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Resumo 
 

 

Microfluídica é uma relativamente nova tecnologia bastante promissora em campos 

como a análise. As vantagens por ela oferecidas apenas pelo facto de lidar com ínfimas 

quantidades de fluido tornam-na extremamente competitiva em relação a outros sistemas de 

maior escala que necessitem de utilizar compostos raros e dispendiosos. Por esta mesma 

razão, a microfluídica torna-se o campo de eleição no desenvolvimento de métodos de high-

troughput que possam ser utilizados na selecção e optimização de biocatalizadores e das 

suas condições operatórias. O presente trabalho pretende aplicar tal metodologia através da 

utilização de um microcapilar de sílica como câmara microreactora para um processo 

biocatalítico baseado em imobilização enzimática. A reacção modelo em investigação utiliza 

como biocatalizador a enzima transaminase capaz de sintetizar um amino-diol quiral. As 

condições operatórias foram optimizadas à microescala (250μL) tendo sido obtidos perfis de 

temperatura e de pH assim como dados cinéticos. A produção do biocatalizador foi também 

analisada tendo sido identificados pontos passíveis de melhorar o processo. Foi ainda 

examinada a retenção de actividade da transaminase com o tempo de armazenagem. Por 

último, a informação obtida permitiu algumas incursões no microcapilar onde as taxas 

específicas iniciais de reacção mostraram resultados comparáveis aos controlos realizados 

em microescala. 

 

Palavras Chave: Microfluidica; enzimas imobilizados; cauda de histidinas; transaminase. 
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Abstract 
 

Microfluidics is a new technology that is showing great promise in the analysis field. 

The advantages it offers by dealing with small volumes of fluid makes it competitive against 

larger-scale systems requiring expensive compounds and the perfect tool for developing 

methods with high-throughput capacity that can be used in the selection and optimization of 

a biocatalyst and its operational conditions. This work tries to apply such methodology by 

focusing on the use of fused silica microcapillaries as microreactor chambers for immobilized 

enzyme-based biocatalytic processes to be modeled and carried out. The model reaction 

under investigation involves the enzyme transaminase that catalyzes the synthesis of a 

chiral amino diol. The reaction conditions were optimized at the microscale (250μL) where 

temperature and pH profiles were obtained as well as kinetic data. Additionally, we have 

attempted to optimize biocatalyst production and the effect of storage on enzyme activity. 

Finally, the information obtained allowed for preliminary studies into microcapillary kinetics 

where specific initial reaction rates obtained showed comparable results with the control 

reactions at the microscale. 

 

Keywords: Microfluidics; immobilized enzymes; his-tag; transaminase. 
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Introduction 
 

 

 With the cost of drug discovery and development being estimated around 0,8 billion 

of dollars per new successful compound (Dickson, M. et al, 2004) there is a clear need for a 

reduction in the development and production costs. Additionally, the competition from other 

drug candidates combined with the limited time protection offered by the patent system 

requires the optimization of the development time of a drug in order to minimize the time it 

takes to reach the market. It is during the discovery phase of a candidate compound when 

small amounts of material (10mg to 100g) are required for further investigation and 

characterization of pharmacological properties that the time and cost behind the production 

of such amounts is vital (Ingram, U. C., 2005). This is just an example of where the 

advantages of a microfluidic device can be put in use. 

 Attention over microfluidic devices has been increasing over the past few years due 

to their potential to create inexpensive analytical tools with minute volumes and high 

throughput as well as for their potential for mass replication (Nguyen, N.T. et. al, 2002). In 

general, the term is used to describe flow in devices having dimensions ranging from 

millimetres to micrometres and capable of handling volumes of fluid in the range of nano- to 

microlitres. Interest in this area has been rising exponential due to the latest advances in 

drug discovery, genomics and laboratory automation.  

 Being initially focused only on analytical applications and the understanding of the 

fluid behaviour, recent developments in the fabrication techniques and the confluence of 

microfluidics with microeletromechanical systems (MEMS) technologies (Maluf, N., 1999) 

lead to a broadening of the microfluidics capabilities and applications. Fields like analytical 

chemistry, high-throughput synthesis and microbiological and biochemical analysis all have 

the potential to benefit from advances in the microfluidics area. Modern microfluic systems 

can today perform a set of units of operation that include mixromixing (Bringer, M. R., et al, 

2004), microreactions (Kentsch, M. R., et al, 2003) and protein separation (Fiorini, G. S., et 

al, 2005), all in a single platform. 

 Some of the main microfluidics advantages are implied in its name. The use of nano 

to microlitre quantities of fluid can drastically reduce reagent consumption on processes like 

screening of reactions and/or reaction conditions. Such volumes also enable otherwise 

diffusion limited reactions to occur in seconds rather than in minutes or hours. Other key 

advantages behind microfluidics are the rapid heat exchange and mass transfer, which 

cannot be achieved by the conventional batch system. Finally, the characteristic stream of 

solution in a microfluidic system, almost exclusively laminar flow, allows stricter control of 

reaction conditions and time. Additionally, microchannel reaction systems provide large 

surface and interface areas, which can be advantageous for various chemical and 

biochemical processes. Undertaking chemical and biological processes at the micro scale 
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introduces benefits previously unattainable with macro scale process configurations (Weigl, 

B. H., 2003).  

 There has been an increase demand for the production of optically pure compounds. 

This is largely driven by 80% of the compounds currently in development by the 

pharmacological industry being single isomer compounds (Breuer, M et al, 2004). Regulatory 

bodies now require the full characterisation of the single optical isomers of a chiral drug 

compound before licencesing it for the marketplace (FDA, 1992). This was due after the 

recognition that two enantiomers of the same compound might have dramatically different 

pharmological activities. Secondly, the single isomers usually have different selectivity 

(Kelley, M. T., et al, 1992). Therefore, a single enantiomer formulation would have higher 

potency and thus required lower dosages, subsequently reducing potential side effects of the 

drug (Stinson, S. C., 1994).  

 The synthesis of optically pure compounds is often multi-step, employing complex 

chemistry, extreme temperature/pressure conditions and leading to low product yields. By 

contrast, most enzymatic reactions occur at ambient temperature and pressures, single 

carbohydrates can serve as chiral starting materials for the synthesis of more complex 

molecules (Draths, K. M., et al., 1992) and there is usually a significantly improve in reaction 

yields. Processes may also be applied to the synthesis of compounds other than that for 

which it is originally developed.  This is due to the ability of many enzymes to accept a broad 

range of substrates. 

Significant improvements in both the reaction rates (much higher substrate/enzyme 

ratio) and storage stability, not to mention the decreased autolysis and the ease of use can 

be achieved with enzymes immobilized on the surface of a suitable carrier material.  

 All the above immobilization advantages also apply to the miniaturized enzymatic 

reactors in capillary of microfluidic forms. Nevertheless, enzymes, and proteins in general, 

still present a particular challenge in microfluidic devices because of the need to maintain 

structural integrity and stability when attached to a number of different surface geometries 

and chemistries. This, in turn, has meant that the application of enzyme as biocatalysts in 

microfluidic systems is still in its infancy. 

 Many of the reported microreactors are based on immobilization of the enzyme 

directly onto the surface of a fused silica capillary. Although there are various processes to 

perform the immobilization, the use of polyhistidine tags (his-tag) can provide certain 

advantages. This method has been used for protein purification for a long time (Bilitewski, U, 

et al., 2003), however their application as tools for affinity-based immobilisation of proteins is 

less widespread. By employing a procedure for the immobilisation of histidine-tagged 

proteins through linkage with Ni-NTA affinity groups inside fused silica capillaries, the aim is 

to develop a reversible immobilisation procedure readily amenable to repeatability and 

application to a wide variety of histidine-tagged proteins. 

The search to solve fundamental problems of the technology was combined with a 

model enzyme of industrial relevance. The ω-transaminase enzyme was chosen due to its 
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ability to catalyse an efficient asymmetric synthesis from achiral ketol compounds. Compared 

with other enzymes, the transaminase reaction has shown superior features including high 

stereoselectivity and no need for redox cofactor recycling (Kaulmann, U., et al., 2007). 

 

Microfluidics Literature Overview  
 

 

Microfluidics Origins 

 

 

 The microfluidic field is said to have four parents (Whitesides, et al, 2006), molecular 

analysis, biodefence, molecular biology and microeletronics. The analysis was where initial 

research was focusing along with the understanding of fluid flow in microchannels. Their 

distant origins lie in microanalytical methods such as gas-phase chromatography (GPL), 

high-pressure liquid chromatography (HPLC) and capillary eletrophoresis (CE). The 

combination of these methods with the power of the laser in optical detection made possible 

to simultaneously achieve high sensitivity and high resolution using very small amounts of 

sample. The success of these microanalytical methods lead to the search for new, more 

compact and more versatile formats and other applications of microscale methods in 

chemistry and biochemistry (Whitesides, et al, 2006). 

 An urgent need for micro systems capable of recognizing chemical and biological 

threats suddenly arise after the end of the “cold war”. Military and defence agencies 

supported a series of programmes aimed at the developing of field-deployable microfluidic 

systems able to detect chemical and biological threads. These contributed for a rapid growth 

of academic microfluidic technology (Whitesides, et al, 2006). 

 A third motivation force came from the molecular biology field. After the “explosion” 

of genomics in the 1980s, several areas that required microanalysis arose. There was the 

need of analytical methods with much greater throughput, higher sensitivity and resolution 

than biology ever needed. Microfluidics offered approaches to overcome such needs 

(Whitesides, et al, 2006).  

 Finally, microelectronics provided a huge contribution to the development of 

microfluidics. Although the original hope was that photolithography and associated 

technologies that had bee successful in silicon microelectronics would be directly applicable 

to microfluidics, components other than glass and silicon revealed to be more advantageous. 

Silicon, in particular, is expensive and opaque to visible and ultraviolet light, making it 

impossible to use with conventional optical methods of detection. It is also harder to fabricate 

the components required for microanalytical systems (such as pumps and valves) in rigid 

materials. Elastomers became the preferable material in microfluidics being most of the 

exploratory work in the area carried out in polymers – poly(dimethylsiloxane), or PDMS – an 

optical transparent and soft elastomer. Microelectronic technologies have become 
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indispensable once more as the development of microfluidics lead to the need of materials 

as glass, silicon and steel to assemble specialized systems capable of thermal and chemical 

stability (Whitesides, et al, 2006).  

 

Microfluics in biotechnology 

 

 

Micro-total analysis systems (μ-TAS) 
 

In recent years, significant advances in the field of micro-total analysis systems (µ-

TAS) (Brivio, M., et al., 2006) has led to rapid growth in the area of enzyme microreactor 

engineering. They offer the potential for highly efficient, simultaneous analysis of a large 

number of biologically important molecules in genomic, proteomic and metabolic studies. 

Such systems have beneficial properties such as drastically reduced channel and 

reactor dimensions, high surface to volume (S/V) ratio, rapid separation speed, high 

separation efficiency, low reagent consumption, reduced production of waste and use of 

energy, and its potential portability and disposability. μ-TAS systems, however, are still in 

their infancy. When fully developed, μ-TAS will contain elements for the acquisition, 

pretreatment, separation, post-treatment and detection of a variety of samples. 

In particular, it is believed that this kind of highly efficient μ-TAS will be of particular 

importance to the pharmaceutical industry for the screening of combinatorial libraries, as well 

as applications such as clinical analysis, DNA-based diagnostics, and genotyping.  

There are numerous examples of successful application of u-TAS systems in 

literature. Immunoassays, protein separation, DNA hybridization assays and genomic 

studies have all only recently been successfully implemented in these systems (Doge, A., et 

al., 2005). 

However, there are a number of issues requiring careful consideration when 

developing microsystems: the difficulty of surface engineering and exact control of fluids in 

microchannels, detection limits, sample preparation, increased integration, and the question 

of whether chips are to be reused. 

 

Challenges and benefits of microfluidic approaches 
 

Undertaking chemical and biological processes at the micro scale introduces 

benefits previously unattainable with macro scale process configurations (Barry, M. and 

Ivanov, D., 2004). Operating with nanolitre to millilitre fluid quantities enables otherwise 

diffusion-limited reactions to occur in seconds rather than minutes or hours, thereby 

minimising both the cost of processing expensive fluids and energy consumption as well as 

safety implications associated with processing hazardous materials commonly encountered 

with macro scale processes. Furthermore, the increased sensitivity and precision of 
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microfluidic devices enables new fluidic functions to be realised at the micro scale with the 

potential of process intensification to be achieved through scaling out. This, coupled with a 

reduction in waste and an increased speed and precision of temperature control due to low 

thermal mass drives the interest in microfluidic approaches forward.  

This has clearly triggered the attention towards using microfluidic systems for larger 

scale production of chemicals and materials. However, microfluidic processes are often quite 

complicated. Due to the large surface to volume ratio, interfacial interactions play a crucial 

role. This makes the microfluidics area highly interdisciplinary.  

One of the major challenges of microfluidics is commercialization. Although some 

analytical and diagnostics devices are either being brought to market or have already been 

made commercially available, a very large number of microfluidic applications are still waiting 

to be commercialized.  

Due to the small dimensions of microchannels, the Reynolds number characterising 

the flow of fluid through a microchannel is usually much less than 100, often less than 1.0, 

which indicates completely laminar flow with no turbulence occurring. Furthermore, due to 

the large surface to volume ratio, interfacial interactions play a significant role. Hence, 

properties such as surface roughness and heterogeneity, surface potential and 

electrokinetics are strongly connected to the fabrication process as well as to their intended 

application (Wilkes, J.O., 2004) 

 

Physics of microfluidic devices 

 

Pressure driven and electrokinetic flow 
 

The physics of microfluidic systems are described by the continuum theory, but due 

to changes in length scale, surface tension and electrokinetic effects become important while 

inertial forces are of lesser significance. Because microfabricated devices can be made in a 

variety of complex geometries, a number of fluidic phenomena can be explored, and these 

can vary widely from common phenomena encountered with “macroscale” systems. 

There are two common methods by which fluid flow through microchannels can be 

achieved – pressure driven (Kamholz, A.E. and Yager, P., 2001) and electrokinetic flow 

(Mela, P. et al., 2004). In pressure driven flow, the fluid is pumped through the device via 

positive displacement pumps, such as syringe pumps. One of the basic laws of fluid 

mechanics for pressure driven laminar flow, the so-called no-slip boundary condition, states 

that the fluid velocity at the walls must be zero. This produces a parabolic velocity profile 

within the channel. An advantage to pressure-driven flow is that both charged and 

uncharged molecules, as well as cells, can be moved without separation. Under typical 

conditions, flow rates in the microfludic channels are about 1 μl/second. At these rates, the 

dispersion of fluids is limited and highly predictable. As a result, it is possible to obtain 

accurate and reproducible data (Xuan, X. and Li, D., 2004; Glasgow, I. et al., 2004).  
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Another common technique for pumping fluids is that of elektrokinetic flow. 

Electrokinetic flow is generated when electrodes attached to electrical power supplies are 

placed in the reservoirs at both ends of a channel and switched on to generate electrical 

current through the channel. If the walls of a microchannel have an electric charge, a double 

layer of counter ions will form at the walls. The electric field across the channel causes the 

ions in the double layer to migrate towards the electrode of opposite polarity. This generates 

fluid motion near the walls and results, via viscous forces, into convective motion of the bulk 

fluid. If the channel is open at the electrodes, and this is most often the case, the velocity 

profile is uniform across the entire width of the channel, leading to what is commonly called 

“plug flow”. Under these conditions, a fluid moves by a process known as "electro-osmosis." 

Another electrokinetic phenomenon – "electrophoresis" – also occurs in the channels, and 

can be described as the movement of charged molecules or particles in an electric field. 

Electrophoresis can be used to move molecules in solution or to separate molecules with 

very small differences. Electrophoresis and electro-osmosis generally occur at the same time 

in channels. Electrokinetic flow requires materials with (preferably permanent) surface 

charge. Glass and many other polymers have permanently negative surface charges. 

 

 
Figure 1 – Development of flow profiles imaged using caged and subsequently released fluorescent dyes. A) 

hydrodynamic flow; B) electroosmotic flow.                 (Adapted from Paul, P.H., et al, 1998) 

 

However, if the electric field is generated across a closed microchannel (or a 

backpressure is present), the fluid along the center of the channel moves in a direction 

opposite to that at the walls in a recirculation pattern.  In closed channels, the velocity along 

the centerline of the channel is 50% of the velocity at the walls.  

One of the advantages of electrokinetic flow is that the uniform velocity profile avoids 

many of the diffusion fluctuations that are present in pressure driven flow. However, sample 

dispersion in the form of band broadening is still a problem in electroosmotic pumping. 

However, electrokinetic flow often requires high voltages, making it a difficult to miniaturize 

without off-chip power supplies. Another significant disadvantage of electrokinetic flow is the 

variability in surface properties. Proteins, for example, can adsorb to the walls, substantially 

change the surface charge characteristics and, thereby, change the fluid velocity. This can 

result in unpredictable long-term time dependencies in the fluid flow. 
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Both computer-controlled pressure and electrokinetic forces can be used to gain 

precise control over fluid flow in the microfluidic channel network. It is possible to use 

electrokinetic forces alone, pressure forces alone, or a combination of the two methods. 

 

Mass transfer effects in microchannel-based systems 
 

In the “macroworld”, chemical reactors usually operate in three dimensional flow 

regimes. Investigating such systems requires measuring, locally, the concentration field of 

the reactants, along with the velocity fluctuations, which is often an extremely difficult task. 

Microfluidic approaches can, on the other hand, simplify such measurements by providing an 

environment of localized flow conditions. 

Many traditional techniques for fluidic transport do not scale well for nanotechnology 

applications. For example, decreasing the channel size by half in a pressure driven flow 

system requires that the applied pressure be quadrupled to maintain a constant flow velocity. 

More favorable scaling laws apply to electrokinetic systems, in which an externally applied 

electric field is used to generate flow. Electrokinetic systems are typically better candidates 

for controlled fluidic transport on the nanoscale.  

All of these systems are characterized by very low Reynolds numbers, often <2.  

This allows microfluidics to improve diffusional control over that in macrosystems by offering 

the possibility to analyze, on an experimental basis, fundamental chemical diffusion 

phenomena, under an unprecedented control level. The physical reason is that, by 

miniaturizing, the laminar nature of the flow is fully guaranteed (Ménétrier, L. et al., 2004).  

 

 Mixing in microfluidic devices 

 

Another important, frequently overlooked, aspect of microfluidic systems is mixing. 

Mixing (or lack of) is crucial in microfluidic devices (Knight, J., 2002). The two ways to mix 

fluids inside a constructed channel are diffusion and turbulence. Turbulence can only be 

achieved under rare conditions in microfluidics (Kuter, J. P., et al., 2004a). Diffusion by the 

other side is more common and most of the passive mixing strategies have looked into ways 

to reducing the diffusion distances or inducing some kind of extra movement. Alternatively, 

active mixers usually induce turbulence by the use of external energy (Kuter, J. P., et al., 

2004b). 

Several approaches to mixing have been, and continue to be, investigated. They are 

based upon geometries that induce secondary flow (Stroock, A.D., et al., 2002 and Liu, R. 

H., et al., 2000) or reduce diffusion length scales (Miyake, R., et al., 1993), incorporate 

miniature mixing rods or balls (Curtis, B. A., et al., 2002), utilize cross flows (Volpert, M., et 

al., 1999) or alternating flow from inlets (Desmukh, A. A., et al., 2000), pulse one of the 

reagents (Dasgupta, P. K., et al., 2002), or apply magnetic (Bau, H. H., et al., 2001), electric 

(Ould El Moctar, A.,et al., 2003 and Oddy, M. H., et al., 2001), or ultrasonic fields (Liu, R. R., 
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et al., 2003) and, within the field of the electroosmotic flow, pulsed flow seems to be 

achieving good results (Glasgow, I., et al., 2003 and 2004). 

According to Ottino and Wiggins (2004), molecular diffusion coefficients range 

between 10−5 cm2 s−1 at the high end (small molecule) to 10−7 cm2 s−1 at the low end. Thus, 

the typical values of convective to diffusional time-scales, quantified in terms of the Peclet 

number, Uh/D, range between 101 and 105, indicating that convection is much faster than 

molecular diffusion. This introduces a range of problems and design considerations for 

microfluidic devices where mixing through a shorter length than at the macroscale are 

usually required and the mixing conditions and options available are less simple. 

 

 
Figure 2 – Experimental and simulation of a laminating mixing structure. An approach to microfluidic mixing where 

instead of narrowing the channel to increase diffusion, each reagent is split into an array of smaller channels, for the 

same purpose, and gathered after it.       (Adapted from Larsen, U. D., 2000) 

 

 
Detection in microfluidic systems 

 

Detection represents a challenge in microfluidic systems. For a long time on-chip 

organic reactions have been monitored by off-line detection methods by conducting 

reactions for a time long enough to collect a volume of product sufficient to be analyzed. For 

on-chip assays, post-column and pre-column setups have been used. However, in the last 

few years microfluidic systems have been interfaced to many of the common analytical 

detection techniques, such as electrochemical methods (Rossier, J.S. et al., 1999), mass 

spectrometry (de Mello, A.J., 2001) and optical methods including absorption, refractive 

index variation, surface plasmon resonance, chemoluminescence and fluorescence 

(Verpoorte, E. et al.,1992). By far the most popular approach for high-sensitivity detection is 

fluorescence analysis.  

Fluorescence visualisation enables the acquisition of data on the concentration 

patterns inside the device. When dealing with biological samples, especially proteins, 
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fluorescence becomes an efficient and readily applicable detection technique. Proteins, for 

example, contain three aromatic amino acid residues (tryptophan, tyrosine, phenylalanine) 

Although the first μTAS chip was actually designed for pressure-driven liquid 

chromatography, the by far most widely use separation technique (Mamz, A., et al., 1990), 

the chip-based HPLC is still waiting to be. The miniaturization of such system could 

revolutionise the analysis in microfluidic systems and eliminate the need for a lot of the off-

line detection in use. Work in this field has been a constant on the past 10 years from 

several groups and it is believed that the chip-based HPLC might be close (Eijkel, J., 2007).  

 

 

Biological analysis in microfluidic systems 

 

Overview of microfluidic devices in biotechnology 
  

 Microchip-based devices have been developed for a number of important assays, 

including DNA analysis, protein analysis, and immunoassays, as well as for biosensor 

design, genetics and cell screening applications (Kentsh, J. et al., 2003). There have also 

been reports that deal with patterning proteins, cells and lipid bilayers inside microfluidic 

systems.  

The complexity of biological materials mostly requires the use of multidimensional 

analysis for identification and quantification of individual components (Krenkova, J. and 

Foret, F., 2004). Proteins present a particular challenge in microfluidic devices because of 

the need to maintain structural integrity when attached to a number of different surface 

geometries and chemistries. Nevertheless, there have been a number of recent reports 

where proteins, including enzymes, have been incorporated into microchannels while 

maintaining biological activity.  

Microreactors are often part of “lab-on-a-chip” approaches and used as devices for 

such biochemical and clinical analysis, usually defined as miniaturised reaction systems 

fabricated by using methods of nanotechnology and precision engineering. Microreactors are 

also useful for biosynthesis and can be employed for the characterisation of enzymes with 

respect to kinetics and for substrate screening. The advantage of microreactors in the setting 

of industrial production is that the scaling up is conceptually easy. The focus of this project is 

the application of immobilised enzymatic microreactors for chemical synthesis, for which 

consideration needs to be given to the physical nature of the reactor itself, as well as 

improved enzymatic performance within the reactor.  
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Enzymes in microfluidic systems 
  

Enzyme-based microchips combine the analytical power and reagent economy of 

microfluidic devices with the selectivity and amplification features of biocatalytic reactions. In 

particular, microfluidic enzymatic reactors present proteomics with a valuable analytical tool 

for protein analysis (e.g. protein digestion) and when coupled with the power of mass 

spectrometry can lead to significant research advancements. Recent significant 

advancements incorporate immobilization of enzymes on the surfaces of suitable carrier 

materials in order to improve their performance in microfluidic reactors (Khandurina, J. and 

Guttman, A., 2002). 

Typically, enzymes have high efficiency under mild conditions and are highly 

selective, but are not stable for extended time in solution and during storage their activity 

gradually decreases. In addition, enzymatic reactions occur at ambient temperatures and 

pressures, thereby eliminating the need for complex reaction vessels required by chemical 

catalysts. Accordingly, the simplified reaction conditions of enzymatic reactors require less 

complex engineering than catalytic reactors (Thayer, A.N., 2004). With their ability to 

catalyse more then 5000 known chemical reactions, it is of obvious interest to improve 

conditions for optimal product synthesis. Significant improvements in both the reaction rates 

(much higher substrate/enzyme ratio can be achieved) and storage stability, not to mention 

the decreased autolysis and the ease of use, can be achieved with enzymes immobilized on 

the surface of a suitable carrier material.  

 

Microfluidic applications of immobilised enzymes 
 

Immobilised or encapsulated enzymes are commonly used in medical diagnostics 

and therapy, biosensors or enzyme-based electrodes, organic synthesis and many other 

applications such as removal of waste metabolites, peptide mapping, detoxification and/or 

corrections of inborn metabolic deficiency. 

Typically, resin beads can be used for such a purpose and some immobilized 

enzymes are available commercially. Alternatively, the enzymes can also be immobilized on 

the surface of a custom-made microchip or the inner walls of a fused silica capillary. In their 

simplest forms, microchip devices consist of a network of micron-sized channels (10-300 

µm) etched onto a solid substrate. All advantages of immobilization of enzymes apply also to 

the miniaturized enzymatic reactors in capillary of microfluidic forms. 
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Immobilised enzymatic microreactors (IMER) 

 

 

There are a variety of methods now available for the immobilisation of proteins onto 

the surface of the fused-silica capillary of the channel of a microfluidic chip, such as covalent 

attachment to the activated support, physical adsorption of the protein onto a solid matrix 

and copolymerisation of the protein with the polymers. . The most common immobilization 

technique is covalent immobilization, i.e. immobilization in the presence of carbodiimides 

(Szajani, B. et al., 1991), cross-linking by glutaraldehyde (Nakagawa, T., et al., 1989) or 

cyanogen bromide activation of the support material. However, the covalent immobilization 

may lead to some changes in the enzymatic activity or affinity for the substrates. 

Immobilising enzymes onto solid supports may lead to a damage in their structures, thereby 

causing loss of activity. Noncovalent immobilisation, on the other hand, can be by bio-

specific adsorption by biotin–avidin or streptavidin affinity (Gast, F.U., et al., 2001), affinity 

interaction (Mattiasson B., 1988), low-temperature sol–gel techniques for protein 

encapsulation (Wang, P., et al., 2001). However, most of these methods are either 

expensive or complicated. Physically nonspecific adsorption of the protein onto solid 

supports occurs via intermolecular van der Waals forces, hydrophilic and/or hydrophobic 

bonds, electrostatic force, hydrogen bonds, etc. However, to ensure most efficient 

performance, elimination of the protein adsorption is usually required. 

Early on it was observed that it was practical to use differential electrophoretic 

mobilities to "feed" or "pump" substrates through a plug of active enzyme and remove the 

products from that plug under conditions of electrophoresis. Termed an enzymatic 

microreactor, this technique allowed for the simultaneous reaction and analysis of a reaction. 

The use of this technique in the area of immunoassays and enzyme assays yielded the 

method known today as electrophoretically mediated microanalysis (EMMA) (Zhang, J., et 

al., 2006). As opposed to electrophoretically driven flow, a large number of enzymatic 

microreactors rely on pressure-driven flow. 

The first report of using microfluidic systems for analysing the kinetics of an 

enzymatic reaction was provided by Hadd et al. (1997). Another early application of 

microfluidic systems was by Duffy et al. (1999) who developed a centrifugal microfluidic 

system capable of carrying out simultaneous enzymatic assays using colorimetric detection. 

Applications of microreactors for biocatalysis are, however, limited, and only a 

handful of examples in literature has so far been concerned with analysing enzymatic 

reactions at the microscale, most of which involve widely familiar commercially available 

enzymes (lipases, horseradish peroxidase). 

Despite the relatively novel nature of biocatalysis in microfluidic systems, there are a 

number of novel approaches that are fueling growth in the area. 
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Enzyme microreactors on fused silica capillaries 
 

Many of the reported microreactors are based on immobilization of the enzyme 

directly onto the surface of a fused silica capillary.  

Fused silica is a high purity synthetic amorphous silicon oxide. It is noncrystalline, 

colorless and has a very low thermal expansion coefficient. Fused silica capillaries are 

narrow open tubes coated–bonded on the inside with a polymer stationary phase and on the 

outside with a polyimide polymer to add strength and flexibility. They are most commonly 

used in gas chromatography and capillary electrophoresis. 

Extensive work on enzyme immobilization on the inside surface of fused silica 

capillaries has been made by Maeda et al (2004) who developed an efficient enzyme 

microreactor by simple modification of a microchannel surface using a 1:1 mixture of 

methytriethoxysilane and 3-aminopropyltriethoxysilane on the surface of a 320 μm i.d. fused 

silica capillary. They managed to immobilize 120 pmol of lipase inside the capillary surface, 

and a similar result was obtained by immobilising the same enzyme onto a ceramic 

microreactor with a square microchannel (160 pmol). Kinetic performance of the immobilized 

reactors was measured with a hydrolysis reaction with 7-acetoxycoumarin, and very short 

hydrolysis times (1 min) were obtained, indicating fast completion to have been reached. 

In another recent application streptavidin-conjugted alkaline phosphatase was linked 

to biotinylated phospholipids bilayers coated inside poly(dimethylsiloxane) microchannels 

and borosilicate microcapillary tubes. The turnover numbers for phosphatase immobilized 

inside microcapillary tubes and microfluidic channels were similar and represented a 

reasonable fraction of the corresponding bulk value. By establishing serial enzyme reactions 

inside these systems, the potential for multienzyme catalysis was also shown. 

 

Kinetics in immobilised enzyme microreactors 
 
The rate of an enzymatic reaction depends on several factors, including the 

temperature, pH or ionic strength. The optimal pH for the enzymatic reactions may not 

necessarily be the favorable one for the separation or detection processes.In microfluidic 

devices, furthermore, the pH of the microchannel environment can affect enzyme stability 

and activity in ways that reactions in bulk solution are not affected. 

Enzyme kinetics are normally described by the Michaelis-Menten theory. Assays 

involving enzymes are characterized by a leveling off of the calibration plots at substrate 

concentrations exceeding the Michaelis-Menten constant (Km) of the enzyme. 

Microreactors enable the key parameters characterizing the kinetics, Km and Vmax, to 

be determined for immobilized enzymes. Results are obtained using very small quantities of 

enzymes and the methods can easily be automated. On-chip Km values were shown to 

compare well with those of conventional enzymatic assays (I-Stat). Similar considerations 

apply to inhibition-based on-chip enzymatic assays. 
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How these kinetics are achieved, however, varies widely from conditions observed in 

bulk solution. The flow of a fluid through a microfluidic channel can be characterized by the 

Reynolds number. It is important to note that the Reynolds number is in many ways affected 

by the physical geometry of the system and local surface effects also play an important role. 

In the laminar flow regime, flow is completely laminar and no turbulence occurs. Laminar flow 

provides a means by which molecules can be transported in a predictable manner through 

microchannels. However, even at Reynolds numbers below 100, it is possible to have 

momentum-based phenomena such as flow separation. 

In many cases, enzymatic reactions in microchannels are very fast and can reach 

equilibrium within a single passage of substrate stream through the microchannel. 

 

 

System under investigation 

 

 

Enzyme Immobilisation through his-tag 
 

A polyhistidine-tag (also known as a His-tag) is an amino acid sequence in proteins 

that consists of histidine residues, often at the N- or C-terminus of the protein. It is normally 

used for affinity purification of recombinant proteins that are expressed in Escherichia coli or 

other prokaryotic expression systems. This tag is made up of 6 histidine residues attached to 

either the N- or C-terminal of a protein. Proteins expressed with this type of tag are then 

traditionally purified using a divalent metal ion column. The polyhistidine-tag binds very 

specifically to nickel groups of Ni-NTA resins, thereby providing the basis for a high 

specificity purification procedure. 

Alternatively, using an antibody specific to this 6x-His tag, the protein can be 

analyzed for by Western blot or immunofluorescence techniques, thus eliminating the need 

for a protein-specific antibody.  

As opposed to more complex attachment chemistries, affinity interactions through 

polyhistidine tags are considered simpler and highly specific, hence the implementation of an 

immobilization procedure involving polyhistidine tagged enzymes of interest is both efficient 

and non-complicated. In addition to this, the engineering of histidine-tagged enzymes is 

relatively simple.  
 

 

Fused silica capillary-based microreactor for kinetic analysis 
 

The choice of the system under investigation requires considerations of both a 

physical and a biological nature.  
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Fused silica capillaries have been employed as microreactor systems in microfluidic 

applications in a number of ways. Due to their ease of fabrication, low cost and ease of 

handling and automation, they have proven to be a good choice for IMER applications. It is 

therefore though that implementing the desired reaction system inside a fused silica 

capillary-based microreactor would provide a system that is both easy to fabricate and 

operate. 

By employing a procedure for the immobilisation of histidine-tagged proteins through 

linkage with Ni-NTA affinity groups, the aim is to develop a reversible immobilisation 

procedure readily amenable to repeatability and application to a wide variety of histidine-

tagged proteins inside fused silica capillary microreactors. 

 

 
Figure 3 - Schematic representation of enzyme immobilization in the capillary. 

 

Model reaction system 
 

Biocatalytic routes to chiral amines 

 

It is obvious that to solve fundamental problems of the technology, a model enzyme, 

ideally one of industrial relevance that is well characterized, needs to be used. There has 

been an increasing awareness of the enormous potential of microorganisms and enzymes 

for the transformation of synthetic chemicals with high chemo, regio- and enatio- selectivity 

(Roberts, S. M., et al., 1995). Chiral intermediates are in high demand from pharmaceutical 

industries for the preparation bulk drug substances. However, the current methods used to 

prepare enantiomerically chiral amines are largely based upon the resolution of racemates, 

such as by recrystallisation of diastereomeric salts (Kostyanovsky, R. G., et al., 2000) or by 

enzyme catalysed kinetic resolution of racemic substrates using lipases and acylases 

(Rouhi, A. M., 2004), which are considered inefficient and uneconomic. In order to develop 

more efficient synthesis methods, attention is turning towards asymmetric approaches, such 

as asymmetric hydrogenation of imines or the conversion of ketones to amines using 

transaminases. 

In contrast, enantiopure amino acids can be accessed via several enzymatic 

syntheses and resolutions. Common synthesis reactions include the use of lyases 

dehydrogenases and transaminases (Stewart, J. D., 2001). The production of chiral amines 

via biocatalysis has the potential to yield amino alcohols with multiple chiral centres from 
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achiral starting materials. The advantages of biocatalysis over chemical synthesis are that 

enzyme-catalyzed reactions can be carried out at ambient temperature and atmospheric 

pressure, thus avoiding the use of more extreme conditions which could cause problems 

with isomerization, racemization, epimerization, and rearrangement.  In addition, enzymes 

derived in such a way can be immobilized and reused for many cycles and this is the 

approach investigated here. 

 

 

Transaminase-synthesis of amino diols 

 

The production of chiral amino diols via biocatalysis has the potential to yield amino 

alcohols with multiple chiral centres from achiral starting materials. There are several classes 

of enzymes able to catalyse the synthesis of chiral amino alcohols from keto alcohols such 

as acid dehydrogenases (Brunhuber, N. M., et al., 1994), amine dehydrogenases (Takagi, 

K., et al., 2001) or aminotransferases (Christen, P., et al., 2002), all sharing the ability to 

convert a carbonyl group to an amino group. 

Nevertheless, the transaminase reaction present superior features by having 

stereoselectivity and no need for cofactor recycling. One way to achieve the synthesis of a 

specific chiral amino diol would be by starting from a chiral ketone (catalysed by a 

transketolase from either achiral or chiral substrates) and then add the amine group with a 

transaminase using another compound as an amine donor.  

The TAm catalysed reaction is no more than an amino transfer by a ping-pong 

mechanism (Christen, P., et al., 2002). In the first ‘half-reaction’, the amino-donor binds to 

the enzyme, the pyridoxal 5’-phosphate (PLP) coenzyme is aminated to pyridoxamine 5’-

phosphate (PMP) and the respective keto product is released. During the second half-

reaction, the transamination cycle is completed by transferring the amino group from 

enzyme-bound PMP to the acceptor, recycling the cofactor to PLP. 

Transaminases can be classified into ω- and α- transaminase according to the 

relative position of the amino group to be transferred with respect to the carboxyl group of 

substrate. The α-transaminase can only act on α-amino groups from α-amino acids. For this 

reason the ω-transaminase which can transfer amino groups on non-α positions was 

considered as the biocatalyst.  
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Figure 4 – Synthese of the optical active L-2-amino 1,3,4,-butanetriol catalysed by the β-alanine: pyruvate 

transaminase enzyme from the TK synthesized L-erythrulose and the amine-donor L-Methylbenzylamine with PLP 

as a cofactor.  
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The transaminase selected for investigation was chosen in accordance to its 

acceptance of the TK products. β-alanine: pyruvate transaminase is a pyruvate 

transaminase, the only group reported to have shown catalytic activity toward aliphatic 

amines not bearing a carboxyl group (Yonaha and Yonaha, 1980; Yonaha et al., 1983a, 

1983b, 1987). A pyruvate transaminase from Vibrio fluvialis was found to be the best 

candidate to accept the TK synthesized L-erythrulose by Ingram, C. (2005). She developed 

mutagenesis strategies in order to improve both the substrate acceptance and the increase 

conversion and reaction rates. From the various amine-donors tried out, the L-

Methylbenzylamine (MBA) was the one who provided better results and was therefore 

chosen as the amine donor in this work.  

 

 

De novo pathway for the production of chiral intermediates 

 

The advancements in protein engineering and mutagenesis techniques have 

additionally led to the possibility of the creation of novel biocatalysts that can carry out multi-

step biocatalysis.  In this case, the production of chiral amino alcohols via biocatalysis can 

be achieved if transketolase catalysing chiral ketone formation is coupled with the 

biocatalytic addition of an amine to the TK product using a transaminase. Thus, manipulation 

of the transaminase enzyme substrate specificity to accept the product of the transketolase 

reaction can allow the two catalysts to function in series to create chiral amino alcohols. In 

order to couple the two enzymes together assessment of possible TK reactions and possible 

transaminase candidates to react with the product of the TK catalysis was require. The 

transketolase catalysed reaction requires the consideration of the availability of substrates, 

the percentage conversion achievable, the rate of reaction and the ability to monitor the 

reaction components.  

The second enzyme in the target pathway is a transaminase catalysing the transfer 

of an amine onto a ketone substrate. The model reaction for the TK-TAm pathway (Figure 4) 

with the first reaction forming L-erythrulose results in the synthesis of 2-amino-1,3,4-

butanetriol (ABT). This system was investigated by Ingram, C (2005). 

The two-step pathway is expected be incorporated into a functional, capillary-based 

microreactor once feasibility with both the L-erythrulose producing transketolase-catalysed 

reaction and the ABT producing transaminase-catalyse reaction has been established. 
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Figure 5 – Target de novo pathway reaction scheme. The synthesis of chiral amino alcohol L-2-amino 1,3,4,-

butanetriol from achiral substrates glycolaldehyde, hydroxypyruvate with the amine donor L-Methylbenzylamine 

using the TK-TAm pathway.  
 

Properties of Transaminase 

 

Transaminase, or aminotransferases, belong to the E.C.2.6.1. class of tranferases. 

They are involved in vivo not only in the synthesis of non-essential amino acids but also in 

the tricarboxylic acid and urea cycles.  They catalyse the transfer of an amine group from an 

amine donor substrate to the carbonyl of an acceptor substrate. The enzyme has a 

molecular weight of 51,2 kDa, property parameters were estimated using the ProtParam tool 

available from ExPAsy from the known aminoacid sequence.  

 
Table 1 - Transaminase (pRQ800) aminoacid sequence 

 

MQKQRTTSQWRELDAAHHLHPFTDTASLNQAGARVMTRGEGVYLWDSEGNKIIDGMAGLW 
CVNVGYGRKDFAEAARRQMEELPFYNTFFKTTHPAVVELSSLLAEVTPAGFDRVFYTNSG 
SESVDTMIRMVRRYWDVQGKPEKKTLIGRWNGYHGSTIGGASLGGMKYMHEQGDLPIPGM 
AHIEQPWWYKHGKDMTPDEFGVVAARWLEEKILEIGADKVAAFVGEPIQGAGGVIVPPAT 
YWPEIERICRKYDVLLVADEVICGFGRTGEWFGHQHFGFQPDLFTAAKGLSSGYLPIGAV 
FVGKRVAEGLIAGGDFNHGFTYSGHPVCAAVAHANVAALRDEGIVQRVKDDIGPYMQKRW 
RETFSRFEHVDDVRGVGMVQAFTLVKNKAKRELFPDFGEIGTLCRDIFFRNNLIMRACGD 
HIVSAPPLVMTRAEVDEMLAVAERCLEEFEQTLKARGLA 
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Project Aims and Objectives 
 

 

There is a clear need for automated methods with high-throughput capacity that can 

be used in the selection and optimization of the biocatalyst under the operational conditions, 

and assist in the transfer of the process from laboratory to pilot or production scales. The 

results of this project will seek to offer answers to these key difficulties of bioprocess 

development.  

The first aim is the design and implementation of a novel type of a microliter-scale 

reactor which can be applied in a very flexible manner to a range of enzyme-catalyzed 

biotransformations. The application of a fused silica capillary for the immobilization of 

enzymes through a polyhistidine tag has been a novel approach that has already shown to 

be of significant interest for reversible immobilization of enzymes for kinetic studies. 

However, no thorough quantitative studies were carried out addressing the enzymatic 

behavior inside the capillary. 

Secondly, and in view of the de novo two step pathway proposed, the his-tagged 

transaminase enzyme itself lacks characterization before it can be successfully used in other 

applications. The catalyzed reaction conditions need to be investigated not only to determine 

its optimal conditions but also to try to quantify the implications of changing them. 

Finally, the process by which the biocatalyst is obtained is also going to be 

addressed in order to improve both the yield and the enzyme quality at the end of the 

process. The bottlenecks of the process are expected to be identified as well as previously 

uncontrollable variables that may affect the final product.  
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Materials and Methods 
 

 

Materials 
 

 Molecular biology enzymes were obtained from New England Bio-Laboratories 

(NEB, Hitchin, UK). Growth culture meda were obtained from Sigma Aldrich (Gillingham, 

UK). Commercially competent E.coli cells (BL21gold (DE3)) were obtained from Stratagene 

(Amsterdam, NL). Microcapillary surface modification chemicals were obtained from Sigma-

Aldrich (Gillingham, UK). All other reagents were obtained from Sigma-Aldrich (Gillingham, 

UK) unless otherwise stated. Water was purified to a 15MΩ.cm resistance. 

 

BL21(DE3) cell culture 
 

Overnight cultures of E.coli BL21gold(DE3) were grown from inoculation of 20 mL 

LB-glycerol with a single colony obtained by streaking out cells from glycerol stocks (25% v/v 

glycerol stored at –80oC) on LB-agar plates.  Growth was for 14 hours at 37oC, with orbital 

shaking at 200 rpm using an SI 50 orbital shaker (Stuart Scientific, Redhill, UK).  Growth 

selection was achieved by addition of 150 μg.mL-1 kanamycin (Fisher Biotech, 

Leicestershire, UK) to the agar or broth.  The optical density (OD) of liquid cultures was 

measured in triplicate by absorbance at 600nm using a Unicam (Cambridge, UK) UV2 UV/vis 

spectrometer.  This measurement was related to cell concentration, g.L-1, by the conversion 

factor of 0.5.  This factor was obtained by previous calibration of cell density relative to OD 

prepared by measurement of the dry weight of a series of culture aliquots of washed 

resuspended cells of known OD. 

Culture scale was 100 mL culture in a 1 L shake flask with 10% overnight inoculum. 

Growth was carried out at 37oC and 200rpm for approximately 8 hours, until the cells 

reached stationary phase. 

Cell lysates were prepared from cultures stored at –80oC in LB-glycerol.  Upon 

thawing, sonication to lyse cells was carried out using 7 cycles of 20 second 8 μ pulses with 

20 second intervals using a Soniprep 150 sonicator (MSE, Sanyo, Jp), prior to use in 

reactions. 

 

pQR801 purification 
 

Purification of his-tagged Transaminase (pQR801) was performed using a His•Bind® 

Quick 900 cartridge (EMD Biosciences, Darmstadt, Germany), packed with a pre-charged 

large-diameter cellulose matrix with tethered Ni2+ complex immobilised on NTA. Following 
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fermentation, the broth (in LB-glycerol) was centrifuged for 10 minutes at 4,000g and the 

supernatant decanted. The pellet was resuspended in binding buffer (500 mM NaCl,  20 mM 

Tris-HCl, 5 mM imidazole; pH 7.95; 0.1mM PLP). Lysis of the pellet was by sonication. 

Following sonication, the lysate was centrifuged at 4000 rpm at 4˚C. The supernatant was 

recovered, filtered through a 0.45 and 0.1 um Whatman syringe filter. 

Purification was carried out by equilibrating the cartridge with binding buffer, after 

which the cell extract was loaded and the cartidge washed with the same buffer. Elution was 

carried out with buffer containing 1 M imidazole, 500 mM NaCl, 50 mM H.E.P.E.S. and 

0,1mM of PLP. 

 

Transaminase activity assay 
 

 TAm activity (with plasmid pQR801) was measured using a kinetic assay with (S)-α-

methylbenzylalamine (MBA) and Erythrulose (Ery) as substrates. Substrates MBA (10 mM) 

and Erythrulose (100 mM) were added and the reaction was allowed to proceed at 22oC. 

Reactions were carried out under different conditions and with different substrates 

concentrations. All the reactions were carried in 1,5mL clear glass vials (32x11,6mm) from 

VWR International (Leicestershire, UK). Heating was provided by an Eppendorf 

Thermomixer Comfort shaker (Cambridge, UK). Reactions were monitored for MBA 

depletion and Acetophenone (AP) production by sampling at regular time intervals and 

analysing by HPLC. All experiments were done in duplicates. The initial rates of reaction 

were determined as the amount of AP formed per unit time and the specific rates of reaction 

were normalised by the amount of enzyme in the reaction.  

 

HPLC Analysis 
 

AP, MBA and other aromatic amines were analysed using a CE 5 C18 reverse 

phase column (150mm x 4,6mm, 5mm particle size; Advance Chromatography Techologies, 

Aberdeen, UK). A gradient was run from 15% acetonitrile/85% 0.1% (v/v) trifluoroacetic acid 

(TFA) to 72% acetonitrile/28% TFA over 8min, followed by a re-equilibration step for 2 min 

(oven temperature 30ºC, flow rate 1ml/min). UV detection was carried out at 210 and 250 

nm. He retention times (in min) under these conditions were: MBA 3.59 and AP 7.39. All 
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samples were quenched with 0,2% TFA and briefly centrifuged prior to HPLC injection to 

remove any precipitate.  

 

Microcapillary surface treatment 
 

A 25 cm long, 200 µm I.D. fused silica capillary was used for immobilisation and 

kinetic studies. All procedures were carried out in a laboratory safety hood at room 

temperature. When not in use, the capillary was stored at 4°C.  

The capillary was treated with a 7:3 (v/v) piranha solution (H2SO4 and 30% 

peroxide), and then washed with 150 μl ultrapure water at a flowrate of 5 μl/min. The 

capillary was then treated with a 1:1 v/v solution of 3-aminopropyltriethoxusilane and 

methyltriethoxysilane in 97% ethanol in water for 1 h. After washing with ethanol, the 

capillary was heated to 115˚C for 1 h in an oven. The capillary was then reacted with a 1 mM 

solution of succinic anhydride and DMF for 2 h at RT at a flow rate of 5 μl/min. After washing 

with DMF, the resulting carboxyl group was reacted with 1 M solution of WSCI-HCl and NHS 

in DMF for 1 h, followed by washing with DMF.  

A 1 M DMF solution of AB-NTA was loaded to the capillary and reacted for 8 h at a 

flow rate of 5 μl/min. 

 

Enzyme immobilisation 
 

Enzyme immobilisation was carried out at room temperature. The AB-NTA 

derivatised microcapillary was treated with a 10 mM acqueous solution of nickel sulphate for 

12 h at a flow rate of 10 μl/min. After washing with 100mM H.E.P.E.S. solution, the enzyme 

solution (0.4 mg/ml) in 100 mm H.E.P.E.S. was loaded into the capillary at a flow rate of 5 

μl/min.  

Enzyme was removed by treating the capillary with a 50 mM solution of EDTA (pH 

8.0) at 10.0 μl/min. The collected solution was analysed for protein content by SDS-PAGE. 

 

 21



Microcapillary TAm assay 
 

The transaminase activity assay inside the microcapillary was carried out by flowing 

a substrate solution (according to standard specifications) through it with different incubation 

times. Flowrates used were 10 µl/min. The reaction was carried out at room temperature. 

The range of substrate concentrations was between 50-200 mM for Erythrulose and 5-20mM 

for MBA whilst keeping a 1:10 ratio between the two. 

 

SDS-PAGE and protein concentration determination. 
 

SDS-PAGE gel electrophoresis for protein analysis was carried out using a Mini-

Protean II system (Bio-Rad Laboratories Inc., Hemel Hempstead, UK) with 8% w/v 

acrylamide gels and stained with 0.05 % w/v coomassie brilliant blue.  All gels were 

visualised and quantified (where appropriate) on a Gel-Doc-it bioimaging system with 

labworks 4.5 software (Bioimaging systems, Cambridge). Quantification of pure protein was 

carried out by UV absorbance of the purified enzyme at 280 nm using a UV/VIS 

spectrophotometer.   
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Biocatalyst Production 
 

 

The use of Transaminase as a biocatalyst makes the process by which it is obtained 

one that has to be considered thoroughly. In this first chapter, there will be an approach to 

the different steps of the process, from the production of the TAm until the final pure state 

when the enzyme will be ready to be used. 

  

 

Fermentation 

 

 

The first step in obtaining the biocatalyst is its production itself; this is carried out in a 

cell host, an E. coli BL21 strain with the enzyme of interest having been inserted on the 

pQR801 plasmid. The fermentations were in two-steps, a first overnight inoculation in 250mL 

flasks (satellite) that were then transferred to 1L flasks. Cell growth was monitored by 

analysing the cell culture OD600 and fermentation was stopped shortly after the end of the 

log-phase (Figure 6). 
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Figure 6 – Growth profile over time for a 2 flask fermentation carried out at 37ºC and 200 rpm of the E. coli  strain 

BL21 with the plasmid pQR801.  
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A lag-phase of around one hour was observed at the beginning of most 

fermentations; this indicates that overnight cultures were not left growing for too long and 

that they were still at the exponential phase when inoculating the larger flasks. 

  

The end of the exponential growth was determined by observing the linearity of the 

Ln[OD600] versus time. This allowed the determination of the growth rate and doubling time 

for the strain based on the exponential growth formula (1) and linear regression (2). 

 t
iP P eμ⋅= ⋅  (1) 

 600 600( ) ( )oLn DO Ln DO tμ= + ⋅  (2) 

The treatment illustrated on Figure 7 was applied to data obtained in different 

fermentations in order to obtain the growth constants and the duplication times presented in 

Table 2.  

Ln(OD600) = 0,5681μ - 1,3331
R2 = 0,9976

Ln(OD600) = 0,4257μ - 1,1537
R2 = 0,9927
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Figure 7 – Logarithmic Plot of the DO600 for an E. coli BL21 strain with the plasmid pQR801 fermentation over time. 

The equation of the best fitting line according to Equation 1 is placed near the correspondent lines.  

 

The fermentation process lead to consistent results as seen from Table 2, 

accordingly, all the fermentations lasted for about 7 hours and the final OD was consistently 

around 3. No correlation between the growth rates and the final enzyme activity and/or 

concentration was found besides that greater final culture OD leads to an increasing protein 

concentration at the beginning of the purification process. 
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Table 2 - Growth rates and duplication times for the 

fermentations. Average and standart deviation 

presented on the last two rows. * The first value from 

Jully 21 wasn’t included on the average and standart 

deviation calculations. 

Day μ (h-1) t1/2 (h)
0,55 1,25 March 14 0,54 1,27 
0,44 1,57 April 02 0,64 1,08 
0,52 1,35 May 02 0,51 1,36 
0,37 1,88 May 23 0,36 1,95 
0,57 1,22 June  21 0,41 1,69 
0,24 2,94 Jully 12 0,31 2,27 

 X * 0,5 1,5 

Xσ ∗ 0,1 0,4 
 

 

Purification 

 

 In order to successfully perform the immobilization step on a micro capillary there is 

the need to use a solution of pure enzyme. This will not only guarantee that nothing else 

besides the enzyme stays inside the capillary, but also that there is no interference in the 

reaction by any other non-controllable factor.  

 The purification process was monitored and analysed by removing a 100μL sample 

before each step and analysing it for its total protein content by a protein assay and for its 

specific protein content with SDS-PAGE. A detailed scheme of the entire purification process 

is presented in Figure 8. Samples were not taken from the first steps (before and after the 

centrifugation and re-suspension steps) due to the nature of the enzyme being purified. 

Transaminase is produced intracellularly so any step before the lysis will show a low or non-

existent amount. Moreover, running cells through SDS-PAGE might block the path of the 

proteins and lead to bogus results. 

The protein assay showed a good linear correlation with the standards (between the 

range of 0,2 to 1,0 mg/mL) giving values of R2 always greater than 0,96 leading to a good 

precision on the conversion from absorbance readings to concentration. All the readings 

were done in quadruplicates in order to get more accurate values. 
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Figure 8 – Block scheme of the processes that take part in the purification of transaminase. The syringe indicates 

where samples were taken. Dashed operations indicate possible steps not always followed. 

 
 

Filtration 
 

The filtration process ensures that the His-Tag column is not loaded with large 

particles that could lead to its blockage and at the same time removes undesirable material 

such as cell debris or other large aggregates. This step showed a low or inexistent loss of 

protein and, as expected, no selectivity towards transaminase. There were occasionally 

considerable losses of volume due to experimental inaccuracies. Typical values of yield can 

be viewed in Table 3. 
 

Column Processes 
 

As the purification process reaches the His-Tag column the data provided by the 

Bradford Assay is no longer accurate enough in quantifying the amount of protein. There is 

the need for a more accurate detection method which can identify the amount of 

transaminase in the samples. An SDS Polycrylamide gel was used for this purpose. With the 

recourse of image analysis programs, it is possible to get relative density values between 

bands in different lanes and determine the amounts of enzyme in all the lanes by using a 

marker of known concentration. That method was left apart towards a relative density 

approach within the lane that is believed to be more accurate. In the last, the density values 

are only used within the lane to calculate the percentage of transaminase as part of the total 

of proteins present. The values of concentration obtained with the protein assay are then 

used for the final determination of the transaminase concentration. 
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Figure 9 – SDS Polycrylamide gel of the Purification Process. Each lane corresponds to the step 

indicated on the top. The TAm bands were digitally coloured red for better visualization. 

 

The steps involving the column were where bigger improvements were tried out to 

increase the overall yield of the purification process. 

 

Load 

 

Initial Purifications as the one shown in Figure 9, when compared with the data from 

the protein assay (see Table 3 ) showed that the load step was not being entirely efficient 

(representing a loss of almost 40% of the enzyme). This could be explained by two possible 

hypotheses: the column being fully saturated meaning that the remaining feed could run 

through another column; or, complete binding is not being achieved in just one pass and 

another one might be needed. Both these hypotheses were addressed in subsequent 

purifications. 

When two consecutive loads were tried some 

improvement could be achieved as seen in Figure 10, 

nevertheless the increase in the yield was not very significant. 

Although an increase of 10% in the step yield was obtained 

with the purification pictured in Figure 10, most of the 

purifications undertaken had values closer to 3%. These 

results are likely to be linked with the initial amount of enzyme 

load in the column. The better yield was obtained when the 

lysate contained a low amount of protein, this would mean 

that the column capacity was far from being reached and 

there was plenty of room for more enzyme to bind. When the 

initial amount of TAm was greater than 2,5-3g the second 

load would not add significant enzyme to the column.  

Figure 10- SDS 

Polycrylamide gel 

for a Purification 

process where the 

lysate solution was 

loaded twice. The 

TAm band was 

digitally colored red 

for easier 

identification. The 

TAm band on the 

2nd Load lane is 

thinner and lighter 

indicating that some 

was retained on the 

2nd Load process.  
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These results showed that the binding process is efficient enough with only one pass 

and that an increase in passes will not greatly improve the process even when the initial 

amount of enzyme is fairly bellow the maximum capacity of the column (2g of enzyme 

according to the manufacturer).   

 

A second Load would probably reveal to be more useful in a new column instead of 

in the same. Unfortunately, a lower concentration of TAm in the initial lysate will greatly affect 

the yield of this process when compared to the previous one. If the concentration of TAm is 

close to the column capacity, the amount of TAm left after the Load will be too low for 

efficient binding to the second column. Experiments showed only a yield of 12% in the 

loading on a second column (vide Appendix II). Nevertheless, this small increase still 

accounted for around 10% increase in the total purification yield, therefore there is no reason 

not to systematically follow this procedure, which could lead to large improvements in the 

total amount of TAm recovery in the case of highly concentrated lysates. If the process 

detailed in Table 3 had followed such a procedure, the final yield would have been easily 

doubled. 

 

Wash 

 

The purpose of the Wash is to try to ensure that only the TAm remains bound to the 

column. 

The first wash will remove all unspecific binding by other proteins or other 

components of cellular debris that might adsorb either to the matrix or to the linked TAm. 

When highly concentrated lysates are loaded the first wash usually removes a lot of protein 

content and can be responsible for a loss of as far as 50% of the enzyme of interest. On 

more common initial conditions, yields of 75 to 90% are achieved in this step (only 10 to 25% 

of TAm is lost).  

The second wash will try to remove loosely bound proteins and mainly salts that 

might be linked to the Ni2+. Although detectable protein concentration was measured via the 

Protein Assay, a Transaminase band was never observed in this step and the loss in TAm is 

therefore considered insignificant. 
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Table 3 - Mass Balance for the Purification Process. The % of Transaminase was calculated via relative density analysis of the gel presented on Figure 9. The Concentration ratio was 

calculated considering that the total TAm presented on the 10mL of Lysate were the same on the inicial FB vollume, aproximatly 90mL 

 Enzime  TAm Yeld 

 
Vol. Conc. (mg/mL) Amm. (mg) TAm 

% Conc. (mg/mL) Amm. (mg) step % total % 

Lysate 10 3,7 ± 0,1 37 ± 1 29 1,04 ± 0,04 10,4 ± 0,4       
Lysate + Centrifugation 10 3,6 ± 0,1 36 ± 1 29 1,02 ± 0,04 10,2 ± 0,4 0,98 ± 0,08 0,98 ± 0,08 
Lysate + Cent + filtration 10 3,1 ± 0,1 31 ± 1 29 0,88 ± 0,03 8,8 ± 0,3 0,87 ± 0,06 0,85 ± 0,06 
Column Load 10 2,7 ± 0,1 27 ± 1 12 0,32 ± 0,01 3,2 ± 0,1 0,63 ± 0,02 0,54 ± 0,06 
1st  Wash 20 0,24 ± 0,02 4,8 ± 0,3 92 0,22 ± 0,01 4,4 ± 0,3 0,22 ± 0,03  0,12 ± 0,07 
2nd Wash 10 0,118 ± 0,009 1,2 ± 0,09 0   1   1   
Elute 8 0,36 ± 0,02 2,9 ± 0,1    100 0,36 ±   0,02 2,9 ±    0,1       2 ±   1 0,27 ± 0,02 

1st Elute 4 0,42 ± 0,02 1,69 ± 0,08 100 0,42 ± 0,02 1,69 ± 0,08 1,4 ± 0,9 0,16 ± 0,01 
2nd Elute  4 0,29 ± 0,01 1,17 ± 0,06 100 0,29 ± 0,01 1,17 ± 0,06 1,0 ± 0,6 0,11 ± 0,01 

Pure TAm  8 0,15 ± 0,01 1,20 ± 0,08 100 0,15 ± 0,01 1,20 ± 0,08 0,42 ±   0,05 0,12 ± 0,01 
Pure TAm High [] 4 0,19 ± 0,01 0,75 ± 0,05 100 0,19 ± 0,01 0,75 ± 0,05 0,44 ± 0,05 0,072 ± 0,007 
Pure TAm Low [] 4 0,112 ± 0,008 0,45 ± 0,03 100 0,11 ± 0,008 0,45 ± 0,03 0,38 ± 0,03 0,043 ± 0,005 

                     
Yelds Resume                                        
Yeld of the Puritication Process   12% ± 1%              
Concentration ratio (P. TAm / FB)   1,15 ± 0,01              

with P. TAm High []     1,44 ± 0,01              
with P. TAm Low []     0,86 ± 0,01              
 



Elute 

 

After the Load and the Wash, only TAm should remain inside the column, it is 

therefore important to try to quantify how much enzyme stays inside at this point. 

Unfortunately, there is no way to measure the concentration of enzyme inside the cartridge 

directly. Although a simple mass balance would be able to the concentration, the error 

propagation leads to highly error values. For instance, the TAm inside the cartridge on the 

purification followed on Table 3 is (1,2 ± 0,7)mg, it shows an uncertain of almost 60% 

compromising any calculation using it. Although this value might seem quite high, other 

purification processes showed similar values (around 50%, the best ever achieved was still 

greater than 20%). 

The Elute step, where the TAm is released from the column and recovered, is 

especially affected by this as the yield of these steps would represent the amount of enzyme 

that was recovered from the total amount inside the column. The last one, as said before, 

suffers from high uncertainty, which leads to even higher uncertain yields for these steps 

occasionally reaching 100%. 

To try to get the most of the protein, a gradual increase in the number of elute steps 

was attempted. It was soon discovered that a second elute would retain enough protein to be 

used. After that, a third elute step was introduced just to be abandoned after a few 

purifications as the concentration was either close to 0 or undetectable. 

 

Dialysis  
 

The dialysis process is crucial for the enzyme to be used in the capillary and for its 

activity. The buffer is changed to a 50mM H.E.P.E.S. solution where the TAm should better 

retain its activity. Surprisingly, this step showed a 60% loss of enzyme. This was verified in 

other purifications and was partially improved by reducing the time of dialysis (to a 40% 

loss). This high loss at the end seriously compromises the final yield of the process (by 

halving it). The decrease in the enzyme losses with a shorter dialysis time might be an 

indication that the membrane is somehow partially permeable to the enzyme. This process is 

probably the one needing a better optimization to reduce losses. 

 

 

Although the purification process offers small room for change, closely monitoring 

each step allowed some optimization that can increase the yield of the process and the 

concentration of the enzyme recovered. On the first purification a yield of (12 ± 1) % was 
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obtain. This yield was gradually improved with the final purification process obtaining a yield 

of close to 75%*. 

 

Concentration 

 

 

The low concentrations presented by the TAm solutions after the purification process 

lead to some problems in the characterization and detection. On the other hand, most of the 

concentration processes can be too harsh and lead to concentrated solutions but with 

residual activity. The challenge is not only getting higher concentration but a compromise 

between activity and concentration. 

A concentration procedure was attempted in falcon concentration tubes. Two 

different conditions were tested. Both of them resulted in concentrated samples and with no 

apparent losses of enzyme (this can’t be confirmed due to the initial concentrations being too 

low for the value given by the protein assay to be accurate enough).  

 
Table 4 - Concentration conditions for 2 TAm samples after dialysis 

with low concentration. *The concentration of the sample was too low 

to be detected by the Protein Assay, probably inferior to 0,02mg/mL. 

Condition TAm2 TAm4 
Initial Volume (mL) 5,5 3,75 

Initial Concentration (mg/mL) 0,03 * 

Centrifugation Speed (rpm) 4000 2000 
Centrifugation Time (min) 20 10 

Final Volume (mL) 1,0 2,4 
Final Concentration (mg/mL) 0,226 0,095 

  

Although the concentration step was successful, there was the need to make sure 

the enzyme retained its activity. For that purpose, a 90min standard reaction was carried out 

with equal volumes of enzyme solutions of TAm2, TAm4 and TAm1. The last did not go 

through any concentration step after dialysis and therefore acted as the control. The initial 

rates were then determined and with the concentration values presented above (in Table 4) 

the specific rates for each of them. 

 

As visible from Table 5, the specific activity of the concentrated TAm2 is roughly 70% 

of the control, TAm1, while at the same time being four times more concentrated. TAm3 

seems to present a greater loss of activity when compared to TAm1, nevertheless, this 

enzyme is thought to have undergone more damage during the purification process than 

                                                      
* This yield was not truly obtained due to an experimental loss of 4mL of Lysate prior to the loading. If 
the correspondent amount of enzyme is taken into account on the yield calculation, it would be 75% 
instead of 35% (vide Appendix II). 
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either TAm1 or TAm2 as it is from a second purification column. If the errors are taken into 

account, the possibility of the activity remaining the same cannot be ruled out as all the error 

bars overlap as one can see in Figure 11. 

 
Table 5 - Activity rates for the different TAm solutions. TAm presented a concentration of 

0.067mg/mL 

  

  
mM AP min-1 

mM of AP / [min . 
(mg of E/mL)] 

mol of P / (min . 
mg of E) 

TAm1 0,00005 ± 0,00002 0,0016 ± 0,0005 2,0E-08± 6E-09 

TAm2 0,00013 ± 0,00004 0,0012 ± 0,0002 3,1E-08± 7E-09 

TAm3 0,00002 ± 0,00004 0,0004 ± 0,0008 3,8E-08± 4E-09 
  

The main purpose of this analysis was not to carry out an extensive study on the 

effects of concentration on TAm but to evaluate the viability of including a concentration step 

following purification without a detrimental effect on enzyme activity. The results obtained 

from the method used were satisfactory enough to lead to the conclusion that it is viable to 

concentrate TAm solutions in the scope of the conditions used whenever a higher 

concentration might be desired. 
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Figure 11 – Specific Activity rates for the concentrate TAm2 and TAm3 solutions (Table 4) and the control 

TAm1. 
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Transaminase Characterization 
 

 

 The Transaminase enzyme used in this work has been engineered with the synthetic 

two-step pathway in view. It was modified so its rates and conversions would approach the 

ones observed with the Transketolase enzyme and that it would accept TK products as its 

substrates. This lead to the arising of a new enzyme which although apparently fulfil the 

required characteristics, its behaviour on different conditions has not been fully studied. 

 This chapter aims to better understand what the best conditions for the TAm reaction 

are and, if viable, use them as the baseline for the capillary work. The variables studied were 

either the more common ones or the most relevant to the capillary work. 

 

TAm Reaction Conditions 

 

 

 The conditions for the TAm reactions were kept as similar as possible so the results 

could be reproducible. Table 6 indicates the standard conditions for the transaminase assay 

which were kept constant unless otherwise stated. Wherever other reaction conditions were 

being investigated, a control reaction was set up in parallel according to the conditions 

shown in Table 6. 

 
Table 6 – Standard conditions used in all the assays  

Condition Value  
Reagents Concentration (mM)  

Substrates  
MBA 10 
Erythrulose 100 

Co-Factors  
PLP 0,1 

Buffer  
H.E.P.E.S. 100 

  

Reactor Vial 
Material Glass 
Volume (mL) 1,5 

  

Reaction  
Volume (μL) 250-350 
Ratio (Enz:’S+CoF’) 1:1 

  

Temperature (ºC) 21-22 
  

pH 7,5 
 

 Most of the start conditions were chosen based on previous work done at UCL. 

Room temperature was the standard operating temperature, even though it is not the 
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reported optimal temperature for the transaminase enzyme. Still, it is most likely that it will be 

the operating one for the capillary. The pH was chosen so that it would overlap with the 

transketolase pH range, the reasons behind this will be addressed further on. 

 The reactor system was eventually changed from standard 96 well plates to glass 

vials when it was found that the product of the reaction, acetophenone (AP), would dissolve 

in plastic. The glass vials were compliant with the HPLC detector. The reaction volume was 

kept low enough to allow for the desired number of samples to be removed without removing 

the reaction volume entirely. The ratio between enzyme solution and the substrates/co-

factors solution was kept to 1:1 due to the usual low TAm concentration obtained from the 

purification process.  

 The reactions were usually monitored for 90 to 120 minutes. Although they were far 

from being completed within that time, the main purpose was to obtain kinetic data, the initial 

rates were chosen to characterize the reaction and therefore only the data relevant for its 

calculation was considered important. There was no use in following the reactions until its 

completion. 

 

Temperature 

 

 

 The temperature was one of the first variables to be analysed. It was reported that 

transaminase has an optimal operating temperature of around 37ºC (Shin, J.S. et al., 2003). 

Still, considering the reaction would not be carried out at that temperature, it is needed to 

establish whether the enzyme would retain some activity and if possible quantify the losses. 

If the activity is considered insufficient, ways to heat the capillary need to start being 

considered. 
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Figure 12 – AP concentration over time for different reaction temperatures. Duplicates were 

made of each sample and are consistent with the results shown.  
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 It was studied the effect of the temperature in the reaction rate within a range going 

from 22 to 45 ºC. Figure 12 shows that a temperature increase leads to an increase in the 

reaction rate. 

 Although the optimal temperature is around 37ºC, it is not unexpected that 

increasing temperatures leads to better conversion rates. Nevertheless, the increase in 

temperature will also lead to a greater instability of the TAm. A breaking point will be seen 

when the denaturation rate will result in a higher loss in overall activity than the increase 

brought about by the temperature. Previous work showed that for a pyruvate conversion 

(total conversion achieved after approximately 10min), the reaction rates increase up to 65ºC 

(Yonaha, K. et al., 1977). Although the aim of this work relates with the initial rates, the 

reactions in the capillary are bound to take longer than the ones in the glass vials. Therefore, 

if TAm suffers damage due to temperature effects, the conversion in the capillary would 

become unviable. Effectively, samples taken after 3 hours already showed the same amount 

of AP produced in the 45ºC and the 37ºC assays.  

 

0

0,001

0,002

0,003

0,004

0,005

0,006

20 25 30 35 40 45 50

Temperature (C)

v o
 (m

M
 o

f A
P 

/ m
in

)  
   

,

 
Figure 13 – Initial reaction rates obtained for the temperature array studied.  

 

 The determination of the initial rates (Figure 13) confirmed what could already be 

seen in the trends (Figure 12), a clear increase with temperature. Although an increase in 

the rate is still visible from 35 to 45ºC, it seems that it is already starting to stabilise. When 

comparing the rates of the reaction at room temperature (22ºC) and at 37ºC, a visible 

decrease in the activity is revealed; the former showing (30 ± 10)% of the latter’s activity. 

Nevertheless, the fact that the enzyme retained activity at room temperature is enough to 

continue working with it at those conditions. 
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pH  

 

 

The pH is another important variable to address in the characterisation of the TAm 

reaction due to its influence on the enzyme stability and therefore the reaction and 

conversion rates. 

In the scope of the two-step pathway, it is relevant to take into account the optimum 

pH of the TK as well. The enzyme was reported to have an optimum pH of 7,5, retaining 

90% of activity in the 6,5-8,0 range (Mitra, R.K. et al., 1998). A change of the TAm pH within 

this range for the multiple enzyme scheme can be predicted to have little detrimental effect 

on the activity of TK. 

It is found on the literature that several ω-TAm have pH optimums of 9,0 (Shin, J.S., 

et al., 2003) or above (Kim, K. H., 1963 and Yonaha, K. and Toyama, S., 1978). 

Nevertheless, it was showed that the pH can vary considerable with the substrates (Shin, 

J.A. and Kim, B. G., 1999) being 7,0 for the reverse transamination of L-alanine and 

acetophenone. This is thought to be related with the pKa of the substrates and the pH 

required to enable the formation of the internal aldimine during the catalysis (Ingram, C.U. 

2005). Using MBA and erythrulose as substrates, Ingram, C.U. (2005) found an optimum pH 

of 7,0 with little change in the reaction rates until 8,5 although the conversion rates are badly 

affected. 
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Figure 14 – Average value of the AP concentration over a 120min reaction for different pH and 

temperature conditions. 

Due to a blockage in the measurement equipment, there is no assurance (there are strong evidences 

pointing the contrary) that the sample volume injected was constant. This approach tries to eliminate 

the randomness of such sampling by taking advantage of its random nature when doing the average.  

 

A pH range from 6,5 to 9,5 was tested. At the same time, those assays were crossed 

with three different temperatures already assessed in the temperature study. 
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Due to some problems with the measurement equipment, two approaches were 

used to draw conclusions from the data. There was some blockage on the sampler, which 

lead to a random volume to be injected compromising the results and making it impossible to 

monitor the reaction. This was evident on the data by the values of the AP concentration 

decreasing what is theoretical impossible (vide Appendix III).  

The first approach was to use an average of all the samples within the first 2 hours of 

reaction. The randomness added to the values would be cancelled in each pH lane. Even if 

there would be a progressive blockage, the results were analysed by time, meaning that all 

the samples for a given reaction time and different pH conditions were analysed roughly 

under the same sampling conditions in terms of blockage. Therefore, even if the values are 

gradually decreasing, that happens to all the different assays concordantly and the average 

can still show the overall trend for each pH (Figure 14). 
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Figure 15 – Initial rates obtained for different pH and temperature conditions. There rates were 

determined recurring to only one pair of data points and are therefore only indicative and relative 

within the same temperature.  

 

The second approach was just to take a sample at 30min and calculate an 

approximate reaction rate. This would rely on the duplicates and that at that time the sampler 

was collecting approximately the same volume (Figure 15). 

Although both these approaches lack strong scientific bases and cannot be more 

than an indication of what might be happening, they both returned concordant results not 

only with each other but also with the work of Ingram, C.U. (2005). The pH obtained as 

optimum was 7,5 by both approaches (compared to the 7,0 obtained by Ingram, C.U. (2005), 

still a pH of 7,0 wasn’t addressed in this study neither a 7,5 in hers) and the same happened 

to the 3 different temperatures tested. 

Unfortunately, similar conclusions cannot be drawn from the temperature data as 

they were sampled in different runs. The set of values obtained for the 22ºC temperature 
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conditions are neither concordant with the temperature study already discussed in this work 

or any other result obtained (the general conversion is far too high and would lead to specific 

rates that would double any other ever obtained in this work). Still that does not invalidate 

relative conclusions within the same temperature.  

 

 

Stability 

 

 

 The stability of TAm was considered another key component in its characterization. 

The enzyme is not used immediately after purification and therefore needs to be stored. 

Storage will undoubtedly affect its activity and the enzyme will be differently affected for 

different storage conditions. 

 

Some preliminary studies showed that TAm was losing around one third of its activity 

when compared to another batch purified only four days later. A set of experiments were 

then designed to address this issue and to try to determine what the deactivation would be 

over different storage times and conditions. 

The activity was measured by running a standard reaction in a glass vial for 120min. 

Two storage conditions were addressed, room temperature (around 22ºC), and fridge 

temperature (around 4ºC). Reactions were carried out 3, 6, 11 and 13 days after purification 

and the initial rates were determined for each day. 
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Figure 16 – Initial reaction rates over storage days for storage at ‘Room Temperature’ (22ºC) and 

‘Fridge Temperature’ (4ºC). 
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Figure 16 shows clearly that storage time does affect the activity. It is also noticeable 

that when kept at lower temperatures, there is a higher activity retention than at the higher 

ones. While there seems to be a fast depletion over the first 6 days in both cases, TAm 

storage is not an issue while the reaction times are hours instead of days. Moreover, these 

decaying rates would lead to a good stability while the enzyme is being used again pointing 

out that the deactivation might not be a problem when the reactions occur over a few hours. 

 

 Normally it is assumed that the thermal denaturation of an enzyme leads to an 

enzyme deactivation rate of first order in relation to the concentration of active enzyme (E).  

  d
dE k E
dt

= − ⋅  (3) 

 

 Integrating it between the initial conditions E=E0 and t=0,  

 0( ) dk tE t E e− ⋅=  (4) 

 Considering now that the enzyme activity is directly proportional to the concentration 

of active enzyme, and that an initial rate is no more than a measure of the activity, where the 

initial rate is the measurement of the initial concentration of active enzyme activity, the 

residual activity follows as: 

 0( ) dk t
o ov t v e− ⋅=  (5) 

 Where vo stands for the initial rate over a storage time (t),  the initial rate at the 

initial time (t = 0) and kd the deactivation constant. 

0
ov

 By applying the thermal denaturation model to the data shown in Figure 16, it was 

possible to determine the deactivation constant for both storage temperatures (Table 7). The 

model seemed to fit the data giving R2 values greater than 0.99 in both cases, the 3 days 

point was not used in the fitting due to the huge error it presented in both the studied cases. 

The fittings can be better seen on Figure 17 and Figure 18.  

 
Table 7 – deactivation constants (kd) and half-life times (t1/2) for 

different temperature storage conditions determined using the 

exponential deactivation model on Equation XX 

T. (ºC) kd (days-1) t1/2 (days) 

21 0,31 ± 0,06 2,0 

4 0,149 ± 0,008 4,5 
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Figure 17 – Deactivation suffered by the TAm after storage at ‘Room Temperature’ (~22ºC), Exponential 

deactivation model according to Equation (5) was fitted to the data after linearization. The fitting presents an 

R2 of 0,99) 
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Figure 18 – Deactivation suffered by the TAm after storage at ‘Fridge Temperature’ (~22ºC), Exponential 

deactivation model according to Equation (5)  was fitted to the data after linearization. The fitting presents an 

R2 of 1,00) 

 

 From the data in Table 6, we can quantify the differences between the two storage 

temperatures. From the deactivation constants determined, we see that the activity of TAm 

at room temperature is approximately twice as fast as at 4ºC. A look at the half-life times 

shows an acceptable value for the enzyme kept at fridge temperature of almost 5 days. After 

two storage days, the enzyme retains around 75% of its activity which is still a considerable 

amount meaning it is viable to store the enzyme in the fridge without expecting great losses 

if the storage is kept to a few days. 
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 With these values, a thermodynamic approach to the deactivation was tried. 

Knowing that the deactivation constant is a function of temperature as given by the 

Arrehenius equation: 

 
dE

RT
d dok k e

−
=  (6) 

where Ed is the energy of deactivation, R the universal gas constant and T the absolute temperature 

 

It is therefore possible to estimate the values of the constants for the storage of free 

TAm. With those, it would be able to retrieve indicative values for the deactivation constants 

at different storage temperatures*. Equation (7) presents the results obtained for Ed (J/mol) 

and kdo (days-1).  

 
30490

58,576 10 ( )RT
dk e     days

− 1−= ×  (7) 

 

Kinetics 

 

 

In order to obtain kinetic parameters for the reaction catalysed by the TAm it is 

necessary to gather the initial rates from different substrate concentrations. The kinetic 

model assumed for the reaction was the equilibrium binding also known as the Michaelis-

Menten kinetics (8). 

 

 
[ ]

[ ]max

S
v v

Km S
=

+
  (8).  

 

Although TAm has two substrates, it was assumed that the reaction would be limited 

by only one (MBA) and the substrate concentrations were changed always maintaining the 

same ratio between erythrulose and MBA. 

Two sets of reactions were carried, one addressing lower concentrations (25-2,5; 50-

5; 75-7,5 and 100-10) and another addressing higher concentrations (50-5; 100-10; 150-15 

and 200-20).  

The results are summarized in Figure 19 and Figure 20. As expected with increasing 

concentration there is an increase in the rate at which AP is produced. Although there might 

be a slight decrease in the scaling of the rates with the substrates concentration, it is clear 

that the rates obtained are still far from the theoretical vmax. 

 

                                                      
* It is important to note though that these calculations are based in only 2 data points and therefore would need 
further confirmation, still the values can always be used as a starting point for future work. 
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Figure 19 – AP concentration over time for different substrates concentration. Pair of values always indicates 

Erythrulose-MBA concentration. Dashed line corresponds to the linear regression for the concentration set of 

values. 
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Figure 20 – AP concentration over time for different substrates concentration. Pair of values always indicates 

Erythrulose-MBA concentration. Dashed line corresponds to the linear regression for the concentration set of 

values. 

 
It is important to note these two data sets are from different batches of enzyme, 

therefore, to be able to continue the analysis and compare them there is the need to use 

specific rates, normalised by the amount of enzyme.  
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Table 8 – Initial rates and specific rates for the lower concentration range. Each row 

corresponds to the substrate concentration present on the first column being the concentration 

represented as Erythrulose-MBA in mM. Specific rates are indicated by mg of enzyme. 

Subs. 

(mM) 
Initial Rate 

(mM AP min-1) 

Specific Initial Rate 
(mM of AP . min-1 (mg 

of E/mL)-1) 

Specific Initial Rate 
(mol of AP . min-1 . mg of E-1) 

25-2,5    0,001 ± 0,001 0,020 ± 0,006 20×10-9 ± 6×10-9 
50-5    0,002 ± 0,001 0,031 ± 0,007 31×10-9 ± 7×10-9 

75-7,5    0,0026 ± 0,0004 0,038 ± 0,004 38×10-9 ± 4×10-9 
100-10    0,0030 ± 0,0004 0,043 ± 0,004 43×10-9 ± 4×10-9 

 

 
Table 9 – Initial rates and specific rates for the higher concentration range. Each row 

corresponds to the substrate concentration present on the first column being the concentration 

represented as Erythrulose-MBA in mM. Specific rates are indicated by mg of enzyme. 

Subs. 

(mM) 
Initial Rate 

(mM AP min-1) 

Specific Initial Rate 
(mM of AP . min-1 (mg 

of E/mL)-1) 

Specific Initial Rate 
(mol of AP . min-1 . mg of E-1) 

50-5 0,008 ± 0,002 0,22 ± 0,04 22×10-8 ± 4×10-8 
100-10 0,012 ± 0,000 0,34 ± 0,02 34×10-8 ± 2×10-8 
150-15 0,014 ± 0,001 0,40 ± 0,04 40×10-8 ± 4×10-8 
200-20 0,018 ± 0,002 0,50 ± 0,06 50×10-8 ± 6×10-8 

 

By looking at Table 8 and Table 9, it is clear that the values of the specific rates are 

not comparable, with one order of magnitude of difference between them. Although this is 

unexpected, being different batches of enzyme there is always the possibility that some of 

the enzyme might have undergone unexpected damage during the purification process that 

might have led to some deactivation. This would be a feasible scenario considering that the 

methods utilized to measure the concentration are based on the total amount of enzyme 

present in the solution, being unable to make a distinction between active and inactive 

enzyme. 

Considering the results obtained from the higher concentration range (Table 9), the 

Michaelis-Menten kinetics was adjusted (using the fitting tools from the graphical software 

SigmaPlot©). An analysis of Figure 21 points to the conclusion that the proposed model fits 

the experimental data. That is also corroborated by the high value of R2 obtained. 
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vmax         0,8 ± 0,1 (x 10-8) mol of P / (min . mg of E.) 
KM         144 ± 41 mM  R2 = 0,979 
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Figure 21 – Reaction rates versus concentration of Erythrulose / MBA. The blue line represents the 

Michaelis-Menten model that best fits the experimental data. The constants values and R2 are indicated 

above the chart.  

 

Although the data from the low range of substrate concentrations seems to disagree 

with data obtained at the higher range, it does not mean that it cannot be use. A simple 

comparison between them is, as already stated, impossible. Nevertheless, two reaction 

conditions were repeated between both sets. That was done with the purpose of always 

maintaining a control between the reactions, independent of all other uncontrollable or non-

quantifiable variables. If the enzyme used in the first set of reactions (lower) is under the 

same conditions as the one in the second (higher), the reaction rates for both the 100-10 and 

50-5 substrate concentrations should be equal. Comparing the differences between these 

values it was found that they both differ by a ratio of 7,5. Using that ratio, it is possible to 

convert the values obtained in the first set of reactions to the second set. With those extra 4 

points, new constants for the Michaelis-Menten kinetics can be determined and compared 

with the ones previously obtained. Both the converted values and the ones obtained directly 

from the high set of reactions are presented in Table 10. 

 

The transposed results seem to fit the trend of the previous values. By comparing them 

against the substrate concentrations and determining the new Michaelis-Menten constants 

using the 8 points from Table 10, the values obtained are not only similar to the ones 

previously determined, but they fall within the previous ones confidence intervals. The fact 

that the introduction of new points does not change the trend of the Michaelis-Menten curve 

is a possible indication that part of the enzyme from the first set was indeed damaged and 
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that would be the reason for the lower rates. Apart from the smallest initial amount of 

enzyme, it behaves the same way when increasing substrate concentration as the higher 

data set, so hypothetically, consistent results would have been obtained if the active enzyme 

instead of the total amount of enzyme had been used to determine the specific initial rates. 

 
Table 10 – Specific Initial Rates obtained for the 

different substrates concentrations. *Values 

converted from the ones in Table 8 based on the 

reaction rates obtained for the same substrates 

concentration presented in Table 9. 

S. Conc.
(mM) 

Specific Initial Rate 
mM of AP / [min . (mg of E/mL)] 

*25 0,15 ± 0,04 

*50 0,24 ± 0,06 

50 0,22 ± 0,04 

*75 0,29 ± 0,03 

*100 0,32 ± 0,03 
100 0,34 ± 0,02 

150 0,40 ± 0,04 
200 0,50 ± 0,06 

 

vmax         0,77 ± 0,07 (x 10-8) mol of P / (min . mg of E.) 
KM         122 ± 20 mM  R2 = 0,978 
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Figure 22 – Reaction rates versus concentration of Erythrulose / MBA. The blue line represents the Michaelis-

Menten model that best fits the transposed experimental data presented in Table 10. In red are the experimental 

data of the higher range set and the dashed line represents the previous Michaelis-Menten curve shown in Figure 

21. The Michaelis-Menten (A) constants values and R2 are indicated above the chart. 
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Microcapillary Work  
 

 

 Although the goal behind this work is the successful immobilization of an enzyme 

within a microchannel in order to retrieve kinetic data, the relative novelty of the approach 

suggests that thorough optimisation is still required. There was no guarantee that the purified 

enzyme would retain activity and at the same time produce detectable amounts of AP. Initial 

immobilization steps on the capillary lead to the acquisition of some promising data. This 

provided the basis needed to start kinetic studies on immobilized TAm in the microchannel 

that are now presented. 

  

 

 

Preparation of capillary surface 

 

 

 The capillary derivatisation procedure was adapted from previous work (Miyazaki et 

al, 2005). The process has already been optimized for the capillary in study but for the 

immobilisation of the his-tagged Transketolase (pQR421). After the process, surface imaging 

was retrieved by FE-SEM Imaging. SEM images showed that there is a clear difference 

between the treated and untreated capillary and therefore the surface treatment was 

considered successfully (Matosevic, S. et al, article in press). 

 

 
Figure 23 – FE-SEM images of untreated (A and B) and AB-NTA fused silica capillary (C).  

 

 Being the coating independent of the enzyme being immobilized, it relies on the his-

tag to accomplish the binding, the same coating procedure was used being assumed that the 

coating will lead to the same result as in the works of Matosevic, C. (in press) (Figure 23 ) 

 

Transaminase Immobilisation and Elution 

 

 

 For the capillary to be useful as a support for the biocatalyst there are two steps that 

need to be carried out efficiently. The immobilisation and the elution steps. 
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 The immobilisation will guarantee that the enzyme stays inside the capillary, 

therefore allowing it to be used to catalyse the reaction being studied. It is important to 

quantify the amount of enzyme that stays immobilized in the microchannel. That information 

will be important for the specific rates and kinetic data determination. 

 A successful elution step will lead to a stripped capillary in which a new enzyme 

batch can be loaded. Without this step, the long preparation needed for the capillary coating 

(around 5 days) would make its use unviable. For the elution step the same strip buffer as 

the one used in the purification process (50mM EDTA) was used. This should completely 

remove the Ni2+ bound to the capillary walls and result in the complete removal of the 

enzyme. The load of a Ni2+ solution will therefore always precede a new immobilisation step. 

 

 To analyse both the immobilisation and the elution steps, samples of the enzyme 

solution loaded, the solution recovered after the load and the strip buffer after load were 

analysed by SDS-PAGE. Densitometric quantification of the protein loads enables the 

estimation of the concentration of a desired sample based on a marker of known 

concentration. 

 
Figure 24 – SDS-PAGE Gel picture. The first two bands 

correspond to samples taken from the enzyme solution 

before and after the load step on the capillary (respectively). 

The Elute sample was recovered after the elute step. 

 

 As seen in Figure 24, even without a densitometry analysis, the second band is 

visibly not as dense as the first. This clearly indicates that some enzyme was successfully 

immobilized inside. That is not the only explanation, however, as a degree of non-specific 

adsorption of the Transaminase enzyme on the capillary surface cannot be ruled out and 

may be occurring at the same time.  

This could affect the enzyme activity by shielding available active sites and causing 

protein aggregates on the surface. Although there was no visual assessment of the presence 

of protein aggregates, protein-protein and protein-surface interaction on the inner capillary 

surface is likely to occur. Still, these interactions are weak and easily washed out by the load 

of a small volume. Previous work has shown that up to 1μg of enzyme can be loosely bound 

to the capillary and are removed in this step. Although there is no representation of this wash 

step in Figure 24, the existence of an Elute band attests for the wash step did not completely 

remove the enzyme from the capillary. The thickness of the elution band when compared 

with the loading band indicates that not only the immobilisation step was successful, but also 

that the elution is likely to be removing all of the enzyme left inside the microchannel.  
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Immobilised Transaminase Activity Assays and Kinetics 

 

 

The measurement of TAm activity inside the microchannel followed the same 

procedures as the TAm assays in bulk solution. The assays are to be carried out under stop-

flow conditions, this setup improves substrate residence times thereby increasing the 

product formation. Furthermore, due to the low amount of immobilised enzyme (the capillary 

allows a maximum of 5 μg of enzyme immobilized), the reaction times were considerably 

higher than in the glass vials, as it is though that only by this increase would the product 

concentration reach detectable levels. 

The microfluidic reaction volume is 6 μL, significantly lower than the standard 

reaction volume in glass vials (around 300 μL). The decrease in scale leads to important 

considerations on the nature of the reaction as well as mass transfer issues that might affect 

it. Furthermore, the immobilization should affect the enzyme activity and stability itself. That 

is expected to be reflected as an increase in the reaction rates obtained. To address that, 

several assays were carried out with different substrate concentrations. At the same time, a 

control reaction with the same conditions was set up in a standard glass vial. 
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Figure 25 - AP concentration over time for different substrate concentratios. Pair of values always 

indicates Erythrulose-MBA concentration in mM. 

 

Figure 25 shows that there is an increase in the product concentration over time for 

all the concentrations tested. Thus, the enzyme is active and the reaction can be said to be 

successful, until a certain extent. Figure 25 shows an abrupt drop in the concentration of AP 

on the third hour for two different assays. It is important to mention that due to the stopped 
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flow regime, a 5 hours reaction takes a total of 20 hours to run. That forces the enzyme to be 

kept immobilised for up to 40 hours while conducting these experiments. 

In order to continue with the activity analysis a deeper look into the apparent non 

linear behaviour of the 50-5 and 100-10 assays shown on Figure 25 should be taken. In light 

of the deactivation profile already discussed in this work, a loss of activity over a period of a 

day at room temperature is not unexpected for the TAm. In both cases, more than 22 hours 

separates the first and second hour samples from the third. This time discrepancy could be 

responsible for a higher enzyme degradation that would lead to lower conversion over that 

period of time. 

In order to assess this theory, the deactivation model was combined with the initial 

rate definition in the following way.  

The rate is considered to be no more than the amount of product produced over the 

reaction time, 

 
dPv
dt

=  (9) 

By working with initial rates, the rate is assumed to be independent from the reaction 

time and therefore a constant, 

 o
Pv
t

Δ
=

Δ
 (10) 

 

Still, a loss in the activity was reflected in a lower product production. This loss is can 

be explained by an exponential deactivation as the one presented in Equation (11). 

 0( ) dk T
o ov T v e− ⋅=  (11) 

Where T is the storage time, vo
0 would be the unaffected initial rate and kd the 

deactivation constant. So by combining Equations (10) and (11) we obtain, 

 0 dk T
o

P v e
t

− ⋅Δ
=

Δ
 

 0 dk T

o

P
Pev

t t
− ⋅

Δ ′Δ
= =

Δ Δ
 (12) 

 

Equation (12) shows that for a period of time Δt, an apparent amount of product ΔP’ 

should be produced, which depends of the enzyme incubation time. Although the product 

concentration, P, does not increase linearly with the reaction time, t, P’ does according to 

Equation (12). 

There is still the need to determine the deactivation constant kd. This constant is 

unknown for the immobilised enzyme in the microchannel at room temperature but there is a 

constraint associated with Equation (12), that the P’ increase is linear to t, that will allow the 

determination of such constant. The Solver tool from Microsoft© Office Excel was used to 

determine the kd that would lead to the best linear fitting between ΔP’ and Δt. 
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Figure 26 - AP concentration over time for the untreated capillary data and the same data with the deactivation 

model applied. Each graphic has a line that represents the linear regression of the values. Next to the line there is 

the R2 value obtained for that regression. The graphics on the left represent the untreated capillary data and the 

ones on the right have the deactivation model applied. a) How the axis should be read; A) Substrates conditions 

were 50 mM of Erythrulose and 5 mM of MBA; B) Substrates conditions were 100 mM of Erythrulose and 10 mM of 

MBA; C) Substrates conditions were 200 mM of Erythrulose and 20 mM of MBA. 
 

Table 11 – Initial rates values obtained for the different substrate concentrations. The values were determined by assuming a value 

of kd  that would lead to a linear relationship between ΔP and Δt. The ratios are always the initial rate for the different concentrations 

of substrates divided by the lowest initial rate. 

   Capillary Control 
Substrates 

(mM) 
kd 

(days-1) 
t1/2 

(days) 

vo
0 

(mM of P / hour) ratio* vo
0 

(mM of P / min) ratio*

50-5 0,77 0,89      0,003 ± 0,002 1,0 8×10-7 ± 2×10-7 1,0 
100-10 0,85 0,82       0,0113 ± 0,0005 3,3 5×10-5 ± 2×10-5 59,5 
200-20 0,44 1,58       0,005 ± 0,004 1,4 3×10-6 ± 2×10-6 4,2 
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Figure 26 shows that the application of the deactivation model leads to satisfactory 

results in terms of the linearization of ΔP’ versus Δt. This seems to strengthen the hypothesis 

that there is indeed a deactivation occurring and this deactivation follows the model 

proposed. The origin of such deactivation would probably be the thermal deactivation 

inherent to any enzyme.  

 Table 11 shows the deactivation constants determined for the capillary as well as the 

half-life times. It shows similar values of kd for both the 50-5 and the 100-10 mM 

concentration assays which could once again indicate that the conditions inside the capillary 

are the ones responsible for the deactivation. Nevertheless, and against what was expected, 

they are quite high when compared to the ones obtained for storage. The enzyme should 

retain more activity when it is in catalysing a reaction, even more considering that it is 

immobilised. This result mean either that the enzyme is under stress inside the capillary with 

its stability being continually affected throughout the residence time, or that something else is 

responsible for its deactivation. 

 Indeed, another variable could lead to the deactivation of the enzyme. That would be 

the introduction, by flow, of a new solution of substrates to the microchannel. During this 

process some enzyme could either be washed out, or damaged by the pressure inside the 

channel caused by the fluid flowing through. If the number of flow steps are considered to be 

responsible for the deactivation (although being a discreet variable) it would present some 

proportionally to the residence time that was seen to achieve good results. This way, 

assuming that the damage caused by the flow of the new solution through the capillary 

equally affects all of the enzyme inside, independently of previous steps, Equation (12) can 

be used in terms of flow steps (F) instead of residence time (T), 

 
'

0 dk F

o

P
Pev

t t
− ⋅

Δ
′′Δ

= =
Δ Δ

 (13) 

In this equation, a new kd’ will be determined and a ΔP’’ should retain the same 

linearity with Δt as the ΔP’ from Equation (12). 

 

Figure 27 shows the application of such a model. It is visible that the results do not 

lead to linear regressions that correlate as well as the ones obtained in Table 11. They are 

however still high enough to consider a linear relationship to exist. This was expected, as a 

linear relationship between flow steps and residence time was already observed. 

Table 12 shows the values obtained for the deactivation constant and half-life flow 

steps. There is a larger discrepancy between these values than the ones in Table 11. Still, it 

might be possible for the flow to differently affect the activity for different batches. For a start, 

the success of the immobilization step might differ between batches. Batches of purified 

enzyme might show different binding strengths. The age of the capillary coating might have 

an influence not only on the number of active binding sites available but also on the condition 

of such binding. Occasionally there is some blockage in the capillary during the assays, 

which may lead to an increase in the pressure and the flowrate within the capillary and  
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Figure 27 - AP concentration over time for the untreated capillary data and the same data with the deactivation 

model based applied. Each figure has a line that represents the linear regression of the values. Next to the line 

there is the R2 value obtained for that regression. The figures on the left represent the untreated capillary data and 

the ones on the right have the deactivation model applied. a) How the axis should be read; A) Substrate conditions 

were 50 mM of Erythrulose and 5 mM of MBA; B) Substrate conditions were 100 mM of Erythrulose and 10 mM of 

MBA; C) Substrate conditions were 200 mM of Erythrulose and 20 mM of MBA. 
 

Table 12 – Initial rate values obtained for the different substrate concentrations. The values were determined by assuming a value 

of kd  that would lead to a linear relation between ΔP and Δt. The ratios are always the initial rate for the different concentrations of 

substrates divided by the lowest initial rate. 

   Capillary Control 

Substrates 
(mM) 

kd 
(flow 

steps-1) 

t1/2 
(flow 

steps) 

vo
0 

(mM of P / hour) ratio* vo
0 

(mM of P / min) ratio* 

50-5 0,2 4       0,001 ± 0,005 1,0 8×10-7 ± 2×10-7 1,0 
100-10 0,4 2       0,03 ± 0,02 19,4 5×10-5 ± 2×10-5 59,5 
200-20 0,1 11       0,004 ± 0,004 3,1 3×10-6 ± 2×10-6 4,2 
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therefore might be responsible for damaging the enzyme. All these variables were not fully 

controlled from assay to assay and can explain not only why a flow step can be responsible 

for enzyme activity losses but also how can it affect the activity at different rates. 

 Even with the limitations already discussed, the results obtained with this approach 

might be more accurate than the ones presented before (Table 11). The initial rates are 

closer to the initial trends observed in the untreated data, if the treated results show 

completely different behaviour there is no way to confirm them as correct. No matter what 

deactivation model is used, the trend presented by the initial two points should not be 

ignored as these values should suffer minor deactivation. In addition, the ratios between the 

rates (Table 12) are nearer to the ones obtained for the control reactions in the glass vials 

(values 6 and 2 times closer to the controls for the 200 and 100 assays respectively). 

 
Table 13 – Initial rates obtained for the different substrates concentration with the different treatments. The values under 

original data do not present a standard error because their calculation was based on only two points. Model1 refers to the 

application of the temperature deactivation model (Equation (10)). Model2 refers to the application of the deactivation due 

to the flow through the capillary. The ratios are always the initial rate for the different concentrations of substrates divided 

by the lowest initial rate.  

Original Data Model1 Model2 Control Substrates 
(mM) vo

0 

(mM of P / hour) ratio vo
0 

(mM of P / hour) ratio vo
0 

(mM of P / hour) ratio vo
0 

(mM of P / min) ratio 

50-5 0,002 1 0,003 ± 0,002 1     0,001 ± 0,005 1    8×10-7 ± 2×10-7 1 

100-10 0,013 7 0,011 ± 0,001 3     0,03 ± 0,02 19    5×10-5 ± 2×10-5 60 

200-20 0,003 2 0,005 ± 0,004 1     0,004 ± 0,004 3    3×10-6 ± 2×10-6 4 

 

Table 13 presents the different initial rates obtained according to the different 

treatments applied. It also permits a comparison by the ratio value with the control reaction in 

the glass vials. The data from the Model2 is going to be used from now on as the one 

representing the capillary reactions for the reasons already presented. 

 

Due to experimental difficulties, it was impossible to determine the amount of 

enzyme successfully immobilised inside the microchannel for each of the assays analyzed 

before. Still, it is known that the microchannel has the capability of immobilize 5 μg of 

enzyme. This amount is of course theoretical and therefore impossible to achieve. For the 

determination of specific initial rates, in order to proceed with the comparison study between 

the microchannel and vial reactions, it was assumed an 80% yield of the microchannel 

capacity to retain enzyme.  

 

By determining the specific rates (Table 14), a more direct comparison between the 

activity at the two scales can be addressed. There seems to be a similarity in the enzyme 

activity, the values obtained for each assay are in the same order of magnitude. Although the 
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activity in the microchannel seems to be slightly lower than in the glass vial (around 50%), 

such difference is too relative considering the approximations made during the process.  

 
Table 14 – Specific Initital rate comparison between the reactions in the microchannel and in the glass vials. The last column shows 

the quotient between the activity obtained in the microchannel assays and in the glass vials (control). The ratio’ was determined 

using the rounded central values which resulted in slightly different values than the ones presented before. 

Capillary Glass Vial 
Substrates 

(mM) vo
0 × 10-10 

(mol of P . min-1 genzyme
-1) ratio’ vo

0 × 10-10 

(mol of P . min-1 genzyme
-1) ratio’ 

vo
0cap. / vo

0vial 

50-5 0,14 ± 0,02 1 0,085 ± 0,003 1         0,6 ± 0,1 
100-10 8 ± 3 57 2 ± 1 24         0,3 ± 0,2 
200-20 0,6 ± 0,4 4 0,3 ± 0,2 4         0,5 ± 0,7 

 

Unfortunately, it is not possible to determine accurate kinetic parameters for the 

microchannel at this stage and more studies should be made. The enzyme used in all these 

assays had its origin in the same batch. Therefore, the enzyme solution used did not share 

the same initial conditions from assay to assay. Different storage times (1, 4 and 7 days for 

the 100, 50 and 200mM assay respectively) would have led to different degrees of 

deactivation. Even taking the deactivation due to storage into consideration, the rates 

obtained at both the 50-5 mM and the 200-20 Mm assays are too low when compared with 

the value obtained for the 100-10 mM assay. This is true for both the capillary and the glass 

vial control, which could lead to some storage issue after the first assay was conducted. 

Although it is impossible to directly determine kinetic parameters from the results 

obtained in the microchannel, the consistent ratio between the activities at both scales can 

constitute important information about the kinetic behaviour of the enzyme immobilized in the 

microchannel. The fact that this ratio is apparently constant in the range addressed could 

point to the fact that the kinetics in the microchannel (and therefore its parameters) will not 

be far from the ones observed in the glass vials.  
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Conclusions and Future Work 
 

 

 In this project, we demonstrated the successful implementation of a prototype 

enzyme microreactor based on the immobilisation of transaminase on the inner surface of a 

fused silica capillary through his-tag with a Ni-NTA activated surface. We have also carried 

out extensive characterisation of the transaminase enzyme with respect to temperature, pH, 

storage stability, activity and purification optimisation. 

It was shown that the purification process can be highly enhanced by increasing the 

number of elution steps. Additionally, running the samples over two columns can further 

improve the yields obtained and should be standard especially when processing lysate 

solutions of high OD. Trying to relate the final OD of a fermentation with the amount of 

enzyme obtained could help to predict when the use of second column would be essential.  

 Furthermore, it was shown that the TAm can be concentrated by centrifugation in 

falcon concentration tubes with minor effects on both the stability and on enzyme losses. 

These findings could make up for the losses incurred during what appears to be the 

bottleneck of the purification process, dialysis. Consecutive concentration steps could be 

used to replace the solvent while concentrating at the same time, reducing the need for the 

dialysis. 

 

 Following purification, several reaction variables were addressed in the 

characterisation of the transaminase. It was found that, from the temperatures studied, 37ºC 

is the optimal temperature to carry out a Tam reaction over an extended period of time. 

Higher temperatures reveal higher initial rates but lead to an increase in the enzyme 

deactivation. Lower temperatures showed lower initial rates but are still high enough to work 

with if necessary. 

 A pH close to 7,5 was shown to be the optimal, further studies in this area are 

required to confirm this and address the decrease in activity on neighbouring pH values.  

 The enzyme activity was shown to decay exponentially when stored. Storage at 

lower temperatures (~4ºC) revealed higher activity retention, with a half-life time of 4,5 days. 

Enzyme storage is therefore viable for a short period after purification (80% of the activity is 

retained over 2 days). 

 Enzyme kinetics were shown to follow an equilibrium binding model, with no 

inhibition either by the products or the reagents, within the substrates concentration range 

studied. Values of (0,77±0,07) x 10-8 mol of P (min . mg of E.)-1 and (122±20) mM were 

obtained for the maximum initial rate and Michaelis-Menten constant respectively.  

 

 Kinetic studies on the immobilized enzyme microreactor have shown the 

microreactor to be of comparable performance to reaction conditions in bulk solution making 

the microreactor a powerful tool for enzyme activity screening.  
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 These results confirm the applicability of the proposed immobilisation procedure 

whilst retaining a level of activity. Further studies to optimise reaction conditions in both 

activity and stability of the surface immobilized enzyme are important in order to improve the 

behaviour of the microreactor when compared to what is observed in bulk solution. 

Improvements on the analysis procedure by the implementation of an on-line detection 

method would lead to the immediate acquisition of the results and greatly increase the 

detection limit. That could open the way to start the study of a faster and more efficient, 

continuous-flow model. 

 The successful implementation of a second* single enzyme reaction will help pave 

the way for multienzyme screening and leave the way open for the incorporation of a de 

novo created two-step pathway into the system. 

 

                                                      
* The first successful implemented enzyme was the transketolase (pQR412) whose works were conducted roughly 

at the same time as the transaminase enzyme.  
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 The Propagation of Errors was applied to subsequent calculations in order to 

determine the final value error. Equation (15) or (16) were used (or both) according to the 

operations to apply. 
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Appendix I – Errors Considerations 
 

 

The error intervals presented within this work represent the central value obtained 

and its standard deviation with a 95% confidence interval. 

The standard deviation was determined for sampling and linear regressions by 

Equation (14). 
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where s is the standard deviation, N the total number of samples, xi the sample i and  x  the 

average value of the population sampled.  

where si represents the standard deviation for the variable I. Equation (16) is an 

approximation due to ignoring the term (sAsB / AB). This term is usually smaller when 

compared with the other two not contributing to the significance of the final value and 

therefore not taken into account. 
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Appendix II – Purifications Data 
 

 Enzime       TAm  Yeld 

 Vol. Conc. (mg/mL) Amm. (mg) % Conc. (mg/mL) Amm. (mg) step % total % 

+FB 90       0,10 0,02 ± 0,00 1,925 ± 0,000      
Lysate 10,5 0,97 ± 0,04 10,1 ± 0,4 0,19 0,18 ± 0,01 1,925 ± 0,080      
Lysate Super Nadant 10,5 1,24 ± 0,05 13,0 ± 0,5 0,17 0,21 ± 0,01 2,208 ± 0,083 1,15 ± 0,09 1,15 0,09
*Lysate after filtration 6,5 1,40 ± 0,07 9,1 ± 0,4 0,18 0,25 ± 0,01 1,636 ± 0,076 0,74 ± 0,06 0,85 ± 0,08
B                   

Collumn Load 6,4 0,96 ± 0,03 6,2 ± 0,2 0,15 0,14 ± 0,01 0,925 ± 0,034 0,43 ± 0,04 0,37 ± 0,07
1st Wash 20 0,08 ± 0,00 1,5 ± 0,1 0,06 0,00 ± 0,00 0,092 ± 0,005 0,9 ± 0,2 0,32 ± 0,07
2nd Wash 10 0,00 ± 0,00 0,0 ± 0,0 0,00 0,00 ± 0,00 0,000 ± 0,000 1 ± 0 0,32 ± 0,07
Elute 1 4 0,08 ± 0,00 0,3 ± 0,0 1,00 0,08 ± 0,00 0,313 ± 0,013 0,5 ± 0,1 0,16 ± 0,01
Elute 2 4,0 0,05 ± 0,01 0,2 ± 0,0 1,00 0,05 ± 0,01 0,208 ± 0,020 0,34 ± 0,09 0,27 ± 0,03
TAm 1 4,5 0,04 ± 0,00 0,2 ± 0,0 1,00 0,04 ± 0,00 0,192 ± 0,012 0,61 ± 0,06 0,10 ± 0,01
TAm 2 5,5 0,02 ± 0,00 0,1 ± 0,0 1,00 0,02 ± 0,00 0,114 ± 0,012 0,5 ± 0,1 0,16 ± 0,02
TAm 2 Concentrate 1,0 0,23 ± 0,00 0,2 ± 0,0 1,00 0,23 ± 0,00 0,228 ± 0,005 2,0 ± 0,3 0,22 ± 0,02

A                  
Collumn Load 6,3 0,81 ± 0,03 5,09 ± 0,19 0,18 0,15 ± 0,01 0,915 ± 0,034 0,01 ± 0,00 0,00 ± 0,04
Collumn 2nd Load 6,2 0,82 ± 0,03 5,08 ± 0,19 0,16 0,13 ± 0,00 0,814 ± 0,030 0,11 ± 0,01 0,06 ± 0,04
1st Wash 20 0,06 ± 0,00 1,16 ± 0,07 0,08 0,00 ± 0,00 0,093 ± 0,005 0,2 ± 0,1 0,01 ± 0
2nd Wash 10 0,00 ± 0,00 0,00 ± 0,04 0,00 0,00 ± 0,00 0,000 ± 0,000 1 ± 0 0,01 ± 0
Elute 1 4,0 0,00 ± 0,00 0,00 ± 0,00 1,00 0,00 ± 0,00 0,004 ± 0,004 0,2 ± 1,1 0,00 ± 0
Elute 2 4,0 0,00 ± 0,00 0,01 ± 0,01 1,00 0,00 ± 0,00 0,006 ± 0,006 0,35 ± 1,64 0,01 ± 0,01
TAm 3 3,8 0,01 ± 0,00 0,05 ± 0,00 1,00 0,01 ± 0,00 0,045 ± 0,004 0 ± 0 0,00 ± 0
TAm 4 3,8 0,00 ± 0,00 0,00 ± 0,01 1,00 0,00 ± 0,00 0,000 ± 0,007 0 ± 0 0,00 ± 0
TAm 4 Concentrate 2 0,10 ± 0,00 0,23 ± 0,00 1,00 0,10 ± 0,00 0,226 ± 0,004 n/a ± n/a 0,12 ± 0,01

                 
        + Determined based only on the ammount of Enzyme in the lysate and the volume of FB            

* 4mL Lost due to experimental error                   
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Yelds Resume                                       
Yeld of the Puritication Process  36%                
Concentration ratio (Lys/P. TAm)  1,5                

with P. TAm 1    2,0                
with P. TAm 2   1,0                

 

 



Appendix III – Raw Data 

Concentration of AP over time for different reagents concentration       
  50-5 100-10 
Time (min)            
 10 0,114 ± 0,004 0,097 ± 0,003 0,153 ± 0,005 0,172 ± 0,005 
 30 0,239 ± 0,007 0,278 ± 0,009 0,42 ± 0,01 0,42 ± 0,01 
 45 0,34 ± 0,01 0,37 ± 0,01 0,59 ± 0,02 0,59 ± 0,02 
 60 0,47 ± 0,01 0,61 ± 0,02 0,82 ± 0,03 0,82 ± 0,03 
 128 0,80 ± 0,02 1,12 ± 0,03 1,34 ± 0,04 1,28 ± 0,04 
 4200 4,2 ± 0,1 4,1 ± 0,1 6,3 ± 0,2 6,1 ± 0,2 
              
  150-15 200-20 
Time (min)            
 10 n/a  n/a 0,214 ± 0,007 n/a  n/a 0,221 ± 0,007 
 30 n/a  n/a n/a  n/a 0,62 ± 0,02 0,213 ± 0,007 
 45 0,75 ± 0,02 0,72 ± 0,02 0,92 ± 0,03 0,89 ± 0,03 
 60 0,97 ± 0,03 0,99 ± 0,03 1,19 ± 0,04 1,15 ± 0,04 
 128 n/a  n/a 1,63 ± 0,05 2,04 ± 0,06 1,88 ± 0,06 
 4200 7 ± 2 7 ± 2 8 ± 2 9 ± 3 
              
Reaction Conditions                    
              
 Reagents Concentration   Enzyme      
 -MBA   5-20mM Concentration 0,072± 0,007 
 -Erythrulose 50-200mM Purified on  08-06-2007 
 -PLP   0,10mM       
              
 Temperature  22 C  Reaction      
 pH   7,5    Volume   350 μL 
        Ratio (E:'S+CoF') 1:1  
              
Plot                        
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Reagents Concentration Analysis

Concentration of AP over time for different reagents concentration

Time (min)
10 0,022 ± 0,001 0,021 ± 0,001 0,035 ± 0,002 0,034 ± 0,002
30 0,051 ± 0,003 0,053 ± 0,003 0,097 ± 0,006 0,080 ± 0,005
45 0,056 ± 0,003 0,070 ± 0,004 0,103 ± 0,006 0,112 ± 0,007
60 0,099 ± 0,006 0,086 ± 0,005 0,155 ± 0,009 0,140 ± 0,008
128 0,16 ± 0,01 0,148 ± 0,009 0,24 ± 0,01 0,24 ± 0,01

Time (min)
10 0,044 ± 0,003 0,049 0,003 0,052 ± 0,003 0,063 ± 0,004
30 0,104 ± 0,006 0,102 0,006 0,118 ± 0,007 0,119 ± 0,007
45 0,137 ± 0,008 0,145 0,009 0,168 ± 0,010 0,163 ± 0,010
60 0,174 ± 0,011 0,183 0,011 0,207 ± 0,012 0,204 ± 0,012
128 0,30 ± 0,02 0,31 0,02 0,34 ± 0,02 0,32 ± 0,02

Reaction Conditions

Reagents Concentration Enzyme
- MBA 2.5-10 mM Concentration 0,139 ± 0,007
- Erythrulose 25-100 mM Purified on 
- PLP 0,10 mM

Temperature 22 C Reaction
pH 7,5 Volume 250 μL

Ratio (E:'S+CoF') 1:1

Plot
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Temperature / pH Assays Joao Guerreiro

Concentration of AP over time for different Temperatures / pH
Temp \ pH

min
45C 12 0,91 1,05 1,99 1,62 0,76 0,66 2,69 2,30

30 1,32 1,23 1,53 1,48 0,59 0,27 2,12 2,28
48 1,16 0,65 1,43 1,51 0,47 0,24 1,16 1,59
63 1,20 1,35 1,12 1,71 0,28 0,36 1,73 2,17

105 0,00 1,28 1,23 1,46 0,33 1,83 2,38 2,39

22C min
12 4,90 3,47 3,12 3,29 2,59 2,49 1,86 1,92 0,00 0,89
30 3,93 3,87 4,43 5,15 2,79 2,69 1,90 2,30 0,00 1,19
48 1,98 1,88 3,81 2,53 3,70 4,07 3,05 3,56 0,38 0,69
63 0,80 2,41 2,56 3,77 0,00 0,00 0,00 0,00 0,16 1,22

105 0,66 1,70 2,81 2,32 2,10 1,56 1,47 1,59 1,08 1,11

37C min
12 2,34 1,20 2,48 0,00 0,68 0,07
30 1,26 0,83 1,14 0,96 0,61 0,15
48 0,79 0,00 1,40 1,02 0,32 0,28
63 0,50 0,00 1,37 0,00 0,22 0,08

105 1,38 0,96 0,18 1,01 0,16 0,00
Reaction Conditions

٠ Reagents Concentration ٠ Enzyme
- MBA 100 mM Concentration 0,5 mg/mL
- Erythrulose 10 mM Purified on
- PLP 0,1 mM

٠ Temperature 7,5 ٠ Reaction
Volume 260 μL
Ratio (E:'S+CoF') 1:1
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Temperature Assays

Concentration of AP over time for different Temperatures

10 0,10 ± 0,02 0,08 ± 0,01 10 0,07 ± 0,01 0,05 ± 0,01
30 0,26 ± 0,04 0,27 ± 0,04 30 0,10 ± 0,02 0,10 ± 0,02
45 0,00 ± 0,00 0,29 ± 0,05 45 0,24 ± 0,04 0,11 ± 0,02
60 0,51 ± 0,08 0,31 ± 0,05 60 0,16 ± 0,03 0,17 ± 0,03
90 0,44 ± 0,07 0,45 ± 0,07 90 0,20 ± 0,03 0,21 ± 0,03

180 0,6 ± 0,1 0,53 ± 0,09 180 0,24 ± 0,04 0,24 ± 0,04
360 0,54 ± 0,09 360 0,39 ± 0,06

10 0,08 ± 0,01 0,072 ± 0,01 10 0,023 ± 0,002 0,020 ± 0,001
30 0,21 ± 0,03 0,173 ± 0,03 30 0,018 ± 0,001 0,048 ± 0,003
45 0,22 ± 0,04 0,177 ± 0,03 45 0,069 ± 0,005 0,052 ± 0,004
60 0,23 ± 0,04 0,250 ± 0,04 60 0,077 ± 0,005 0,081 ± 0,006
90 0,48 ± 0,08 0,374 ± 0,06 90 0,105 ± 0,007 0,090 ± 0,006

180 0,53 ± 0,09 0,380 ± 0,06 120 0,114 ± 0,008 0,095 ± 0,007
360 0,53 ± 0,08

Reaction Conditions

٠ Reagents Concentration ٠ Enzyme
- MBA 100 mM Concentration 0,139 ± 0,007 mg/mL
- Erythrulose 10 mM Purified on
- PLP 0,1 mM

٠ pH 7,5 ٠ Reaction
Volume 350 μL
Ratio (E:'S+CoF') 1:1
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Stability Assays

Concentration of AP over time for different storage days

min

10 0,05 0,06

30 0,12 0,12

45 0,17 0,16

60 0,21 0,20

128 0,34 0,32

Room Temp

Days min min min min

10 0,04 ± 0,01 0,04 ± 0,01 10 0,008 ± 0,001 0,007 ± 0,001 10 0,015 ± 0,003 0,016 ± 0,003 10 0,010 ± 0,002 0,011 ± 0,002

30 0,08 ± 0,02 0,08 ± 0,02 30 0,066 ± 0,005 0,014 ± 0,001 30 0,013 ± 0,003 0,012 ± 0,003 30 0,010 ± 0,002 0,012 ± 0,002

45 0,16 ± 0,03 0,16 ± 0,03 45 0,022 ± 0,002 0,024 ± 0,002 45 0,014 ± 0,003 0,016 ± 0,003 45 0,011 ± 0,002 0,013 ± 0,003

60 0,67 ± 0,14 0,36 ± 0,08 60 0,030 ± 0,002 0,024 ± 0,002 60 0,023 ± 0,005 0,015 ± 0,003 60 0,009 ± 0,002 0,012 ± 0,002

120 0,01 ± 0,00 0,01 ± 0,00 90 0,033 ± 0,002 0,022 ± 0,002 90 0,017 ± 0,004 0,017 ± 0,004 90 0,010 ± 0,002 0,011 ± 0,002

540 0,03 ± 0,01 0,03 ± 0,01 120 0,040 ± 0,003 0,090 ± 0,006 120 0,016 ± 0,003 0,013 ± 0,003 120 0,020 ± 0,004 0,010 ± 0,002

Fridge Temp

Days min min 6 min min

10 0,06 ± 0,01 0,06 ± 0,01 10 0,023 ± 0,002 0,020 ± 0,001 10 0,14 ± 0,03 0,10 ± 0,02 10 0,077 ± 0,005 0,057 ± 0,004

30 0,06 ± 0,01 0,06 ± 0,01 30 0,018 ± 0,001 0,048 ± 0,003 30 0,17 ± 0,04 0,15 ± 0,03 30 0,078 ± 0,006 0,070 ± 0,005

45 0,13 ± 0,03 0,11 ± 0,02 45 0,069 ± 0,005 0,052 ± 0,004 45 0,16 ± 0,03 0,15 ± 0,03 45 0,075 ± 0,005 0,068 ± 0,005

60 0,24 ± 0,05 60 0,077 ± 0,005 0,081 ± 0,006 60 0,14 ± 0,03 0,16 ± 0,03 60 0,066 ± 0,005 0,081 ± 0,006

120 0,01 ± 0,00 0,01 ± 0,00 90 0,105 ± 0,007 0,090 ± 0,006 90 0,16 ± 0,03 0,17 ± 0,04 90 0,097 ± 0,007 0,094 ± 0,007

540 0,04 ± 0,01 0,04 ± 0,01 120 0,114 ± 0,008 0,095 ± 0,007 120 0,18 ± 0,04 0,16 ± 0,03 120 0,114 ± 0,008 0,097 ± 0,007

1200 0,30 ± 0,06 0,29 ± 0,06 1298 0,286 ± 0,020 0,243 ± 0,017

Reaction Conditions

٠ Reagents Concentration ٠ Enzyme
- MBA 100 mM Concentration 0,139 ± mg/mL
- Erythrulose 10 mM Purified on
- PLP 0,1 mM

٠ Reaction #
٠ pH 7,5 Volume μL

Ratio (E:'S+CoF') 1:1
٠ Temperature 22C
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