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1. INTRODUCTION 

Biocatalysis is becoming increasingly important as an efficient and green tool for modern 

organic synthesis.[1,2] The biocatalytic process cannot be realized without enzymes. Enzymes 

are widely applied, for instance, in biochemistry, in the production of chiral pharmaceuticals, 

in flavor or fragrance industry and in production of biofuels.[1,2,3] Advantages of enzymes as 

biocatalysts are their high activity, selectivity, specificity and low toxicity combined with their 

capability to being used under mild reaction conditions and a limited formation of by-

products.[3] In spite of all their advantages of the native enzymes, their use as biocatalyst is only 

rewarding if it is economically viable. Easy denaturation of their molecular structure at high 

temperatures, at acidic or basic pH or in the presence of several organic solvents may strictly 

limit their recovered applications. Thanks to advances in biotechnology and protein engineering 

it is now possible to produce most enzymes for commercially acceptable prices and to 

manipulate them such that they exhibit the desired properties.  

Nevertheless, all these advantages, industrial application of enzymes is often hampered by a 

lack of long-term operational stability and difficult recovery and re-use of the enzyme. These 

drawbacks can generally be overcome by immobilization of the enzyme that can solve their 

recovery and may also improve many other features of the enzyme such as stability, activity, 

selectivity and reusability of the enzyme.[1]  

Aside from the application in industrial processes, the immobilization techniques can be the 

base for making a number of biotechnological products. Extension of the use of immobilized 

enzymes to other practical processes will require new methodologies and a better understanding 

of current techniques.[4] 

There is no single best method and support for all enzymes and their various applications. This 

is because of the different chemical characteristics and composition of enzymes, the different 

properties of substrates and products, and the various uses of the product. Advances in organic 

chemistry and molecular biology have resulted in the development of some very powerful, 

efficient and site-specific applications for enzyme immobilization. 

The goal of my PhD thesis is to introduce different topics of enzyme immobilization and present 

some possibilities to improve the enzymatic performance via combining preexisting methods. 

The structural and functional materials for enzyme immobilization can both be effective and 

stabilizing for enzyme molecules, in such a way that they keep their natural function. We also 

would like to introduce possible industrial applications for each method and enzyme. 

2. LITERATURE OVERVIEW 

The basic components of an immobilized enzyme system are the enzyme, the matrix and the 

mode of attachment.[5] Three of the most common methods used to immobilize enzymes being 

binding to a carrier, entrapment, and cross-linking. 

2.1. Binding to a carrier 

Covalent attachment is one of the most widely used methods for irreversible enzyme 

immobilization. The immobilization can be done in two ways: First, the activating agent can be 

added to the support without modifications, or the support material can be functionalized to  

[1] R. A. Sheldon, S. van Pelt, Chem. Soc. Rev. 2013, 42, 6223–6235. 

[2] M. T. Reetz, J. Am. Chem. Soc. 2013, 135, 12480–12496. 

[3] A. S. Bommarius, M. F. Paye, Chem. Soc. Rev. 2013, 42, 6534–6565. 

[4] G. Bickerstaff, in Immobil. Enzym. Cells, Springer Science And Business Media, New York, 2003, pp. 15–31. 

[5] N. R. Mohamad, N. H. C. Marzuki, N. A. Buang, F. Huyop, R. A. Wahab, Biotechnol. Biotechnol. Equip. 2015, 29, 

205–220. 
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generate activated groups. In both cases, the electrophilic groups generated on the support will 

react with strong nucleophiles on the protein. Glutaraldehyde (GA) is the most frequently used 

activating agent (Figure 1. A)[6], which can modify primary amino groups of proteins. 

Alternatively, covalent bonds could be formed upon adsorption of the enzyme onto less toxic 

epoxy-supports (Figure 1. B)[7] The epoxy functions can react with different nucleophilic 

groups (such as amine, thiol or carboxylate) on the protein surface under mild conditions. 

 
Figure 1. Examples for covalent enzyme immobilization to support 

2.2. Entrapment 

The entrapment method is based on the caging of the enzyme within a polymeric network by 

covalent or noncovalent bonds that allow the path of substrate and products but retain the 

enzyme (Figure 2.). This immobilization method allows for the ability to fine-tune the 

encapsulating material to provide the optimal microenvironment for the enzyme.[8] This method 

can be done with a variety of materials including: sol-gel entrapping. The sol-gel process is 

initiated by hydrolysis of tetraalkoxysilanes [Si(OR)4] followed by polycondensation in the 

presence of the enzyme to be trapped producing a dense silica gel polymeric network. 

Significant activity enhancement of the immobilized lipases occured when Si(OR)4 was applied 

in mixture with hydrophobic silanes [R’Si(OR)3 or R’2Si(OR)2] bearing various substituents 

(R’ being an alkyl or aryl group).[9] Reports on sol-gel immobilization, using binary or ternary 

mixtures of various organosilane precursors, showed that sol-gel matrices formed from 

appropriate precursor mixtures can substantially enhance the catalytic potential of the enzymes. 

 
Figure 2. Sol-gel immobilization of enzymes 

2.3. Cross-linking 

Cross-linking is an irreversible method of enzyme immobilization that does not require a 

support, thus the method is called carrier-free immobilization. The general preparation of 

CLEAs (cross-linked enzyme aggregates) is carried out via the aggregation of given soluble 

enzymes when using a precipitating reagent, such as ammonium sulfate, acetone, ethanol, or t-  

[6] O. Barbosa, R. Torres, C. Ortiz, R. Fernandez-Lafuente, Process Biochem. 2012, 47, 1220–1227. 

[7] C. Mateo, V. Grazu, J. M. Palomo, F. Lopez-Gallego, R. Fernandez-Lafuente, J. M. Guisan, Nat. Protoc. 2007, 2, 

1022–1033. 

[8] S. Ali, W. Zafar, S. Shafiq, M. Manzoor, Int. J. Sci. Technol. Res. 2017, 6, 64–72. 

[9] M. T. Reetz, A. Zonta, J. Simpelkamp, Biotechnol. Bioeng. 1996, 49, 527–534. 
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butanol.[10] This is followed by the subsequent copolymerization of enzyme aggregates with a  

cross-linking agent, e.g. glutaraldehyde or bisepoxides without perturbation of their tertiary 

structure, i.e. without denaturation (Figure 3.). The CLEA method does not require a highly 

pure enzyme. CLEAs offer enhanced operational stability, reusability, and exceptional 

resistance to the leaching of immobilized biocatalyst in aqueous media. 

 

Figure 3. Preparation of cross-linked enzyme aggregates 

2.4. Continuous-flow reactor 

Usually, enzyme reactions can be carried out either in batch mode or in a variation of a 

continuous flow mode. Batch reactors are used for smaller scale reactions due to the fact that 

they are more labor and time intensive than a continuous flow reactor. Processing of subsequent 

batches must wait until the current batch is finished. This method seems effective at first glance, 

but in most cases falls off of continuous flow mode. The use of a continuous flow reactor is 

beneficial as it may help increase the reaction time as well as the efficiency of a reaction using 

a biocatalyst.[11] Packed-bed enzyme reactor can obtain a larger reacting surface area per unit 

volume with associated higher volumetric productivity in continuous industrial processes. 

3. EXPERIMENTAL SECTION 

3.1. Sol–gel immobilization of lipase using ternary silane precursor systems 

Aqueous PEG 1000 solution (4 m/m%, 200 μL) and 2-propanol (200 μL) were added to 

sodium phosphate buffer (0.1 M, pH 7.5, 390 μL) in a 20 ml glass vial and the mixture 

was shaken at 450 rpm. After 5 min shaking at room temperature, a composition of the 

silane precursors, lyophilized CaLB (50 mg) and 1 M aqueous sodium fluoride solution 

(100 μL) were added to the mixture and shaking was maintained for 24 h at room 

temperature. Then the samples were washed – by suspending (1min) and filtration on a 

glass filter (G4) – with isopropanol (7 mL), distilled water (5 mL), isopropanol (5 mL) 

and n-hexane (5 mL). The white powdery product was air-dried at room temperature for 

24 h and stored in a refrigerator (4 °C). 

3.2. Preparation of lipase CLEANs (cross-linked enzyme-adhered nanoparticles) 

100 mg of functionalized SNPs was dispersed in 5 mL phosphate puffer (0.1 M, pH 7.5), then 

the mixture was ultrasonicated for 10 minutes. 5 mL CaLB solution (10 mg/mL in 0.1 M, pH 

7.5 phosphate buffer) was added to the suspension. The mixture was shaken for 10 min (450 

rpm) and 30 mL ethanol as precipitant was added to the suspension and shaken at RT for 10 

min. The GA, GDE, NPE or PDE cross-linking agents (800 µL, 2%) was added to the mixture 

with continuous shaking (450 rpm). After 24 h, the mixture was centrifuged (2300 rpm, 15 min, 

8°C), the supernatant decanted, and the residue washed once with phosphate buffer (10 mL, 0.1  

[10] R. a Sheldon, R. Schoevaart, L. M. Van Langen, Biocatal. Biotransformation 2005, 23, 141–147. 

[11] C. Csajági, G. Szatzker, E. Rita Toke, L. Ürge, F. Darvas, L. Poppe, Tetrahedron Asymmetry 2008, 19, 237–246. 
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M, pH 7.5) and twice with 10 mL EtOH (followed by centrifugation: 2300 rpm, 15 min, 8°C). 

Samples were dried at RT. Before use, CaLB CLEANs were kept at 4°C. 

3.3. Lipase immobilization onto activated supports 

150 mg of variously functionalized hollow silica microspheres (M540, M540-GA, M540-PDE, 

M540-NPE, M540-CDE, M540-GDE, M540-HDDE and M540-GTGE) were suspended in 

phosphate buffer (15 mL, 100 mM, pH 7.5) containing 2 mg/ml of Lipase PS. The suspension 

was shaken overnight at room temperature (RT). After that, the suspension was washed three 

times with phosphate buffer (10 mL, 100 mM, pH 7.5) and stored at 4 °C. 

3.4. Immobilization of acid phosphatases on heterofunctionalized silica nanoparticles 

The ASNP-M support (12 mg) was mixed with Tris-HCl buffer (pH 8, 0.25 M, 1 mL) 

containing crude lysate of phosphatase (1 U mg-1 dry carrier for metal ion, EDTA concentration 

and bifunctional covalent linking agent screenings; 2 U mg-1 dry carrier for biocatalytic studies). 

The mixture was shaken at RT (120 rpm) overnight. Then the resulted metal-bound phosphatase 

biocatalysts were washed twice by resuspending in 0.25 M Tris-HCl buffer pH 8 followed by 

centrifugation (10 min at 3500 rpm). After washing a solution of bifunctional covalent linking 

agent (2 m/m% final concentration of bisepoxide or GA) dissolved in 20 v/v% EtOH in 0.25 M 

Tris-HCl buffer pH 8 was added (1 mL). The mixture was shaken at RT (120 rpm) overnight. 

Then the resulted immobilized phosphatase biocatalyst was washed twice with 0.25 M Tris-

HCl buffer pH 8. The immobilized preparations were freeze-dried and stored at 4 °C until 

application. 

4. RESULTS AND DISCUSSION 

4.1. Sol-gel immobilization of lipase 

Molecular docking and modeling was applied as a part of the immobilization engineering 

method for efficient selection of organosilanes serving as components of ternary compositions 

to prepare sol-gel matrices for entrapment of Candida antarctica lipase B. Immobilization 

engineering was further aided by response surface methodology leading to novel ways of CaLB 

immobilization with enhanced functional efficiency and reusability. Combination of this two 

methods can highly accelerate the optimization process. We found that there is no single “best” 

silane precursor composition and each substrate requires individual optimization (Figure 4.). 

 

Figure 4. Specific reaction rates (rbatch) with CaLB biocatalysts corresponding to the experimental design points of 

TEOS/OTEOS/PTEOS (TOP) ternary sol–gel systems in kinetic resolutions of racemic alcohols and racemic amines. 

Reusability of selected CaLB biocatalysts entrapped in three different sol-gel systems using 

different ternary compositions of organosilanes (best TOP, TDP, and TDO compositions) were 

compared to commercially available immobilized versions of CaLB (Immobead-T2-150 and 
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Novozyme 435) in multi-cycle KRs of racemic 1-phenylethanol (rac-1a). All three versions of 

the sol-gel entrapped CaLB preparations were more durable in recycling tests than the 

commercial formulations (Figure 5.). 

 
Figure 5. Reusability of the immobilized CaLB biocatalysts in KR of rac-1a [immobilized CaLB forms in 1 h cycles: 

TOP-10 (UB: ■, ee% ), TDP-10 (UB: ■, ee% ), TDO-10 (UB: ■, ee% ), N 435 (UB: ■, ee% ), CV-T2-150 (UB: 

■, ee% )]. 

Long term operational stability of TDP-10 CaLB was tested in the KR of the alcohol rac-1a 

and the amine rac-3a in a continuous-flow reactor at 60 °C using toluene as solvent (Figure 6.), 

where both KRs remained stable over 5 days-long continuous runs. After proper separation, the 

products were isolated in good yields (47%, for both) and high enantiomeric purity (ee 99.7%, 

and 99.9%), for (R)-1b and (R)-3b, respectively. 

 

Figure 6. Long term stability of the CaLB entrapped in TDP sol-gel system in KR of the alcohol rac-1a 

(c%: x, ee(R)-2a: x) and amine rac-3a (c%: ○, ee(R)-4a: ○) in continous-flow reactor (60 oC, flow-rate of 0.1 mL min-1) 

4.2. Cross-linked enzyme adhered nanoparticles 

In order to overcome the structure limitations of universal CLEA method, a novel strategy was 

developed to prepare cross-linked enzyme adhered nanoparticles (CLEANs) by conducting the 

CLEAs onto surface modified silica nanoparticles (SNPs). Thus, nanostructured but micro-

sized biocatalyst could be created with beneficial internal structure and good mechanical 

properties. First, SNPs were synthetized by bottom up technology (Stöber method), which were 

further functionalized with a grafting mixture consisting of reactive (aminopropyl) and inert 

(such as vinyl, propyl, phenyl or octyl) functions in different ratios to obtain mixed amino-inert 

group functionalized silica nanoparticles. Glycerol diglycidyl ether (GDE) was used as cross-
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linking agent. Figure 7. shows the biocatalytic properties of the CaLB CLEANs systems in KR 

of rac-1a. 

 
Figure 7. Catalytic properties of various CaLB CLEANs systems with GDE as cross-linker. CaLB immobilizates were tested 
in the KR of rac-1a with vinyl acetate, reaction time: 0.5 h. Bars stand for the specific reaction rate in batch mode, rhomboids 
stand for enantiomeric excess of the CaLB biocatalysts. 

Among the four different inert groups, the octyl group containing compositions showed the best 

biocatalytic properties (CaLB-CLEANs with 10% aminopropyl function beside the octyl 

groups, rbatch= 120.7 U g-1; ee(R)-2= 99.6%), therefore this inert group was used in the 

experiments with different cross-linking agents (Figure 8.). 

Beside glutaraldehyde (GA), bisepoxides [GDE, neopentylglycol diglycidyl ether (NPE) and 

poly(propylene glycol) diglycidyl ether (PDE)] were applied for the biocatalyst optimization to 

build up macroporous microparticles. The differences among these bisepoxy compounds appear 

in the length, flexibility and hydrophobicity. 

 
Figure 8. Catalytic properties of various CaLB CLEANs systems with different cross-linkers. CaLB immobilizates were tested 

in the KR of rac-1a with vinyl acetate, reaction time: 0.5 h. Bars stand for the biocatalytic activities, rhomboids stand for 

enantiomeric excess of the CaLB biocatalysts. 

The highest activity was achieved with NPE, this cross-linking agent was used with 20% 

aminopropyl function beside the octyl groups on the surface in further experiments. 

Lipase mediated synthesis of flavour esters under solvent-free conditions has significant 

importance due to the avoidance of toxic solvent. Thus, I have carried out a facile synthesis of 
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geranyl acetate and cinnamyl acetate by direct esterification in vinyl acetate with the 

immobilized biocatalyst prepared here. Ester synthesis was investigated with the free and 

immobilized forms of CaLB (Figure 9.). 

 

Figure 9. Conversions of geranyl acetate (A) and cinnamyl acetate (B) synthesis catalysed by ●: CaLB-CLEANs with octyl 

functions (containing 20% aminopropyl functions) cross-linked with NPE, ●: CaLB-CLEAs cross-linked with NPE, ●: 

lyophilized CaLB powder 

The conversion of geranyl acetate and cinnamyl acetate formation reached the highest value in 

the shortest time with CaLB-CLEANs cross-linked with NPE, even it contains less native 

enzyme, than the CLEA preparation. These CLEANs were able to solve several weaknesses of 

traditional cross-linked enzyme biocatalysts, such as poor mechanical resistance, difficult 

recovery and storage, and problems in their use for packed-bed enzyme reactors. 

4.3. Lipase immobilization onto surface modified hollow silica microspheres 

Matspheres 540 (M540) a porous hollow silica microspheres covered with polar and non-polar 

chemical groups on the surface, was studied as carrier for covalent immobilization of Lipase 

PS. Surface activation of M540 was performed using a variety of bisepoxide activating agents 

to maximize stability and activity of the enzyme after immobilization (Table 1.). 

Table 1. Catalytic properties of the free and immobilized Lipase PS in kinetic resolution of rac-1a after 
1 h reaction time 

Activity and selectivity of the immobilized biocatalysts were compared with the free enzyme 

powder by means of the enantiomer selective acylation of racemic 1-phenylethanol (rac-1a). 

We found that out of the six activating agents applied, the one treated with the poly(ethylene 

Sample c 

(%) 

ee(R)-2 

(%) 

rbatch 

(Unit/g) 

Free Lipase PS 13.0±0.51 98.9±<0.1 9.0±1.07 

M540-PS 5.7±0.27 98.5±<0.1 3.9±0.56 

M540-GA-PS 1.5±0.68 94.8±2.3 3.5±1.42 

M540-PDE-PS 20.3±1.04 99.1±<0.1 42.8±2.18 

M540-NPE-PS 5.5±1.11 98.7±<0.1 12.5±2.33 

M540-GDE-PS 6.1±0.29 98.6±<0.1 14.0±0.60 

M540-CDE-PS 11.4±0,50 98.6±<0.1 26.1±1.05 

M540-HDDE-PS 15.8±1.17 99.1±<0.1 36.3±2.45 

M540-GTGE-PS 2.6±0.75 97.4±1.2 5.9±1.57 

Reaction conditions: 25 mg free or immobilized Lipase PS biocatalyst, 1 mL n-hexane/MTBE 2/1, 

rac-1a (0.398 M. i.e. 48 mg mL-1) and vinyl acetate (2.76 equiv.).  
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glycol) diglycidyl ether (PDE) bisepoxide improved best the catalytic properties of the 

immobilized Lipase PS. 

To promote the practical application of the novel biocatalyst Lipase PS immobilized onto M540 

biocatalysts, effect of temperature on a lipase-catalyzed KR was also studied by using an 

immobilized Lipase PS-filled packed-bed reactor (our best immobilized preparation with PDE 

and the commercially available Lipobond Lipase PS) operated in continuous-flow mode. 

 

Figure 10. Continuous-flow kinetic resolution of rac-1a at different temperatures with M540-PDE-PS and Lipobond Lipase 

PS [rflow values of M540-PDE-PS () and Lipobond Lipase PS (),  

ee(R)-1b values of M540-PDE-PS () and Lipobond Lipase PS ()] 

Specific reaction rate of M540-PDE-PS was somewhat lower that for Lipobond Lipase PS 

between 30 and 60 °C, but increasing productivity could be observed up to 70 °C, where M540-

PDE-PS had its temperature optimum (rflow =127.3 U/g) and exhibited an almost twofold rflow 

value as Lipobond Lipase PS. A slightly decrease in the enantiomeric excess of the product 

(ee(R)-1b) was observed with increasing temperature with both immobilized Lipase PS 

preparations, but even at 100 °C the ee(R)-1b values remained above 97%. 

The industrial application of the biocatalyst was studied in the production of biodiesel from 

conventional rapeseed oil and used sunflower oil as well (Figure 11.). The transesterification 

reactions were performed with three different alcohols (methanol, ethanol, n-propanol). 

 

Figure 11. Production of biodiesel from rapeseed oil (A) and sunflower oil (B) with MAT-PDE-PS (▲: methanol, ▲: ethanol, 

▲: n-propanol) and Lipobond Lipase PS (●: methanol, ●: ethanol, ●: n-propanol) 

According to the results M540-PDE-PS proved to be a more productive biocatalyst with both oils. In 

cases of all three alcohols, the transesterification rate of M540-PDE-PS was almost twice as fast as the 

commercial Lipobond Lipase PS. The significant difference with the MAT-PDE-PS preparation can be 

due to the difference in immobilization methods. 
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4.4. Selective immobilization of acid phosphatases 

A heterofunctionalized aminopropyl-chelate silica nanoparticle support combining the high 

surface to volume property of SNPs, the IMAC protein enrichment and stable covalent bonds 

with bisepoxides was developed and applied for selective immobilization of poly-His-tagged 

non-specific acid phosphatases from Shigella flexneri (PhoN-Sf) and from Salmonella enterica 

ser. typhimurium LT2 (PhoN-Se). 

In the first binding tests, a cell-free extract of His-tagged PhoN-Sf was adsorbed on the metal 

chelate supports. I have tested the activity of immobilized PhoN-Sf on heterofunctionalized 

metal-chelate supports by hydrolysis of 4-nitrophenyl phosphate (pNPP). Figure 12. shows the 

specific reaction rate (rbatch) and the activity yield (YA) of the immobilized PhoN-Sf biocatalysts 

depending on the metal and the cross-linking agent employed. 

The Ni2+-chelating support could bind 100% of the loaded phosphatase activity and exhibited 

the highest rbatch (245.1 U gbiocatalyst
-1) and hence was selected for further studies. PhoN-Sf on 

ASNP-E-Ni treated with neopentylglycol diglycidyl ether (NPE) retained ~90% of its activity 

during covalent linking (219.5 U gbioctalyst
-1), while the other preparations suffered significant 

losses thus, NPE was used as cross-linker in the further studies. 

 

 
Figure 12. Activity yield (dots) and specific reaction rate (rbatch) (bars) of PhoN-Sf attached onto heterofunctionalized ASNPs, 

(A) as a function of metal ions and (B) by addition of the indicated bifunctional covalent linkers. In each case, PhoN-Sf (1 U) 

was immobilized on functionalized dry ASNP (1 mg). Activity yield was determined by the pNPP assay. 

Continuous flow reactors exhibit several advantages over batch setup. In the case of 

phosphatases, the physical separation of the immobilized phosphatase from the phosphorylated 

product prevents hydrolysis of the latter. The immobilized biocatalysts were favorably 

compared with preparations using commercial supports (Immobead 150, Relizyme HA403/M, 

EziG 2Fe) in packed-bed continuous flow reactor using PPi as phosphate donor (Figure 13.). 

The reactors were tested with model substrate (1,4-butanedion, 7a, 500 mM) and PPi (250 mM) 

at 30 °C. First, the residence time, which influences product hydrolysis, was optimized via the 

flow rate (0.1-0.3 mL min-1) and the operational stability of immobilized PhoN-Sf biocatalysts 

was tested over several days. PhoN-Sf on ASNP-Ni-NPE remained stable over at least 5 days 

delivering ~160 mM product constantly. PhoN-Sf on Relizyme-GA and PhoN-Sf on Immobead 

150 were stable over at least 3 days of continuous operation furnishing ~120-130 mM and 60-

52 mM product 7b. The productivity of PhoN-Sf on EziG 2Fe stabilized after an initial decrease 

from 141 mM to 75 mM product within 2 days. This pronounced loss of activity may be linked 

to the cation-chelating property of PPi, thereby depleting the support from essential Fe+3-ions 

and causing enzyme leaching. 
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Figure 13. Continuous-flow synthesis of 7b, 8b and 12b with variously immobilized forms of PhoN-Sf as biocatalyst. Reaction 

conditions: 7a, 8a or 12a (500 mM), PPi (250 mM), DMSO (1%, as internal standard), pH 4.2, 30°C, 0.3 ml min-1 flow rate for 

7a and 0.1 ml min-1 for 8a and 12a. For column dimensions and biocatalyst amounts, see Experimental Section. Data series 

represent rflow values with PhoN-Sf biocatalysts on ASNP-E-Ni/NPE (●), Relizyme-GA (■), Immobead 150 (▲) and EziGTM-

2Fe (♦). 

The operational stability of immobilized PhoN-Sf biocatalysts was comparable with substrates 

1,4-butenedion (8a) and methyl-α-D-glucopyranoside (12a). The overall productivity of PhoN-

Sf on ASNP-Ni-NPE was superior to other biocatalysts with all three substrates. 

5. THESIS POINTS 

I. We demonstrated that systematic experimental design can be successfully used for 

optimization of compositions of sol-gel matrices by immobilization of Candida 

antarctica lipase B (CaLB). We recognized for the first time that substituents of the sol-

gel precursors influence the substrate acceptability of the immobilized enzyme. The 

resulted biocatalysts could be applied in kinetic resolutions of racemic alcohols and 

amines both in batch and continuous-flow mode. (P.II.) 
 

II. We showed that rational improvements of the sol-gel entrapment process resulted 

biocatalysts, which possess superior stability to the traditional commercially available 

forms of immobilized CaLB. They are characterized by enhanced thermal stability in 

organic media, both in batch and continuous-flow mode. In addition, the operation of both 

KRs (with alcohol and amine) remained stable over 5 days-long continuous runs at 60°C, 

indicating the robustness of sol-gel immobilized CaLB. (P.II.) 
 

III. We successfully created nanostructured but micro-sized biocatalyst by using 

functionalized silica nanoparticles as building blocks to form hybrid biocatalysts. The 

newly developed biocatalyst was suitable for continuous-flow application because of the 

advantageous mechanical properties. We proved that the bisepoxy compounds are able to 

form covalent bonds both between proteins and nanoparticles (P.I.) thus, bisepoxy cross-

linking agents were successfully used for CaLB immobilization. These hybrid 
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biocatalysts were able to solve several weaknesses of traditional cross-linked enzyme 

biocatalysts, such as poor mechanical resistance, difficult recovery and storage, and 

problems in their use for packed-bed enzyme reactors. The novel CaLB biocatalyst was 

suitable for application in continuous-flow enzyme reactor for solvent-free fragrance 

production with superior stability. 
 

IV. Mixed-function-grafted (vinyl and amino groups) hollow silica microspheres in the 

presence of six different bisepoxy compounds were successfully carried out for covalent 

immobilization of Burkholderia cepacia lipase (Lipase PS). The Lipase PS biocatalyst 

developed by us exhibited high specific activity and enantiomer selectivity in kinetic 

resolution of a racemic alcohol both in batch and continuous-flow mode. The novel form 

of Lipase PS was also compared with its commercially available partner, Lipobond Lipase 

PS in production of biodiesel, where the biocatalyst developed by us was almost twice as 

effective as its commercial counterpart. (P.IV., P.V.) 
 

V. We have successfully developed a novel method for selective covalent immobilization of 

acid phosphatases. The novel method combines the high surface to volume properties of 

silica nanoparticles, the selectivity of immobilized metal-chelate affinity chromatography 

and the stability of bisepoxy linkers. The catalytic properties of the novel biocatalyst were 

favorable compared to commercial supports in transphosphorylation reactions. The silica 

nanoparticle-based catalyst proved superior in a flow reactor regarding space-time yield 

and productivity. The excellent stability of the immobilized enzyme in flow systems 

enabled the multiple gram-scale production of phosphorylated alcohols using cheap PPi 

as phosphate donor. (P.III.) 

6. POTENTIAL APPLICATIONS 

We have investigated the sol-gel immobilization of Candida antarctica lipase B (CaLB). We 

have used molecular docking and modeling for choosing efficient organosilanes as components 

of ternary compositions of sol-gel matrices and experimental design (response surface 

methodology) to find the best compositions with the least number of experiments. The resulted 

matrices could multiply the specific activity of the enzyme with excellent enantiomeric 

selectivity and stability. The biocatalysts were stable in KR of racemic alcohols and racemic 

amines in long term continuous-flow operation. This approach could be applied for 

optimization of other enzymes as well. 

Cross-linked enzyme adhered nanoparticles (CLEANs) were prepared for immobilization of 

CaLB, where not only the organosilane precursors on the silica nanoparticles, but also the cross-

linking agents may affect the performance of resulted biocatalyst. Bisepoxy compounds could 

be applied as cross-linking agent and the resulted biocatalysts exhibited excellent activity and 

mechanical properties so they could be successfully applied in continuous-flow biocatalytic 

fragrance and flavor production. 

The bisepoxy compounds may be suitable agents not only for cross-linking enzymes, but also 

for functionalizing various carriers. Thus, lipase from Burkholderia cepacia (Lipase PS) was 

used for covalent enzyme immobilization with different activating agents. The Lipase PS 

biocatalyst developed by us exhibited high specific activity and enantiomer selectivity in KR 

of a racemic alcohol in a continuous-flow reactor. Furthermore, the novel form of Lipase PS 

biocatalysts is suitable for biodiesel production, as well. 

An easy to perform method combining aminopropyl grafted SNPs with further functionalization 

and bisepoxy compounds was developed for selective immobilization of of non-specific acid 

phosphatases bearing a His-tag from crude cell lysate. First, the His-tagged enzyme were 

selectively bound to the support, then, it was further stabilized by bisepoxy cross-linking agent. 
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The phosphatase biocatalysts obtained by this method exhibited better phosphate transfer 

activity with a range of alcohols and PPi as phosphate donor than the ones immobilized on 

conventional supports. The industrial application of acid phosphatases is less common than 

application of lipases, but immobilized acid phosphatases can be successfully employed in the 

regioselective phosphorylation of nucleotides, especially inosine and guanosine, which are 

widely used in food industry as taste enhancers. 
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