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1. Introduction 

Environmentally friendly solutions for industrial processes are getting more important 

nowadays, the pharmaceutical and fine chemical industry is no exception to this. Chemical 

synthesis of industrially relevant compounds frequently employs transition metal catalysts of 

relatively high toxicity and may require harsh reaction conditions. Biocatalysis offers a more 

gentle alternative for these.1 

Biocatalysis refers to processes that use catalysts originating from biological sources. 

Biocatalysts derived from living organisms can be tissues, cells, organelles, or extracellular 

products of the cells; in the majority of the cases, the biomolecules responsible for the catalytic 

process are enzymes, which are the catalysts of natural biochemical reactions. Because of their 

biological origin, they are less stable and more sensitive than traditional metal- and 

organocatalysts, however, their excellent substrate- and stereospecificity is a great advantage. 

During my research I aimed to study the different steps of the development of biocatalysts, such 

as isolation of new enzymes, their characterization and improvement by protein engineering, 

and lastly, the preparation of immobilized biocatalysts. 

The continuously changing industrial demands call for the discovery of novel enzymes. 

We identified an aspartate ammonia-lyase from the genome of Pseudomonas fluorescens R124. 

After the isolation, expression and purification of the enzyme, we investigated its activity and 

kinetic properties. 

Based on recent advances in protein engineering, the development of industrially 

applicable enzymes with different approaches is now a feasible task. Information about the 

structure and mechanism of an enzyme makes it possible to influence the enzymatic activity by 

altering the amino acid sequence of the protein. During my research, I aimed to change the 

function of different MIO-enzymes with site-directed mutagenesis. Based on the previous 

results of our colleagues, conserved substrate access paths proved to be crucial for the function 

of these enzymes. With a tunnel engineering approach, the importance of these paths could be 

investigated further. 

As sustainability and reusability are important requirements for industrial catalysts, I 

carried out the preparation of immobilized biocatalysts as well. I applied an already established 

whole-cell immobilization method for recombinant transaminase expressing E. coli cells. The 

applicability of the immobilized transaminase biocatalysts in the kinetic resolution of several 

racemic amines was incestigated in both batch and continuous-flow mode. Furthermore, the 

covalent immobilization of the P. fluorescens aspartase was carried out on magnetic 

nanoparticles. I examined the storage stability and kinetic properties of the immobilized 

enzyme, and the effect of the growing viscosity on the catalytic activity of the native and 

immobilized aspartase. 

The relationship between the studied aspects of the development of potential biocatalysts, 

enzymes and a comprehensive summary of my research work can be seen on Figure 1.  

                                                 

1 U. T. Bornscheuer et al. Nature 2012, 485, 185–194. 
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Fig. 1. Graphical summary of the conducted research, areas of the development of potential 

biocatalysts and the enzymes investigated in this work. 

2. Background 

2.1. Aspartases 

Aspartate ammonia-lyase (EC 4.3.1.1, often referred to as aspartase) catalyzes the 

elimination of ammonia from L-aspartic acid (Asp), or addition of ammonia onto fumarate. 

Aspartases play an important role in microbial nitrogen metabolism, and they have been widely 

studied and applied since the 70s to produce Asp in large quantities, which is an important 

compound in the artificial sweetener production, in the pharmaceutical industry, and in the 

enzymatic production of L-alanine being utilized in parenteral nutrition and as food additive. 

Although the aspartase of Pseudomonas fluorescens was isolated, cloned and sequenced earlier, 

the first extensively studied and applied aspartase originated from Escherichia coli. Aided by 

recombinant technologies, many aspartases were identified and characterized since then.2  

Because of the industrial relevance of aspartases, immobilization of them have been 

carried out with several methods already. The first approaches captured aspartate ammonia-

lyase expressing whole cells enabling the synthesis of Asp due to the high half-life of the 

immobilized whole-cell biocatalysts. Purified aspartases for industrial production of Asp have 

been immobilized on various supports such as silica-based or weakly basic anion-exchange 

                                                 

2 M. De Villiers et al. ACS Chem. Biol. 2012, 7, 1618–1628. 
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carriers. Aspartases were immobilized on epoxy (Eupergit® C) and amine (MANA-agarose) 

supports or entrapped in polyacrylamide gel and polyvinyl alcohol (LentiKats®). Furthermore, 

an aspartate ammonia-lyase has been co-immobilized with a transaminase on amino-epoxy 

Relizyme® support and used for the production of L-phenylalanine.3 

2.2. MIO-enzymes 

The MIO-containing class I lyase-like enzyme family (MIO-enzymes) catalyze the 

reversible ammonia elimination from histidine, phenylalanine or tyrosine (HALs (EC 4.3.1.3), 

PALs (EC 4.3.1.24) and TALs (4.3.1.23), respectively), using a special post-translationally 

formed residue, the 5-methylene-3,5-dihydro-4H-imidazol-4-one (MIO) as the catalytic 

electrophile. Aminomutases catalyze, also with the aid of MIO, the interconversion between α- 

and β-phenylalanine or α- and β-tyrosine (PAMs (EC 5.4.3.10 and 11) and TAMs (EC 5.4.3.6), 

respectively).  

The physiological functions of MIO-enzymes are diverse and constitute key roles in 

several metabolic pathways. In most kingdoms of living organisms, histidine ammonia-lyases 

play a crucial role in histidine metabolism. Furthermore, MIO-enzymes produce secondary 

metabolites in bacteria and fungi such as antibiotics or pigments. In plants, phenylalanine 

ammonia-lyases catalyze the carbon flow from the shikimate pathway to the phenylpropanoid 

pathway, leading to an enormous array of secondary metabolites like lignins, phytoalexins or 

flavonoids.4 

Because of their versatility, MIO-enzymes have been applied for various purposes. MIO-

enzymes (primarily PALs and PAMs) can accept a wide range of unnatural substrates, such as 

halogenated phenylalanine derivates and styrilalanines. Owing to their excellent 

enantiomerselectivity, they can be applied in the kinetic resolution of racemic compounds to 

create D-Phe derivatives. Furthermore, PALs have a significance in human therapy as well, such 

as the enzyme substitution therapy for patients with phenylketonuria. 

2.3. Transaminases 

Transaminases are pyridoxal-5’-phosphate (PLP) dependent enzymes, that catalyze the 

transfer of an amino group from an amine donor to an amine acceptor harboring a carbonyl 

group. Transaminases can be used to produce many drug components as well as their building 

blocks, proving their industrial relevance. Examples for the use of transaminases on a 

multikilogram or even industrial scale have already been shown. One of the biggest successes 

was the asymmetric synthesis of sitagliptin with an engineered transaminase by Savile and his 

coworkers.5 Despite of their promising features and advantages over the traditional metal- and 

organocatalysts, several factor hinders their extensive application, such as substrate and product 

inhibition, low thermostability and solvent tolerance. Discovery of novel enzymes and protein 

engineering approaches are aiming to find solution to these problems. By optimizing the 

process conditions and applying enzyme cascades to shift the reaction equilibrium these 

                                                 

3 M. Cárdenas-Fernández et al. Bioprocess Biosyst. Eng. 2012, 35, 1437–1444. 

4 F. Parmeggiani et al. Chem. Rev. 2018, 118, 73–118. 

5 C. K. Savile et al. Science 2010, 329, 305–309. 
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hindrances will be likely overcome in the future, enabling transaminases to prove their further 

applicability in industrial biocatalysis.6 

3. Methods 

During my work we identified a novel aspartate ammonia-lyase in the genome of 

Pseudomonas fluorescens R124 with bioinformatic methods. The coding DNA of the protein 

was identified with Tblastn search in the genomic sequence, the amino acid sequence of 

aspartase from Pseudomonas aeruginosa (UniProt code: Q9HTD7) was used as query 

sequence. The best hit showed 89,9% identity with the query sequence. The coding sequence 

was amplificated with polimerase chain reaction (PCR) and cloned into cloning, and than 

expression vectors. 

Site-directed mutagenesis of PcPAL (Petroselinum crispum phenylalanine ammonia-

lyase), TcPAM (Taxus canadensis phenylalanine aminomutase) and KkPAL (Kangiella 

koreensis phenylalanine ammonia-lyase) was carried out in two positions, furthermore the 

double mutants were created for all three enzymes as well. For the site-directed mutagenesis, 

used overlapping mutagenic primers were used. For all of the created enzymes, the success of 

site-directed mutagenesis was verified by sequencing the expression vectors. 

For the recombinant expression of the enzymes, E. coli cells were cultivated on Luria-

Bertani or autoinduction media, depending on the used expression vector. After overnight 

cultivation, the cells were either used for whole-cell immobilization, or were disrupted by 

sonication. From the supernatant of the disrupted cells, the recombinant proteins were purified 

with Ni-NTA affinity chromatography. The purified enzymes were analyzed with 

spectrophotometric methods and polyacrylamide gelelectrophoresis (SDS-PAGE). 

The enzymatic properties of native PfAsp were characterized in the ammonia elimination 

reaction (30°C, pH 8.8 Tris buffer) of L-aspartic acid (Asp), the produced fumaric acid was 

quantified with spectrophotometric methods. The pH dependence, the effect of divalent metal 

ions and the kinetic parameters of the isolated enzyme were investigated. 

The wild-type and the constructed mutant MIO-enzymes were analyzed in reactions 

starting from three substrates (α-L-Phe, racemic β-Phe, (E)-cinnamic acid (CA)). The reactions 

were monitored for a week by taking 50 µl samples. Samples were inactivated with a 10 min 

95°C heating, after centrifugation (10 min 10 000×g) the supernatant was analyzed with achiral 

and chiral HPLC. 

A multistep immobilization protocol was used to prepare the whole-cell transaminase 

(TA) biocatalysts. First, a silica sol was formed by the acid-catalyzed hydrolysis of tetraethyl 

orthosilicate (TEOS). After the sol formation, a suspension consisting of E. coli cells containing 

the recombinant transaminase and hollow silica microspheres as supporting aid were added to 

the sol. Upon standing the formed mixture of the cells and microspheres in silica sol, gelation 

occurred. Aging of the formed sol-gel was performed at 4 °C for 2 days. Finally, the formed 

sol-gel powder was gently crushed and washed with water. The immobilized whole-cell TA 

biocatalyst were then dried at room temperature for 1 day, then stored at 4 °C in the form of 

powder. The immobilized TA-containing whole-cells proved to be easy to produce, 

                                                 

6 I. Slabu et al. ACS Catal. 2017, 7, 8263–8284. 
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reproducible and robust biocatalysts operating remarkably well in continuous-flow systems. 

For batch reactions, the immobilized TA biocatalyst (100 mg) was suspended in phosphate 

buffer (5 mL, 100 mM, pH 7.5) containing the racemic amine (rac-1a–h, 30 mM, Fig. 2.), 

sodium pyruvate (22.5 mM) and pyridoxal-5’-phosphate monohydrate (PLP, 0.3 mM) in 20 

mL vials. Kinetic resolutions of rac-1a–d in continuous-flow mode were performed in 

SynBioCart™ columns filled with the immobilized TA biocatalysts. The racemic amine (rac-

1a–d; 7.5-50 mM) was dissolved in phosphate buffer (20 mL, 100 mM, pH 7.5) containing 

sodium pyruvate (0.75 equivalent to the racemic amine) and PLP (0.3 mM). The biocatalyst-

filled column was pre-washed by phosphate buffer (50 μL min−1 for 60 min) followed by 

pumping the substrate solution through the column at various flow rates (ranging from 40 μL 

min-1 to 100 μL min−1) at 30 °C. Samples were taken in triplicate after reaching the stationary 

phase, and analyzed (after extraction and derivatization as described above) by GC. 

 

Figure 2. Racemic amine compounds investigated in this work, rac-1e-h substrates were investigated 

at Hovione Pharmaceutical Company (Lisabon, Portugal) 

In a single immobilization within a series of experiments, the epoxy functionalized MNPs 

(5 mg) were suspended in Tris buffer (500 µL, 50 mM, pH 8.8) by sonication in an ultrasonic 

bath for 15 min. To the formed suspension PfAsp solution was added (500 µL, 100 µg mL-1 

enzyme concentration), and the mixture was shaken at 600 rpm at 30 °C for 2 h. The formed 

PfAsp-MNP biocatalyst was washed with Tris buffer, neodymium magnet was used for 

retaining the PfAsp-MNPs during separation. The activity of the supernatants was investigated 

with spectrophotometer. I investigated the covalently immobilized aspartase in the ammonia 

elimination from Asp. I characterized the storage stability of the immobilized biocatalyst in the 

presence of different additives. Since glycerol proved to be an ideal protective compound to 

enhance the stability of the biocatalysts, I investigated the kinetic properties of both the native 

and immobilized enzymes in solution containing different concentrations of glycerol. 
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4. Results and Discussion 

4.1. Isolation and characterization of aspartase from P. fluorescens R124  

Aspartase from P. fluorescens R124 (PfAsp) was isolated, cloned into expression vector, 

expressed in autoinduction media and purified. The native enzyme was characterized, its pH 

optimum turned out to be 8.8, the kinetic parameterization showed that it obeys Michaelis-

Menten kinetics, with the KM value of 5.1 mM. The aspartase has a turnover number (kcat) of 

129,7 s-1. To summarize, the purified aspartase proved to be a stable and efficient enzyme in 

the ammonia elimination of L-aspartate with good catalytic properties. 

4.2. Tunnel engineering in MIO-enzymes 

Previously, my colleagues identified the conserved substrate paths responsible for the 

activity of MIO-enzymes. These paths could be found in both prokaryotic and eukaryotic MIO-

enzymes. In my work I aimed to influence the function of different MIO-enzymes (PcPAL, 

TcPAM, KkPAL) by closing the conserved substrate paths with site-directed mutagenesis 

(Fig. 3). 

 

Figure 3. Amino acid residues chosen to close the conserved substrate paths on the example of 

TcPAM. Cyan and magenta spheres represent the conserved substrate paths. a) wild-type TcPAM b) 

TcPAM Q319E variant c) TcPAM N458F variant 

Unsurprisingly, sealing either or both substrate binding tunnels in an eukaryotic PAL or 

in a prokaryotic PAL did not create detectable aminomutase (AM) or β-ammonia-lyase (AL) 

activity. Interestingly, in the reactions starting from L-α-Phe with wild-type TcPAM, the 

amount of the aminomutase reaction product decreased after an initial buildup and the AL 

product, CA accumulated after prolonged reaction times. This is probably the result of the trace 

AL activity and the strongly shifted equilibrium of the AL reaction towards CA formation from 

Phe. In contrast, the PfPAM mediated transformation of the L-α-Phe revealed dominant AM 

activity even after prolonged reaction time. 

In contrast, all the TcPAM mutants gained the ability to convert (S)-β-Phe. Mutation 

N458F affected the enantiomeric preference the least. In the reaction starting from α-Phe, 

TcPAM N458F displayed significant α-AL but also AM activity. In the reaction started from 

rac-β-Phe, the N458F mutant exhibited a weak and slightly (R)-selective β-AL activity and fully 

suppressed AM activity. In agreement, this mutant converted CA in the ammonia addition to a 

mixture of (S)-α-Phe and (R)-β-Phe after 168 h.  

Mutation TcPAM Q319E altered the stereopreference of β-Phe enantiomers more 

significantly, exhibiting almost equal preference for both enantiomers. The Q319E mutation 
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significantly decreased the enzyme activity in the reaction started from L-Phe and only a 

minimal formation of the AM reaction product along with the AL product could be detected 

after 168 h. Contrary, when the reaction was started from rac-β-Phe, TcPAM Q319E produced 

36% CA, but no AM activity was observed. The non-selective conversion of racemic β-Phe 

means a significant activity increase towards (S)-β-Phe as compared to the wild-type enzyme. 

Inspecting the viability of the same mutant in the ammonia addition reaction onto CA, only a 

total conversion of 3% to β-Phe was revealed after 168 h. 

The TcPAM Q319E/N458F double mutant became an apparent (S)-β-AL as it showed 

the highest conversion of rac-β-Phe to CA leaving (R)-β-Phe after 168 h. Consequently, the 

Q319E/N458F TcPAM consuming the (S)-β-Phe with significant enantiomer selectivity may 

be considered a highly selective (S)-β-AL. Importantly, the double mutant TcPAM 

Q319E/N458F produced solely (S)-β-Phe in the addition reaction starting from CA after 168 h 

indicating the high (S)-enantiopreference of the double mutant in the reverse β-AL direction as 

well. 

Overall, introduction of any of the path-sealing (S)-PAM-like residues to TcPAM 

significantly decreased the AM activity and strongly hindered the mediation of ammonia 

addition to CA. In line with our initial assumptions, the mutation of only two residues (Q319E 

and N458F) could impair or even alter the stereoselectivity of the strictly (R)-selective TcPAM. 

Of the two mutations in TcPAM, the enantiomer selectivity altering effect of Q319E TcPAM 

was more pronounced. Presumably, both the access tunnel modification and the involvement 

of Q319 in binding of the substrate’s carboxylate can be involved in the alteration effect. The 

synergistic effect of the two mutations rendered the double mutant TcPAM Q319E/N458F 

acting as an (S)-β-AL representing a novel enzymatic function. 

4.3. Application of immobilized whole-cell transaminase biocatalysts 

During my work I investigated three different (R)-selective (Aspergillus terreus [AtR-

TA], Arthrobacter sp. [ArR-TA], and a mutant variant of the latter [ArRmut-TA]) and three 

different (S)-selective transaminases (Chromobacterium violaceum [CvS-TA], Vibrio fluvialis 

[VfS-TA] and Arthrobacter citreus [ArS-TA]) as immobilized whole-cell biocatalysts in the 

batch and continuous-flow kinetic resolution (KR) of several racemic amines. 

The immobilized TA biocatalysts were effective for the KRs of the investigated amines 

rac-1a–d in batch reactions. Regarding the (S)-selective TAs, CvS-TA had the lowest catalytic 

activity, VfS-TA and ArS-TA were able to catalyze the conversion of the amines to the 

corresponding ketone with conversions similar to each other. However, ArS-TA had better 

enantioselectivity for all of the investigated substrates than the other two (S)-selective TAs, 

with superior performance in the KR of rac-1d. Among the investigated (R)-selective TAs, 

ArRmut-TA had the lowest overall activity, since this variant was engineered for the 

bioconversion of large, bulky substrates. ArR-TA and AtR-TA performed comparably in the 

KRs of the tested amines rac-1a–d. Nonetheless, in case of the KR of rac-1d, the activity of 

AtR-TA exceeded the one of ArR-TA. Based on these results, the (S)-selective ArS-TA and the 

(R)-selective AtR-TA biocatalysts were selected for the further continuous-flow experiments. 

Similar to the KRs performed in batch mode, the immobilized ArS-TA biocatalyst 

exhibited excellent activity and good to high enantiomer selectivity in continuous-flow mode 

KRs of the racemic amines rac-1a–d. When the (R)-selective immobilized whole-cell AtR-TA 
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was employed as biocatalyst, almost perfect kinetic resolution of amines rac-1a–c could be 

performed with full consumption of the (S)-enantiomer; however, only at relatively low 

substrate concentrations (7.5 mM of rac-1a–c). In the case of rac-1d, the complete KR had to 

be performed by means of two serially connected AtR-TA biocatalyst-filled columns. 

Furthermore, to demonstrate the synthetic applicability of the selected novel immobilized 

whole-cell (S)- and (R)-selective TA biocatalysts, the KR of 1d was performed on a preparative 

scale in continuous-flow mode (Fig. 4.). 

 

Figure 4. Long-term stability of the most efficient (S)-selective (ArS-TA) and (R)-selective (AtR-TA) 

immobilized TA biocatalysts in preparative scale continuous-flow kinetic resolution of rac-1d with (a) 

immobilized ArS-TA; and (b) immobilized AtR-TA (conversion (■); ee(R)-1d (×) és ee(S)-1d (×)). 

4.4. Characterization of covalently immobilized PfAsp on MNPs 

We investigated the storability of the immobilized aspartase biocatalyst in 50 mM Tris 

buffer (pH 8.8) and in the same buffer supplemented with 10 v/v% glycerol or 10 v/v% 

PEG400, at 4 °C and 30 °C. The PEG400 complemented storage buffer showed similar activity 

decrease at 4 °C as without additives, and at 30°C the biocatalyst surprisingly lost its activity 

after the first day. However, the glycerol complemented Tris buffer showed excellent protective 

effect for the storage of the biocatalyst, the remaining activities were significantly higher than 

in the other two cases. The biocatalysts stored in Tris buffer supplemented with 30 v/v% or 

higher glycerol concentration kept 80% of their activity even after 14 days. 

Kinetic characterization of the native and immobilized PfAsp in different glycerol 

concentrations can be seen in Table 1. Comparing the kinetic parameters with the free enzyme, 

it can be seen that the maximum reaction rate was significantly reduced by the covalent 

immobilization, and at the same time the KM value increased. The inhibitory effect of increasing 

viscosity was observed for both native and immobilized enzymes, and in both cases, a linear 

relationship was observed between the relative viscosity and relative initial reaction rate. This 

has been demonstrated in several cases for native enzymes, but not yet for aspartase, and its 

applicability has not been studied for immobilized enzymes. This may be particularly important 

in modeling of reactions of immobilized enzymes in microfluidic systems. 
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Table 1. Kinetic parameters of native and immobilized PfAsp in different glycerol 

concentrations 

Glycerol 

[v/v%] 

KM 

[mM] 

kcat 

[s-1] 

kcat/KM 

[mM-1 s-1] 

nat. immob. nat. immob. nat. immob. 

0 5.1 18.4 129.7 20.1 25.3 1.1 

5 4.1 22.6 103.7 17.7 25.6 0.8 

15 2.2 14.1 58.7 11.8 26.5 0.8 

 

5. Thesis points 

1. By sealing the conserved substrate paths of different MIO-enzymes (a prokaryotic and a 

eukaryotic phenylalanine ammonia lyase and a eukaryotic phenylalanine 2,3-

aminomutase), I demonstrated that the previous assumptions of my colleagues were right 

and these paths are crucial for the enzymatic activity.[I] 

2. By sealing the conserved substrate paths of the phenylalanine aminomutase of Taxus 

canadensis, I created a new enzyme function and reversed the stereopreference of the 

enzyme, creating an (S)-selective β-phenylalanine ammonia-lyase. Such enzyme function 

has not been exemplified in nature to date and will be useful in the preparation of 

enantiomerically pure, non-natural β-amino acid derivatives. [I] 

3. I extended the whole-cell immobilization method previously developed by our research 

group for the immobilization of five additional recombinant transaminases with different 

enantiomeric and substrate preferences. [II] The immobilized transaminase biocatalysts 

prepared this way proved to be useful in the kinetic resolution of racemic amines in both 

batch and continuous-flow mode.[II, III] 

4. I identified, isolated and recombinantly produced a novel aspartate ammonia-lyase from 

Pseudomonas fluorescens R124. The new enzyme had excellent substrate specificity and 

stability, and its kinetic characterization showed excellent catalytic activity. 

5. I carried out the covalent immobilization of the aspartase from P. fluorescens R124 on 

magnetic nanoparticles. I investigated the storage stability of the immobilized enzyme in 

the presence of different additives (glycerol and PEG400), glycerol proved to be an 

excellent protective compound. I showed that the increase in viscosity inhibits the 

enzymatic activity in shaking vials for both the native and immobilized aspartase.[IV] 

6. Potential applications 

Biocatalysts are suitable for the sustainable and environmentally friendly catalyzation of 

chemical reactions on both laboratory and industrial scales. During my work, I identified, 

isolated and characterized an aspartase from P. fluorescens R124, which exhibited excellent 

substrate specificity and catalytic properties, which makes it a promising candidate for 

biocatalytic studies. By sealing conserved substrate paths in MIO-enzymes, I aimed to influence 

their enzymatic function and enantiomerpreference. In the strictly (R)-selective TcPAM, only 

the modification of two residues resulted in switching both the function and the 

stereopreference of the enzyme, thus creating an (S)-selective β-ammonia-lyase. To the best of 

our knowledge, there have been no examples for enzymes with such function so far. 

Furthermore, I demonstrated a new successful example for the tunnel engineering approach 
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where influencing the tunnels results in function changes. The discovery and engineering of 

new enzymes is crucial for biocatalysts to meet the demands of the industry. Furthermore, the 

immobilization of the produced biocatalysts is essential for the sustainability of these processes. 

I demonstrated two different immobilization methods in my work. I produced immobilized 

whole-cell transaminase biocatalysts with a composite sol-gel method. These biocatalysts 

proved to be applicable in the kinetic resolution of racemic amines both in batch and 

continuous-flow mode. Transaminases are ideal alternatives for the metal- and organocatalysts 

often employed in the industrial production of enantiopure amines. Furthermore, I covalently 

immobilized the aspartase from Pseudomonas fluorescens R124 on magnetic nanoparticles. I 

investigated the kinetic properties of both the native and the immobilized enzymes in different 

viscosity conditions. These studies will be useful in the modeling of immobilized enzymes in 

microfluidic systems.  
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