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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 kinetic data, temperature and pH profiles were obtained. 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. 

 
Introduction 

 
 With the cost of drug discovery and development 
being estimated around 0,8 billion of dollars per new 
successful compound1 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 vital2. 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 replication3. 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 automation4.  
 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 mixromixing5, 
microreactions6 and protein separation7, 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 introduces benefits previously unattainable 
with macro scale process configuration8.  
 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 compounds9. 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 selectivity10. Therefore, a single enantiomer 
formulation would have higher potency and thus 
required lower dosages, subsequently reducing potential 
side effects of the drug11.  
 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 molecules12 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.  
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 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 time13, 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 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 14. 
 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.  
 
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 
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)-�-
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 
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(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 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 ul ultrapure water at a flowrate of 5 ul/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. 

 
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.  

 
Results and Discussion 
 

Biocatalyst production 
 

The use of Transaminase as a biocatalyst makes the 
process by which it is obtained one that has to be 
considered thoroughly. Both the fermentation and the 
purification processes were analysed quantitatively. The 
latter was analysed by sampling and running through 
SDS-PAGE gel electrophoresis. 

We obtained an average OD of 3,1 from the 
fermentations, which corresponds to 1,6 g/l dry cell 
weight.  

 

 
Figure 1 - 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 purification was successful, as seen by the 

TAm band on the gel (Figure 1), corresponding to the 
molecular weight of the enzyme (51 kDa). Enzyme 
yields at different stages of purification were generally 
low, so there is room for optimisation. The bottleneck 
was identified to be the dialysis step where 50% of the 
enzyme is being lost (data not shown). 
 

The low concentrations of the TAm solutions after 
purification lead to a number of problems in their 
characterization and detection. Most of the 
concentration approaches tend to be too harsh and lead 
to concentrated solutions with residual activity. The 
challenge is to not only get a higher concentration, but a 
compromise between activity and concentration. 

A concentration approach was carried out in falcon 
concentration tubes. Two different conditions were 
tested and activities following concentration were tested 
for both (Figure 2). 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). 
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 Figure 2 - Specific Activity rates for the concentrated TAm 
solutions and the control TAm1.TAm2  was centrifuged at 
4000rpm for 20 minutes which concentrated it 6 times. TAm3 
was centrifuged at 2000rpm for 10 minutes which concentrated 
the solution 2 times. 
 

As visible from Figure 2, 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 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 2. 

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. 

 
Transaminase Characterisation 

 
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. 

To better understand what the best conditions for 
the TAm reaction are and, if viable, use them as the 
baseline for the capillary work, several variables were 
studied being either the more common or the most 
relevant to the capillary work. 

 
 The temperature was one of the first variables to be 
analysed. It was reported that transaminase has an 
optimal operating temperature of around 37ºC15. 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. 

The determination of the initial rates (Figure 3) 
showed a clear increase with temperature. Although an 
increase in the rate is still visible from 37 to 45ºC, the 
slope seems to decrease. 

 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 and the 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 
65ºC16. 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 is damaged due to temperature effects, the 
conversion in the capillary would become unviable. 
Effectively, samples taken after 3 reaction hours already 
showed the same amount of AP produced in the 45ºC 
and the 37ºC assays.  
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Figure 3 - Initial reaction rates obtained for the temperature 
array studied.  
 

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. 

 
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.  

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. 

Experimental difficulties led to problems in the 
data analysis for the pH assays taken. Two different 
approaches were tested that lead to concordant results 
not only with each other but also with the work of 
Ingram, C.U.2. The pH obtained as optimum was 7,5 by 
both approaches (compared to the 7,0 obtained by 
Ingram, C.U. 2, 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. 
 

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. 

Two storage conditions were addressed, room 
temperature (around 22ºC), and fridge temperature 
(around 4ºC).  
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Figure 4 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. 

 

 
Figure 4 - Deactivation suffered by the TAm after storage at 
‘Room Temperature’ (~22ºC), and ‘Fridge Temperature’ 
(~4ºC). Exponential deactivation model according to Equation 
3 was fitted to the data after linearization. Both the fitting gave 
an R2 greater than 0,99. The second point was not used in the 
fitting due to its large error. 

 
 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

= − ⋅  (1) 

 Integrating it between the initial conditions E=E0 
and t=0,  
  (2) 

0( ) dk tE t E e− ⋅=
 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: 

  (3) 0( ) dk t
o ov t v e− ⋅=

 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 4, it was possible to estimate the 
deactivation constant for both storage temperatures and 
the half-life times (Table 1). 

 
Table 1- deactivation constants (kd) and half-life times (t1/2) for 
different temperature storage conditions determined using the 
exponential deactivation model on Equation 3. 

T. (ºC) kd (days-1) t1/2 (days) 
21 0,31 ± 0,06 2,0 
4 0,149 ± 0,008 4,5 

 
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. 

 
Table 2 – Specific initial rates obtained for the concentration 
array studied. Each row corresponds to the substrate 
concentration present on the first column being the 
concentration represented as Erythrulose-MBA in mM. 

Substrates

(mM) 
Specific Initial Rate 

(mol of AP . min-1 . mg of E-1) 

50-5 22×10-8 ± 4×10-8 

100-10 34×10-8 ± 2×10-8 

150-15 40×10-8 ± 4×10-8 

200-20 50×10-8 ± 6×10-8 
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Figure 5 - 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. 

 
Considering the results obtained in Table 2, 

Michaelis-Menten kinetics were adjusted (using the 
fitting tools from the graphical software SigmaPlot©). 
An analysis of Figure 6 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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Figure 6 - 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. 

 
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 

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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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. 

 
 Firstly, for the capillary to be useful as a support 
for the biocatalyst there are two steps that need to be 
carried out efficiently: immobilisation and elution. 
 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 7 – 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 7, 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 7, 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.  

 
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 8 - AP concentration over time for the 200mM 
Erythrulose, 20Mm MBA assay. As can be seen by the x axis, 
the reaction takes considerably more time due to the smaller 
amount of enzyme present when compared with the microscale 
(reaction volume is almost 50 times smaller).   
 

Figure 8 shows the reaction profile obtained in the 
microcapillary. Although apparently slower, there is an 
increase in the product concentration over time. Thus, 
the enzyme is active and the immobilization and 
assemble of a working bioreactor can be said to be 
successful.  

 
Table 3 – 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 by dividing the rounded central values of the initial rates at the different concentrations by the lowest one. The 
specific initial rates determined for the capillary tried to take into account deactivation due to enzyme (activity) looses 
accountable to the flowing of new substrates solutions between the various samples. For the specific rate determination it was 
assumed that the immobilisation step resulted in 80% of the maximum theoretical achievable of 5μg. 

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 
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By determining the specific rates (Table 3), 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 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. 

 
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 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.  

 
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 
successful lead to an active Transaminase enzyme and 
that the process yields can be improved.  
 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 (0,8±0,1) x 10-8 
mol of P (min . mg of E.)-1 and (144±41) 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.  
 These results confirm the applicability of the 
proposed immobilisation procedure whilst retaining a 
level of activity. Further studies to optimise reaction 
conditions so that 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 
analysis toll, the 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. 
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