 In the SBA-15 

preparation a clear decrease of the micellar peak is observed. In line with these formation 

mechanisms and the observed results from the nitrogen sorption measurements, it is assumed 

that the materials showing stepped isotherms, exhibit channel-like and cage-like pores. By 

changing the experimental conditions, part of the spherical micelles are stable and organized 

in a cubic array. The residue of these micelles is transformed into cylindrical micelles and 

self-assembly into a two-dimensional hexagonal structure occurs. 
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Figure 4-5. Left: nitrogen sorption isotherms of materials obtained by varying the synthesis time from 1 day to 7 
days. Isotherms are shifted by 400 cm3 g-1 for clarity (filled symbols present the adsorption branch, while the 
unfilled symbols present the desorption branch). Right: calculated NLDFT pore size distribution of the 
adsorption branch (filled) and desorption branch (unfilled). 

Figure 4-5 shows the sorption isotherms of nitrogen at 77 K on four kinds of cage-like 

mesoporous materials with expanded cavities prepared by longer hydrothermal treatment up 

to 7 days. Noticeably, the pore size distribution is dramatically broadened with increasing 

synthesis time. The broadened pore size distribution and the moderate slope of the hysteresis 

loop indicate partial decomposition of the template during the hydrothermal synthesis. 

Nevertheless, for all the samples shown in Figure 4-5, the hysteresis loop closes sharply at a 

relative pressure of about 0.45 marginal above the lower limit of the adsorption-desorption 

hysteresis. According to theory, this indicates that desorption takes place via pore blocking 

and that the diameter of the narrow necks is smaller than approximately 5 nm.196-198 With 

increasing synthesis time, gradual enlargement of the narrow necks and the pore cavities is 

observed, which is in line with previous studies.190 Additionally, the position of the capillary 

condensation step in the isotherms is shifted to higher relative pressures, and thus the 

mesopore diameter increases as the hydrothermal treatment time is increased. The increase of 

the average EO block length and the increase in aging temperature do not result in such an 

intense shift. 
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4.1.2 ARGON SORPTION 

Furthermore, argon adsorption experiments were performed at 87.4 K on representative 

mesoporous materials at LabQMC Quantachrome Instruments. In order to distinguish 

cavitation and pore blocking, sorption isotherms were recorded using different adsorptives at 

a different temperature. In case of pore blocking, viz. percolation, form and shape of the 

desorption branch is independent of the choice of the adsorptive or the temperature. In case of 

cavitation, form and shape of the desorption branch depends on the choice of the adsorptive 

and the temperature.177      

0.0 0.2 0.4 0.6 0.8 1.0

A
d
s
o

rb
e
d
 V

o
l.
 A

rg
o
n
 /

 c
m

3

0

5

10

15

20

25

30

0

100

200

300

400

500

600

EO60-30-24h-130-48h 

0.0 0.2 0.4 0.6 0.8 1.0
0

5

10

15

20

25

A
d

s
o
rb

e
d

 V
o
l.
 N

2
 /
 c

m
3

0

100

200

300

400

500

600

EO60-40-24h-130-48h 

p / p0

0.0 0.2 0.4 0.6 0.8 1.0

A
d
s
o

rb
e
d
 V

o
l.
 A

rg
o

n
 /

 c
m

3

0

5

10

15

20

25

0

100

200

300

400

500

600

EO60-50-24h-130-48h 

p / p0

0.0 0.2 0.4 0.6 0.8 1.0
0

10

20

30

40

A
d

s
o
rb

e
d

 V
o
l.
 N

2
 /
 c

m
3

0

100

200

300

400

500

600

EO60-60-24h-130-48h 

 
Figure 4-6. Comparison of argon (filled symbols) and nitrogen (unfilled symbols) sorption isotherms of 
materials obtained by varying the aging temperature from 30 to 60 °C.           

The argon isotherms recorded at 87.4 K are comparable to the nitrogen isotherms 

recorded at 77 K as shown in Figure 4-6. For the materials EO60-60 and EO60-50 a stepped 

desorption branch is observed, while the EO60 material show no step in the desorption branch 

when the gel was aged at a temperature of 30 and 40 °C, respectively. As already observed 

from nitrogen sorption data (Figure 4-4), an increase in aging temperature (of above 40 °C) 

results in the occurance of stepped desorption isotherms. This step becomes more indicative 
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of the material synthesized by an aging temperature of 60 °C as compared to that synthesized 

at 50 °C.        

In general, as a first approximation, the argon data confirm the results obtained from 

nitrogen sorption measurements and support the theory that desorption takes place via pore 

blocking and that the diameter of the narrow necks is small.196-198 Furthermore, the 

assumption that the materials showing stepped isotherms, exhibit channel-like and cage-like 

pores is supported.  

4.1.3 BENZENE SORPTION 

Adsorption measurements are a useful tool for characterizing the textural properties of a 

mesoporous material. The benzene sorption experiments at 20 °C presented here will be 

compared to the routinely recorded nitrogen adsorption isotherms at 77 K. The main 

advantage of using an organic adsorbate like benzene instead of nitrogen is that condensation 

occurs at a lower relative pressure and larger pores can readily be characterized.  
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Figure 4-7. Benzene sorption isotherm of EO30-40-24h-130-48h recorded at 20 °C. Pore size distribution of the 
adsorption branch (filled) and desorption branch (unfilled) are calculated using BJH and BdB formalism, 
respectively. 

Early studies demonstrated that benzene is a useful adsorbate for the characterization of 

the adsorption properties of porous materials.206-209 Figure 4-7 and Figure 4-8 show the 

benzene sorption isotherm recorded at 20 °C and the pore size distribution after the BJH and 

the BdB formalism of the samples EO30-40-24h-130-48h and EO60-60-24h-130-48h, 

respectively. The shape of the adsorption branch of both materials remains almost unchanged, 

while the shape of the desorption branch is varied in accordance to the nitrogen sorption 

isotherms. The pore size distribution exhibits two maxima as a result of the stepped 

desorption branch. The observed one-step capillary condensation indicates uniform 

mesopores and the two-step desorption branch indicates two types of pores exhibiting pore 
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blocking and near equilibrium desorption. In general, a similar behavior in sorption 

characteristics is observed for the use of nitrogen and benezene, respectively.  
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Figure 4-8. Benzene sorption isotherm of EO60-60-24h-130-48h recorded at 20 °C. Pore size distribution of the 
adsorption branch (filled) and desorption branch (unfilled) calculated using BJH and BdB formalism, 
respectively. 

The pore size distributions shown in Figure 4-7 and Figure 4-8 are evaluated from the 

adsorption and desorption branches of the isotherms by the BJH method (right) and by the 

BdB theory (middle). A comparison of the obtained values is given in Table 4-2. The pore 

size distribution obtained by nitrogen sorption differs slightly from that obtained by benzene 

sorption. To account for this difference, Choma et al. introduced an additional correction 

constant into the Kelvin equation to make this method useful for the pore size determination 

from benzene adsorption data.206 Furthermore, the same authors found that for large-pore 

samples the BdB method developed for adsorption and desorption data provide better 

estimation of the pore widths compared to the BJH approach.210 Nevertheless, it is widely 

accepted that the Kelvin equation-based calculated pore size distribution (like BJH and BdB) 

systematically underestimates the pore sizes.211 Thus, minor differences between the 

calculated pore sizes by employing nitrogen and benzene as sorbent are a consequence of the 

calculation model used.  

The pore size distributions (PSD) obtained by nitrogen calculated with the BJH method 

are in line with those obtained by the benzene sorption calculated with the BJH and the 

Broekhoff – de Boer (BdB) approach. Furthermore, the general trends regarding the shape of 

the isotherm, e.g. the stepped desorption branch, can be observed for both adsorbates.  
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Table 4-2. Comparison of the maxima of the pore size distribution of the adsorption and desorption branch from 
nitrogen and benzene sorption measurements calculated after BJH and NLDFT and after BJH and BdB, 
respectively. 

dads. branch / nm ddes. branch / nm 

Nitrogen Benzene Nitrogen Benzene Sample 

BJH NLDFT BJH BdB BJH NLDFT BJH BdB 

EO30-40-24h-130-48h 10.1 9.4 10.3 10.3 4.2 / 8.0 5.1 / 9.7 3.0 / 7.4 4.5 / 9.3 

EO60-60-24h-130-48h 8.7 8.5 / 10.5 10.4 10.4 4.7 / 8.7 6.1 / 10.9 6.2 / 10.3 6.2 / 10.4 

 

4.1.4 POWDER X-RAY DIFFRACTION AND TRANSMISSION 
ELECTRON MICROSCOPY 

In this chapter, the X-ray diffraction analysis and transmission electron microscopy 

(TEM) images of a choice of mesoporous materials synthesized within this work are 

presented. Figure 4-9 shows the representative XRD patterns of calcined mesoporous silica 

materials synthesized with different aging temperatures ranging from 30 to 60 °C. The XRD 

results confirm a cubic structure.212 The reflections can be indexed according to the Miller 

indices. An intensive signal is observed for the (110) reflection at 2θ = 0.3 ° (inset of Figure 

4-9). With lower relative intensities the (200) and the (211) reflections appear at 2θ = 0.7 ° 

and 2θ = 1.3 °, respectively. Schüth and co-workers interpret the low relative intensities of the 

higher order peaks as a result of thick pore walls and the presence of a high amount of 

micropores.213 The (200) reflection at 2θ = 0.7 ° disappears with increasing aging 

temperature. This is accompanied by the appereance of the stepped desorption branch of the 

nitrogen isotherm as shown in Figure 4-4. It is assumed that the disappearance of the (200) 

reflection is the result of decreasing structural order when higher aging temperatures are 

applied. This fact may support the assumption that a cage-like and a channel-like pore 

geometry co-exist.         
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Figure 4-9. Powder X-ray diffraction patterns of the calcined mesoporous materials synthesized with an average 
polymer mixture EO60PO70EO60 and an aging temperature of 30, 40, 50 and 60 °C.  

Nevertheless, it is not easy to determine the structure of mesoporous materials only 

from XRD analysis, in particular when the XRD patterns show only few diffraction peaks at 

low scattering angles.214 Further structural information of the mesoporous materials is 

obtained by TEM images. Figure 4-10 and Figure 4-11 exhibit representative TEM pictures of 

the EO60-60-24h-130-48h and the EO60-30-24h-130-48h material, respectively. The TEM 

image in Figure 4-10 shows a well-ordered cubic mesoporous structure viewed along the 

(100) direction. The TEM image of EO60-60-24h-130-48h (Figure 4-11) reveals only ordered 

domains of restricted size (white circle). Thus, it is assumed that a decrease of order results in 

change of the porous structure. Hence, the percentage of cage-like pores in the ordered 

material is reduced, while the amount of channel-like pores in the disordered regions is 

increased.         



Results and discussion 

   

77 

 
Figure 4-10. TEM picture of the EO60-30-24h-130-48h. 

 
Figure 4-11. TEM picture of the EO60-60-24h-130-48h. 

Van der Voort et al. reported that varying the TEOS/surfactant ratio in the synthesis gel 

of SBA-15 results in a material consisting of the typical hexagonal SBA-15 cylindrical 

mesopores with internal microporous silica plugs.199 The authors concluded that the stepped 

desorption branch can be attributed to the desorption of the open fraction of the pores and the 

fraction of the mesopores that are “blocked” by the silica plugs. In contrast based on our 

results, we ascribe a structural change actuated by the synthesis conditions from cage-like 

pores of ordered cubic domains to channel-like pores of the disordered domains.            
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4.1.5 SMALL ANGLE NEUTRON SCATTERING 

The characterization of mesoporous materials concerning their textural properties is of 

major interest for their use in catalysis, adsorption and separation applications, respectively. 

The most important informations are the surface area, the porosity, the pore size, viz. the pore 

size distribution. Nowadays various techniques are used for the characterization of porous 

materials including gas adsorption, NMR and TEM, X-ray diffraction as well as small-angle 

scattering of X-rays and neutrons (SAXS and SANS). Today small-angle neutron scattering is 

a well-established characterization method for microstructure investigations from the near 

atomic scale (1 nm) to the near micron scale (600 nm). Since the construction of the first 

SANS instrument about 30 years ago, this technique becomes more and more an analytic 

routine characterization method. Furthermore, the combination of SANS and adsorption 

experiments offers the possibility to understand the fluid behavior in nanopores, especially in-

situ, viz. during the adsorption and the desorption process. Particularly, in the case of cage-

like mesoporous silica it is of fundamental interest to know the desorption mechanism, viz. 

pore blocking/percolation and cavitation to calculate the size of the pore neck from the 

desorption step of the isotherm. In recent years, SAXS and SANS has been applied to study 

fluid interaction in mesoporous solids.215 In a SANS experiment, a completely filled pore 

does not contribute to the scattering intensity because the scattering length density (SLD) of 

silica is equal to SLD of nitrogen. The scattering at the boundary between the solid and the 

liquid is negligible and therefore solid plus liquid can be treated as a single phase. This 

experimental procedure is named contrast matching and was firstly introduced by Bragg and 

Perutz into X-ray crystallography in 1952.216  

Recording SANS curves at various p/p0 during adsorption and desorption of nitrogen 

onto mesoporous silica, allows an unique insight into the process of nitrogen sorption. 

Consequently, the elucidation of the desorption mechanism is possible. Figure 4-12 and 

Figure 4-14 show the nitrogen sorption isotherm of the materials EO60-30-24h-130-48h and 

EO60-60-24h-130-48h, respectively. At each of the marked points, a SANS pattern was 

recorded. The corresponding patterns are shown in Figure 4-13 and in Figure 4-15. In general, 

the SANS curves show various interesting features regarding the porosity and the filling 

process. The relative intensity of the SANS curves show pronounced changes as a function of 

p/p0. The SANS curves of both materials show a peak maximum at about q = 0.5 nm-1. 

Starting from p/p0 = 0, the intensity of this peak maximum increases by increasing relative 

pressure up to almost p/p0 = 0.4. This is due to the initial filling of the micropores, while the 

mesopores stay empty leading to an apparently better-ordered material because of the 
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matched SLD of nitrogen and silica. A further increase in relative pressure results in a 

decrease of intensity and the peak maximum is shifted to higher q values because monolayers 

and multi-layers of nitrogen are formed on the surface of the mesopores. Thus, the mesopores 

detectable by SANS become smaller. During desorption, these general features are observed 

in reversed order. The specific properties of the SANS pattern of both materials under study 

are discussed in detail below.  
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Figure 4-12. Nitrogen sorption isotherm of EO60-30-24h-130-48h (the marked points show the p/p0 values at 
which SANS patterns were recorded).     

The global maximum at q = 0.577 nm-1 represents the cage to cage distance of the 

mesoporous material. This distance is calculated to 10.9 nm, while a cage size of about 

8.5 nm is deduced from NLDFT calculations. Here, a thickness of the pore walls of about 

2.4 nm has to be taken into account. Furthermore, a peak shoulder at 1.007 nm-1 is formed at 

p/p0 ≥ 0.645 of the adsorption branch, which disappears again at p/p0 = 0.839. The shoulder is 

only visible during the capillary condensation. On the other hand, this shoulder is also slightly 

visible at p/p0 = 0.481 and p/p0 = 0.448 during the desorption. The peak shoulder at 

q = 1.007 nm-1 corresponds to a “pore size” of 6.2 nm. The global maximum at q = 0.577 nm-1 

is assigned to the (100) reflection of the simple cubic pore lattice, while at higher q values, the 

oscillations of the form factor of the spherical pores dominate the scattering curve. It is 

assumed that the shoulder at q = 1.007 nm-1 appears after the nitrogen condensation in the 

pore entrances is completed at p/p0 = 0.645. The scattering caused by the pore necks is 

suppressed when the pore necks are filled with nitrogen. As a result thereof, the oscillations of 

the form factor vary. In summary, the scattering length density of the pore cages is more 

different from that of the surrounding area after the nitrogen is condensed in the pore necks. 
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For the SANS experiment, the contrast between pore cage and surrounding area is 

strengthened. The observed peak shoulder appears due to the oscillations of the form factor of 

the contrast-matched cages. In other words, the shoulder appears when nitrogen is condensed 

in the pore entrances while the pore cages are unfilled.                
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Figure 4-13. SANS patterns of EO60-30-24h-130-48h at different stages of nitrogen adsorption (left) and 
desorption (right).  

The SANS curves recorded along the desorption curve do not show a pronounced 

shoulder as observed for the adsorption curve (Figure 4-13). Therefore, during the desorption 

step, the condensed nitrogen in the pore cages starts to desorb together with that condensed in 

the pore entrances. Thus, it is assumed that EO60-30-24h-130-48h is a material exhibiting a 

cage-like structure and the desorption mechanism can be described by the pore-blocking 

theory. The increase in intensity of the peak observed at q = 0.577 nm-1 (between p/p0 = 0.660 

and 0.500 presenting the plateau region of the desorption branch of the isotherm) is due to 

pore cages which are connected directly to the outer surface.   

The textural characteristics of the SANS plots of EO60-60-24h-130-48h are similar to 

those discussed before. Nevertheless, the nitrogen sorption isotherm (Figure 4-14) exhibits 

two prominent steps in the desorption branch (see chapter 4.1.1) and thus different 

conclusions have to be drawn from the SANS curves in combination with the nitrogen 

sorption isotherm.  
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Figure 4-14. Nitrogen sorption isotherm of EO60-60-24h-130-48h (the marked points show the p/p0 values at 
which SANS patterns were recorded).     

The SANS patterns of the adsorption branch exhibit a global maximum at 

q = 0.551 nm-1. The shoulder of this maximum at q = 0.9557 nm-1 is visible at relative 

pressures between p/p0 = 0.5673 and 0.8179. Because condensation of nitrogen in the pore 

entrances started at p/p0 = 0.5673, the contrast matching is strengthened and thus, the peak 

maximum at q = 0.551 nm-1 and its oscillations become more dominant in the scattering 

curve.  
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Figure 4-15. SANS patterns of EO60-60-24h-130-48h at different stages of adsorption (left) and desorption 
(right).      

A shoulder in the SANS pattern is visible during the first desorption step, while the 

intensity of the peak at q = 0.551 nm-1 increases. This increase is stronger as compared to that 

of the SANS pattern of EO60-30-24h-130-48h recorded by relative pressures in the plateau 

region of the desorption branch of the isotherm.  

It is assumed that there are two contributions to this increase: i) the scattering of the 

empty pore cages connected to the outer surface and ii) the already empty channel-like pores. 

From the SANS data in combination with the corrsponding nitrogen sorption isotherm, it is 

assumed that during the first desorption step near equilibrium desorption ascribed to the 

emptying of channel-like pores takes place. While during the second desorption, emptying of 

the cage-like pores proceeds according to the pore-blocking mechanism.                      
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4.1.6 SOLID STATE NMR SPECTROSCOPY 

The 1H and 13C MAS NMR spectra of different as-synthesized silica cage-like materials 

are shown in Figure 4-16. All materials show signals assignable to the P123 and F127 co-

polymer blend. For aging temperatures of 30 and 40 °C, the methylene (Hb,d) and methine 

(Hc) proton peaks are separated. For higher aging temperatures, both peaks coincide and for 

an aging temperature of 60 °C even the proton peak of the methyl group (Ha) is not resolved. 

The observed broadening with increasing aging temperature is mainly ascribed due to the 

restricted mobility of the polymer template as a consequence of the polymer embedded in the 

silica matrix as discussed below.  
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Figure 4-16. Solid state 1H (left) and 13C (right) MAS NMR spectra of the as-synthesized silica materials. The 
1H signals are assigned as shown in the molecular formula of P123 above. The 13C signal at about 17 ppm is 
assigned to the methyl group, while the signal at 72 ppm represents all remaining carbons. 
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4.1.7 MODEL OF DYNAMIC MICELLE DISTANCES (DMD) 

The nature of the templating mechanism of mesoporous materials is still debated and a 

number of models are discussed in literature. However, the influence of the EO- and PO-

block lengths on the structure of the resulting mesoporous material is clarified in the 

literature.217,218,219 It is known that the length of the hydrophilic EO-block determines the 

formation of the silica mesostructure (lamellar, hexagonal, or cubic) and affects the wall 

thickness, while the hydrophobic PO-block influences the pore diameter of the material 

formed. Longer PO-blocks result in better-ordered domains and a larger fraction of well-

defined particles. The total polymer length determines the unit cell parameter. Furthermore, 

in-situ time resolved neutron scattering experiments of the SBA-15 synthesis demonstrate that 

only spherical micelles of the templating agent are present in the synthesis mixture in the first 

reaction step.204 In the second step, the formation of hybrid organic–inorganic micelles is 

accompanied by the transformation from spherical to cylindrical micelles, which aggregate 

into a two-dimensional hexagonal structure. Flodström et al. have described the initial stages 

of micelle formation during the synthesis of the cubic material SBA-16.205 They assume that 

the spherical micelles form ordered flocs, which do not coalesce. However, there may be a 

deformation of the spherical micelles to a slightly elongated shape. This elongation is the 

main reason for the line broadening observed in the NMR spectrum. Mesa et al. used dynamic 

light scattering (DLS) to follow the behavior and the formation of the micelles from the 

copolymer surfactants during the formation of SBA-16 and SBA-15 type mesoporous 

silica.220 They found that tetraethoxysilane (TEOS) is adsorbed onto the micelles where it 

hydrolyses. The resulting siliceous species coat the hydrophilic corona of the micelles and 

transform them into hybrid organic–inorganic micelles. The shape of the colloids formed 

from Pluronic F127 remains spherical but their size increases, whereas the colloids with 

Pluronic P123 are transformed from a spherical into an elongated shape. At a given 

temperature, these micelles aggregate into so called “liquid particles” in the case of SBA-16, 

which can be re-dissolved easily. During the aging process, the number of siloxane bonds 

between the aggregated hybrid organic–inorganic micelles increases and the ‘‘liquid 

particles’’ are transformed into solid particles. The micelles fuse together during the 

precipitation and solidification with interpenetration of the silica-covered PEO chains. In the 

case of SBA-15, the cylindrical hybrid organic–inorganic micelles formed during the silica 

coating overlap during the precipitation and solidification step. 

In this work, a model was conceptualized and proposed to explain the experimental 

findings. The following model coined dynamic micelle distances (DMD) combines the 
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previously presented experimental results with the above-described theoretical approaches. 

First, it should be noted that all the materials discussed here, are synthesized with mixtures of 

P123 and F127 as templates. Therefore, one cannot expect that the resulting micelles are 

exclusively spherical as in the case when only F127 is used. Thus, it is assumed that elongated 

micelles are present in the synthesis mixture, exhibiting variable distances among each other. 

When the TEOS adsorbed on the surface of the surfactant micelles undergoes hydrolysis, the 

distance between the micelles is fixed. Furthermore, decreases in the intermicelle distance due 

to an enhanced mobility of the micelles in solution, result in a sufficient overlap to form 

stable micelle aggregates as illustrated in Figure 4-17 (top and middle). Due to this variable 

overlap, the size of the pore entrance is changing and its distribution is broadened, while the 

diameter of the pore cage remains constant because of the constant micelle size (as described 

in chapter 4.1.1). In addition, the fusion of several elongated spherical micelles to form 

cylindrical micelles is also possible. In this case, a channel-like material of SBA-15 type is 

obtained (Figure 4-17, bottom). This means in general that different domains of channel-like 

and cage-like pore structure co-exist. This is in line with the NMR experiments shown in 

chapter 4.1.6. A widespread entrapment of the micelle by the silica framework due to larger 

distances of the micelles or a marginal overlap of themselves results in broadened NMR 

signals of the template. This type of cage-like material exhibits the 1H NMR spectrum and the 

nitrogen sorption isotherm shown in Figure 4-16 (bottom) and in Figure 4-4 (bottom), 

respectively. On the other hand, a large overlap of micelles results in an increased pore 

entrance diameter and in a broadened pore entrance distribution. Thus, the silica framework 

entraps the residual template less closely and consequently the 1H NMR signals are better 

resolved. Changes in the micelle environment lead to a transition from spherical to cylindrical 

hexagonally packed micelles resulting in SBA-15 type materials. This transition is initiated by 

the higher average molar EO contents of the copolymer blend in the synthesis mixture as well 

as the synthesis conditions (time and temperature). Furthermore, an incomplete transition 

results in the co-existence of spherical overlapped and cylindrical hexagonally packed 

micelles (Figure 4-17, bottom). The formation of mesoporous silica based on a mixture of 

templating micelles, viz. spherical overlapped and cylindrical packed, results in materials 

exhibiting nitrogen sorption isotherms with stepped desorption branches (Figure 4-4, top). 

Additionally, the 1H NMR spectra (Figure 4-16, top) are well resolved due to less restricted 

mobility of the template molecules.  
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Figure 4-17. Aggregation of elongated micelles with different distances (top and middle) and the origin of 
cylindrical micelles (bottom). 

In conclusion, the introduced model of dynamic micelle distances (MDMD) describes 

the change in distance of the template micelles due to a change in experimental conditions. 

The variation of these distances which are fixed after the hydrolysis of the silica source on the 

micelle surface is completed, results in porous materials exhibiting a variety of pore structures 

and geometries.    
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44..22  SSYYNNTTHHEESSIISS  AANNDD  SSUURRFFAACCEE  MMOODDIIFFIICCAATTIIOONN  OOFF  

SSBBAA--1155  

The mesoporous silica materials SBA-15 synthesized at 130 °C were grafted with 

3-aminopropyl trimethoxysilane (ATS). In a subsequent step, the aminopropyl moiety was 

reacted with glutardealdehyde (GA). The carbonyl function is introduced to react with the 

amino groups of enzymes. Via this approach, the covalent anchoring of enzymes onto a silica 

surface is possible. Covalent enzyme coupling is supposed to enhance the operational stability 

of immobilized enzymes in particular for their use in fixed-bed reactors, where leaching 

should be minimized.    

4.2.1 INFRARED SPECTROSCOPY 

To identify the functional groups of the grafted mesoporous siliceous material, infrared 

spectra were recorded. The IR spectra of the ATS-SBA-15 and GA-ATS-SBA-15 materials 

are shown in Figure 4-18. Both samples exhibit a strong band due to a Si-O-Si stretching 

mode at a wavenumber of 1010 cm-1 and a shoulder at about 1150 cm-1, which is ascribed to 

Si-CH2 vibrations.221,222 The amino-functionalized material ATS-SBA-15 exhibits an 

additional band at 2930 cm-1 indicative of the C-H stretching mode of CH2 groups in the 

propyl chain. The C-N stretching of the aminopropyl moiety vibration is typically observed at 

wavenumbers between 1000 and 1200 cm-1. However, this band is not resolved in our 

samples due to the overlap with the IR absorptions of Si-O-Si in the range of 1130 to 

1000 cm-1 and of Si-CH2 in the range of 1250 to 1200 cm-1.222  
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Figure 4-18. ATR-IR spectra of ATS-SBA-15 (red) and GA-ATS-SBA-15 (black). 

The glutaraldehyde-modified material GA-ATS-SBA-15 exhibits strong bands at 2930 

and 2865 cm-1.222 These bands are ascribed to aldehyde C–H stretching vibrations and alkyl 

C–H stretching vibrations, respectively. C=O and C=N stretching modes are detected at 

1666 cm-1 and 1570 cm-1, respectively. Noticeably, the band at 3350 cm-1 representing the N–

H stretching mode of the amino groups is detected as well. This implies that not all amino 

moieties of the ATS-functionalized silica have reacted with glutaraldehyde, which is in line 

with the chemical analysis. The silanol deformation band at 960 cm-1 is strongly decreased, 

giving additional evidence for the effective surface modification. 
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4.2.2 SOLID STATE NMR SPECTROSCOPY 

The solid-state 13C CP/MAS NMR spectra of the grafted ATS-SBA-15 and GA-ATS-

SBA-15 supports are shown in Figure 4-19. The ATS-functionalized SBA-15 exhibits 

resonances with chemical shifts of δ = 8, 19 and 40 ppm. These resonances are assigned to 

different carbons in the organosilane moieties denoted as C1, C2 and C3. After the reaction 

with glutardealdehyde, new signals appear at δ = 140 and 215 ppm which are assigned to the 

carbons C4 (C=N) and C8 (C=O), respectively. The broad signal between δ = 0 and 75 ppm 

contain contributions of the carbons C5, C6 and C7. The low signal/noise ratio is indicative 

for the incomplete functionalization of the silanol groups by ATS. 
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Figure 4-19. 

13C CP/MAS NMR spectra of ATS-SBA-15 and GA-ATS-SBA-15. 
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44..33  SSYYNNTTHHEESSIISS  AANNDD  CCHHAARRAACCTTEERRIIZZAATTIIOONN  OOFF  MMEESSOO--

CCEELLLLUULLAARR  FFOOAAMMSS  

Mesostructured cellular foams (mesocellular foams, MCFs) are composed of uniformly 

sized, large spherical cells which are interconnected by uniform windows creating a 

continuous 3-D pore system. The addition of 1,3,5-trimethylbenzene (TMB) as organic co-

solvent to the synthesis mixture induces a phase transformation from the highly ordered 

p6mm mesostructure of SBA-15-type mesoporous silicas to mesocellular foams, wherein 

TMB acts as swelling-agent. The large pore structure renders these materials suitable for the 

encapsulation of cross-linked enzyme aggregates (CLEAs). Through the smaller windows, 

enzymes can enter the cavities, where agglomeration and cross-linking with glutardealdehyde 

will take place.                  

4.3.1 NITROGEN SORPTION 

The nitrogen adsorption isotherms observed for the MCF materials are of type IV 

according to IUPAC classification. The large H1 hysteresis loop at relative pressure in the 

range of about 0.7 to 0.95 indicates the presence of large pores. The structural and textural 

parameters of MCFs were controlled by tuning the ratio of the amount of swelling agent and 

block polymer. Three representative isotherms of MCFs synthesized with different template 

to 1,3,5-trimethylbenzene ratios as well as the corresponding pore size distributions are shown 

in Figure 4-20.85 Higher ratios lead to a shift of the nitrogen sorption isotherms to higher p/p0 

values indicating increases of pore sizes and window diameters and support the proposed ink-

bottle-type pore structure.  
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Figure 4-20. Nitrogen sorption isotherms at 77 K and BJH pore size distribution (insert) of MCF supports 
synthesized with different polymer to co-solvent ratio; the filled symbols present the adsorption branch, while 
the unfilled symbols present the desorption branch. mTMB/mP123 = 0.25 (top), 0.55 (middle) and 1.5 (bottom). 
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Furthermore, the BJH pore size analysis as a good approximation emphasize that the 

MCFs possess large cells which are connected by narrower windows.85 With increasing 

amount of TMB added, the cavity diameter (determined from the adsorption branch) and the 

pore entrances (calculated from the desorption branch) are enlarged, while the specific surface 

areas and pore volumes decrease (Table 4-3). However, independent variation of the pore 

entrance and the pore cage diameter is not possible with the described synthesis strategy.            

Table 4-3. Diameter of the pore cages and the pore entrances, specific surface area ABET and pore volume as a 
function of the mass ratio of TMB and P123 in the synthesis gel. 

mTMB/mP123 dcavity / nm dentrance / nm ABET / m2g-1 VP / cm3g-1 

0.25 15.9 12.0 541 1.4 

0.55 27.7 13.5 535 0.8 

1.50 35.5 17.8 464 0.4 
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4.3.2 POWDER X-RAY DIFFRACTION AND SMALL ANGLE 
NEUTRON SCATTERING 

The X-ray diffraction pattern (not shown) reveals a well-resolved, distinct broad peak at 

2θ = 0.37 for the MCF (mTMB/mP123 = 0.55, MCF-0.55) support, indicating the ordered 

structure of the material. The resulting d-spacing amounts to dsphere = 23.8±0.5 nm. The d-

spacing calculated from the SANS plot results in dsphere = 24.5±0.5 nm.       
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Figure 4-21. SANS plot of the MCF material (mTMB/mP123 = 0.55). 

The correlation between the d-spacing and the pore cage and entrance diameter shown 

in Figure 4-22 is given in equation 4-1. The pore size distribution of the pore cage calculated 

from the nitrogen isotherm by the BJH formalism results in a maximum at 34.6 nm with a 

half-width of 8.6 nm. The maximum and the half-width of the pore size distribution of the 

pore entrance amount to 17.8 nm and 5.8 nm, respectively.  
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Figure 4-22. Denotation of the spacings dsphere, dcavity and dentrance. 

A d-spacing of 29.7 nm was calculated from the adsorption data assuming an ideal 

porous structure as shown in Figure 4-22. Since, the Kelvin equation based on the BJH 

formalism does not take into account the solid-fluid interactions on capillary condensation203, 

the calculated d-spacing is somewhat lower than the results from the SANS experiments.  
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44..44  EENNZZYYMMEE  IIMMMMOOBBIILLIIZZAATTIIOONN  

The immobilized enzyme catalysts are prepared by adsorbing or covalently coupling 

enzymes to the interior surface of porous silica particles. During the immobilization process, 

the enzymes diffuse from the solution into the porous matrix. To characterize the suitability of 

the mesoporous host for enzyme immobilization and to optimize the process itself several 

physicochemical parameters have to be investigated: a) the time required to reach adsorption 

equilibrium, b) the total enzyme uptake and c) the resulting activity of the enzyme-silica 

hybrid material.  

4.4.1 ADSORPTION OF CHLOROPEROXIDASE  

In the first chapter, the adsorption of chloroperoxidase onto SBA-15, SBA-16 and MCF 

materials is discussed. These materials are used as enzyme hosts due to their porous structure. 

The adsorption experiments were carried out using SBA-15 and SBA-16 materials exhibiting 

a channel-like and a cage-like pore structure, respectively, as well as MCFs showing enlarged 

pore cavities and enhanced surface area.            

The CPO uptake was determined from its Soret absorbance using UV/Vis spectroscopy 

and by determination of the iron content via ICP-OES. The activity of the immobilized CPO 

and the CPO stock solution was quantified from the MCD activity assay.          
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4.4.1.1 ADSORPTION KINETICS OF CHLOROPEROXIDASE ONTO 
MESOPOROUS SILICA 

SBA-16 TYPE MATERIALS 

The kinetic adsorption experiments were carried out in order to evaluate the enzyme 

uptake and adsorption rate of chloroperoxidase onto the mesoporous siliceous supports. The 

time necessary to reach the adsorption equilibrium is also investigated for the different 

supports. The adsorption rate of proteins may be limited in principle by a slow diffusion 

and/or slow adsorption. The kinetics of a protein adsorption step may be slow if a protein has 

to change its three-dimensional structure during the adsorption process. However, in case of 

mesoporous silica hosts it was found that adsorption equilibrium depends mainly on electrical 

forces, which are instantaneous.124 The process of adsorption is a two-regime process.223 At 

the initial stage, the solid surface is bare, and the kinetics of adsorption is governed by the 

diffusion of the molecules from the bulk solution to the surface followed by its attachment 

onto the surface and possible conformational changes. These steps are rate determined 

regarding the adsorption process. The mass transport can be interpreted using Fick´s law of 

diffusion (see equation 4-2), where k is the diffusion rate. 
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Figure 4-23. Relative amount of CPO in solution as a function of time; 20 mg support, pH = 3.8, 20 °C, 2 ml 
CPO solution, initial CPO concentration: 5.68 µmol·l-1. The solid lines represent a fit of the experimental data 
employing a pseudo-first order kinetic adsorption model. 
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Nevertheless, the experimental data of this study cannot be fitted using the Fick law of 

diffusion, but the fit with Lagergren´s kinetics equation is remarkably good (see equation 

4-3). In 1898, Lagergren presented a first order rate equation for the adsorption of ocalic acid 

and malonic acid onto charcoal.224 Lagergren´s kinetics equation describes the adsorption of 

liquid-solid systems based on solid capacity. In order to distinguish kinetics equation based on 

the adsorption capacity of solids from solutions, Lagergren´s first order rate equation is called 

pseudo-first order. It is an attempt to formulate a general expression for the description of the 

kinetics of liquid adsorption on solid surfaces.         

( )0 expt ads adsn n f k t= + ⋅ − ⋅  4-3 

The rate of adsorption is expressed as described in equation 4-3, where nt is the residual 

amount of CPO in solution and n0 is the starting amount of CPO. Using this equation, the 

determined data points can be fitted accurately as shown in Figure 4-23 and in Figure 4-25. 

As expected, the enzyme uptake relates to the adsorption rate and slight changes in the pore 

structure result in a significant change of the adsorption kinetics. In Figure 4-23 the decrease 

of the amount of CPO in solution after the addition of SBA-16-type materials is shown. The 

materials differ in the ratio of the co-polymer blend of the synthesis mixture: the average 

molar compositions increases from EO30 to EO60. These materials exhibit comparable 

diameters of pore cages and of pore entrances, while the pore volume increases from 0.71 to 

0.89 cm3g-1 for EO30 to EO60.       
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Figure 4-24. Dependency of the uptake of CPO as a function of the average molar composition of the co-
polymer blend of the material (left) and of the aging temperature during the synthesis (right), 20 mg support, pH 
= 3.8, 20 °C, 2 ml CPO solution, initial CPO concentration: 5.68 µmol·l-1. 

The enzyme uptake of the materials increases from 4.2 to 10.9 nmol (Figure 4-24 left) 

with an increasing average molar composition from EO30 to EO60 (VP = 0.71 to 0.89 cm3g-1). 

On the other hand, the adsorption rate decreases from 0.032 to 0.007 h-1 (Table 4-4). 

Assuming, that low enzymes uptakes occur faster because the equilibrium is reached earlier, 
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low uptakes correspond to high adsorption rates and vice versa. An increase in the aging 

temperature of the materials during synthesis results also in an enhanced CPO uptake as 

shown in Figure 4-24 right. Of the initial 11.36 nmol of CPO in solution about 4 nmol (35 %) 

and 8.7 nmol (71 %) are adsorbed onto EO60-30-24h-130-60h and onto EO60-60-24h-130-

60h, respectively. This set of materials exhibit similar pore volumes of about 0.8 cm3g-1, 

specific surface areas of about 600 m2g-1, and pore cages with diamters of 8.5 nm. The 

material EO60-60-24h-130-60h features a sharp pore size distributions for the pore entrance 

with a diameters 6.1 nm, while the other materials show broadened distributions for the 

entrance diameter of 5 to 7 nm.         
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Figure 4-25. Relative amount of CPO of the solution as a function of time; msupport = 20 mg, pH = 3.8, 20 °C, 
2 ml CPO solution, initial CPO concentration: 5.68 µmol·l-1. The solid lines represent a fit of the experimental 
data employing the pseudo-first order adsorption kinetic model. 

For optimized immobilization processes, it is necessary to reach high loadings in 

reasonable time. Therefore, a broader variety of differently structured materials is tested in 

CPO adsorption (Figure 4-25). The most characteristic parameters, like enzyme uptake and 

the adsorption time until the maximum (extrapolated) uptake is reached are listed in Table 

4-4. 
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Table 4-4. Characteristic parameters for CPO adsorption onto several mesoporous cage-like silica materials.   

sample 
calculated 
uptake /  

nmol⋅g
-1

 

kads / h
-1

 
calculated adsorption time until 

equilibrium-loading is reached / d 

EO60-40-24h-130-48h 545 0.007 27.4 

EO50-40-24h-130-48h 230 0.016 12.0 

EO40-40-24h-130-48h 380 0.015 12.8 

EO30-40-24h-130-48h 210 0.032 6.0 

EO40-50-24h-130-48h 450 0.011 17.4 

EO30-50-24h-130-48h 275 0.014 13.7 

EO60-30-24h-130-60h 245 0.019 10.1 

EO60-40-24h-130-60h 205 0.099 1.9 

EO60-50-24h-130-60h 255 0.105 1.8 

EO60-60-24h-130-60h 435 0.033 5.8 

EO80-40-24h-130-48h 320 0.134 1.4 

 

Table 4-4 summarizes the possible CPO uptake and the necessary adsorption time to 

reach the thermodynamic equilibrium. Promising candidates for the use as enzyme supports 

are materials, which can reach the equilibrium CPO loading in less than two days. EO80-40-

24h-130-48h shows a high adsorption rate of 0.134 h-1, viz. the equilibrium CPO loading is 

reached after 33.6 h and 56 % of the initial amount of CPO (11.36 nmol) are adsorbed. Thus, 

this material fulfills the above-mentioned requirements.    

Materials exhibiting enlarged pore sizes as well as increased pore volumes and surface 

areas, show an enhanced enzyme loading. In general, materials possessing a broader pore size 

distribution show higher CPO adsorption capacities as compared to those showing a sharp 

pore size distribution. It can be concluded that large differences in adsorption behavior, viz. 

adsorption kinetics and enzyme uptake of the respective support exist.  

Nevertheless, the diffusion of the enzymes into the porous network is the rate-limiting 

step during the adsorption process. Each mesopore in the body-centered cubic SBA-16 

structure is connected with its eight adjacent pores, forming a 3D pore network system. The 

limited number of connections of network cages with the outer particle surface reduces the 

access of the enzymes to the network. From this point of view, the morphology of the support 

will influence the adsorption rate and the enzyme loading as well.       
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MCF MATERIALS 

A completly different and interesting adsorption behavior for CPO is observed for 

mesocellular foams (Figure 4-26). Here, the CPO uptake passes through a maximum about 

30 minutes after the start of the adsorption. Thereafter, the concentration of CPO in the 

adsorption solution increases again. In other words, the thermodynamic equilibrium is 

reached after desorption of CPO which was previously adsorbed and an adsorption maximum 

is passed. Within this work it will be demonstrated that this effect can be qualitatively 

understood by assuming exponential relations between the second order sorption rate 

constants and the surface coverage, but the mechanism which is responsible for such relations 

must be specified. The experimental data can be fitted by employing the second order 

sorption kinetic model described in equation 4-4: 

( ) ( )0 exp expt ads ads des desn n f k t f k t= + ⋅ − ⋅ + ⋅ − ⋅  4-4 

The experimental results are explained by adapting the Vroman effect, which describes 

the adsorption of proteins from blood plasma. This effect is focused primarily on adsorption 

and displacement phenomena occurring on a surface and is subdivided by the following 

observations:225 

1. Proteins adsorb essentially irreversibly in the absence of other proteins on a surface; 

washing that surface with protein-free solute does not remove the protein in a 

reasonable time. 

2. Proteins can replace themselves.  

3. Different proteins have different affinities for a given surface. When a protein is 

exposed to a surface bearing a protein that has a lower affinity, this protein replaces at 

least some of the proteins, which have previously been adsorbed. 

4. The fraction of a protein that can be displaced under given solution conditions 

decreases with the length of time the surface was exposed to the first protein. 

5. When a protein is allowed to adsorb to steady state from a solution containing no other 

protein, an isotherm will be defined. 
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Figure 4-26. Relative amount of CPO in solution as a function of adsorption time; 20 mg of MCF-0.55, pH = 
3.8, 20 °C, 2 ml of a CPO solution, various initial CPO concentrations. The solid lines represent a fit of the 
experimental data employing the second order adsorption kinetic model described by equation 4-4. 

For the description of the CPO adsorption kinetics onto MCF materials the crucial point 

is the diffusion into the pore cages. There are two steps in the diffusion: i) diffusion of the 

enzyme through a boundary layer to the surface of the support and ii) diffusion of the enzyme 

in the pore structure (pore diffusion). The model of sorption of CPO into MCF with large pore 

cages can be described as follows (Figure 4-27): 

1. The CPO enzymes adsorb rapidly in pore cages connected to the outer surface, 

because the outer surface area is small. These pores are completely filled with CPO 

molecules, i.e. the pore walls are occupied and the pore center is filled.      

2. Thereafter, the filling of the connected pores starts. It is assumed, that the driving 

force is the kinetic energy of the proteins diffusing into the pore network. 

3. To reach an equilibrium state, the enzymes have to be adsorbed onto the internal 

surface, i.e. the pore walls. That means that the CPO molecules, which are filled in the 

pores connected to the outer surface, continue the diffusion into the pore network or 

diffuse out of these pores into the solution leading to an increase of the enzyme 

concentration in the CPO solution again.           

The behavior described is in analogy to the Vroman effect: the adsorption is followed 

by a desorption step. However, the effect is the same, but the cause is different. No protein 

displacement occurs, but rather a fast film diffusion of enzymes and agglomeration in the pore 
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cages connected to the outer surface, followed by the adsorption onto the pore walls and a 

slow diffusion into the pore network together with diffusion back into the solution.  

 

 
Figure 4-27. Adsorption model of CPO into MCF materials – different stages of the adsorption process. 

However, another possible explanation of the experimental findings is the 

conformational change in the protein during the attachment of the protein at the surface 

influencing the adsorption kinetic. The adsorption of the proteins occurs space-saving e.g. 

with its long axis parallel to the surface. During the adsorption process, affected by protein-

protein interactions, a re-arrangement occurs because proteins undergo structural changes. As 

a result, said re-arrangement is accompanied by desorption of a certain amount of enzymes 

increasing the concentration of enzymes in the adsorption solution.  

To exclude any experimental error, Figure 4-28 compares two CPO adsorption kinetic 

experiment carried out with low (1.95 µmol·l-1) initial CPO concentration. The data points 

show that the spectrometric determination of the CPO concentrations is reproducibile. 
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Figure 4-28. Concentration of the CPO solution as a function of time; 20 mg MCF-0.55, pH = 3.8, 20 °C, 2 ml 
CPO solution, initial CPO concentration: 1.95 µmol·l-1, first run (�), second run (�).  
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4.4.1.2 ADSORPTION OF CHLOROPEROXIDASE ON MESOPOROUS 
MATERIALS 

SBA-16 TYPE MATERIALS 

Another important criterion for the suitability of mesoporous supports for enzyme 

immobilization besides the adsorption rate is their maximum adsorption capacity. To evaluate 

the maximum adsorption capacity, the adsorption isotherms of CPO onto different SBA-16 

type materials at a solution pH of 3.8 are recorded (Figure 4-29). The adsorption isotherms 

show an initial rise, due to the attracting interactions between CPO and the adsorbent surface 

at this pH. Finally, the isotherms reach a plateau and thus, the isotherms are of Type L (so 

called pseudo-Langmuir isotherm). The solid lines in Figure 4-29 and Figure 4-31 represent a 

fit of the experimental data employing the Langmuir model given in equation 4-5.  

1
L m

S

L

K n c
n

K c

⋅ ⋅
=

+ ⋅
 4-5 

The maximum adsorption capacity was calculated by using the Langmuir (eq. 4-5) 

where KL is the Langmuir constant, c is the concentration of CPO in the solution, nm is the 

monolayer adsorption capacity, and nS is the amount of CPO adsorbed.124 
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Figure 4-29. Adsorption isotherms of CPO onto cage-like mesoporous silicas recorded at 20 °C and a pH = 3.8. 
The solid lines represent a fit of the experimental data employing the Langmuir model. 
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The calculated Langmuir constant and adsorption capacity from the experiments shown 

in Figure 4-29 are summarized in Table 4-5. The CPO adsorption capacity increases from 482 

to 1499 nmol·g-1 using materials with lower average molar EO contents of the copolymer 

blend. As a consequence thereof, the pore volume decreases from 0.89 to 0.71 cm3g-1. The 

increase of the amount of CPO adsorbed goes along with a decrease of the Langmuir constant 

from 1.678 to 0.228 l·µmol-1.          

Table 4-5. Langmuir constant and maximum adsorption capacity for CPO adsorption onto mesoporous cage-like 
silica materials with a variable average molar EO content of the copolymer blend. 

sample KL / (l·µmol-1) 
amount of CPO ads. 

/ (nmol·g-1) 
VP / cm3g-1 ABET / m2g-1 

EO60-40-24h-130-48h 1.678 482 0.89 656 

EO50-40-24h-130-48h 0.261 367 0.83 538 

EO40-40-24h-130-48h 0.554 696 0.78 599 

EO30-40-24h-130-48h 0.228 1499 0.71 523 

 

A graphical presentation of the maximum adsorption capacity, the Langmuir constant, 

the pore volume, and the specific surface area as a function of the EO content is illustrated in 

Figure 4-30. The decrease in adsorption capacity with increasing EO content is not due to a 

reduced specific surface area of the corresponding material. Moreover, the diameter of the 

pore cages of the investigated materials ranges from 9.7 to 9.0 nm, whereas the diameter of 

the pore entrance decreases from 9.7 to 6.1 nm for the material synthesized with 

EO30PO70EO30 and EO60PO70EO60, respectively. As already discussed in the previous chapter 

(4.1.1), EO30-40-24h-130-48h exhibits a more channel-like and EO60-40-24h-130-48h a 

more cage-like pore geometry. A smooth transition in the pore structure of the materials 

synthesized using mixtures of the block polymers with EO contents ranging from 30 to 60 is 

observed. The channel-like material EO30-40-24h-130-48h shows a maximum adsorption 

capacity of CPO of about 1500 nmol·g-1. The adsorption capacity is drastically reduced to 

690, 480, and 387 nmol·g-1 for materials showing a more cage-like structure. Although these 

materials exhibit higher pore volumes, the CPO adsorption capacity is reduced. Furthermore, 

the pores size distribution of the desorption branch of the cage-like materials is broad 

(minimum pore entrance size: 5 nm), this means that it is possible that large domains of these 

materials are not accessible for CPO. In case of the channel-like material, the complete porous 

particle is presumably accessible for the enzymes and thus the amount of CPO adsorbed is 

about two-times higher than that achieved by using the cage-like structure even when the pore 
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volume accessible to nitrogen is higher in the latter material. The micropore volumes of the 

materials investigated are comparable. Therefore the micropore volume has negligible effects 

regarding this discussion.  
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Figure 4-30. Adsorption capacity (top left) and Langmuir constant (top right) calculated from CPO adsorption 
isotherms as a function of the EO content of the synthesis mixture of the used cage-like silica materials. Pore 
volume (bottom left) and specific surface area (bottom right) as a function of the EO content. 
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K f

RT

∆ 
= ⋅ − 

 
 4-6 

Furthermore, the Langmuir constant is exponentially related to the energy of adsorption 

E (equation 4-6) where f is a pre-exponential factor. Therefore, high Langmuir constants are 

obtained for CPO adsorption onto materials with small pore entrances. For the EO60 material 

with the smallest pore entrance diameter, a Langmuir constant of 1.678 l·µmol-1 is calculated. 

Thus, it is assumed that the CPO molecules are adapted very well into the pore entrances, viz. 

the molecules are adsorbed on a relative large area of the curved surface of the material.  
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MCF MATERIALS 

The adsorption isotherm of CPO onto the mesocellular foam MCF-0.55 is illustrated in 

Figure 4-31. The data points are calculated from the adsorption kinetics shown in Figure 4-26 

and the calculated maximum CPO adsorption capacity amounts to 1382 nmol·g-1. The strong 

rise of the CPO adsorption isotherm suggests that the affinity, viz. the interaction between 

CPO and the adsorbent surface is assumed to be high.  
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Figure 4-31. Adsorption isotherm of CPO onto MCF-0.55 recorded at 20 °C and pH = 3.8. The solid line 
represents a fit of the experimental data employing the Langmuir model.  

4.4.1.3 COMPARISON OF UV/VIS AND ICP/OES ANALYSIS 
The amount, viz. the concentration of CPO in the adsorption solutions was routinely 

determined photospectrometrically. Heme proteins have characteristic visible Soret 

absorption bands that convey significant information about the structure and coordination 

state of their active sites.226 The Soret band for native CPO is observed at a detection 

wavelength of 398 nm. The amount of the heme containing chloroperoxidase can also be 

determined by ICP/OES analysis of the iron ions. In the following experiment, 0.469 µmol of 

CPO were added to 40 ml of a buffered suspension containing 300 mg of the mesocellular 

foam MCF-0.2. The adsorbed amount of CPO, viz. the decrease of CPO concentration in the 

enzyme solution was determined photospectrometrically as a function of time. It is found that 

the uptake of CPO after 360 hours amounts to 0.462 µmol. After the adsorption experiment, 

the resulting material was filtered and washed with buffer solution at pH = 3.4. Thereafter, the 

CPO adsorbed on the MCF support was dissolved in an aqueous hydrofluoric acid solution. 
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The iron contents of the filtrate, the washing solution and the resulting hydrofluoric acid 

solution were determined by ICP/OES and are summarized in Table 4-6.  

Table 4-6. Amounts of CPO adsorbed on MCF, in the washing solution and the filtrate calculated from the iron 
contents determined by ICP/OES.       

ICP/OES analysis filtrate washing solution on the support total 

mean value of 4 measurements 
c (Fe) / (mg·l

-1
) 

0.473 0.049 0.424  

standard deviation 
c (Fe) / (mg·l

-1
) 

0.006 0.004 0.027  

n (CPO) / µmol 0.288 0.040 0.134 0.461 

error from 4 measurements 
∆n (CPO) / µmol 

0.004 0.003 0.009 0.016 

Table 4-7. Amounts of CPO from the washing solution and the filtrate with UV/Vis.        

UV/Vis analysis filtrate washing solution on the support 

n (CPO) / µmol 0.281 0.048 0.140 

 

The CPO content of the filtrate amounts to 0.288 µmol and 0.281 µmol determined by 

ICP/OES and by UV/Vis, respectively (see Table 4-6 and Table 4-7). The CPO content of the 

washing solution amounts to 0.048 µmol as determined by UV/Vis spectroscopy. The 

adsorbed amount of CPO was calculated to 0.140 µmol, while 0.134 µmol of CPO were 

detected by ICP/OES. The amount adsorbed determined using both different techniques by 

about 4.5 %. The total CPO amount, which was found to be 0.461 µmol by ICP/OES, 

diverges only slightly from the initial amount of 0.469 µmol. However, the comparison of the 

CPO concentrations in buffer solutions determined by the routinely performed 

photospectrometric approach by UV/Vis (Soret band) and by ICP/OES measuring the iron 

content confirms that the amount of adsorbed CPO was determined accurately.       
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4.4.2 CROSS-LINKED ENZYMES IN THE PORE CAGES OF 
MESOCELLULAR FOAMS 

The key to successful application of enzymes in industry is their immobilization on 

suitable supports. Immobilization overcomes the major drawbacks like low operational 

stability, difficult recovery and reuse of the enzymes. A promising strategy is cross-linking of 

reactive amine moieties of the enzyme with glutardealdehyde (GA) to form cross-linked 

enzymes (CLEs)227 and cross-linked enzyme crystals (CLECs)228,229. Physical aggregates can 

be cross-linked permanently without denaturation, and cross-linked enzyme aggregates 

(CLEAs) are formed growing up to a size of 100 mm.6 This is also a drawback because a 

large fraction of enzymes in the center of the CLEA cannot interact with the substrates. Thus, 

a large amount of the enzyme does not take part in the reaction and the effective enzyme 

activity is low.        

In this chapter, the results of optimization attemps for the formation of cross-linked 

enzyme aggregates in the pore cages of mesocellular foams (MCFs) are presented. The use of 

MCFs for the immobilization of CPO-CLEAs has several advantages: 1) no precipitation to 

physical aggregates is necessary because the enzymes naturally aggregate in the cavities of 

the solid via adsorption; 2) the growth of the aggregates is limited by the size of the cages; 

and 3) leaching is suppressed because the CLEAs grow in the pore cages of the mesoporous 

material which are only accessible through substantially smaller entrances. 

4.4.2.1 CROSS-LINKED CHLOROPEROXIDASE IN MCF 

VARIATION OF THE PH-LEVEL 

The immobilization of chloroperoxidase, viz. the formation of cross-linked CPO 

aggregates (CPO-CLEAs) in MCF was studied in order to evaluate the optimum pH level. In 

Figure 4-32, the amount of the immobilized CPO before and after washing of the resulting 

CPO-CLEA-MCF material as well as the activity are plotted versus the pH level. For cross-

linking, the enzyme and the cross-linker glutardealdehyde are added simultaneously to the 

MCF suspension. This suspension was shaken at 5 °C for at least six days to reach 

equilibrium (cf. Figure 4-43). The activity of the CPO-CLEA-MCF is maximal at pH = 5.0, 

while the amount adsorbed passes through a minimum. Nevertheless, it has to be assumed that 

two pH-dependent processes interplay during CLEA formation: i) the adsorption of the 

enzyme into the porous network and ii) the formation of the cross-linked enzymes. The 

maximum activity of physisorbed CPO is observed when the sample is prepared at pH = 3.8, 
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which is close to the isoelectric point (pI = 4.0).230 The point of zero charge of SBA-15 as 

published by Hudson et al. amounts to 3.7 ± 0.3.231 Thus, at the optimum pH level the 

electrostatic attraction between the slightly positive charged enzyme and the negatively 

charged silica framework is dominant. On the other hand, the preparation of cross-linked 

enzymes aggregates (CLEAs) of CPO has to be taken into account. In 2009, Roberge et al. 

reported the formation of CPO-CLEAs from solution but the pH dependency was not 

investigated.135 In the pH range between 3.5 and 6.5 studied in this work, the immobilized 

amount of CPO is almost constant and amounts to 90 nmol·g-1. Moreover, the difference 

between the immobilized amount before and after washing is negligible. Thus, in this pH 

regime the chloroperoxidase is robustly cross-linked and cannot be washed out easily. 

Furthermore, the amount of immobilized CPO increases to 120 nmol·g-1 at pH a value of 3.0 

and up to 180 nmol·g-1 at pH = 8.0. The optimum pH level for the formation of CLEAs in our 

mesoporous MCF silica is found to be around 5.0. Although the uptake of CPO for catalysts 

prepared at pH 5.0 is significantely lower compared to other pH values investigated, the 

resulting activity of CPO-MCF is maximal. The formation of cross-linked CPO in MCF is 

preferably performed at pH 5.0. The activity of CPO-MCF drops from about 190 U·g-1 at pH 

= 5.0 to about 150 U·g-1 at pH = 3.0 and to 80 U·g-1 at pH = 8.0 (Figure 4-32).  
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Figure 4-32. Amount of immobilized chloroperoxidase on MCF before (red) and after washing (blue) and its 
resulting activity (green) as a function of the pH. 100 µl (42.48 µM) of CPO solution and 100 µl (2 M) of the 
GA solution were added simultaneously to 2 ml of a MCF suspension containing 20 mg of MCF-0.55; T = 5 °C.     



Results and discussion 

   

111 

The experimental findings are explained with respect to the form of the terminal amino 

acids (acidic of basic) and the reaction mechanism of the imine formation. The imine 

condensation using an amine functional group (from the enzyme) and the carbonyl function 

from the GA linker is favored under basic conditions. At low pH, the amino and carboxyl 

groups of the amino acids are protonated and the proteins are acidic. Therefore, cross-linking 

is hindered. Nevertheless, because of the equilibrium between the acidic and the neutral form 

of the enzymes, the reaction occurs but the reaction rate is low, since the equilibrium is 

shifted to the acidic form (see Figure 4-33).  
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Figure 4-33. Acidic, neutral and basic form of an amino acid and its subsequent reaction with a carbonyl group 
to form an imine.   

On the other hand, the adsorption rate is higher compared to the cross-linking rate, 

which allows the enzymes to diffuse into the pore network. As a result, the amount of CPO 

adsorbed is increased, while the resulting activity is reduced compared to the performance at 

higher pH values. By increasing the pH level towards the isoelectric point of the enzyme, the 

amino acids become zwitterions, viz. carrying both negative and positive charges. Under 

these conditions, cross-linking with GA is possible but suboptimal. A slight increase in pH 

above the isoelectric point of the enzyme results in a shift in equilibrium towards the basic 

form of the amino acids (Figure 4-33). At pH = 5.0, terminal amino acids are in their basic 

form and the imine condensation which is catalyzed by acids, proceeds easily, too. 

Furthermore, due to the equilibrium conditions and because of the slightly acidic pH of 5.0, 

the cross-linking rate is low enough to enable the diffusion of the CPO molecules into the 

porous network. Therefore, the formation of CPO-CLEAs in MCF is preferred at pH = 5.0 

and result in an activity of almost 800 U·g-1. A further increase of the pH level results in a 
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complete shift in equilibrium towards the basic form of the amino acids. In addition, the imine 

formation is also base catalyzed which enhances the ability of cross-linking drastically. 

Nevertheless, due to the large number of linked amino acids the secondary and tertiary 

structure of the enzyme is disturbed which results in inactivation of the enzymes. Therefore, 

the resulting activity of the immobilized CPO is low, although the uptake of CPO is maximal 

over the investigated pH range. At a pH level of 8.0, the cross-linking rate of CPO is high, but 

the uptake due to electrostatic repulsion of CPO is much lower, which reduces the possibility 

to form stable CPO-CLEAs inside the pore cages. It is assumed that cross-linking occurs only 

on the particle surface and that the CPO-CLEAs formed can be removed easily by washing. 

As a result, a larger difference between the immobilized amount of CPO before and after 

washing is observed for these pH values.  

Figure 4-34 summarizes the results in terms of the effective activity of the immobilized 

cross-linked CPO in MCF as a function of the pH. The effective activity provides information 

on the activity of the enzyme relative to the amount of immobilized CPO. The native CPO in 

solution shows an effective activity of 32.2 U·nmol-1, while the CPO-CLEA-MCF prepared at 

pH = 5.0 shows an activity of 8.9 U·nmol-1. Thus, 28 % of the immobilized enzymes remain 

active during the immobilization process and are available for the substrate in the activity 

asssay. 
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Figure 4-34. Effective activities of the CPO-CLEA-MCF materials obtained for simultaneous addition of CPO 
and cross-linker to the MCF suspension.       



Results and discussion 

   

113 

To capture the CPO enzymes direct after their entry into the pore cages, the cross-linker 

GA was adsorbed beforehand onto the MCF material. Thus, the CPO and GA solutions were 

not added simultaneously to the MCF suspension, but the GA solution was applied first 

(100 µl; 2 M) and after 2.5 hours, 100 µl of a 42.48 µM CPO solution were added to 2 ml of 

the MCF suspension. The amount of immobilized CPO before and after washing and the 

respective activity of the material as a function of the pH level is shown in Figure 4-35. 

Although the amounts of immobilized CPO (before and after washing) versus pH are 

different, the same principles again have to be considered: competition between the 

adsorption rate and the cross-linking rate. As observed before, the activity of immobilized 

CPO is maximal at a pH of 5.0 and amounts to 680 U·g-1. Noticeably, the amount of 

immobilized CPO decreases drastically from about 165 nmol·g-1 at pH = 2.0 to 90 nmol·g-1 at 

pH = 6.0 and to 40 nmol·g-1 at pH = 7.0 before and after the washing process, respectively. 

Furthermore, at pH levels above 6.0, the difference of the immobilized amount of CPO before 

and after washing is significant, while for pH values below 6.0 the amounts are similar. These 

observations suggest that for pH < 6.0 stable CPO-CLEAs are prepared, which endure 

washing. For pH > 6.0 non-stable CPO-CLEA are formed or even no cross-linking occurs 

resulting in the adsorption of single CPO molecules which can be washed out easily. It is 

known from the physical adsorption of CPO onto silica that at pH > 4.0 the electrostatic 

repulsion between the negatively charged framework and the slightly negative charged 

enzyme results in a reduced adsorption. Therefore, the amount of immobilized CPO decreases 

for pH > 4.0. Furthermore, diffusion into the porous network is limited due to reduced 

interactions between the enzyme and the silica framework resulting in a difference in the 

amount of CPO immobilized. Nevertheless, cross-linking is favored at pH > 6.5 (Figure 4-32) 

resulting in an increase of the amount of CPO immobilized. However, the activity is reduced 

as observed for pH levels below 3.5. 
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Figure 4-35. Amount of immobilized chloroperoxidase on MCF before (red) and after washing (blue) and its 
resulting activity (green) as a function of the pH level. 100 µl (2 M) of a GA solution were added to 2 ml of a 
MCF suspension containing 20 mg of MCF-0.55, after 2.5 hours 100 µl (42.48 µM) of a CPO solution were 
added; T = 5 °C.    

The resulting effective activity of the CPO-CLEA-MCF prepared by adding the GA 

solution 2.5 h in advance of the enzyme to the MCF suspension is shown in Figure 4-36. 

Compared to the simultaneous addition of CPO and GA, the maximum effective activity is 

shifted to pH = 6.0 and amounts to 10.1 U·nmol-1. Thus, under optimal conditions, 31 % of 

the immobilized enzymes remain active. 
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Figure 4-36. Effective activities of the CPO-CLEA-MCF materials obtained by consecutive addition of CPO 
and cross-linker to the MCF suspension.             
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VARIATION OF THE AMOUNT OF CROSS-LINKER GA USED 

In the previous chapter, it has been reported that for an optimal immobilization process, 

the adsorption rate and the cross-linking rate have to be in balance. Although the diffusion of 

enzymes into the porous network, it is necessary to obtain the CPO-CLEAs in the pore cages 

showing a high operational stability. On the other hand, the diffusion deep into the pore 

structure also reduces the activity due to the reduced availability of the enzymes for the 

substrate. To allow an optimum entry of the enzymes into the pores and to enable optimum 

interaction of the enzymes with the silica material, the optimum pH level was found to be 5.0. 

To circumvent the diffusion deep into the pore network of the enzymes, the cross-linking rate 

has to be increased, i.e. at the best, the cross-linking of the enzymes occurs exclusively in the 

pore cages connected to the outer surface. Thus, the amount of cross-linker has to be 

increased in order to increase the cross-linking rate and to maintain the pH level at 5.0. In 

Figure 4-37, the almost linear increase in activity of CPO-CLEA-MCF from 220 to 1340 U·g-

1 with an increasing amount of cross-linker from 0.1 µmol to 0.51 mmol is shown. But in the 

investigated range, the immobilized amount of CPO after washing decreases exponentially 

from about 170 to 65 nmol·g-1. Due to the higher cross-linking rate as a consequence of the 

increased amount of cross-linker, the CPO molecules entering the porous network are directly 

cross-linked in the cavities connected to the outer surface. As a consequence, the entrances of 

the network are blocked by the CPO-CLEAs formed and the further uptake of enzymes is 

hindered. The drastic increase in activity accompanied by a decrease of CPO loading is 

tentatively ascribed to the improved availability of the CPO-CLEAs in the porous particles. 
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Figure 4-37. Amount of chloroperoxidase immobilized on MCF before (red) and after washing (blue) and its 
resulting activity (green) as a function of the added amount of cross-linker (GA). Simultaneous addition of GA 
and 100 µl (42.48 µM) of a CPO solution to 2 ml of a MCF suspension containing 20 mg of MCF-0.55; pH = 
5.0, T = 5 °C.     

If the amount of glutardealdehyde is larger than 0.3 mmol, the amount of CPO 

immobilized prior to washing is significantly higher. It is assumed for this case that enzymes 

adsorbed on the outer surface are also cross-linked to a significant degree. However, these 

CPO-CLEAs cannot enter the network and are removed by the washing procedure. 

Furthermore, it has to be noticed that the CPO-CLEA-MCF materials prepared with large 

amounts of cross-linker do not lose their activity due to exhaustive cross-linking, although the 

cross-linking rate is high, viz. cross-linking occurs quickly.  

In the previous chapter it was described that the activity of the CPO-CLEA-MCF 

material is reduced or lost for cross-linking at pH levels above 6.5 and below 3.5 as a 

consequence of exhaustive linked enzymes. To enhance the activity of the resulting material, 

the amount of cross-linker was increased, while the pH level was set to pH = 5.0.  
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Figure 4-38. Effective activities of the CPO-CLEA-MCF materials obtained for simultaneous addition of CPO 
and cross-linker to the MCF suspension.       

The effective activity of the CPO-CLEA-MCF materials as a function of the amount of 

GA added is plotted in Figure 4-38. The effective activity rises with increasing amount of GA 

in the observed range as a result of the straight proportional increase in activity combined 

with the reduced enzyme loading as a function of the GA amount. For an addition of 

0.51 mmol of GA, an effective activity of 19.2 U·nmol-1 is obtained which implies that about 

60 % of the immobilized enzymes remain active and available. To overcome the problem of 

blocked pores due to fast cross-linking, CPO was added prior to the cross-linker to the MCF 

suspension. There is no longer a pronounced difference in the loading of CPO before and after 

washing (Figure 4-39). GA was added 2.5 hours after the enzyme and therefore, the CPO 

diffusion is in equilibrium (as known from the physisorption experiments). By this procedure 

stable CPO-CLEAs are formed, which overcome washing. Addition of 0.51 mmol of GA 

results in an enzyme loading of about 100 nmol·g-1, while for the simultaneous addition of 

CPO and GA only 65 nmol·g-1 can be reached. Generally, the amounts of immobilized CPO 

are higher compared to those obtained by simultaneous addition of CPO and GA. 

Furthermore, the activity of the CPO-CLEA-MCF material is increased by a factor of about 

1.7 in the range under study.        
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Figure 4-39. Amount of chloroperoxidase immobilized on MCF before (red) and after washing (blue) and its 
resulting activity (green) as a function of the amount of cross-linker (GA) added. Addition of GA 2.5 h after 
100 µl (42.48 µM) of a CPO solution were added to 2 ml of a MCF suspension containing 20 mg of MCF-0.55; 
pH = 5.0, T = 5 °C. 

The effective activity for the consecutive addition of 0.51 mmol of GA and CPO 

solution amounts to 16.0 U·nmol-1, which is 3.2 U·nmol-1 lower than that obtained for 

simultaneous addition of enzyme and cross-linker. Thus, a reduced amount of CPO seems to 

available and 50 % of the immobilized enzymes remain active and available compared to the 

native enzyme. 

Nevertheless, these results demonstrate that cross-linking of CPO in MCF materials can 

be tuned by optimizing the pH level resulting in high activity at a comparable enzyme 

loading. Furthermore, the amount of cross-linker and the moment of its addition enhances the 

activity as a result of the controlled cross-linkage of enzymes in the pore cages connected to 

the outer surface. In general, high enzyme loadings can be achieved using large amounts of 

enzyme in the immobilization experiment. A high activity of the resulting material can be 

achieved by using moderate amounts of enzyme in the immobilization prozess resulting in a 

high efficient process due to high yields in terms of activity. Thus, the immobilization process 

can be tuned with regard to high activities and/or high efficiency.                
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Figure 4-40. Effective activities of the CPO-CLEA-MCF materials obtained for consecutive addition of CPO 
and cross-linker to the MCF suspension.                       

VARIATION OF THE AMOUNT OF CPO ADDED 

In the following, the maximum loading of CPO and the maximum activity of CPO-

CLEA-MCF will be discussed with respect to the amount of enzyme used. The experiments 

were carried out in order to maximize the CPO loading and the activity of the MCF material 

loaded with CPO. The amount of immobilized CPO increases monotonously with respect to 

the amount of CPO added (Figure 4-41). More than 700 nmol·g-1 of CPO were immobilized 

when about 32 nmol of CPO were added to the solution. On the other hand, the resulting 

activity of CPO-CLEA-MCF reaches its maximum of 7000 U·g-1, when about 17 nmol of 

CPO were added.  

By increasing the amount of CPO added, the difference between the CPO loading 

before and after washing is enlarged. After addition of 16.99 nmol CPO, the resulting activity 

amounts to 6945 U·g-1. From the initially adsorbed 429.3 nmol·g-1 of CPO, 256.6 nmol·g-1 

remain in the pores after washing. Increasing the amount used for the CPO-CLEA-MCF 

preparation from 16.99 to 32.46 nmol, an activity of 7772 U·g-1 is obtained. After washing, 

the amount of CPO immobilized is reduced from 688.0 to 370.3 nmol·g-1. Changing the 

amount of CPO used by a factor of 1.9, the activity of the resulting CPO-CLEA-MCF is 

increased by a factor of only 1.1, while the uptake of CPO from the CPO solution is increased 

by a factor of 1.6. In summary, an increase in CPO loading by a factor of 1.6 is accompanied 

by a only 1.1-fold enhancement in CPO-CLEA-MCF activity. The strong increase in loading 

is only accompanied by a moderate increase in activity, which even becomes constant for 
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higher amounts of CPO used. This is presumably due to the limited number of pore cages 

wich are directly connected to the outer surface. When CPO diffuses into the porous network, 

the uptake is increased but the availability for the substrates is constant. Thus, the uptake 

increases, while the availability is reduced and the averaged activity reaches its limiting value. 

Furthermore, the difference between the amounts of CPO immobilized before and after 

washing increases because it is not possible to cross-link all the enzymes adsorbed.  
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Figure 4-41. Amount of chloroperoxidase immobilized on MCF before (red) and after washing (blue) and its 
resulting activity (green) as a function of the amount of chloroperoxidase (CPO). Simultaneous addition of 
0.51 mmol of GA and of CPO to a 2 ml of a MCF suspension containing 20 mg of MCF-0.55; pH = 5.0, T = 
5 °C.        

When 16.99 nmol of CPO are added, the activity of CPO-CLEA-MCF amounts to 

6945 U·g-1, while 256.59 nmol·g-1 of CPO are immobilized. Therefore, the effective activity 

reaches its maximum of 27.1 U·nmol-1. In this case, the optimum ratio between activity and 

immobilized amount can be achieved and about 84 % of active immobilized enzymes are 

available in the pores.  
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Figure 4-42. Effective activities of the CPO-CLEA-MCF materials obtained by simultaneous addition of CPO 
and cross-linker to the MCF suspension as a function of the amount of CPO added.     

PH-ADJUSTEMT METHOD 

The immobilization kinetic for the simultaneous addition of 0.2 mmol of GA and 

16.99 nmol of CPO to a MCF suspension is presented in Figure 4-43 in comparison to the 

physisorption of CPO onto MCF as discussed in chapter 4.4.1.1. The physical adsorption of 

CPO occurs very rapidly and after about one hour 92 % of the CPO was adsorbed. After one 

hour the CPO concentration of the solution increases again and the final CPO uptake amounts 

to 82 % (see discussion in chapter 4.4.1.1). In conclusion, the enzymes are adsorbed onto 

MCF with a high adsorption rate and the adsorption capacity is larger. The uptake of CPO 

from the solution is reduced when GA is added to the enzyme MCF suspension (Figure 4-43) 

because the CPO-CLEAs formed in the pore cages connected to the outer surface prevent 

further diffusion of CPO from solution into the porous network.  

As mentioned before, the adjustment of the adsorption and the cross-linking rate is 

necessary in order to achieve materials exhibiting high enzyme activities prepared by an 

efficient process. Thus, the formation of CPO-CLEAs in pore cages connected to the outer 

surface is preferred in order to increase the enzyme availability for the substrates. To fulfill 

this target, a new procedure was developed. The immobilization process starts with the 

adsorption of CPO onto MCF at pH = 3.8. After the maximum uptake is reached (after about 

one hour), the pH of the solution is changed from 3.8 to 5.0 and the cross-linker is added. 

Adsorption at pH = 3.8 ensures that the maximum adsorption rate of CPO is reached and 

within one hour, the pores with direct access to the outer surface are presumably filled with 
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CPO. Cross-linking of these enzymes starts immediately after the addition of GA with a high 

cross-linking rate due to the optimal pH level in the solution.  
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Figure 4-43. Immobilization kinetics for the adsorption of 16.99 nmol of CPO onto 20 mg of MCF-0.55 in 2 ml 
of a buffered solution: i) physisorption at pH = 3.8 (�); ii) formation of CPO-CLEA-MCF with simultaneous 
addition of CPO and 0.2 mmol of GA to the MCF suspension at pH = 5.0 (�); and iii) formation of CPO-
CLEA-MCF with pH change from 3.8 to 5.0 and addition of 0.2 mmol of GA one hour after CPO was added to 
the MCF suspension (�). The amount of CPO is given in percent of the initial CPO amount in solution. 

The specific and the effective activity of CPO physisorbed on MCF materials are 

compared in Figure 4-44 to the activity of CPO-CLEAs in the pores of MCF. When 

glutardealdehyde and CPO are added at the same time to the MCF suspension, the activity of 

the obtained CPO-CLEA-MCF catalyst is 6944 U·g-1, which is almost four times higher than 

that for CPO-MCF prepared by physisorption of CPO (1848 U·g-1). The optimized 

preparation – after the adsorption of CPO on MCF for one hour at pH 3.8, the pH was 

increased to 5 for optimum CLEA formation and then the cross-linker (GA) was added – 

results in a further increase in activity to 9073 U·g-1. This corresponds to a further increase by 

a factor of five relative to the catalysts prepared by physisorption of CPO. The effective 

activity is also increased by a factor of four by the CLEA formation with pH adjustment 

relative to that for the sample prepared by simple physisorption (Figure 4-44). 
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Figure 4-44. Comparison of the specific and effective activity of catalysts prepared by the immobilization of 
CPO (16.99 nmol) on MCF (20 mg) employing different strategies: i) physisorption at pH = 3.8; ii) simultaneous 
addition of CPO and GA; and iii) pH change from 3.8 to 5.0 and addition of GA. (red bars: specific activity; blue 
bars: effective activity). 

Another advantage of this method is that the maximum activity is obtained after 24 h, 

while the maximum activity of the CPO-CLEAs prepared by isochronal addition of linker and 

CPO is achieved after one week (Figure 4-43). Here, the adsorption of CPO and the cross-

linking occur simultaneously and relatively slowly. 
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Figure 4-45. pH dependence of the specific activity of CPO-CLEAs in MCF. 4.248 nmol of CPO and 
0.51 mmol of GA were added at the same time to 2 ml of a buffered MCF suspension containing 20 mg of MCF-
0.55 solution (�, shaking for 24 hours at 5 °C). 4.248 nmol of CPO were added to 2 ml of a buffered MCF 
(20 mg) suspension (pH = 3.8). After 1 hour shaking at 5 °C the solution was adjusted to pH = 4.5, 5.0, 5.5, 6.0 
and 7.0, then 0.51 mmol of GA were added, shaking at 5 °C was continued for further 23 hours (�).     
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Figure 4-45 shows the resulting activities of CPO-CLEA-MCF catalysts for the 

simultaneous addition of CPO and GA as well as for the sample prepared by pH adjustment 

with consecutive GA addition. In both cases, the highest activity is observed at pH = 5.0. But 

with the CPO-CLEAs prepared by changing the pH level a further increase in activity by 

23 % up to 974 U·g-1 is reached. A adjustment to pH = 4.5, 5.5, 6.0 or 7.0 does not result in 

enhanced activities, due to suboptimal pH conditions for the cross-linking reaction.              
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Figure 4-46. Amount of CPO adsorbed before and after washing of the biocatalyst together with the 
corresponding activity of the washed CPO-CLEA-MCF as a function of the amount of CPO used. Various 
amounts of CPO were added to 20 mg of MCF-0.55 in 2 ml of a buffered solution (pH = 3.8). After one hour the 
pH was changed to 5.0 and 0.51 mmol of GA were added; T = 5 °C, preparation time = 24 h. 

When the amount of CPO used is further increased to more than 20 nmol, the 

enhancement in activity for the pH adjustment method compared to the simultaneous addition 

of CPO and GA is even more remarkable. The activities of the heterogenized cross-linked 

CPO prepared by the above mentioned methods are compared with respect to the increased 

amount of CPO used: i) CPO addition followed by pH adjustment and addition of cross-linker 

(see Figure 4-46) and ii) simultaneous addition of CPO and GA (see Figure 4-41). As shown 

in Figure 4-47, the consecutive addition of cross-linker with preceding pH change of the 

buffered solution results in higher activities compared to the simultaneous addition. For 

5.6 nmol of CPO, an activity of 1991 U·g-1 is reached following the pH changing method, 

while 1829 U·g-1 are obtained by simultaneous addition. On the other hand, for 32.5 nmol of 

CPO, the resulting activities are 10912 U·g-1 and 7772 U·g-1, respectively. By simultaneous 

addition of enzyme and cross-linker, the resulting activity reaches a plateau for CPO amounts 

larger than about 20 nmol. Obviously, there is a large difference between the amounts of 
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adsorbed CPO before and after washing. This is due to the fact that a certain amount of 

enzyme is adsorbed in the pores but not cross-linked. For high starting concentrations, the 

amount of CPO leaching from the material after washing is about 50% compared to the 

adsorbed amount before washing. The contrary is observed for the consecutive addition of 

CPO and cross-linker with pH-change. Here, leaching of the immobilized CPO is minimal.       
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Figure 4-47. Comparison of both CPO-CLEA-MCF formation strategies. Left: simultaneous addition of CPO 
and GA; right: CPO addition followed by pH adjustment and addition of cross-linker. 

All enzymes were adsorbed at the optimum pH level (3.8), thereafter the pH level was 

changed to 5.0 to allow cross-linking under optimum pH conditions. Cross-linking of the 

enzymes starts in the pores connected to the outer surface, thus, enzymes which are adsorbed 

in the porous network are trapped due to the blocked pore cages by the CLEA-MCF. A 

disadvantage of this method is that these trapped enzymes are hardly available for the 

substrates. Therefore the effective activity for the pH change method is slightly lower (about 

19 U·nmol-1) compared to the CPO-CLEA-MCF preparation with simultaneous CPO and GA 

addition.                                    
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Figure 4-48. Effective activities of the CPO-CLEA-MCF materials prepared by pH adjustment method as a 
function of the amount of CPO.                

Nevertheless, an optimized immobilization process resulting in high enzyme activities, 

a high efficiency and reduced leaching was found.                            

4.4.2.2 DIFFERENT SUPPORTS AND DIFFERENT IMMOBILIZATION 
STRATEGIES 

Different hosts for CPO adsorption and different immobilization strategies using 

mesocellular foams are compared in Figure 4-49. A simple physisorption of CPO onto SBA-

15 results in a specific activity of 218 U·g-1, while 396 and 584 U·g-1 are obtained for SBA-16 

and MCF, respectively. Although an increase in activity in the order SBA-15, SBA-16 and 

MCF is found, the resulting effective activity amounts to only 1.3 U·nmol-1 for SBA-15 and 

remains almost constant for SBA-16 and MCF at 2.1 and 2.2 U·nmol-1. Due to the one-

dimensional, hexagonal arrangement of pores in SBA-15, the enzymes diffuse towards the 

center of the particle, which results in a decrease in activity per amount of enzyme loaded. 

More interesting in this context is the comparison of physisorbed CPO onto MCF and the 

formation of CPO-CLEA-MCF. The specific activity for CPO-MCF amounts to 584 U·g-1 

whereas a 1.36-fold increase up to 794 U·g-1 is achieved for CPO-CLEA-MCF. This 

translates into an effective activity of 2.2 U·nmol-1 for physisorbed CPO, which is increased 

by a factor of 4.05 to 8.9 U·nmol-1 for CPO-CLEA-MCF. Here, the improved availability is 

clearly visible. Physisorption allows the diffusion of the enzymes into the network. On the 

other hand, cross-linking hinders a homogeneous distribution of CPO, which results in an 

increased effective activity. Therefore, 265 nmol of CPO have to be physisorbed per gram of 
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MCF to reach the same specific activity which is obtained by cross-linking of 89 nmol CPO 

per gram MCF.  
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Figure 4-49. Comparison of the specific and effective activity of catalysts prepared by immobilization of CPO 
(4.25 nmol) onto several supports (20 mg) employing different strategies: i) physisorption onto SBA-15, SBA-16 
and MCF at pH = 3.8; and ii) cross-linking of CPO via simultaneous addition of CPO and GA to a buffered MCF 
suspension (pH = 5.0) (red bars: specific activity; blue bars: effective activity). 

Furthermore, a remarkable difference in the specific and effective activity is observed 

for the formation of CPO-CLEA-MCF via simultaneous addition of cross-linker and GA after 

a preparation time of 24 h and 5 days.  

4.4.2.3 VARIATION OF THE PARTICLE SIZE OF THE SUPPORT 
The performance of immobilized enzymes on porous materials as catalysts in 

continuously-operated fixed-bed applications depends among others on the pore size of the 

catalyst. Furthermore, for measuring the activity of immobilized enzymes in porous supports 

by activity assays, diffusion of the substrates into the porous matrix is required. In order to 

minimize diffusion limitations, the particle size for the investigations presented in the 

previous chapters was kept below 4 µm. However, these particles are too small for application 

in a fixed-bed reactor, because a significant pressure drop will occure. Therefore, the 

immobilization of CPO onto MCFs with different particle sizes was investigated. Thus, the 

calcined MCF materials were pressed in a steel die using a hand-operated press for about 

15 min with a pressure of 2 tons, which does not affect the pore size of the MCF material 

used. Subsequently, the obtained disk was crushed and sieved to obtain particles with 

diameters of 50-100 µm, 100-250 µm and 250-355 µm. CPO was immobilized onto the MCF 
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material showing different particle sizes according to the pH-adjustment method as described 

in chapter 4.4.2.1.  

Particle size / µm

1 - 4 50 - 100 100 - 250 250 - 355

A
c
ti
v
it
y
 o

f 
im

m
. 
C

P
O

 /
 (

k
U

 g
-1

s
ili

c
a
)

0

2

4

6

8

10

12

 
Figure 4-50. Activity of the chloroperoxidase immobilized on MCF particles with different sizes.  

Figure 4-50 shows the activity of immobilized CPO in kU per mass of the pressed silica 

as a function of the particle size. In order to discuss the decrease in activity CPO per mass of 

silica as shown in Figure 4-50, two processes have to bi considered: i) the enzymes diffuse 

into the particle in direction to the particle center and ii) the substrate has to diffuse into the 

particle to reach the immobilized enzymes. Both effects contribute to the observed decrease in 

activity with increasing particle size. Larger particles enable the diffusion of enzymes in 

direction to the particle center, which is not accompanied by an inactivation of the enzymes, 

viz. their activity is not reduced, but their availability is limited and thus the catalytic 

performance is reduced. Furthermore, the accuracy of the activity determination is also 

reduced in the case of larger particles because the observed, viz. the measured reaction rate is 

superimposed by the diffusion of the substrate. In this case, a proper evaluation of the 

catalytic performance is not possible due to mass transfer limitations caused by the catalyst 

pellet. 

However, the immobilization of enzymes on particles whose size is small enough that 

the discussed diffusional effects have only a minor impact on the catalytic performance is not 

feasible with respect to their envisaged use in a fixed-bed reactor. During the catalytic process 

in a fixed-bed reactor, several steps, like film and pored diffusion, occur beside the reaction. 

One of these steps is rate-limiting and determines the overall reaction rate. Thus, mass 
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transfer limitations restrain the catalytic performance of immobilized enzymes because the 

substrate transport from the reaction solution to the immobilized enzyme and the product 

transport from there back to the reaction solution is governed by molecular diffusion. Because 

the average diameter of a typical catalyst pellet used for enzyme immobilization is larger 

compared to the average diffusion length, substrates are not able to diffuse deep into the 

particle. Therefore, an increase in particle diameter results in a reduced catalyst activity. To 

overcome these problems, the preparation of heterogeneous enzyme catalysts requires a well-

balanced process with respect to high immobilization efficiency, low mass transfer limitations 

and high a operational stability. The operational performance of immobilized enzymes 

depends not only on leaching effects resulting in a reduced catalyst activity but mass transfer 

effects also have to be considered. These effects reduce the measured enzyme activity as a 

result of the availability of enzyme molecules within the pores or from slowly diffusing 

substrate molecules, which lead to a reduced reaction rate, viz. to a reduced efficiency as 

compared to the free enzyme. It is, thus, necessary to optimize the particle size of the catalyst 

pellets with respect to pressure drop and diffusional considerations. Furthermore, the 

distribution of the enzymes in the silica particle has to be adjusted in order to enhance the 

enzyme concentration in the pore cages connected to the outer surface of the particle to 

increase their availability and to reduce the amount of enzymes immobilized in the porous 

network of the particle core.    

4.4.2.4 CHEMICAL MODIFICATION OF CHLOROPEROXIDASE 
The assembly of enzyme structures is limited to the combination of 20 most abundant 

proteinogenic amino acids. To overcome this limitation, chemical modification of enzymes 

allows unlimited changes in the amino acid side-chain structures. Although a greater, almost 

unlimited, variety of groups can be introduced, the reactions employed are non-specific. 

However, enzymes often show either new catalytic activities or enhanced activities after their 

chemical modification. Thus, it is a simple and powerful method to enhance the catalytic 

properties of enzymes. For more detailed information, the interested reader is referred to the 

excellent reviews of Jones,232 Distefano,233 and Davis234. Liu improved the activity of 

chloroperoxidase by chemical modification with citraconic anhydride, maleic anhydride and 

phthalic anhydride.235 They found that chemical modification of the epsilon-amino groups of 

lysine residues of chloroperoxidase using citraconic anhydride, maleic anhydride or phthalic 

anhydride increased the catalytic efficiency for sulfoxidation by 12 to 26 %. Nevertheless, 

after chemical modification the reaction mixture has to be dialyzed against sodium citrate 
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buffer to remove excess reagents. Thereafter, a lyophilization step may be employed to further 

purify the enzyme.     

Following the procedures described in chapter 4.4.2.1, the combination of chemical 

enzyme modification and its immobilization by the formation of cross-linked enzyme 

aggregates in the pore cages of mesocellular foams is easily feasible. 8 nmol of 

chloroperoxidase and an aliquot of maleic anhydride were dissolved in a buffered solution 

(pH = 5.0) at 5 °C. After a reaction time of one hour,235 20 mg of the mesocellular foam 

MCF-0.55 and 0.51 mmol of cross-linker GA were added. By further shaking for 7 days at 

5 °C the formation of cross-linked aggregates of the modified CPO occurred. Figure 4-51 

shows the specific activity of CPO compared to those obtained for the modified 

chloroperoxidase with various amounts of maleic anhydride. The activity of unmodified CPO 

amounts to 2816 U·g-1, while after addition of 0.15 µmol maleic anhydride a specific activity 

of 6312 U·g-1 is obtained. A simple addition of maleic anhydride to the CPO stock solution 

before the immobilization process results in a 2.2-fold increase in activity of the obtained 

material.      
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Figure 4-51. Specific activities of immobilized chloroperoxidase (CPO) and modified CPO with maleic 
anhydride. 8 nmol of CPO and maleic anhydride were dissolved in 2 ml of citrate buffer (pH = 5.0, T = 5 °C), 
after one hour 20 mg of MCF-0.55 and 0.51 mmol of GA were added. The samples were shaken for 7 days at 
5 °C.     
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The unique advantage of this strategy is the combination of chemical modification and 

immobilization of CPO in a simple one-pot approach, while the chemical modification of 

enzymes in buffered solution requires several purification steps such as dialysis and 

lyophilization (Figure 4-52). Dialysis allows the separation of molecules of different sizes in 

solution by difference their diffusion rates through a semipermeable membrane. Thus, 

enzymes are separated employing this technique from the chemicals used for their 

modification. In a further step, lyophilization is used as a purification procedure to effectively 

remove solvents. Furthermore, proteins are often lyophilized to make them more stable and 

easier to dissolve in water for subsequent uses. Dialysis and freeze-drying are relatively 

expensive processes. On one hand, the costs for the equipment needed are high and on the 

other hand the high energy demand leads to significant energy costs.232-235       

 
Figure 4-52. Steps of chemical enzyme modification with subsequent biochemical separation and freeze-drying 
(left). One-pot synthesis of cross-linked enzymes in mesoporous materials after their chemical modification 
(right). 

These difficult, time-consuming and expensive procedures can be circumvented by 

employing the above described one-pot chemical modification and immobilization process. 

The purification steps are replaced by simple immobilization onto a mesoporous material with 

subsequent washing with a buffered solution over a filter. The chemicals used for the enzyme 

modification are washed out of the material. Besides the purification effect, the enzymes are 

immobilized and directly applicable for catalytic applications.         
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4.4.2.5 CROSS-LINKING OF GLUCOSE OXIDASE ON MCF 
SUPPORTS 

The already described concept of the formation of cross-linked enzyme aggregates in 

the pore cages of mesocellular foams (MCF) was extended to other enzymes. Cross-linking of 

GOx into MCF at different pH was studied in order to find the optimum pH value for 

immobilization.188 It was found that both the activity and the adsorbed amount are maximal at 

pH = 5.0. In previous work, the maximum activity of physisorbed GOx was observed when 

the sample was prepared at pH = 4.0, which is slightly below the isoelectric point of GOx (pI 

= 4.2).187 Thus, at the optimum pH level the electrostatic attraction between the slightly 

positive charged enzyme and the negatively charged silica framework (point of zero charge = 

3.7±0.3) is dominant.231 On the other hand, Schoevaart et al. have reported that the 

preparation of cross-linked enzymes aggregates (CLEAs) of glucose oxidase is ideally 

performed at pH = 7.3 in a phosphate buffered ethyl acetate solution.236 The optimum pH for 

the formation of CLEAs in mesoporous silica is shifted to 5.0, because both adsorption and 

cross-linking proceed conjointly.           
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Figure 4-53. Activity of immobilized GOx as a function of the amount of GOx used. Various amounts of GOx 
and 0.51 mmol of GA were given to 20 mg of MCF-0.55 in 2 ml buffered solution (pH = 4.0) and shaken for 
7 days at t = 5 °C (�); before 0.51 mmol of GA were added, the pH was changed to 5.0 and the samples were 
shaken for 24 h at t = 5 °C (�). 

In order to verify the performance of the pH adjustment method with respect to high 

activity of cross-linked GOx in MCF, it is compared with the simultaneous addition of GOx 

and GA as shown in Figure 4-53. The calculated maximum activity of immobilized GOx 
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amounts to 3288 U·g-1 for a material prepared by simultaneous addition of GOx and GA, 

while an enhancement of 155 % up to 5090 U·g-1 was obtained for immobilization via pH 

adjustment. An increase in activity for GOx-CLEA-MCF from 1037 to 2119 U·g-1 for 

2.43 mg of GOx is found for the simultaneous addition of GOx and GA, while an increase 

from 2817 to 4801 U·g-1 for 12.15 mg of GOx is observed and for the pH adjustment. It is 

assumed, that the same mechanisms as described for CPO cross-linking processes have to be 

considered. Due to their fast adsorption, the GOx molecules can be permanently cross-linked 

in the pore cages connected to the outer surface where they are easily available for substrates.  

ACTIVITY DETERMINATION 

Different enzyme assays have been suggested for the determination of glucose oxidase 

(EC 1.1.3.4) activity in recent years. The direct activity assay, which was described by Scott, 

involves the manometric monitoring of the oxygen uptake in the overall reaction.237 A direct 

continuous monitoring procedure utilizes a polarographic oxygen analyzer to follow the 

oxygen consumption in the reaction mixture of glucose oxidase (GOx) with glucose.238 

Another method, which is also practicable, is the titrimetric determination of gluconic acid.239 

Nowadays, the most frequently employed procedures for enzymatic assays are colorimetric 

detections. In the case of glucose oxidase, which catalyzes the oxidation of D-glucose to D-

glucono-1,5-lactone and hydrogen peroxide,240 the use of auxiliary enzymes (linked enzyme 

methods) to generate easily UV/Vis detectable species such as chromophores is necessary.241 

The GOx activity can be monitored by either the disappearance of the substrate or the 

appearance of product compounds. The linked assay method is based on the production of 

hydrogen peroxide which is quantified by colorimetric methods in the presence of horseradish 

peroxidase.186 In recent years, a large number of different reducing agents as substrates for 

peroxidases in order to increase the assay sensitivity has been suggested in the literature.242,243 

One of the major drawbacks of these linked enzyme assays is the presence of other enzymes 

in the reaction mixture that may affect the kinetic behavior of GOx.241 Moreover, assays 

involving another enzyme are very expensive and, therefore, not practicable for continuous 

monitoring of the activity over a long period of time. 

For better validation of the results obtained for immobilized glucose oxidase with the 

potassium iodide assay, the KI assay is compared to the standard activity assay for glucose 

oxidase solutions. Therefore, an aliquot of glucose oxidase (the activity was given by the 

supplier) was assayed with 5 ml of α D-glucose (50 mM) / potassium iodide (100 mM) 

solution at 35 °C and pH = 5.1. In the range of lower KI units, the activity determined by the 
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KI assay is directly proportional to the activity given by the supplier. For higher KI units the 

specified activity increases exponentially. This leads to the conclusion that for higher 

specified activities the enzymatic reaction, viz. the hydrogen peroxide generation, occurs with 

a high reaction rate, while the oxidation of potassium iodide proceeds much slower. Thus, the 

optimum KI activity range for further experiments is in the linear region between about 0.02 

and 0.08 units. For validation, the standard activity and the KI assay were compared in Figure 

4-54.  
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Figure 4-54. Comparison of the standard activity (SA) assay with the KI assay (T = 35 °C). Error bars are 
calculated from the standard deviation. 

The slope of the fitted straight line is 2.78; thus, the activity determined by the standard 

assay is about two times higher than the activity measured with the KI assay. This implies that 

the potassium oxidation is slower by a factor of 0.4 compared to the o-dianisidine oxidation 

by HRP. Because the following measurements were carried out at room temperature, the 

standard activity assay was compared with the KI assay at RT. The slope of the fit is 5.28 and 

thus the reaction rate of the potassium iodide oxidation is decelerated by a factor of 0.2. 

Comparing the KI assay performed at 35 °C with the KI assay at room temperature the 

reaction rate is halved. Thus, a decrease of temperature of about 15 K is accompanied by a 

reduction of the KI units by a factor of 0.5. However, it can be shown that different glucose 

oxidase activities determined by the KI assay can be converted into standard activity units on 

the basis of a calibration curve. The KI assay was performed at room temperature (T = 22 °C) 

and at different pH values in order to study its pH dependence.  
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Figure 4-55. Performance of the KI assay at different pH values. pH = 3.0 (�), 4.0 (�), 5.1 (�); T = 22 °C. 
The solid line is to guide the eyes. 

In Figure 4-55, the amount of I2 produced during the assay is plotted versus different 

amounts of GOx. It is shown that the linear range increases when the pH is changed from 5.1 

to 3.0. Since the enzyme catalyzed step of the reaction proceeds slower, while the iodine 

oxidation proceeds faster at lower pH values, both reaction rates can be adjusted by varying 

the pH. Thus, the detection limit of the KI assay is easily tunable by varying the pH value of 

the assay solution. To ensure that the total amount of hydrogen peroxide is reduced by 

potassium iodide, the oxidation of D-glucose by GOx was replaced by continuous addition of 

H2O2 using a peristaltic pump. A hydrogen peroxide solution (350.93 mM) was added drop 

wise at a flow rate of 6.2 µl⋅min-1 to a buffered 100 mM potassium iodide solution; this 

corresponds to a H2O2 formation equivalent to the one formed by 2.17 U of glucose oxidase. 

It was found that independent of the pH of the solution, the detection of the generated H2O2 is 

not limited by the potassium iodide oxidation (not shown).  
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Figure 4-56. Oxidation of potassium iodide (100 mM) in glucose solutions with different concentrations over 
2.17 U of GOx. 

Figure 4-56 shows the influence of the D-glucose concentration on the oxidation of 

potassium iodide by H2O2 generated by GOx. It is observed that saturation of the substrate, 

viz. D-glucose, is reached at a concentration of about 30 mmol⋅l-1 according to the Michaelis-

Menten kinetics. Therefore, in all further experiments, the glucose concentration is adjusted to 

50 mmol⋅l-1 to ensure an optimum reaction rate. In general, the oxidation of the potassium 

iodide solution at pH = 5.1 proceeds slowly and it takes about 50 min until the H2O2 is 

completely converted. However, in fixed-bed reactor experiments each sample is stored for 

about one hour prior to analysis. Hence, calibration with the standard activity assay is only 

required for measurements in the liquid phase. 

The activity of the immobilized biocatalyst GOx-SBA-15 was studied to determine the 

differences between the standard activity assay and the KI assay. Different amounts of the 

GOx-SBA-15 catalyst were analyzed by each assay. The resulting activity units of the KI 

assay are converted according to the calibration curve in Figure 4-54. Repeated measurements 

of different quantities are expected to yield results which are showing a Gaussian distribution 

around a particular value. The mean value is 0.0145 U⋅mg-1 and the variance amounts to 

7.938⋅10-5 U2⋅mg-2 (these values are measured with the KI assay and are given in “KI-units”). 

After the transformation of these KI activity units into standard activity units (according the 

calibration in Figure 4-54) the mean value is 0.0346 U⋅mg-1 and the variance is 

5.079⋅10-4 U2⋅mg-2, respectively. The broadened variance is a consequence of mathematical 
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nature of the probability density function. The shifted mean value results in a density decrease 

and an increase of the variance. 
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Figure 4-57. Gaussian distribution of GOx-SBA-15 activity determined by the standard activity assay (�) and 
converted from KI assay into SAA units (�). 

In Figure 4-57, the converted KI units are compared with the measured activity of the 

standard assay. The lower density of the Gaussian distribution of the SA assay is due to the 

higher statistical dispersion of the measured values and the fact that the area under the curve 

is standardized to one arbitrary unit. However, for the standard assay the mean value is 

0.0992 U⋅mg-1 and the variance is 8.686⋅10-3 U2⋅mg-2. According to the empirical rule (68-95-

99.7 rule), it can be calculated, that about 68 % of the values fall within an interval of one 

standard deviation of the mean value (µ ± σ). For this reason, the value is 0.0346 ± 

0.0196 U⋅mg-1 and 0.0992 ± 0.0932 U⋅mg-1 for the KI assay and the standard activity assay, 

respectively. Thus, the linked assay method possesses another drawback besides its high 

costs, i.e. its wide statistical dispersion of the activity measurements for GOx immobilized in 

the mesopores of solid particles. The amount of hydrogen peroxide produced over 

immobilized GOx under continuous flow conditions is quantified by pumping D-glucose – 

potassium iodide solution over a GOx-SBA-15 fixed-bed with a flux of 0.6 ml⋅min-1. Samples 

(500 µl) were withdrawn at different time intervals and then each sample was stored for about 

one hour until the potassium iodide oxidation was complete. After this time period, the 

converted hydrogen peroxide corresponds exactly to the amount of iodide produced. Thus, the 
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iodine content, viz. the H2O2 concentration, in the solution can be determined by UV/Vis 

spectroscopy. Because of the known flux (0.6 ml⋅min-1), the filling volume (125 mm3) and the 

sample volume (500 µl), the reaction time for the hydrogen peroxide generation over 

GOx-SBA-15 can be calculated (0.21 min). Thus, the activity of the GOx-SBA-15 can be 

determined. For example, after 15 minutes, 500 µl of the reaction mixture were sampled. The 

concentration of iodine amounted to 6.338 mmol⋅l-1, viz. an amount of 3.169 µmol was 

generated in 0.21 min. This corresponds to a GOx-SBA activity of 15.1 U. 
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Figure 4-58. Activity of GOx-SBA-15 in a fixed bed reactor as a function of time-on-stream. 

Figure 4-58 shows the decrease of the GOx-SBA-15 activity over a period of time while 

the glucose – potassium iodide solution is pumped over the catalyst bed. The decrease in 

activity is due to leaching of GOx from the support. The hydrogen peroxide produced in the 

fixed-bed reactor is sampled and stored until the potassium iodide oxidation is complete. The 

consumption of assay solution for this experiment (almost 24 h) amounts to 850 ml. The costs 

of the SA assay for this experiment add up to 44 € (including 36 € for o-dianisidine), while 

the overall costs of chemicals for the KI assay amounts to 4.70 €. Thus, the KI assay is 

significantly cheaper than the SA assay. Moreover, even very low activities can be 

determined with high precision.                  
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4.4.2.6 CROSS-LINKED AND PHYSISORBED LACCASE IN MCF 

PREPARATION AND ACTIVITY DETERMINATION 

As demonstrated in the previous chapter (4.4.2.5), the immobilization strategy 

developed for CPO is also suitable for the formation of GOx-CLEAs on MCF supports. To 

make this procedure accessible for a broader variety of enzymes, it was also tested for laccase. 

The optimum pH for the physisorption of laccase and as well as for the formation of cross-

linked laccase aggregates (Lacc-CLEAs) in MCF was determined. In Figure 4-59, the 

activities of the Lacc-CLEA-MCF biocatalyst and for laccase physisorbed on MCF (Lacc-

MCF) are plotted versus the pH of the solution. To prepare the cross-linked laccase catalyst, 

the enzyme and glutardealdehyde were added simultaneously to the MCF suspension. These 

suspensions were shaken at 5 °C for at least six days to reach the thermodynamic equilibrium. 

The maximum activity for physisorbed and cross-linked laccase is obtained at an identical pH 

of 5.2. The activity of the CPO- and GOx-CLEA-MCF is maximal at pH = 5.0, while the 

maximum activity for Lacc-CLEA-MCF is obtained for pH = 5.2. Although laccase has an 

isoelectric point of 4.6244 and therefore it is slightly negatively charged at pH = 5.2 just as the 

silica framework, the highest activity for the material prepared by physisorption is obtained at 

this pH. In contrast, Schoevaart et al. have patented that the preparation of cross-linked 

enzymes aggregates (CLEAs) of laccase is ideally performed at pH levels between 8.0 and 

9.5.245 Nevertheless, as illustrated in Figure 4-59, the maximum activity for the Lacc-CLEA-

MCF material prepared by simultaneous addition of cross-linker and laccase is reached at a 

pH level of 5.2, just as for the physisorption. This behavior is different from that of CPO and 

GOx. The optimum pH for the preparation of cross-linked GOx in MCF (5.0) is in between 

the optimum pH for physisorption (3.8) and for the formation of CLEAs (7.3). 
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Figure 4-59. Activity of physisorbed laccase onto MCF and of Lacc-CLEA-MCF at various solution pH 
(experimental conditions: 1.1 mg of laccase; 0.51 mmol of GA; 20 mg of MCF-0.55; 2 ml of buffer solution; T = 
5 °C, 7 days. 

However, at pH = 5.2 the activity of Lacc-MCF amounts to 141 U·g-1 whereas the 

addition of GA, viz. the formation of Lacc-CLEA-MCF results in an activity of 424 U·g-1 

(Figure 4-59). To explain this increase in activity by a factor of three, two effects have to be 

taken into account: i) the pores are completely filled with cross-linked laccase instead of 

laccase which is only adsorbed on the pore walls, and ii) the pores connected to the outer 

surface are preferentially filled with laccase. It is assumed that the diffusion of the substrate 

into the pore structure to react with the enzymes adsorbed is not rate determining, when the 

reaction between substrate and laccase occurs in the first cages with direct access to the 

surface. 

Compared to GOx and CPO, a change in pH during the preparation of Lacc-CLEA-

MCF is not required, since both the physisorbed and the cross-linked laccase in MCF show 

the highest activity at a pH of 5.2. Nevertheless, the time dependency of the addition of 

enzyme and cross-linker, which also plays a role in the formation of CLEAs in MCFs was 

tested. The consecutive addition of laccase and GA (laccase was given to a buffered MCF 

suspension at pH = 5.2 and after one hour GA was added) was compared to the simultaneous 

addition of laccase and GA (Figure 4-60 (top)). Both preparation procedures result in 

materials showing almost the same activity when the same amount of laccase is added. For 

the addition of 5.82 mg of laccase, the activity of the immobilized enzyme amounts to 1190 

and 1163 Ug-1 for simultaneous and consecutive addition, respectively.  



Results and discussion 

   

141 

m (laccase) / mg

1 2 3 4 5 6

L
a
c
c
a

s
e

 a
c
ti
v
it
y
 i
n

 s
o

lu
ti
o
n

 /
 U

0.02

0.03

0.04

0.05

0.06

0.07

simultaneous addition 

consecutive addition 

1 2 3 4 5 6A
c
ti
v
it
y
 o

f 
im

m
o

b
ili

z
e

d
 l
a
c
c
a
s
e

 /
 (

U
 g

-1
)

200

400

600

800

1000

1200 simultaneous addition 

consecutive addition 

 
Figure 4-60. Activity of Lacc-CLEA-MCF (top) and of the laccase remaining solution (bottom) versus the 
amount of laccase used. Simultaneous addition of laccase and cross-linker (0.51 mmol of GA) to 20 mg of MCF-
0.55 in 2 ml of a buffer solution (pH = 5.2), 5 °C, 7 days (�); consecutive addition of cross-linker (0.51 mmol of 
GA) one hour after laccase was added to 20 mg of MCF-0.55 in 2 ml of a buffer solution (pH = 5.2), 5 °C, 
7 days (�). 

Since it was not possible to determine directly the immobilized amount of laccase in an 

accurate way, the activities of the solution and the washing solution after the Lacc-CLEA-

MCF material was filtered off and washed were determined. As shown in Figure 4-60, the 

activities of immobilized laccase prepared by silultaneous and by consecutive addition of 

cross-linker, are comparable. On the other hand, the corresponding residual activities of 

laccase in the solution are completely different. The activity of the stock and the washing 

solution obtained from the CLEA preparation via consecutive addition of laccase and GA is 

drastically reduced compared to that obtained for the simultaneous addition (Figure 4-60 
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(bottom)). When 5.82 mg of laccase are used, the activities of both solutions differ by a factor 

of 1.44. Thus, the loading of laccase for the Lacc-CLEA-MCF prepared by simultaneous 

addition of enzyme and cross-linker is at the same activity almost 69 % lower compared to 

consecutive addition. As expected, the loading of the MCF material with laccase increases 

with increasing amount of laccase in solution, but for the different immobilization methods, 

different factors are observed. On the other hand, the activity of the Lacc-CLEA-MCF 

material increases as well but by the same factor for both preparation methods. In general, the 

loading obtained for the consecutive addition is higher than that obtained by simultaneous 

addition while the activity is the same in the entire range. In other words, the effective activity 

for the consecutive addition of enzyme and cross-linker is much lower than the effective 

activity observed for simultaneous addition.  
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Figure 4-61. Ratio of the effective activities of Lacc-CLEA-MCF prepared by simultaneous and consecutive 
addition of laccase and cross-linker, respectively.    

The calculated ratio of the effective activity between simultaneous and consecutive 

addition is shown in Figure 4-61. For ratios larger than 1.0, the efficiency of the 

immobilization process carried out by simultaneous addition of laccase and GA is higher due 

to the larger amounts of laccase adsorbed compared to consecutive addition of laccase and 

GA. While, consecutive addition of enzyme and cross-linker precedes the adsorption process 

by preventing cross-linking, viz. the diffusion of larger amounts of enzymes into the porous 

MCF network. In this case, the whole network is not accessible. On the other hand, it has to 

be taken into account that the substrate ABTS is a much larger than the substrate for the CPO 

activity assay, namely MCD. Thus, the diffusion of ABTS into the porous network is 
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probably more hindered as compared to MCD. Therefore, ABTS can only react with Lacc-

CLEAs in the pores connected to the outer surface of the catalyst particles. Thus, one has to 

conclude that this activity assay is not sensitive enough for the detection of differences in 

activity of Lacc-CLEA-MCF prepared by different methods. To overcome this problems and 

to analyze the obtained materials by another independent test method, cyclic voltammetry 

experiments were performed. Cyclic voltammetry offers the possibility to evaluate catalytic 

parameters of enzyme-catalyzed reactions with high precision. It is moreover an accurate 

method for the determination of the redox activity of immobilized enzymes.                       

CYCLIC VOLTAMMETRY OF IMMOBILIZED LACCASE 

Cross-linked enzymes in the pore cages of mesocellular foams are highly stable against 

leaching as described in chapter 4.5. Here, the catalytic behavior of cross-linked laccase in 

MCF is investigated with respect to different strategies to immobilize laccase onto the silica 

surface. Therefore, a non-modified MCF material and a (3-aminopropyl) trimethoxysilane-

functionalized material (ATS-MCF) and a glutaraldehyde-modified ATS-MCF material (GA-

ATS-MCF) were used as supports for cross-linked laccase (see chapter 3.4.2). The aim was to 

study the interaction of laccase immobilized on supports exhibiting different surfaces with the 

mediator ABTS by means of cyclic voltammetry. Electrochemical techniques enable the 

monitoring of mediated laccase interactions by recording the redox processes of the 

mediators. Furthermore, the determination and the analysis of the Michaelis-Menten kinetic 

parameters help to understand the behavior of immobilized laccase on non-modified and 

modified surfaces.  
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Figure 4-62. Cyclic voltammograms recorded in a buffered ABTS solution (12.5 mmol·l-1) employing laccase 
immobilized onto different supports (MCF, ATS-MCF and GA-ATS-MCF). 25 ml of a buffered ABTS solution, 
pH = 5.5, 25 °C, scan rate 200 mV·s-1.      

Cyclic voltammograms of ABTS at a concentration of 12.5 mM and a scan rate of 

200 mV·s-1 are shown in Figure 4-62. The voltammograms were recorded with a working 

electrode consisting of immobilized laccase on different MCF materials pressed into a metal 

mesh. Two anodic peaks with potentials of 438 and 886 mV (vs. Ag/AgCl) are observed for 

laccase immobilized on MCF. For ATS-MCF and GA-ATS-MCF the peaks are shifted to 

higher potentials and the intensity mainly of the second peak is reduced. These two anodic 

peaks correspond to the oxidation of ABTS to its cation radical ABTS+• and subsequently to 

its dication ABTS2+. The reverse scan shows two cathodic peaks of the dication and the cation 

radical. For ATS-MCF and GA-ATS-MCF the cathodic peak corresponding to the reduction 

of ABTS2+ is hard to observe, because the peak obtained for ABTS+• reduction is about two 

times more intensive than that for the oxidation peak.  
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Figure 4-63. The catalytic current is shown as function of the ABTS concentration for laccase on different 
supports. The cyclic voltammograms were recorded in ABTS solutions of different concentrations under 
previously optimized experimental conditions. The experimental data were fitted according to the Michaelis-
Menten equation. Insert: Lineweaver-Burk plot (or double reciprocal plot) of the enzyme kinetics. The 
immobilized laccase was pressed into a metal mesh and used as working electrode, 25 ml of buffered ABTS 
solution, pH = 5.5, 25 °C, scan rate 200 mV·s-1.      
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In order to estimate the kinetic parameters, cyclic voltammograms were recorded in 

ABTS solutions with different concentration under the above-mentioned conditions. The 

kinetic data were fitted according to the Michaelis-Menten equation 4-7 (see Figure 4-63).  

 

( )
( )
max ABTS

ABTS app

M

J c
J

c K

⋅
=

⋅
 4-7 

J and Jmax are the catalytic current density and the maximum catalytic current density, 

and KM
app is the apparent Michaelis-Menten constant. The parameters were calculated from 

the linearization of the Michaelis-Menten equation which leads to the Hanes-Woolf, or 

Lineweaver-Burk plot (see inserts Figure 4-63). The kinetic parameters based on the data 

obtained from cyclic voltammograms are summarized in Table 4-8.      

Table 4-8. Calculated kinetic parameters for the ABTS conversion with immobilized laccase obtained from 
cyclic voltammetry.       

Laccase support Jmax / (mA·cm-2) KM
app / (mmol·l-1) 

MCF 170.82 0.43 

ATS-MCF 173.70 1.19 

GA-ATS-MCF 230.60 1.95 

 

The main difference between the three samples discussed in this chapter is the different 

connection of the cross-linked enzymes in the pore cages with the pore walls of the MCF 

material. In the case of pure MCF, the laccase is stable cross-linked and these laccase CLEAs 

are physisorbed on the MCF pore walls. Using ATS-MCF and GA-ATS-MCF as supports for 

the laccase CLEAs, chemical bonding to the non-flexible silica wall is formed in addition to 

the flexible interenzymatic linkages between the enzymes aggregated in the MCF pore cages. 

Therefore, the kinetic parameters obtained by cyclic voltammetry have to be discussed with 

respect to: i) the allosteric effects of the amino acid residues around the active copper site246 

and ii) the conformational changes actuated by enzyme-substrate interactions (induced-fit 

model)247. Nevertheless, the kinetic parameters of an enzyme-catalyzed reaction are mainly 

influenced by the affinity between the enzyme and the substrate and the mediator, 

respectively. 248 An estimation of this influence can be performed by measuring the redox 

potential of enzymes by cyclic voltammetry. From these experiments, the kinetic parameters 

Jmax and KM
app can be calculated. High KM

app values mean that high substrate concentrations 

are necessary to reach the half-maximum velocity and thus, the affinity between the enzyme 
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and the substrate is low. Accordingly, a high affinity between substrate and enzyme results in 

low KM
app values.249 In the experiments described here, neither the enzyme nor the substrate 

ABTS is changed. Therefore, the kinetic parameters do not provide any information related to 

the low or high affinity of immobilized laccase towards a specific substrate. Accordingly, the 

changes in the KM
app values may be discussed with respect to the conformational changings of 

immobilized laccase during the catalytic run as mentioned before. As shown in Table 4-8, 

KM
app increases drastically from 0.43 M using MCF as laccase support to 1.19 M and to 

1.95 M for ATS-MCF and GA-ATS-MCF, respectively. These results clearly demonstrate 

that the catalytic performance of cross-linked laccase in the pore cages of mesocellular foams 

is not hindered. A reduced affinity between laccase and ABTS is observed for cross-linked 

laccase in the pore cages of functionalized MCF supports. This reduced affinity is due to the 

reduced conformational freedom of the enzymes by the rigid anchoring of the cross-linked 

aggregates to the silica pore walls.  
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4.4.2.7 RÉSUMÉ 
The immobilization of enzymes onto mesoporous silica materials may be evaluated 

according to: i) the resulting activity of the material ii) its efficiency and iii) the operational 

stability of the resulting biocatalyst. The choice of the support strongly influences the 

immobilization procedure. The pore size has to be large enough to accomodate the enzyme 

under study. Furthermore, ultra-large cages allow the formation of cross-linked enzyme 

aggregates inside the pores. The enzymes are concentrated in these pores by adsorption 

followed by formation of CLEAs.                     

However, it was shown that the formation of cross-linked enzymes in the pore cages of 

mesocellular foams results in biocatalysts showing an enormous increase in activity compared 

to the sole physisorption of enzymes onto the same materials. Furthermore, the effective 

activity, which expresses the efficiency of the immobilization procedure, increases as well. 

Up to a certain extent, higher loadings entail higher activities. The limiting element in this 

relation is the possible deactivation of the enzymes during the immobilization process and 

their limited availability due to the agglomeration of the enzymes at extended loadings.  

An improvement in the formation of cross-linked enzymes in the pore cages of MCF by 

simple addition of enzyme and cross-linker into the MCF suspension was achieved by pH 

adjustment during the synthesis. For CPO an enhancement in activity from 7772 U·g-1 up to 

10912 U·g-1 is attainable. Nevertheless, this increase is at the expense of efficiency: the 

effective activity is reduced from 21 U·nmol-1 to 15 U·nmol-1 for the corresponding samples. 

The increase in enzyme loading is not accompanied by an increase in activity due to the 

limited availability (see Figure 4-64). To obtain high activities of immobilized enzymes on 

prefabricated supports, a basic prerequisite is to achieve high enzyme loadings. Furthermore, 

an enhanced availability of the immobilized enzymes attainable by tailoring the properties of 

the host and/or fine-tuning of the immobilization process results in a higher activity, while the 

loading remains constant. Thus, the efficiency of the process is increased.      



Results and discussion 

   

149 

 
Figure 4-64. Correlations between enzyme loading, activity of the biocatalysts and the efficiency of the 
immobilization procedure.               

However, the operational stability of the cross-linked enzymes in MCF is dramatically 

increased compared to simple physisorption and to covalent anchoring (will be discussed in 

chapter 4.5). In addition, it has to be taken into account that the preparation time is 

significantly reduced to 24 h by the pH adjustment method compared to conventional cross-

linking (7 days). 
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44..55  CCAATTAALLYYTTIICC  EEXXPPEERRIIMMEENNTTSS  

In this chapter, the use of various immobilized enzymes, like laccase, CPO and GOx, 

whose preparation is described in chapter 4.4, in catalytic processes to test their operational 

stability and their catalytic performance is described. The oxidation of indole with 

immobilized CPO and immobilized GOx for H2O2 generation was carried out in a batch rector 

and in a fixed-bed reactor. Three different types of continuously-operated fixed-bed reactors 

were employed for the biodegradation of dibenzothiophene with immobilized laccase. And 

furthermore, the asymmetric synthesis of a K+-channel activator was conducted in a batch 

reactor using glycerol as reaction medium and 2,2-dimethyl-2H-1-benzopyran-6-carbonitrile 

(6-Cyano-2,2-dimethylchromene; CdMC) as starting compound, while the oxidation of 

CdMC in buffered solutions results in trans-diol compounds. 

4.5.1 OXIDATION OF INDOLE TO OXINDOLE 

The non-enzymatic synthesis of 2-oxindole requires harsh conditions or complex 

inorganic catalysts to be successful, since oxidation of the electron-rich 3-position is typically 

favored. Fujita et al. synthesized 2-oxindole from 3-(2-aminophenyl)-1-propanol by using 

[Cp*RhCl2]2/K2CO3 (Cp* = pentamethylcyclopentadienyl) as catalyst in acetone under 

reflux for 8 hours.250 A 2-oxindole yield of 80 % was obtained. Crestini et al. published a mild 

synthesis by Wolff-Kishner reduction of isatin derivates,251 where a 2,3-dioxoindole 

derivative as reactant is required.                 

In enzymatic synthesis, the oxidation of indole to 2-oxindole is a well-known reaction 

catalyzed by CPO in the presence of hydrogen peroxide.252 In order to continue previous 

studies of our group, the oxidation of indole to 2-oxindole was carried out in batch reactors as 

well as in fixed-bed reactors to evaluate the operational stability of the immobilized enzymes 

under reaction conditions. Thus, a heterogeneous biocatalyst is necessary and in this context 

two main problems have to be addressed: i) the implementation of a reaction procedure which 

reduces enzyme deactivation and ii) the development of an immobilization technique for CPO 

which suppresses leaching. A tandem-reaction with glucose oxidation by glucose oxidase 

(GOx) was developed in order to generate H2O2 in-situ to avoid the deactivation of CPO 

observed upon external hydrogen peroxide addition. Sheldon and co-workers studied the 

stability of peroxidases by co-immobilization with glucose oxidase into polyurethane 
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foams.253 It was found that CPO deactivation can be suppressed by application of this tandem 

reaction most probably by maintaining a lower local peroxide concentration. The other main 

problem – leaching - can be prevented by a strong and permanent bond between the enzyme 

and the carrier (covalent coupling) or the formation of cross-linked enzyme aggregates in the 

pore cages of mesocellular foams.     

4.5.1.1 RECYCLING EXPERIMENTS IN A BATCH REACTOR 
Previous studies in our group have shown that CPO immobilized on SBA-15 exhibits a 

high activity at pH between 3.5 and 7.5.230 The maximum conversion of indole to 2-oxindole 

is shown in Figure 4-65. It is found that the maximal conversion is obtained after a reaction 

time of ca. 1200 min (not shown). Nevertheless, Figure 4-65 illustrates that the maximum 

indole conversion follows the same trend as the H2O2 formation rate of the tandem system as 

a function of the pH of the reaction mixture. In comparison, the benchmark experiment, 

where H2O2 has been added continuously (flow rate = 10 µl·min-1) exhibits a more or less 

constant maximum conversion at pH values between 3.0 and 8.0. In this region the indole 

conversion of the tandem system is limited by the H2O2 formation rate, which decreases to 

0.05 µl·min-1 at a reaction time of 1600 min. At pH = 5.5, the maximum indole conversion of 

the tandem system amounts to 92 %, while the conversion found for the conventional system 

does not exceed 88 %.      
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Figure 4-65. Maximum conversion of indole (red) and H2O2 formation rate (blue) at various pH levels. Catalyst 
system: 2.5 U of CPO-SBA, 1.5 U of GOx-SBA; TR = 20 °C, substrate: indole (5 ml, 3.5 mM), glucose (5 ml, 
45 mM). For comparison: maximum conversion of indole (�) over 2.5 U of native CPO; TR = 20 °C; substrate: 
indole (5 ml, 3.5 mM); oxidant: H2O2 (1.95 ml, 8.8 mM, flow rate = 10 µl·min-1). 
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To test the enzymatic activity of the heterogeneous biocatalyst under reaction 

conditions, recycling experiments were performed with the CPO-GOx tandem system. 

Immobilized CPO and GOx were added to 5 ml of an aqueous buffered solution containing 

indole and glucose. The oxidation was conducted at room temperature and aerial oxygen was 

used as the oxidant. Samples were withdrawn and analyzed by HPLC. After a constant indole 

conversion was reached (after about 7 h) the experiment was stopped, the heterogeneous 

biocatalysts were removed by filtration, washed and reused for the following catalytic cycle.      
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Figure 4-66. Repeated use of 10 U of CPO-SBA-15; TR = 20 °C; substrate: indole (20 ml, 2.5 mM, pH = 5.5); 
solvent: water–tert-butanol (80:20 v:v);oxidant: tert-butyl hydroperoxide (6.0 ml, 0.83 M, flow rate = 
20 µl·min-1) (�) and 2.5 U of CPO-SBA-15, 1.5 U of GOx-SBA-15; TR = 20 °C, substrate: indole (5 ml, 
3.5 mM), glucose (5 ml, 45 mM) (�). 

Figure 4-66 displays the results of recycling experiments performed with the tandem 

system in comparison to oxidation experiments with external tert-butyl hydroperoxide 

addition. The external addition of H2O2 as oxidizing agent results in an almost complete 

deactivation of CPO. The indole conversion of the experiment with external tert-butyl 

hydroperoxide addition reached its maximum after about 3 h. Here, after two recycling runs, 

the maximum yield decreases rapidly to 16 %. An indole conversion of 64 % is achieved by 

employing the CPO-GOx tandem system in the first run. After four recycling runs, the 

conversion is still at around 60 %. These results show convincingly that the heterogeneous 

tandem system circumvents CPO deactivation by the limited H2O2 production using 

immobilized glucose oxidase. Thus, one main goal mentioned above: “the implementation of 

a reaction procedure which reduces enzyme deactivation” was achieved.  
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4.5.1.2 CATALYTIC PERFORMANCE IN A FIXED-BED REACTOR 
This chapter addresses the other main problem: “the development of an immobilization 

technique for CPO which suppresses leaching”. Therefore, the performance of the 

heterogeneous biocatalysts (immobilized CPO and immobilized GOx) was investigated under 

continuous-flow conditions. A fixed-bed reactor was filled with physically mixed 

immobilized CPO and immobilized GOx. A buffered solution (pH = 5.5) of indole (3.5 mM) 

and glucose (50 mM) was pumped through the reactor at a flow rate of 0.2 ml·min-1. A 

scheme of the reactor is presented in Figure 4-67. Results discussed in this section were 

already published in 109, 115. 

 
Figure 4-67. Schematic illustration of the fixed-bed reactor setup used for the indole conversion.  

PHYSISORBED AND COVALENTLY ANCHORED ENZYMES ONTO 

SBA-15 

The performance of covalently immobilized and of physisorbed chloroperoxidase and 

glucose oxidase in a fixed-bed reactor is compared in Figure 4-68. For CPO and GOx 

adsorbed onto SBA-15, a drastic decrease of the oxindole yield with time-on-stream is 

detected. The initial oxindole yield for the catalyst bed consisting of 150 U CPO-SBA-15 and 

7 U GOx-SBA-15 amounts to 16 %. After 48 h time-on-stream, the oxindole yield is reduced 

to 3.5 %.  However, based on units, immobilized CPO has to be filled into the reactor in 

excess compared to immobilized GOx, because one catalytic cycle of GOx generates one 

molecule of H2O2, while one molecule of indole is oxidized per catalytic cycle of CPO. The 

key to an optimum process is the maximum utilization of H2O2 generated for the catalytic 
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oxidation of CPO. In contrast, the catalyst prepared by covalent immobilization of the enzyme 

shows a different behavior. In the first two hours, the oxindole yield is significantly reduced 

from 23 % to about 11.5 % over 150 U CPO-GA-ATS-SBA-15 and 7.5 U GOx-GA-ATS-

SBA-15. After more than 48 hours, a final yield of about 8.3 % is obtained. The roughly 

constant yield is reached much earlier as in case of the adsorbed enzymes. Thus, it is 

concluded that even functionalized SBA-15 materials contain a certain amount of only 

physisorbed enzymes, which were not removed by washing during catalyst preparation. This 

weak interaction between the mesoporous host and the enzyme results in rapid leaching of the 

enzyme during the first few hours of time-on-stream, which is indicated by a strong decrease 

of the oxindole yield.                    
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Figure 4-68. Oxidation of indole over 150 U of CPO-GA-ATS-SBA-15 and 7 U of GOx-GA-ATS-SBA-15 (�) 
and 150 U of CPO-SBA-15 and 7 U of GOx-SBA-15 (�);TR = 20 °C; flow rate 0.2 ml·min-1; substrate: indole 
(3.5 mM), glucose (45 mM).  

The slow decrease in the oxindole yield with time-on-stream by using the physisorbed 

enzymes is due to the slow leaching of the enzymes. Nevertheless, as a result of the taylor-

made pore channels, the chloroperoxidase is adsorbed relatively stable (a constant indole 

conversion can be achieved). In addition, the channels of SBA-15 are almost completely filled 

with CPO. After the enzymes located on the entrance of the channels of SBA-15 are leached 

out, enzymes from the channel center replenish this position. In other words, the desorption of 

CPO is slow. On the other side, leaching of physisorbed CPO from MCF supports occur much 

faster (cf. Figure 4-72) as a result of the large pore cages and entrances.         
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CROSS-LINKED ENZYMES IN THE PORE CAGES OF MCFS 

Mesocellular foams containing cross-linked enzymes in the mesopores were also tested 

under continuous flow in a fixed-bed reactor in order to investigate their leaching behavior 

compared to physically adsorbed or covalently anchored enzymes. Figure 4-69 shows the 

performance of two different catalyst mixtures (immobilized CPO and immobilized GOx) 

with different activities of the immobilized enzymes. The initial activity of both runs amounts 

to about 35 % and drops down to a constant yield within the first 24 h. For the catalyst 

mixture of 23 U of CPO-CLEA-MCF and 7 U of GOx-CLEA-MCF a final yield of 2-

oxindole of 14 % is reached, while for a mixture of 46 U of CPO-CLEA-MCF and 21 U of 

GOx-CLEA-MCF 20 % are achieved.  
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Figure 4-69. Oxidation of indole over 23 U CPO-CLEA-MCF and 7 U GOx-CLEA-MCF (�) and 47 U CPO-
CLEA-MCF and 21 U GOx-CLEA-MCF (�);TR = 20 °C; flow rate 0.2 ml·min-1; substrate: indole (3.5 mM), 
glucose (45 mM).       

Thus, an enhancement in enzyme activity due to an increase of the amount of 

biocatalyst used results in a rise of the 2-oxindole yield. Nevertheless, an increase in activity 

of immobilized CPO employed by a factor of two (from 23 U to 46 U) and a three-fold 

increase in activity of immobilized GOx (from 7 to 21 U) results in an enhanced final 

oxindole yield by a factor of 1.4 (from 14 to 20 %). This implies that the concentration of the 

product stream can be increased easily, but only on the expense of a disproportional large 

amount of catalyst. At this point, the economics of the process have to be taken into account. 

Table 4-9 compares the amount of immobilized CPO and the resulting final oxindole 

concentration of the reactor stream with the corresponding space-time-yield (STY) in mmol 
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oxindole per hour per gram catalyst. The space-time-yield of physisorbed CPO and covalently 

anchored CPO on SBA-15 amount to 0.007 mmol·h-1·g-1 and to 0.010 mmol·h-1·g-1, 

respectively. An enormous rise of the space-time-yield is realized by using cross-linked CPO 

in the mesoporous cages of MCFs. Here, 0.346 mmol·h-1·g-1 and 0.243 mmol·h-1·g-1 are 

obtained for 23 U CPO-CLEA-MCF and 46 U CPO-CLEA-MCF, respectively. These results 

clearly confirm that the CLEA-MCF biocatalysts show higher product yield and better space-

time-yields compared to physisorbed CPO on SBA-15. That is because the MCF support i) 

allows a higher enzyme loading with a higher resulting activity and ii) offers an increased 

availability of the enzyme for the substrate due to its porous structure. Furthermore, an 

increased amount of catalyst results in higher product yields but in reduced space-time-yields. 

This is a matter of economics and one has to balance the desired final product concentration 

with the amount of biocatalyst used.        

Table 4-9. Final, constant concentration of oxindole generated in the fixed-bed reactor over physically mixed 
immobilized GOx and CPO and the calculated space-time-yield (STY). 

sample activity / U cconst., oxindole / (mmol·l-1) STY / (mmoloxindole·h
-1·gcatalyst

-1) 

CPO-SBA-15 150 0.162 0.007 

CPO-GA-ATS-SBA-15 150 0.268 0.010 

CPO-CLEA-MCF 23 0.552 0.346 

CPO-CLEA-MCF 46 0.776 0.243 

 

In principle, the turnover number (TON) in enzyme catalysis denotes the maximum 

value of the rate per catalytic site at saturation of the enzyme by the reacting substrate as 

defined by the Michaelis–Menten kinetics. Subsequently, the rate referred to the number of 

catalytic sites is known as turnover rate or turnover frequency (TOF) which is defined as the 

number of repetitions of the catalytic cycle per time. The difficulty in determining the TOF 

involves not only the measurement of the reaction rate, but also the counting of the active 

sites, which is a sophisticated problem. The turnover frequency TOFtotal (Table 4-10) is 

determined using the total amount of enzymes immobilized, which was accurately quantified 

by chemical analysis. It has to be pointed out that the TOF calculated here is related to the 

amount of CPO used in the fixed-bed reactor at the start of the catalytic run and not to the 

amount of CPO that remained on the support after leaching, when a constant 2-oxindole flux 

is achieved.  
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Table 4-10. Constant flow of oxindole generated in the fixed-bed reactor over physically mixed immobilized 
GOx and CPO and the calculated turnover frequency (TOF). 

sample activity / U 
const. flowoxindole /  

(mmol·min-1) 
TOFtotal / h

-1 TOFcorrected / h
-1 

CPO-SBA-15 150 0.012 42 1044 

CPO-GA-ATS-SBA-15 150 0.041 149 1726 

CPO-CLEA-MCF 23 1.295 4661 9279 

CPO-CLEA-MCF (pH change) 23 1.678 6042 9674 

 

The effective activity (see chapter 4.4.2), that is the activity per amount of enzyme 

immobilized, was calculated to determine the amount of enzymes which are active and 

available. The quotient of the effective activity of the immobilized CPO and the native CPO 

estimates the amount of accessible and active enzymes. Nevertheless, since the activity is 

determined employing the MCD activity assay, it has to be assumed that the number of 

immobilized CPO enzymes which are accessible and active do not change when indole is 

used as a substrate instead of MCD. Employing the number of active enzymes as determined 

by the MCD activity assay, a corrected turnover frequency (TOFcorrected) is calculated. 

Table 4-10 summarizes the turnover frequencies for the oxindole production in the 

fixed-bed reactor of CPO immobilized on SBA-15 and MCF employing different techniques. 

Physisorbed CPO onto SBA-15 results in a TOF of 1044 h-1, while for the covalent anchored 

CPO onto SBA-15 a TOF of 1726 h-1 is calculated. The enormous benefits in using cross-

linked enzymes supported on MCF instead of physisorbed or covalently linked CPO on 

SBA-15 becomes more apparent when the turnover frequencies are compared. The TOF 

obtained for CPO-CLEA-MCF amounts to 9279 h-1, which is an increase by a factor of 8.9 

and 5.4 compared to CPO-SBA-15 and CPO-GA-ATS-SBA-15, respectively. A further 

increase in TOF up to 9674 h-1 obtained for the CPO-CLEA-MCF prepared by changing the 

pH level during the immobilization process is observed. This is mainly due to an increase in 

product flow from 1.295 to 1.678 mmol·l-1.     

To display the direct influence of the pH change during the enzyme immobilization 

process on the indole conversion, the fixed-bed reactor was filled with co-immobilized CPO 

and GOx onto MCF. The biocatalyst was prepared by changing pH level from 3.8 to 5.0 

before adding the cross-linker. Therefore, to a suspension of 50 mg of MCF in 5 ml of a 

buffered solution (pH = 3.8), 2000 U of CPO and 2000 U of GOx were added. After 1 hour 

shaking at 5 °C, the pH-level was changed to 5.0 and 2 mmol of GA were added. Thereafter 

the suspension was shaken for further 24 hours. The latter biocatalyst was prepared in a 
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similar manner: the support, the enzymes and the cross-linker were added simultaneously to 

the buffer solution at pH = 3.8. Unfortunately, the activity and the amount of each enzyme 

immobilized cannot be determined separately. Thus, a comparison of both biocatalysts 

prepared with and without changing the pH level is drawn from the performance of the 

catalyst in the fixed-bed reactor. Figure 4-70 depicts the yield of oxindole as a function of 

time-on-stream.    
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Figure 4-70. Tandem reaction with co-immobilized CPO/GOx-CLEA-MCF prepared by simultaneous addition 
of enzymes and cross-linker (�) and by pH-change before the cross-linker is added (�); TR = 20 °C; flow rate 
0.2 ml·min-1; substrate: indole (3.5 mM), glucose (45 mM). 

The final constant yield of oxindole obtained for the biocatalyst CPO/GOx-CLEA-MCF 

prepared by simultaneous addition of enzyme and cross-linker and prepared by the pH-change 

method amounts to 6.6 % and 10.0 %, respectively, while the initial yield of oxindole 

amounts to about 28 % and 45 %. These different initial yields obtained for the catalyst 

prepared by the pH-change method compared to the simultaneous addition are due to the 

higher leaching rate for the latter. As described in chapter 4.4.2.1, there is a large difference 

between the amounts of CPO adsorbed before and after washing for simultaneous addition of 

enzyme and cross-linker and the pH-change method. This is because for simultaneous 

addition a certain amount of enzyme is only adsorbed onto the outer surface and can easily be 

removed by washing. Furthermore, cross-linking and adsorption in the pore cages occurs 

simultaneously. Thus, the amounts adsorbed before and after washing differ strongly. On the 

other hand, this difference of the amount of enzyme adsorbed before and after washing is not 

observed for the pH-change method. In this case, all the enzymes are adsorbed at the optimum 
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pH level (3.8) and after changing the pH level to 5.0, cross-linking occurs as well under 

optimum pH conditions. Furthermore, it is known from the adsorption kinetics that the 

maximum adsorption capacity is reached after one hour. This means the enzymes, which are 

not cross-linked in the pore cages, are dispersed in the porous network anyway. Hence, they 

overcome the washing procedure after the immobilization process and therefore, for the pH-

change method no difference in the amount of enzyme adsorbed before and after washing is 

detectable. On the other hand, these dispersed enzymes adsorbed in the porous network do not 

survive the harsh reaction condition in the fixed-bed reactor. Thus, the leaching rate viz. the 

decrease in oxindole yield at the beginning of the experiment (Figure 4-70) of the CPO/GOx-

CLEA-MCF material prepared by pH-change method is higher than that for the material 

prepared by simultaneous addition of enzyme and cross-linker. 

Nevertheless, the material prepared by the pH-change method shows a higher final 

yield, which clearly confirms that the biocatalyst preparation by adjusting the pH-level 

enhances the accessibility of the enzymes after the immobilization process. The general low 

oxindole yields obtained in these experiments are a result of the non-optimized ratio between 

the immobilized CPO and GOx, which cannot be controlled easily in this immobilization 

process. 

DEACTIVATION AND LEACHING OF IMMOBILIZED ENZYMES UNDER 

CONTINUOUS OPERATING CONDITIONS 

Deactivation and leaching of immobilized enzymes are frequently encountered 

problems in enzymatic catalysis. As previously described, in-situ hydrogen peroxide 

generation reduces or circumvents CPO deactivation in the indole oxidation in batch reactors. 

Figure 4-71 shows the difference of external hydrogen peroxide addition and in-situ H2O2 

generation in a fixed-bed reactor. The initial yield of oxindole by in-situ H2O2 generation 

amounts to about 40 % and is reduced to a constant yield of 14 % due to the leaching of the 

single enzyme molecules adsorbed, as described above. Although the initial oxindole yield for 

the CPO biocatalyst with external H2O2 addition amounts to 60 %, it drops to almost zero 

after 80 h time-on-stream. In the first 24 h, the decrease is stronger because leaching as well 

as CPO deactivation plays a role. After 24 h, the decrease in oxindole yield is more and more 

attenuated: the leaching of the non-cross-linked CPO is terminated and the slower process of 

CPO deactivation is continued until the complete amount of CPO is deactivated by hydrogen 

peroxide.         
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Figure 4-71. Indole oxidation with 23 U of CPO-CLEA-MCF and 7 U of GOx-CLEA-MCF (�) and 23 U of 
CPO-CLEA-MCF with an amount of hydrogen peroxide corresponding to that generated by 7 U of GOx-CLEA-
MCF (�); TR = 20 °C; flow rate 0.2 ml·min-1; substrate: indole (3.5 mM), glucose (45 mM).        

In Figure 4-72, the performance of CPO-CLEA and GOx-CLEA supported on MCF is 

compared to the conventional catalyst prepared by physisorption of CPO and GOx into the 

pores of MCF. The initial oxindole yield of the biocatalyst prepared by physisorption amounts 

to only 17 % and drops to almost 0 % after 12 h, while a constant yield of 14 % of oxindole 

yield is achieved for the biocatalyst prepared by cross-linking. These results clearly 

demonstrate that the use of CLEAs in the pores of MCF materials significantly enhances the 

leaching stability of these catalysts.  
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Figure 4-72. Tandem reaction with 23 U of CPO-CLEA-MCF and 7 U of GOx-CLEA-MCF (�) and 23 U of 
CPO-MCF and 7 U of GOx-MCF (�); TR = 20 °C; flow rate 0.2 ml·min-1; substrate: indole (3.5 mM), glucose 
(45 mM). 

Due to the large pore cages and entrances of the MCF support, the enzymes cannot be 

stabilized as in the case of SBA-15. The SBA-15 materials used exhibit tailor-made pore 

channels which fits ideally to the size of the enzymes. Therefore, the indole conversion over 

CPO-SBA-15 results in a final constant oxindole yield of 3.5 %, while the CPO-MCF yield 

decreases to zero within 12 hours. The results shown in Figure 4-71 and Figure 4-72 clearly 

demonstrate that the use of cross-linked enzyme aggregates in the pores of MCF materials 

significantly enhances the leaching stability of these catalysts and that in-situ hydrogen 

peroxide generation circumvents CPO deactivation in continuously operated reactors.     

4.5.1.3 CHARACTERIZATION OF THE BIOCATALYSTS BY SANS 
Up till now, an unambiguous proof that the enzymes immobilized onto mesoporous 

silica materials are indeed located in the porous network and are not adsorbed e.g. on defect 

sites of the outer surface was not given. Convincing evidence for the location of the CPO-

CLEAs in the pores of the mesoporous support is provided by small-angle neutron scattering 

(SANS). The SANS experiments combined with in-situ C5F12 adsorption are based on the 

principle of „contrast matching“, which has been established as a powerful method to probe 

the structure of mesoporous materials by small angle scattering methods.177,182,183 In the 

present investigation, the pores of three different MCF samples (unloaded MCF, CPO-CLEA-

MCF as prepared, CPO-CLEA-MCF after the catalytic experiment in the fixed-bed reactor) 

have been filled at 280 K with C5F12 by gas adsorption. Since the neutron scattering length 
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densities of condensed C5F12 (3.43·10-6 Å-2) and the MCF-silica (3.40·10-6 Å-2) are almost 

identical, the analysis of the scattering data is simplified by reducing the contrast to two 

phases. In the case of samples completely filled with C5F12, the distribution of the void pore 

space does not contribute to the scattering intensities. Contrinutions to the scattering 

intensities do only arise from the spatial arrangement of the CPO-CLEAs in the MCF 

material.         
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Figure 4-73. SANS curves of the unloaded, evacuated (�) and of the unloaded, with C5F12 matched MCF (�) 
and of the CPO-CLEA-MCF materials; samples before (triangle up) and after (triangle down) their use in the 
fixed-bed reactor; the evacuated samples are plotted in green and the matched samples with C5F12 are plotted in 
red.  

Figure 4-73 shows the SANS curves of the MCF sample (evacuated and matched with 

C5F12) and the SANS curves of the evacuated and the matched CPO-CLEA-MCF materials 

before and after use in the fixed-bed reactor. The scattering intensity of the evacuated, 

unloaded MCF is given by the difference of the scattering length densities of the silica matrix 

and the pore voids
MCF void

∆ = −ρ ρ ρ , the lattice factor ( )S q  of the pore structure, and the 

particle formfactor ( ),F q R  of a single pore segment (see equation 4-8). 

 

( ) ( ) ( )2 2~ ,I q S q F q R∆ ⋅ ⋅ρ  4-8 
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For the evacuated sample 
void

ρ  equals zero. The maximum at q = 0.25 nm-1 corresponds 

to the (100) reflection of the simple cubic pore lattice. At higher q values, the oscillations of 

the formfactor of the spherical pores are dominating the scattering curve (eq. 4-9). 

 

( )
( ) ( )( )

( )
3

3 sin cos
,

qR qR qR
F q R

qR

− ⋅
=  4-9 

After filling this evacuated porous of the silica matrix with C5F12, the scattering 

intensity is reduced by more than three orders of magnitude. This proves that the matching 

condition 
5 12MCF C F void

= =ρ ρ ρ  is almost perfectly fulfilled. The scattering intensities of the 

enzyme-loaded MCF do not vanish after filling the void pore spaces completely with C5F12. 

From these results it is derived, that the pores of this sample are partially filled with enzyme 

aggregates with 
5 12CPO MCF C F

≠ =ρ ρ ρ  which results in a non-zero density difference ∆ρ . Both 

scattering curves are similar to the patterns of the evacuated MCF showing a maximum at q = 

0.25 nm-1 and formfactor oscillations of spherical pores at higher q-values. Due to the 

matching of CPO-free voids present in these samples by C5F12, the resulting scattering 

patterns mirror the distribution of the CPO-loading only. From the general shape of theses 

scattering curves, we conclude that the CPO-aggregates are mainly located in the spherical 

pores of the support. The experimental data further show that the structural features in the 

scattering patterns are sharper defined in the CPO-CLEA-MCF-sample used in the catalytic 

test than in the freshly prepared CPO-CLEA-MCF sample. The smeared patterns of the latter 

sample can be explained by the presence of additional CPO molecules, which reside in the 

smaller pore voids, e.g. the interconnecting pore segments. This results in an increased 

scattering intensity at low q corresponding to the formation of larger cross-linked CPO-filled 

domains in the pore cavities. At the same time, a decreased scattering at high q is observed 

due to the filling of the small void structures with CPO. Since
void CPO MCF

< <ρ ρ ρ , the 

scattering contrast of the CPO-filled pores is not matched, but strongly reduced. During the 

catalytic run, these isolated (not cross-linked) enzymes are washed out of the support, leaving 

a more defined structure with agglomerates of CPO mainly in the spherical cages of the 

support. SANS experiments clearly confirm that the CPO-CLEAs are located in the pores of 

the mesocellular foam and support our interpretation of the catalytic experiments in the fixed-

bed reactor.      
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Figure 4-74. SANS curves of matched MCF with N2 (�) and of the CPO-CLEA-MCF materials before (triangle 
up) and after (triangle down) their use in the fixed-bed reactor. 

The SANS curves shown in Figure 4-74 clearly confirm that the contrast matching 

condition is not fulfilled when nitrogen is adsorbed. The structure maximum at q = 0.25 nm-1 

and the formfactor oscillations of spherical particles of the non-loaded MCF material are still 

observable after nitrogen adsorption. On the other hand, the enzyme-loaded MCF materials 

are fully matched after N2 adsorption. From this results one has to conclude that i) nitrogen 

penetrates the tertiary structure of the enzymes and ii) the scattering length densities of N2-

CPO is identical with the scattering length density of the MCF material. The matching 

condition 
2MCF N CPO void−= =ρ ρ ρ  is almost perfectly fulfilled.  

For further SANS experiments, e.g. in-situ monitoring of the immobilization process, it 

is necessary to work in an enzyme-friendly environment. Therefore, a set of preliminary test 

measurements was carried out with the CPO loaded MCF after its use in a fixed-bed reactor 

employing an H2O/D2O-mixture (61 % D2O), which matches perfectly the unloaded MCF 

material in terms of contrast matching. Different amounts of the CPO-CLEA-MCF material 

were suspended in the H2O/D2O-mixture and filled in a quartz cuvette. The aim was to find 

out, whether the thickness of the suspension has an influence on the SANS curve. Figure 4-75 

shows the scattering curves that are almost identical although the concentration of CPO-

CLEA-MCF in the H2O/D2O-mixture is increased from suspension 1 to suspension 3. Thus, 

even low concentrated suspensions of immobilized CPO onto MCF materials provide 
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adequate SANS scattering curves and furthermore, these suspensions are very easy to handle 

using the SANS equipment. The structure maximum at q = 0.25 nm-1 is still observable and 

provides evidence for the existence of the CPO-CLEAs in the pore cages, in agreement with 

the results from C5F12 adsorption.      
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Figure 4-75. SANS curves of different concentrated CPO-CLEA-MCF suspensions in H2O/D2O-mixtures. The 
amount of CPO-CLEA-MCF is increased from suspension 1 to suspension 3 (different concentrations of CPO-
CLEA-MCF in the H2O/D2O-mixture).  

These preliminary studies confirm that immobilized enzymes in the pore cages of 

mesocellular foams can be studied in a H2O/D2O-mixture (61 % D2O), while maintaining the 

principles of contrast matching. Furthermore, the immobilized enzymes are kept in an 

aqueous environment during the SANS study, i.e. under normal working conditions, which 

may be necessary for further in-situ studies.     

 

 



Results and discussion 

   

166 

4.5.2 BIODEGRADATION OF DIBENZOTHIOPHENE 

Desulfurization is an important process in petroleum processing in order to reduce 

sulfur emission. Due to environmental legislation, refineries have to remove sulfur-containing 

compounds from hydrocarbon-based fuels. The most common industrial process is the 

treatment of the fuel with hydrogen at high temperature and high pressure in the presence of a 

catalyst, so called hydrodesulfurization (HDS). Nevertheless, several other routes were 

proposed for solving this problem. The oxidation of sulfur compounds, coupled with the 

extraction of the resulting sulfones is also studied. Peracetic acid as well as perboric, 

persulfuric, and ozone were suggested as oxidizing agents.254 This oxidation procedure is very 

well suited for desulfuration because the compounds, which react faster in oxidation, show 

the lowest reactivity in HDS. Another possibility is the use of hydrogen peroxide in the 

presence of a catalyst, like methyltrioxorhenium.255 A further route of oxidizing DBT 

involves an indirect mechanism in which Fe3+ ions generated from pyrite by Acidithiobacillus 

ferrooxidans perform the abiotic oxidation.256 The use of microbial catalysts in 

biodesulfurization of DBT has also been reported. Here, for example, Rhodococcus 

erythropolis IGTS8,257 R. erythropolis D-1,258 R. erythropolis KA2-5-1,259 and Agrobacterium 

sp. MC501260 have been tested. Recently, Terres et al. reported the use of immobilized 

chloroperoxidase (CPO) in the oxidation of 4,6-dimethyldibenzothiophene [8].261 But the high 

costs of CPO represents a major drawback since the oxidation of these compounds with the 

cheap enzyme laccase is also feasible.262,263 The enzymatic oxidation of DBT by laccase was 

investigated by Villaseñor et al.263 The oxidation was carried out in the presence of 2,2´-

azino-bis-(3-ethylbenzthiazoline-6-sulfonic acid) (ABTS), which acts as electron carrier. This 

type of enzyme-catalyzed biodegradation opens the door for a multitude of different 

applications in this research field.             

4.5.2.1 DBT OXIDATION WITH THE LACCASE – ABTS SYSTEM 
A first attempt for the catalytic oxidation of DBT was carried out with immobilized 

laccase on MCF (Lacc-MCF) and a reactor set-up according to Figure 4-76 (left). This type of 

fixed-bed reactor was found to be suitable for the indole oxidation via immobilized 

chloroperoxidase as described in chapter 4.5.1. 20 mg of Lacc-MCF were used as catalyst, but 

unfortunately no DBT conversion was detected by HPLC and GC analysis. The conversion of 

ABTS to the colored cation radical ABTS•+ was monitored by UV/Vis spectroscopy (Figure 

4-76, right). ABTS undergoes a reversible oxidation to form a stable and colored cation 

radical ABTS•+ and the dication ABTS2+. In the literature different opinions regarding the 
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formed oxidation products of ABTS by laccase are reported. Some authors guess that only the 

cation radical is generated by laccase oxidation,264,265 while others suppose the formation of 

both ABTS cations.266,267 In the cyclic voltammetry experiments done with the laccase-

ABTS-system studied here, the formation of the cation radical ABTS•+ is confirmed.264-267  

As shown in Figure 4-76, ABTS shows two strong bands at 230 and 340 nm. After the 

oxidation of ABTS to the stable cation radical, ABTS•+, the resulting UV/Vis spectrum 

exhibits a broad maximum at 414 nm with a shoulder at 395 nm.  

The UV/Vis spectra of ABTS and of the reaction mixture, which was pumped through a 

reactor containing laccase immobilized into MCF (Figure 4-76 (left)) are compared in Figure 

4-76 (right). The comparison of both spectra clearly confirms that only a small amount of 

ABTS is converted (small band at 414 nm is detectable), while a larger amount of ABTS 

remains unreacted in the solution (large band at 340 nm is still present). As a first 

approximation, there is only low conversion from ABTS to ABTS•+ (a more detailed 

explanation is given later in this chapter).   
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Figure 4-76. Left: Schematic illustration of the fixed-bed reactor used for the DBT degradation. Right: UV/Vis 
spectra of ABTS (black) and the colored cation radical ABTS•+ after laccase conversion in the fixed-bed reactor 
(red). 20 mg of Lacc-MCF; TR = 20 °C; 1 mmol·l-1 of ABTS; 30 µmol·l-1 of DBT; pH = 5.0; flow rate = 0.2 ml 
min-1. 

The DBT degradation described in the literature was carried out in a batch reactor under 

oxygen atmosphere.263 Therefore and in order to increase the formation of the radical cation 

and finally to oxidize DBT, air was bubbled into the reactor system according to the reactor 

setup shown in Figure 4-77 (left). Changing the reactor system results in an increase in 

ABTS�+ formation (Figure 4-77, right). The comparison between the UV/Vis spectra shown 
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in Figure 4-76 and Figure 4-77 clearly confirms that the amount of oxidized ABTS is 

significantly increased by streaming air through the reactor. However, almost no conversion 

of DBT is detected (not shown, detected by HLC).             
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Figure 4-77. Left: Schematic illustration of the fluidized-bed reactor with air streaming. Right: UV/Vis spectra 
of ABTS (black) and the colored cation radical ABTS•+ after laccase conversion in the fluidized-bed reactor 
(blue). 20 mg of Lacc-MCF; TR = 20 °C; 1 mmol·l-1 of ABTS; 30 µmol·l-1 of DBT; pH = 5.0; flow rate = 0.2 ml 
min-1. 

The percentage of ABTS converted was extracted from the full scan UV/Vis spectra. 

The spectra of ABTS and ABTS�+ show an isosbestic point at a wavelength of 370 nm. 

ABTS has an absorption maximum at 340 nm, while the radical cation has its maximum at 

414 nm with a shoulder at 395 nm. Furthermore, the ratio of the areas of the ABTS peak and 

of the radical cation peak provides information about the amount of ABTS converted. Figure 

4-78 shows the oxidation of ABTS as a function of time-on-stream. The initial ABTS 

conversion amounts to almost 55 % and decreases exponentially with time. After a reaction 

time of about 30 hours, still 12 % of ABTS are converted. Thus we conclude that: i) the 

laccase is immobilized with high operational stability and ii) the oxidation of ABTS via 

laccase of the laccase-mediator system in the reactor set-up used performs well. However, 

even with sufficient ABTS oxidation, still no DBT conversion was achieved.     
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Figure 4-78. Conversion of ABTS as a function of time-on-stream employing the fluidized-bed reactor 
described in Figure 4-77. Insert: UV/Vis spectra of the reaction solution after different time intervals. 20 mg of 
Lacc-MCF; TR = 20 °C; 1 mmol·l-1 of ABTS; 30 µmol·l-1 of DBT; pH = 5.0; flow rate = 0.2 ml min-1. 

Obviously, the challenge is the “chemical” reaction step: the oxidation of DBT by the 

cation radical ABTS•+. To overcome this problem, a 1 m heater coil was attached to the outlet 

of the fluidized-bed reactor (Figure 4-79) and heated to 70 °C to enable the DBT oxidation.  

 
Figure 4-79. Schematic illustration of the fluidized-bed reactor and the downstreamed heater coil.  

As shown in Figure 4-80, the setup illustrated in Figure 4-79 is suitable for the DBT 

oxidation with immobilized laccase and ABTS as mediator. The formation of ABTS�+ occurs 

in the main reactor, while the conversion of DBT occurs afterwards mainly in the heater coil. 
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In the first 4 hours of time-on-stream, the flux of the ABTS-DBT solution was adjusted to 

1 ml·min-1. In this case, the ABTS and DBT conversion amount to 53 % and 10 %, 

respectively. A reduction of the flow rate to 0.2 ml·min-1 results in an drastic increase in DBT 

conversion up to 86 %, while the ABTS conversion is not affected. This is due to the fact that 

the enzyme-catalyzed step, viz. the oxidation of ABTS, occurs with a high reaction rate. 

Therefore, reducing the flow rate of the reaction mixture in the investigated interval, viz. 

enhancing the residence time in the reactor does not increase the oxidation of ABTS. This 

effect might be superimposed by leaching of laccase in the first hours of time-on-stream, 

which results in a decrease of ABTS conversion. Furthermore, enzyme leaching also accounts 

for a decrease of the amount of ABTS�+ produced. Moreover, it is known from literature that 

DBT conversion is very sensitive to poor mediator concentrations.263 Thus, the drastic 

decrease in DBT conversion between 10 and 20 hours on-stream may be due to the slight 

decrease of the amount of ABTS�+ produced. Nevertheless, after about 24 hours on-stream a 

roughly constant DBT conversion of about 20 % is obtained, while the oxidation of ABTS is 

about 35 % over the observed time range.    
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Figure 4-80. Conversion of ABTS (blue) and DBT (red) as a function of time-on-stream. 40 mg of Lacc-MCF. 
TR = 20 °C; 1 mmol·l-1 of ABTS; 30 µmol·l-1 of DBT; pH = 5.0; flow rate = 1.0 ml min-1 and 0.2 ml min-1. 
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4.5.2.2 PRODUCT ANALYSIS 
In the previous chapter, the biodegradation of dibenzothiophene was monitored by the 

conversion of DBT analyzed by HPLC. The product separation and identification was 

attempted with GC/MS analysis. Figure 4-81 shows the gas chromatograms of 

dichloromethane (which is used to extract the organic compounds from the buffered solution) 

and the extracts of the DBT-ABTS reaction mixture before and after the catalytic tests. The 

dichloromethane used shows no impurities. Furthermore, the reaction mixture before the 

catalytic experiment exhibits only one peak at a retention time of 9.1 min, which is assigned 

to pure DBT. Figure 4-81 (bottom) shows the GC analysis of the product mixture, but only 

few of the recorded peaks can be identified. At a retention time of 8.1 min biphenyl is 

detected, at 9.1 min the unreacted DBT is observed and the peaks at 15.8 (A) and 17.4 min 

(B) belong to phthalate esters from the flexible tubes of the reactor system. However, it is 

assumed that the other peaks belong to the oxidation products of DBT. It has to be taken into 

account that the start concentration of DBT amounts to only 30 µmol·l-1. Even if an initial 

conversion of DBT of about 80 % is achied, the concentration of one product is maximum 

24 µmol·l-1 or even lower if more than one product is formed. A further disadvantage is that 

the products have to be extracted from the buffered solution. Here, dichloromethane and 

toluene were tested. The best results were obtained by dichloromethane extraction. 

Nevertheless, improved techniques like GC-MS-MS or 2D GC-SCD are necessary to identify 

the resulting products.       
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Figure 4-81. Gas-chromatograms of dichloromethane (top), the reaction mixture (middle) and the product 
mixture (bottom), both extracted with dichloromethane from the buffered solution (A,B = tubing).     

A 

B 

DBT 
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4.5.2.3 DBT OXIDATION WITH AN IMMOBILIZED IRON CATALYST 
An iron (III) impregnated Al-SBA-15 was also tested in the oxidation of DBT to 

compare the resulting products with the biodegradation by the laccase-ABTS system. The 

catalyst was kindly provided by Simon Kullmann. Different papers dealing with the metabolic 

pathway of the degradation of dibenzothiophene reported that dibenzothiophene-5-oxide 

(dibenzothiopene sulfoxide, DBT-O), dibenzothiophene-5-dioxide (dibenzothiophene sulfone, 

DBT-O2) and 2-hydroxybiphenyl (HBP) are the main products.268,269 Nevertheless, the 

product distribution is strongly affected by the catalyst, e.g. the microorganism. Beskoski et 

al. reported that the oxidation of DBT follows a mechanism using iron (III) ions generated 

from pyrite by Acidithiobacillus ferrooxidans.256 In this study, dibenzothiopene sulfoxide and 

dibenzothiophene sulfone were identified as reaction products. DBT oxidation experiments 

with limonite (an ore consisting of a mixture of hydrated iron (III) oxide-hydroxide of varying 

composition) lead to the same results.270      

 
Figure 4-82. HPLC-chromatogram of the DBT reaction mixture recorded after 20 h time-on-stream. A buffered 
50 µM DBT solution (pH = 2.0; 20 vol.-% tBuOH) was pumped through a fixed-bed reactor filled with 50.7 mg 
of iron (III)-impregnated Al-SBA-15 at room temperature.  

Figure 4-82 shows the chromatogram of the aqueous reaction mixture (pH = 2) which 

was pumped through a fixed-bed reactor containing iron (III)-impregnated Al-SBA-15 after 

20 h time-on-stream. The two product peaks at a retention time of 1.9 min and 2.4 min are 

assigned to DBT-O2 and DBT-O, respectively. At a retention time of 9.9 min DBT is 

detected. Nevertheless, leaching of iron (III) ions from the mesoporous Al-SBA-15 support 
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cannot be suppressed resulting in a drastic decrease of DBT-O2 and DBT-O concentrations as 

a function of time-on-stream in continuously operated reactor set-ups (Figure 4-83). After 

48 h time-on-stream in the fixed-bed reactor, the concentrations of DBT-O2 and DBT-O are 

reduced to 9.2 % and 12.8 % relative to the concentrations determined after 1 h. Furthermore, 

it has to be taken into account that the total conversion of DBT decreases from 23 % after 1 h 

time-on-stream to 3 % after 48 h. In general, the iron (III) impregnated Al-SBA-15 is not a 

good catalyst for the DBT degradation in a fixed-bed reactor due to its poor performance 

compared to the immobilized laccase.     
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Figure 4-83. Relative concentration of DBT-O2 and DBT-O as a function of time-on-stream. The concentrations 
of DBT-O2 and DBT-O reached after one hour were set to 100 %. 51 mg of iron (III) impregnated Al-SBA-15 
containing 20 µmol of Fe3+; 30 µmol·l-1 of DBT; pH = 5.0; flow rate = 0.2 ml min-1. 
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4.5.3 PRODUCTION OF PHARMACEUTICALLY RELEVANT 
BUILDING BLOCKS 

Up to the early eighties, most of the chiral drugs, which have been introduced into the 

market, were racemates. However, not until twenty years after the thalomide medical tragedy, 

the therapeutically non-active isomers in a racemate were declared as an impurity. At least, 

since 2004, all approved chiral synthetic drugs went to the market as single enantiomers.271 

The great challenge for the pharmaceutical industry is the introduction of chirality into target 

drug molecules. Several processes have been developed to manufacture enantiopure drug 

compounds. These methods can be classified as follows: i) chiral pool synthesis, ii) optical 

resolution and iii) asymmetric syntheses including asymmetric catalysts and/or enzymatic or 

biological procedures. Nevertheless, the built-in chirality traces back to available enantiopure 

building blocks, while optical resolution is highly intricate on industrial scale processing and 

is accompanied with a high loss of capacity of the production. Within this work, the 

production of enantiopure chiral epoxides as highly reactive intermediates for drug synthesis 

via enzymatically catalyzed reaction steps is established. 

ATP-sensitive potassium channels (KATP-channels) exhibit a variety of physiological 

functions like the reduction of action potential duration in cardiomyocytes,272,273 the 

regulation of insulin secretion in β-cells of the pancreas,274,275 the control of vessel tone in 

smooth muscle cells,276,277 and transmitter release in neurons278,279. As a consequence of their 

many physiological functions, KATP-channels represent promising drug targets. Drugs acting 

on KATP-channels have a good therapeutic potential; they produce smooth muscle relaxation 

and were originally developed as antihypertensive or antianginal agents.280 A chemical 

distinction of KATP-channel activators results in three major classes: benzopyrans, 

cyanoguanidines and nitronicotinamide derivatives. The largest group represents the 

benzopyrans with cromakalim as most prominent example. In 1986, a breakthrough was made 

by Ashwood et al. with the synthesis of a series of novel 4-(cyclic amido)-2H-1-benzopyrans 

showing an antihypertensive activity. 281 The first, most prominent example of KATP-channel 

activators based on benzopyran, called bimakalim was synthesized by Bergmann and Gericke 

from Merck.282,283 The precursor for the KATP-channel activator is the epoxide of the 

benzopyran compounds resulting in epoxy dimethylchromene derivates. In these early works, 

the epoxides were synthesized via the treatment of bromohydrins with NaH,281 and via the 

epoxidation of benzopyrans with m-chloroperbenzoic acid.282 The synthesis of 

enantiomerically pure epoxychromans was first reported in 1991 using Jacobsen catalysts.284 
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(R,R)-(−)-N,N′-bis(3,5-di-tert-butylsalicylidene)-1,2-cyclohexane diamino-manganese (III) 

chloride and (S,S)-(+)-N,N′-bis(3,5-di-tert-butylsalicylidene)-1,2-cyclohexane diamino 

manganese (III) chloride were used to produce various (R,R)- and (S,S)-epoxy dimethyl 

chromene derivates with high enantiomeric excesses. In 1993, Woroniecki et al. described the 

epoxidation of 2,2-dimethyl-6-cyano-3-chromene using whole cell biotransformations.285 

Organisms like Nocardia coralline, Penicllium sp, Penicillium brevicompatum showed an ee 

for the (R,R) epoxide of more than 99 %. Furthermore, chiral diols, like 3,4-dihydroxy-2,2-

dimethyl-2H-1-benzopyran-6-carbonitrile are also interesting intermediates for the chemical 

synthesis of KATP-channel activators.286         

In the following chapters, the enzyme-catalyzed formation of these epoxychromans and 

diols with chloroperoxidase from Caldariomyces fumago and manganese peroxidase (MnP) is 

described. The continuous formation of the chiral diols was carried out with CPO and GOx 

immobilized on MCFs in a buffered solution (pH = 5.5). For the continuous catalytic 

experiments, a fixed-bed reactor was filled with cross-linked CPO and GOx supported on 

MCF materials. To circumvent the hydrolysis of the epoxide to the diol, the reaction medium 

was changed. The chiral epoxides can be obtained in glycerol employing MnP and tBuOOH 

as oxidizing agent.                           

 
Figure 4-84. Enzyme-catalyzed formation of 3,4-dihydroxy-2,2-dimethyl-2H-1-benzopyran-6-carbonitrile with 
immobilized CPO in a buffered solution and 3,4-dihydro-2,2-dimethyl-2H-oxireno-benzopyran-6-carbonitrile 
with immobilized MnP in glycerol.  
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4.5.3.1 BIOTRANSFORMATION OF CHROMENES IN AQUEOUS 
MEDIA 

BATCH-REACTOR 

The proposed reaction mechanism of the formation of racemic 3,4-dihydroxy-2,2-

dimethyl-2H-1-benzopyran-6-carbonitrile is shown in Figure 4-85.286 It is assumed that 

chloroperoxidase oxidizes the starting compound 2,2-dimethyl-1-benzopyran-6-carbonitrile to 

the chiral 3,4-dihydro-2,2-dimethyl-2H-oxireno-benzopyran-6-carbonitrile, which hydrolyzes 

spontaneously in a SN2 reaction in the slightly acidic buffered solution (pH = 5.5) to the 

analogous chiral 3,4-dihydroxy-2,2-dimethyl-2H-1-benzopyran-6-carbonitriles. The chemical 

synthesis of the epoxides is carried out in aqueous buffered solution at a pH level above 11 

(see chapter 3.4.3). To circumvent hydrolysis in the buffer solution, the pH level of the 

reaction mixture in the enzymatic oxidation was increased above 11. For pH > 9, no 

conversion of 2,2-dimethyl-1-benzopyran-6-carbonitrile employing immobilized CPO as 

catalysts was detected, while for pH < 9 hydrolysis takes place.  
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Figure 4-85. Proposed reaction mechanism for the formation of chiral diols (3,4-dihydroxy-2,2-dimethyl-2H-1-
benzopyran-6-carbonitrile) with immobilized chloroperoxidase in aqueous media.   

Figure 4-86 shows the concentration of the produced diols in the batch reactor as a 

function of the reaction time for three recycling runs with the filtered and re-used biocatalyst. 

For the first two runs, the concentration of the chiral diols increases almost linearly with time. 

Furthermore, after about 10 h of reaction time a plateau is reached, while for the third and the 

fourth run, a constant concentration of diols in the batch reactor is reached earlier. Generally, 

the amount produced and the initial reaction rate (kobs, initial) of the (S,R)-diol compared to the 

(R,S)-diol are about 5- and 4-times higher. Furthermore, both the amount of diol produced and 

the initial reaction rate decreases in the following runs. The initial reaction rate of the (S,R)-

diol amounts to 0.0077 µmol·min-1 for the first run and only 0.0031 µmol·min-1 for the fourth 
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run, while for the (R,S)-diol, kobs, initial decreases from 0.0016 µmol·min-1 to 

0.0004 µmol·min-1.  
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Figure 4-86. Oxidation of 2,2-dimethyl-6-cyano-3-chromene over 23 U of CPO-CLEA-MCF and 14 U of GOx-
CLEA-MCF and three recycling runs as a function of the reaction time. TR = 20 °C; pH = 5.5; substrate: 2,2-
dimethyl-6-cyano-3-chromene (0.25 mM), glucose (50 mM). Concentration of the (R,S)-diol (left, filled 
symbols) and the (R,S)-diol (right, unfilled symbols) in the batch reactor.  

A comparison of the final concentration of the (S,R)-diol and the (R,S)-diol as a function 

of the catalytic run is provided in Figure 4-87. The reaction of the tandem system was stopped 

after 10 h and the heterogeneous catalyst was washed and used again in the next run. The final 

concentration of the first two runs amounts to about 5 µmol·l-1 for the (S,R)-diol and about 

1 µmol·l-1 for the (R,S)-diol, respectively. This results in an enantiomeric excess (ee) of about 

67 %. After the second run, viz. after the first re-cycle, the final concentration decreases 

drastically to 2.6 µmol·l-1 and 0.4 µmol·l-1 for the (S,R)- and the (R,S)-diol, respectively. 

Thus, the ee increases to about 72 %. After further recycling experiments, the final 

concentrations of both diols decrease slightly. Because the amount of the (R,S)-diol is 

significantly lower than that of the (S,R)-diol, the ee decreases up to over 70 % after the 3rd 

recycling cycle.  
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Figure 4-87. Repeated use of 23 U of CPO-CLEA-MCF and 14 U of GOx-CLEA-MCF; TR = 20 °C; pH = 5.5; 
substrate: 2,2-dimethyl-6-cyano-3-chromene (0.25 mM), glucose (50 mM).     

The strong decrease of the initial reaction rate after the first recycling run may be a 

result of catalyst deactivation due to high substrate concentration. It is possible that a certain 

number of immobilized enzymes is heavily exposed to substrates in the batch reactor and thus 

CPO is inhibited by the substrate. Leaching seems to be negligible because the stress of the 

heterogeneous biocatalyst in the batch reactor is relatively low compared to the fixed-bed 

reactor. Nevertheless, these results show convincingly that the heterogeneous tandem system 

can be re-used in a batch reactor in the oxidation of 2,2-dimethyl-1-benzopyran-6-

carbonitriles. Furthermore, the production of both enantiomers results is almost constant 

during the recycling runs, while the formation of (S,R)-3,4-dihydroxy-2,2-dimethyl-2H-1-

benzopyran-6-carbonitrile is favored. On the other hand, the production of the (R,S)-diol tends 

to zero resulting in an enantiomeric excess of about 70 % during 4 recycling runs.      
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FIXED-BED REACTOR 

The increasing ee after several recycling runs as a result of the strong decline of the 

formation of the (R,S)-diol makes the enzymatically catalyzed oxidation of 2,2-dimethyl-1-

benzopyran-6-carbonitrile interesting for applications in a fixed-bed reactor.  
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Figure 4-88. Concentrations of the (S,R)-diol and the (R,S)-diol synthesized over 23 U CPO-CLEA-MCF and 
14 U GOx-CLEA-MCF and the enantiomeric excess (ee) as a function of time-on-stream. TR = 20 °C; pH = 5.5; 
flow rate 0.2 ml·min-1; substrate: 2,2-dimethyl-6-cyano-3-chromene (0.25 mM), glucose (50 mM). 

Figure 4-88 illustrates the concentration, viz. the amounts of the chiral diols (3,4-

dihydroxy-2,2-dimethyl-2H-benzopyran-6-carbonitrile) as a function of time-on-stream. 

Interestingly, the total concentration of the diols are almost constant over the observed time 

range. Thus, leaching which is predominant in the first 20 h of time-on-stream in the indole 

conversion is not observed in the oxidation of 2,2-dimethyl-1-benzopyran-6-carbonitriles. 

Due to low concentration of chromenes in the reaction solution, the conversion is limited by 

the substrate concentration and not by the amount of enzyme used. Thus, leaching does not 

affect the oxidation of 2,2-dimethyl-1-benzopyran-6-carbonitriles in the fixed-bed reactor 

under the operating conditions described in Figure 4-88. Furthermore, the concentrations of 

the generated diols in the reaction mixture after the reactor is passed are generally lower than 

that obtained in the batch reactor. In this case, it has to be taken into account that the amount 

of diols produced in the batch reactor is calculated from the volume of the batch reactor 

(5 ml), while for the fixed-bed reactor it has to be calculated from the sample volume 

(500 µl), i.e. 2.6 µmol·l-1 of the (S,R)-diol in the batch reactor results in an amount of 13 nmol 
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produced after a reaction time of about 6 h in the 2nd recycling cycle. On the other hand, for 

the fixed-bed reactor, 1.0 µmol·l-1 of the (S,R)-diol in a sample volume of 500 µl amounts to 

0.5 nmol of (S,R)-diol in a reaction time of 0.725 min. The reaction time for the chromene 

oxidation over immobilized CPO in the fixed-bed reactor can be calculated to 0.725 min 

because of the known flux (0.2 ml·min-1) and the filling volume (145 mm3) of the biocatalyst. 

The amount of diol produced in the fixed-bed reactor of 0.5 nmol of (S,R)-diol compared to 

13 nmol synthesized in the batch reactor seems very low, but the enormous decrease in 

reaction time from about 6 h down to 0.725 min has to be considered. Furthermore, the space-

time-yield was calculated with respect to the activity of the immobilized CPO. The STY 

amounts to 20.1 nmol·h-1·U-1 for the first and to 8.1 nmol·h-1·U-1 for the fourth catalytic run 

in the fixed-bed reactor, while the STY observed for the catalytic conversion in the fixed-bed 

reactor amounts to 0.5 nmol·h-1·U-1. Thus, the performance of immobilized CPO in the batch 

reactor is more efficient than in the fixed-bed reactor. The strong decrease in the amount of 

diols produced in the recycling experiment after the second run (see Figure 4-87), which 

might be due to catalyst deactivation by high substrate concentrations, is circumvented in the 

fixed-bed reactor. In a continuously-operated system, the buffered solution is permanently 

pumped over the solid catalyst bed. Thus, the immobilized CPO is not exposed to high 

substrate concentrations as in the batch reactor because of the flow of the very low 

concentrated substrate solution, which acts also as a washing solution in this case. 

Furthermore, as already described in the recycling experiment, the production of the (R,S)-

diol tends to zero. After about 7 h time-on-stream, the concentration of the (R,S)-diol 

decreases from about 0.1 µmol·l-1 to zero (the concentration is not detectable with analytical 

setup used). As a consequence, the ee increases to almost 100 %. However, the ee in this case 

must be interpreted carefully because the amount of the (R,S)-diol is below the limit of 

quantification and in the region of the limit of detection. Nevertheless, a decrease in the 

concentration of the (R,S)-diol is observed but not quantifiable. This behavior is generally 

observed in the batch reactor for several re-uses of the biocatalyst. The performance of the 

immobilized CPO in the fixed-bed reactor is interesting for enantiopure synthesis: in first 

hours of time-on-stream, both enantiomers are formed at a different ratio (ee about 82 %). 

Thereafter, the production of one enantiomer breaks down, while the formation of the other 

enantiomer proceeds resulting in an increase in enatiomeric excess. 
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4.5.3.2 BIOTRANSFORMATION OF CHROMENES IN ORGANIC 
MEDIA 

FORMATION OF CHIRAL EPOXIDES 

In order to produce chiral chromene epoxides as highly reactive intermediates for the 

synthesis of pharmaceutically relevant agents, their hydrolysis to diol derivates has to be 

suppressed. Thus, the reaction medium was changed from water to glycerol, but conversion of 

2,2-dimethyl-1-benzopyran-6-carbonitrile to the corresponding epoxides in glycerol catalyzed 

by CPO was not observed. To improve the yield of 3,4-dihydro-2,2-dimethyl-2H-oxireno-

benzopyran-6-carbonitriles manganese peroxidase (MnP) was tested in this reaction medium. 

However, the heterogeneous enzyme support MCF is soluble in glycerol under the reaction 

conditions. Therefore, MnP was immobilized onto a “filter-panel”. These filter-panels are 

inorganic composite membranes consisting of porous stainless steel coated with a mesoporous 

layer (Figure 4-89). The membranes were prepared in the group of Professor Schwieger from 

the Friedrich-Alexander-Universität Erlangen-Nürnberg. The enzymes used were not only 

immobilized onto the membrane, but furthermore, the reaction solution is filtered through this 

membrane after the reaction to ensure the total recovery of enzymes from the reaction 

solution.              

 
Figure 4-89. Schematic drawing of manganese peroxidase immobilized into a porous stainless steel disk covered 
with a mesoporous layer.     

To immobilize the enzymes onto the membrane, the enzymes (MnP and GOx) were 

dissolved in an aliquot of glycerol. The membrane was placed into a glass funnel and fitted 

through a drilled rubber plug on top of a Büchner flask, which was connected to a vacuum 

line. Thereafter, the enzyme glycerol solution was added dropwise onto the membrane and the 

liquid was filtered by vacuum suction. Finally, the membrane with immobilized enzymes is 

used as catalytic active “pill” in a beaker as illustrated in Figure 4-90.  
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Figure 4-90. Picture of the membrane with immobilized MnP in glycerol.        

For the catalytic oxidations of 2,2-dimethyl-1-benzopyran-6-carbonitrile (chromene), 

four different experiments were conducted using immobilized MnP and MnP/GOx, 

respectively (Table 4-11). Generally, 24 mg of chromene were added to 2 ml of glycerol 

resulting in a supersaturated solution. For each experiment 210 mU of MnP immobilized on 

the membrane were used. The experiments A and B were carried out with 75 U of GOx that is 

co-immobilized with MnP on the membrane and 23.2 mg of glucose, which was added to the 

reaction solution to generate the oxidizing agent H2O2 in-situ. For the experiments C and D, 

20 µl of a 70 wt.-% tBuOOH solution were added as oxidation agent. In order to investigate 

the improvement of the catalytic performance of MnP in the presence of Mn2+, 22 mg of 

MnSO4 were added to the reaction media (experiment: A and C). After all the ingredients, 

which are listed in Table 4-11 were mixed, the membrane with the immobilized MnP and 

MnP/GOx, respectively was added. The reaction mixture was stirred at room temperature for 

about 24 hours.  
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Table 4-11. Composition of the reaction mixture for the different preparation methods for the MnP-catalyzed 
oxidation of 2,2-dimethyl-6-cyano-3-chromene.  

Experiment A B C D 

chromene / mg 24.0 24.0 24.0 24.0 

glucose / mg 23.2 23.2 � � 

glycerol / ml 2.0 2.0 2.0 2.0 

MnSO4 / mg 22.0 � 22.0 � 

t
BuOOH (70 %) / µl � � 20.0 20.0 

GOx / U 75.0 75.0 � � 

MnP / mU 210.0 210.0 210.0 210.0 

 

Figure 4-91 depicts the final concentrations of the produced chiral epoxides and diols of 

2,2-dimethyl-1-benzopyran-6-carbonitrile oxidation in the different experiments conducted 

here. Even when glycerol is used as solvent, hydrolysis of the epoxide to the diol occurs. 

Because oxygen is required for the oxidation of glucose (A and B), the reaction proceeds 

under air which contains a certain amount of water. In case C and D, an aqueous solution of 
tBuOOH is used as oxidant. Glycerin is known for its hygroscopic nature and the amount of 

water added with tBuOOH is sufficient for the hydrolysis of the epoxides. The formation of 

the (R,R)-epoxide is strongly favored and the concentrations amount to 0.41, 1.07, 0.66 and 

0.81 µmol·l-1 in the experiments A, B, C and D, respectively. The highest concentration of 

(S,S)-epoxide is obtained in experiments C (0.03 µmol·l-1).      
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Figure 4-91. Final concentrations of 3,4-dihydro-2,2-dimethyl-2H-oxireno-benzopyran-6-carbonitriles 
(epoxides) and 3,4-dihydroxy-2,2-dimethyl-2H-1-benzopyran-6-carbonitriles (diols) produced in a batch reactor 
after a reaction time of 24 hours with immobilized MnP in 2 ml of glycerol at room temperature. Reactant 
concentrations are summarized in Table 4-11.     

Therefore, a high enantiomeric excess of more than 91 % is achieved (Figure 4-92). 

Furthermore, similar enantiomeric excesses are obtained for the formation of the (S,R)-diol 

and the (R,S)-diol. Here, the production of the (S,R)-diol is favored. This is in line with the 

proposed mechanism shown in Figure 4-85; the (R,R)-epoxide hydrolyses to the (S,R)-diol, 

while the (S,S)-epoxide hydrolyses to the (R,S)-diol. On that account, the preferred 

epoxidation to the (R,R)-epoxide results in an increased amount of (S,R)-diol formed 

compared to the amount of (R,S)-diol. 

Although manganese peroxidase is not generally dependent on Mn2+, the addition of 

Mn2+ results often in an increase in reaction rate and leads to an enhanced substrate 

conversion. The experiments A and B as well as C and D differ only in the addition of Mn2+. 

The experiment A and C are carried out in the presence of Mn2+, while B and D are conducted 

in its absence. The amount of (R,R)-epoxide produced is increased from 0.83 to 2.15 nmol 

and from 1.33 to 1.63 nmol, when MnSO4 is omitted from the reaction solution. Furthermore, 

the in-situ generation of the oxidant results as well in an increase in the produced amount of 

(R,R)-epoxide. In this case, the formation is enhanced from 1.63 nmol obtained by the use of 
tBuOOH to 2.15 nmol. These results confirm that the in-situ generation of hydrogen peroxide 

avoids susceptible manganese peroxidase deactivation as already demonstrated in the 

previous chapters. Furthermore, it is assumed that the used manganese peroxidase shows both 
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Mn-mediated and Mn-independent activity on the substrate tested. Moreover, Mn2+ in the 

reaction mixture is supposed to inhibit the oxidation of the 2,2-dimethyl-1-benzopyran-6-

carbonitrile.  
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Figure 4-92. Enantiomeric excesses for the production of 3,4-dihydro-2,2-dimethyl-2H-oxireno-benzopyran-6-
carbonitriles (epoxides) in the batch reactor catalyzed by immobilized MnP.     

In conclusion, the oxidation of 2,2-dimethyl-1-benzopyran-6-carbonitrile with co-

immobilized MnP and GOx onto the membrane in a glucose-glyerol solution results in chiral 

3,4-dihydro-2,2-dimethyl-2H-oxireno-benzopyran-6-carbonitriles with an enantiomeric 

excess of above 98 % for the (R,R)-epoxide. 
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FORMATION OF A POTASSIUM CHANNEL ACTIVATOR ANALOGUE 

In the next step, the chiral chromene epoxide was opened with 2,4-dihydroxypyridine 

and catalytic amounts of pyridine are required in a one-pot synthesis (Figure 4-93). To avoid 

side reactions in the epoxide opening step, the oxidation of 2,2-dimethyl-1-benzopyran-6-

carbonitrile was carried out in glycerol with tBuOOH as oxidant, although the tandem reaction 

with glucose and GOx provides higher amounts of the (R,R)-epoxide.  

The one-pot synthesis procedure of (3R,4S)-trans-3,4-dihydro-4-[(1,2-dihydro-2-oxo-4-

pyridyl)oxy]-3-hydroxy-2,2-dimethyl-2H-1-benzopyran-6-carbonitrile was carried out 

according to the scheme shown in Figure 4-93. To 2 ml of glycerol containing 24 mg of 

chromene and 20 µl of tBuOOH (70 %), a membrane with 0.5 U MnP was added. After 

stirring the glycerol solution for 24 h at room temperature, the membrane was removed and 

the concentration of (R,R)-epoxide was determined to be 0.48 µmol·l-1. After the removal of 

the membrane, the reaction mixture was heated to 100 °C and 1 mg of 2,4-dihydroxypyridine 

and 10 µl of pyridine acting as a base were added to the solution. Further stirring at 100 °C 

for at least 12 h results in the formation of (3R,4S)-trans-3,4-dihydro-4-[(1,2-dihydro-2-oxo-

4-pyridyl)oxy]-3-hydroxy-2,2-dimethyl-2H-1-benzopyran-6-carbonitrile (Figure 4-93). The 

concentration of the reaction product was determined by HPLC to 0.29 µmol·l-1 

corresponding to a conversion of 60.4 % related to the epoxide.  
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Figure 4-93. One-pot synthesis of (3R,4S)-trans-3,4-dihydro-4-[(1,2-dihydro-2-oxo-4-pyridyl)oxy]-3-hydroxy-
2,2-dimethyl-2H-1-benzopyran-6-carbonitrile from 2,2-dimethyl-2H-1-benzopyran-6-carbonitrile via its (R,R)-
epoxide. The membrane with immobilized MnP is removed easily after the first reaction step. Thereafter, 2,4-
dihydroxypyridine and pyridine acting as a base were added.       

It has to be mentioned that the (3S,4R)-4-substituted 2H-benzopyran-3-ols displays a 

good activity as potassium channel opener. With immobilized MnP, only the (R,R)-epoxide is 

formed with a high enantiomeric excess. Based on the (R,R)-epoxide as intermediate, only the 

(3R,4S)-substituted 2H-benzopyran-3-ol can be synthesized.  

Nevertheless, the above-described approach (Figure 4-93) enables the simple 

production of enantiopure 4-substituted 2H-benzopyran-3-ols with immobilized manganese 

peroxidase. This cascade approach is a nice example for a chemical reaction step in 

combination with an enzyme-catalyzed reaction step.  
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55  SSUUMMMMAARRYY  AANNDD  CCOONNCCLLUUSSIIOONNSS  

Recent investigations in the field of biotechnology deal with the usage of enzymes as 

biocatalysts to manufacture bulk and high added-value products such as food, fine chemicals 

and pharmaceuticals. Furthermore, enzymes – especially immobilized enzymes – play an 

enormous role in analytical and diagnostic applications. The driving forces for the process 

development of enzyme technology are: 

- the reduction of the reaction steps; 

- the reduction of waste, raw materials, energy, solvents; 

- the creation of sustainable processes; 

- the possibility of continuous operations; 

- the enhancement in safety; 

- the possibility to reach a yield and an enantiomeric excess of closed to100 %; 

and 

- the improvement of processes to produce existing products from new raw 

materials (biomass). 

 

 
Figure 5-1. The methodical approach of this work is substantiated in five parts whose stages are built on each 
other.   
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Figure 5-1 illustrates the outline of this work. Mesoporous silica materials were tailor-

made with respect to their pore sizes and geometry. Various immobilization techniques like 

physisorption, covalent anchoring and cross-linking are performed and analyzed with respect 

to the operational stability, the adsorption capacity, the immobilization efficiency and the 

resulting activities of the biocatalyst. Thus, comprehensive and accurate characterization 

methods employing various techniques, like activity assays, UV/Vis spectroscopy, ICP-OES 

analysis and SANS with in-situ adsorption are applied in this work. Finally, the 

biotransformation of indole and a chromene derivate as well as the biodegradation of 

dibenzothiophene was investigated with respect to the reaction performance and the reactor 

design for the optimum use of heterogenized enzymes in continuously-operated reactors.  

The immobilization of the fragile enzyme chloroperoxidase (CPO) onto tailor-made 

mesoporous channel-like SBA-15 materials was tested. The obtained materials used as 

catalyst in the oxidation of indole to 2-oxindole in a batch reactor. Due to the susceptibility of 

CPO to oxidative deactivation by high local hydrogen peroxide concentrations, the recycling 

experiments with CPO-SBA-15 and external addition of the oxidant are disappointing; the 

yield of oxindole decreased from 86 % to 16 % after the second recycling run. It was found 

that CPO deactivation can be circumvented by in-situ hydrogen peroxide generation via 

oxidation of glucose with glucose oxidase (GOx) in a tandem reaction. The reusability of the 

biocatalyst is drastically increased by in-situ hydrogen peroxide generation. The yield of 

oxindole obtained in the batch reactor is constant at almost 60 % after four recycling runs. For 

large-scale applications, a continuously-operated process is desired. Therefore, a fixed-bed 

reactor was designed which was filled with a mixture of CPO-SBA-15 and GOx-SBA-15. The 

feed buffer solution consisting of glucose and indole was pumped continuously through the 

reactor. Since the physisorbed enzymes leach from the mesoporous support, a final constant 

oxindole yield of only 4 % was achieved. Leaching of enzymes from their support is, besides 

enzyme deactivation, the most encountered problem in heterogeneous enzymatic catalysis. 

One promising approach to prevent enzyme leaching is covalent anchoring of enzymes to a 

suitable mesoporous support. The oxidation of indole in the fixed-bed reactor filled with 

covalently linked CPO and GOx onto the functionalized SBA-15 resulted in a final yield of 

oxindole of about 8 %. Thus, a twofold increase in yield was obtained as compared to the use 

of physisorbed CPO and GOx onto SBA-15.  
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However, this yield is still not satisfying and to obtain high conversions of substrates 

(glucose and indole) in the fixed-bed reactor several aspects has to be taken into account: 

− leaching was to be circumvented,  

− the possible uptake of enzymes by the support used was to be increased and 

− the accessibility of the immobilized enzymes for the substrates must be enhanced. 

These specifications were met by the assembly of cross-linked enzymes in the pore 

cages of mesocellular foams (MCF). These materials are excellently suitable for the 

encapsulation of cross-linked enzymes because of their ultra-large cavities connected by 

smaller windows. Through these windows, enzymes can enter the cavities, where 

agglomeration and cross-linking with glutaraldehyde will take place. The diameter of the 

cross-linked enzymes (CLEAs) formed is larger than the diameter of the pore entrance and 

thus, leaching is circumvented. Furthermore, it was found that the physical adsorption of CPO 

onto MCF occurs very rapid and after about one hour 92 % of the CPO used were adsorbed. 

In order to minimize the diffusion of enzymes into the core of the particle, the formation of 

CPO-CLEAs in pore cages closed to the external surface to increase the availability for the 

substrates is favored. Thus, CPO was physisorbed at its optimum pH level (pH = 3.8), and the 

addition of GA viz. cross-linking of the enzymes was initiated after the pH level was adjusted 

to the ideal conditions for cross-linking. Following this strategy, materials showing specific 

activities of up to 11 kU·g-1 compared to 0.2 kU·g-1 for physisorbed CPO onto SBA-15 are 

obtained. Furthermore, relating the total amount of enzyme used to the resulting activity of 

the immobilized enzymes allows to evaluate the efficiency of the immobilization process. The 

highest effective activity viz. the enzyme activity in units per amount of enzyme adsorbed of a 

CPO-CLEA-MCF material reaches 27.1 U·nmol-1. This means that about 84 % of active 

immobilized enzymes are available in the pores. The maximum effective activity of CPO-

SBA-15 amounts 1.29 U·nmol-1 and, thus only 4 % of the immobilized enzymes are active 

and available. The use of 64 U of CPO-CLEA-MCF and 21 U of GOx-CLEA-MCF in the 

fixed-bed reactor as catalyst for the oxidation of indole results in an oxindole yield up to 

20 %. For evaluation of the catalytic indole conversion and the biocatalyst used, a comparison 

of the space-time yield (STY) and the turnover frequency (TOF) between the catalyst 

prepared in a different manner, viz. physisorption, covalent anchoring and cross-linking is 

drawn showing that the STY increases in the order CPO-SBA-15, CPO-GA-ATS-SBA-15 

and CPO-CLEA-MCF from 0.007, 0.010 to 0.346 mmoloxindole·h
-1·gcatalyst

-1. The TOFs 

calculated for the indole conversion in the fixed-bed reactor amount to 1044 h-1 for CPO-

SBA-15, and to 1726 and 9674 h-1 for CPO-GA-ATS-SBA-15 and CPO-CLEA-MCF, 
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respectively. The impressive increase in STY and TOF underline the enormous enhancement 

in efficiency of the catalytic process by using cross-linked enzymes in MCF. A further 

challenge was to provide convincing evidence for the location of the CPO-CLEAs in the 

pores of the mesoporous support. The presence of CPO-CLEAs in the pores of the 

mesocellular foam was confirmed by small-angle neutron scattering (SANS) after 

perfluoropentane adsorption based on the principles of contrast matching. These experiments 

clearly confirm that the CPO-CLEAs are located in the pores of the mesocellular foam and 

that the non-cross-linked enzymes are washed out during the catalytic experiment in the 

fixed-bed reactor.  

The immobilization of glucose oxidase, laccase and manganese peroxidase was also 

achieved. The continuous biodegradation of dibenzothiophene (DBT) was successfully 

performed in a fixed-bed reactor. It was shown that the formation of the 2,2′-azino-bis(3-

ethylbenzothiazoline-6-sulfonic acid) (ABTS) radical cation with immobilized laccase is 

enhanced by supplying an air stream into the fixed-bed reactor. Hence, an ABTS conversion 

of about 40 % in a continuously-operated process is accomplished. The DBT degradation with 

a laccase-mediator system requires a large excess of mediator (ABTS) and oxygen as a 

consequence of the underlying chemical reaction mechanism. Therefore, a 1 m heater coil was 

attached to the outlet of the fixed-bed reactor and heated up externally to 70 °C in order to 

improve the DBT conversion by ABTS radicals. This setup was found to be suitable for the 

DBT oxidation via immobilized laccase and ABTS. The ABTS and DBT conversion amount 

to 53 % and 10 %, respectively. 

Finally, the oxidation of 2,2-dimethyl-2H-1-benzopyran-6-carbonitrile with 

immobilized CPO as well as manganese peroxidase (MnP) was performed. In an aqueous 

buffered solution, the oxidation of the chromene derivate yields chiral diols. The continuous 

formation of the chiral diols was carried out with CPO and GOx immobilized on MCFs in a 

buffered solution (pH = 5.5). For the continuous catalytic experiments, a fixed-bed reactor 

was filled with cross-linked CPO and GOx supported on MCF materials for the production of 

(R,S)-diols and (S,R)-diols. To circumvent the hydrolysis of the epoxide to the diol, the 

reaction medium was changed to glycerol. The required oxidant hydrogen peroxide was 

generated in-situ from glucose using immobilized GOx, or by adding tBuOOH as oxidizing 

agent. The oxidation of 2,2-dimethyl-1-benzopyran-6-carbonitrile in the batch reactor with 

co-immobilized MnP and GOx onto a membrane in a glucose-glyerol solution results in chiral 

(3R,4R)-3,4-dihydro-2,2-dimethyl-2H-oxireno-benzopyran-6-carbonitrile with an 

enantiomeric excess of over 98 %. In a subsequent reaction step, the chiral chromene epoxide 
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is transformed to potential potassium channel activators in a one-pot synthesis. After the 

removal of the membrane containing immobilized MnP from the batch reactor, 2,4-

dihydroxypyridine and catalytic amounts of pyridine are added to enforce the epoxide 

opening. This reaction yields enantiopure (3R,4S)-trans-3,4-dihydro-4-[(1,2-dihydro-2-oxo-4-

pyridyl)oxy]-3-hydroxy-2,2-dimethyl-2H-1-benzopyran-6-carbonitrile. 

However, for further applications of the systems invented, the integration of chemo- and 

biocatalysis must be expedited. The use of immobilized enzymes combined with conventional 

heterogeneous catalysts in cascade reactions has to be envisaged. Another milestone is the 

realization and the establishment of stable processes concerning one-pot approaches with 

multi-enzyme cascades. In this work, the enzymatic conversion of three substrates is 

investigated. In future, the number of substrates has to be enlarged with regard to appropriate 

applications. The production of chiral building blocks and their further conversion are key 

steps in the pharmaceutical industry. In this regard, racemic resolutions with lipases for 

example are of interest. The usage of immobilized enzymes for process optimizations 

regarding enzyme-catalyzed C-O or C-C bond formation in heterocyclic products, including 

alkaloids, cyclic peptides, and glycopeptide antibiotics are future trends. Enzyme 

immobilization enables the application of expensive enzymes to produce drugs more 

economical on industrial scales.  

In general, mesoporous supports show great potential for the immobilization of 

biomolecules for industrial applications including sufficient mechanical stability, facile 

functionalization, tunable pore structure, size and morphology, and the possible shaping of 

(macroscopic) particles. While the number of publications in this area has increased in recent 

years, no report on a commercial process has appeared up till know. However, whether 

ordered mesoporous silicas are able to compete with traditional supports such as silica or 

polymers is predominantly a question of economics and the availability of mesoporous silicas 

on a large scale. Future research should focus on the development of continuously-operated 

reactor systems for multistep syntheses using cascade reaction employing chemo- and 

biocatalysts. 
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