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Abstract 

A microfluidic enzymatic reaction, catalysed by Transketolase (TK), has been studied and 

characterized, aiming to couple it with a Diels-Alder reaction and thus develop a chemo-enzymatic, 

high-throughput continuous-flow production system for chiral metabolites. 

The enzymatic reaction between lithium β-hydroxypyruvate (HPA) and 

3,4-dimethyl-3-cyclohexene-1-carboxaldehyde (CCA) was studied using different TK enzymes: wild type (WT), 

the single-point mutant D469T and the triple mutant S385T/D469T/R520Q. The optimisation focused in the 

enzyme volume in the reaction and the initial substrate concentration. Batch and fed-batch modes were also 

tested in microscale, to mimic the microfluidic conditions. D469T was the best performing mutant (15-25% yield), 

followed by S385T/D469T/R520Q (5-15%), and no product was obtained using WT.  

Regarding the analytical methods, it was found that the extensively used High-Performance Liquid 

Chromatography method for monitoring reaction progress was not applicable to follow product formation, and a 

new colorimetric assay was tested with this purpose, with promising results.  

To overcome the laminar flow typical in microfluidics and improve mixing in the reactor channels, a 

mixing structure (Staggered Herringbone Mixer) has been machined, and its ability to provide mixing was tested 

and concluded to be good for high and low flowrates. 

The best results were obtained when using 40% enzyme volume in the reaction and equimolar amounts 

of both reagents (40mM), although further fed-batch studies must be conducted.  

Although there is still work to be done, the fact that the best mutant and a method for the product 

analysis were identified is a step forward towards the microfluidic chemo-enzymatic reactor.  
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1. Introduction 

 Scope of the present work 1.1

This thesis was done in UCL 

Department of Biochemical Engineering, in the 

microfluidics group, and is part of a project 

aiming to create a continuous two-step 

chemo-enzymatic reactor on a chip, to generate 

an industrially significant pharmaceutical 

product. The first reaction will be a Diels-Alder 

reaction, whose product is 

3,4-dimethyl-3-cyclohexene-1-carboxaldehyde, 

CCA. This carboxaldehyde and 

β-hydroxypyruvate (HPA) will be the substrates 

of the enzymatic reaction, catalysed by the 

enzyme transketolase, originating 

1-(3,4--Dimethyl-3-cyclohexen-1-yl)-1,3-

-dihydroxypropan-2-one (DCDHP). The 

enzymatic reaction is depicted in Figure 1.  

  

Figure 1 – The enzymatic reaction studied 
in this thesis, between CCA and HPA, producing 
DCDHP and CO2. Thiamine Pyrophosphate (TPP) 
and Magnesium ions act as co-factors for 
transketolase.  

The thesis focused on the optimisation 

of the enzymatic step, first in microwells (batch 

mode) and then in a continuous microfluidic 

reactor.  

 Introduction 1.2

Microfluidics studies the behaviour, 

precise control and manipulation of fluids in very 

small channels, typically at the sub-millimetre 
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scale. In these channels, fluid is characterized 

by laminar flow, instead of the turbulent regime 

associated with normal scale processes[1]. 

When working with chemical or enzymatic 

reactions, microfluidics can prove useful, since 

the reduced channel dimensions allow to control 

more efficiently the experimental setup and the 

reaction conditions, ultimately leading to higher 

yields and allowing reactions to occur faster. 

There is also a larger surface area to volume 

ratio in the channels and chambers, which 

provides a faster thermal transfer[2] and some 

fluid properties and characteristics, such as 

molecular diffusion and heat transport become 

enhanced, enabling dramatic increases in 

throughput[1]. These characteristics, together 

with the possibility for high-throughput screening 

and to work in continuous mode[3] make 

microfluidics useful for studying chemical or 

enzymatic reactions.  

When developing a new chiral 

pharmaceutical compound, one of the most 

important aspects to have in mind is 

enantiomeric purity. This way, process 

development aims for producing an enantiomeric 

pure compound, instead of racemic mixtures. 

Enzymes, due to their high enantioselectivity, 

are useful biocatalysts for production of chiral 

metabolites. For example transketolase (EC 

2.2.1.1) is a transferase that catalyses the 

transfer of a two carbon group from one ketol 

donor to an aldehyde acceptor. In vivo, TK is 

present in the pentose phosphate pathway 

(PPP) and the Calvin cycle. In the PPP, TK 

transfers a 2 carbon moiety from D-xylulose-5-

phosphate (X5P) to one of two possible 

aldehyde acceptors: D-ribose-5-P (which 

becomes sedoheptulose-7-P) or erythrose-4-P 

(yielding fructose-6-P). After the removal of the 2 

carbon moiety, X5P becomes   

glyceraldehyde-3-P. In the Calvin cycle, TK 

catalyses the reverse reactions[4]. 
 

The ability to form new carbon-carbon 

bonds is of great interest to synthetic chemists, 

because it enables building  large and complex 

molecules from simple pre-cursors[5]. This way, 

TK has an enormous potential in the synthesis of 

new compounds, not only due to the 

carbon-carbon forming capacity, but also 

because of its high stereospecificity for the 

aldehyde substrate in the R-conformation and 

stereoselectivity to form the product in the 

S-conformation[4]. Additionally, the use of lithium 

β-hydroxypyruvate (HPA) as the ketol donor 

renders the reaction irreversible, due to the 

formation and release of CO2, leading 

equilibrium to the product side and increasing 

reaction yield, which further increases TK 

synthetic ability[4].  

In conclusion, transketolase, due to its 

high stereospecificity and stereoselectivity, the 

carbon-carbon bond synthesis ability and the 

broad substrate acceptance, is a useful 

biocatalyst to the production of high value chiral 

pharmaceutical precursors. 

 

2. Materials and Methods 

 General conditions 2.1

Unless otherwise stated, solvents and 

reagents used were obtained from Sigma-Aldrich and 

used without further purification. Reversed osmosis 

purified water (RO water) was used in all experiments. 

The buffer used in all experiments was 50mM 

Tris-HCl 

(Tris(hydroxymethyl)aminomethane-hydrochloric 

acid), pH 7. Trifluoroacetic acid (TFA) was used for 

quenching the reaction samples and as mobile phase 

in the high-performance liquid chromatography 

(HPLC) system. 
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 Escherichia coli transformation and 2.2

fermentations  

E. coli XL-10 gold cells (Stratagene, La Jolla, 

California, USA) were heat shock transformed with the 

ampicillin resistant plasmid pQR791, containing the 

transketolase (TK) gene of interest (wild type, D469T 

or S385T/D469T/R520Q) under the control of the tktA 

gene promoter. This work was not performed by the 

author. These cells were inoculated into 10mL 

Lysogeny Broth (LB) medium (10g/L NaCl, 10 g/L 

tryptone, 5 g/L yeast extract (all reagents from Fisher 

Scientific, UK), and the pH adjusted to 7.5, followed 

by steam sterilization for 15 minutes, at 121
o
C) 

supplemented with 150μg.mL
-1 

ampicillin and left 

approximately 15 hours in a shaker incubator 

(Climo-Shaker ISF1-X, Kuhner Shaker) at 250 rpm, 

37
o
C. Then, 8 mL were used to inoculate 200mL of LB 

medium with 150μg.mL
-1

 ampicillin, in a 2L sterile 

Erlenmeyer flask, for another 7 hours, until OD at 600 

nm (BioMate 3S, Thermo Scientific) confirmed cells 

were in stationary phase. Then the cells were 

harvested, removing broth by centrifugation (10 

minutes, 5000 rpm, 4
o
C, Hettich Universal 320R 

centrifuge), and the cell paste was stored at -20
o
C 

until needed.  

 Lysate preparation 2.3

Whenever TK lysate was needed, cell paste 

was thawed at room temperature, and 2mL Tris buffer 

added. After homogenisation, cells were sonicated on 

ice (10 seconds on, 10 seconds off, 10 cycles) with a 

Soniprep 150 sonicator probe (MSE, Sanyo, Japan).  

Lysate was clarified by centrifugation (10 minutes, at 

5000 rpm, 4
o
C, Hettich Universal 320R centrifuge) 

and TK concentration determined as described as in 

section 2.4.  

 Transketolase quantification 2.4

For determination of the total protein 

concentration in the clarified lysates obtained, the 

Bradford assay was used. 10μL of the sample were 

pipette mixed with 1mL Bradford reagent. After 5 

minutes, absorbance at 595nm was read in a UV-VIS 

spectrophotometer (BioMate 3S, Thermo Scientific). 

Standards of known concentration of Bovine Serum 

Albumin (minimum 98% grade for electrophoresis) 

were prepared in RO water, subjected to the same 

protocol and used for calibration.  

After calculation of total protein, for each 

sample 20μg total protein were diluted with an equal 

volume of Laemelli Buffer (4% SDS, 20% glycerol, 

10% 2-mercaptoethanol, 0.004% bromophenol blue 

and 0.125 M Tris HCl, pH approx. 6.8) heat denatured 

at 85
o
C for 10 minutes, using a Thermal Cycler 

(Techne, Techgene) and after cooling down, loaded 

into a well in the gel (RunBlue SDS Precast Gels 

12%, 10x10 cm, 12 wells, Expedeon). A protein ladder 

(Page Ruler
TM

 Prestained Protein Ladder, Thermo 

Scientific) was also added to the gel. The 

electrophoresis was carried in Bio-Rad Power Pac 

300 system in a Tris-Tricine buffer, with a constant 

voltage of 120V for 90 minutes.  

After electrophoresis, the gel was stained 

with Coomassie solution (0.1% Coomassie brilliant 

blue, 10% acetic acid, 40% methanol). Gels were 

visualized on a Gel Doc-It Imaging system controlled 

by LabWorks 4.5 software, which allowed 

quantification of the TK band overexpression, in 

percentage. Using this value and the total protein 

concentration in the sample, the transketolase 

concentration in the clarified lysate was calculated. 

 Transketolase catalysed reactions 2.5

2.5.1  Substrate solution preparation  

Substrate solutions were prepared in glass 

vials before each reaction by weighting the necessary 

amount of lithium β-hydroxypyruvate, HPA (Santa 

Cruz Biotechnology) and CCA to prepare a solution 

twice concentrated (relative to the final concentration 

in the reaction). The solution was then vortex mixed 

and sonicated on ice (3 cycles of 10 seconds on, 20 

seconds off, with a Soniprep 150  probe (MSE, Sanyo, 

Japan)) to obtain a homogenous solution.  

2.5.2 40% (v/v) enzyme batch reaction 

120μL TK clarified lysate (WT, D469T or 

S385T/D469T/R520Q) were incubated at 25
o
C for 20 

minutes with 30μL 10x co-factor solution (98mM 

MgCl2; 2.4mM TPP in Tris-HCl buffer) to reconstitute 

the holo-enzyme. After incubation, 150μL substrate 

solution were added to the holo-enzyme solution, 

starting the reaction (final concentrations: 9.8mM 
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MgCl2; 2.4mM TPP; 50mM CCA; 50mM HPA; 40% 

enzyme volume). Reactions were carried in glass 

vials, at 25
o
C and 300rpm, in a Thermomixer comfort 

shaker. Samples (40μL) were taken at specific time 

points, quenched with 160μL of a 0.1% TFA aqueous 

solution, centrifuged at 13300 rpm for 3 minutes at 

4
o
C (Heraeus Fresco 17, Thermo Scientific) and 

analysed by a HPLC system consisting of a Dionex 

System (Camberley, UK), with a Aminex HPX-87H 

reverse phase column (300 x 7.8 mm, Bio-Rad Labs., 

Richmond, CA, USA), coupled to an AD20 UV/Vis 

absorbance detector, a Dionex 500 pump, a LC30 

chromatographic column oven, and a FAMOS 

autosampler (LC Packing), and controlled by 

Chromeleon client 6.8 software. Mobile phase 

consisted in an aqueous solution of 0.1% (v/v) TFA, at 

0.6 mL.min
−1

 and temperature was 60
o
C. HPA was 

quantified from calibration curves of standard 

solutions, and detected by UV absorption at 210 nm. 

A new calibration was made for every reaction. 

         2.5.3Thin layer chromatography (TLC) 

 TK reactions at preparative scale (the same 

protocol as 2.5.2 but with 5mL initial volume) were 

quenched with approximately 5 mL of 

dichloromethane. After phase separation, the 

dichloromethane phase was transferred to a round 

bottom flask, and the solvent was evaporated in a 

rotavapor (Büchi R-114). The crude product was 

weighted and samples of the crude material were 

dissolved in dichloromethane and analysed by TLC in 

an aluminium backed silica plate (TLC silica gel 60 

F254). Mobile phase consisted in a 1:1 solution of 

ethyl acetate (GPR grade, BDH) and hexane (GPR 

grade, BDH). A DCDHP solution was prepared in 

Tris-HCl buffer, relying in vortex mixing and 

ultrasounds to dissolve the compound. This solution 

was loaded into the silica plate and the latter 

visualised using iodine. 

2.5.4 Fed-batch reactions 

For the fed-batch reactions, the reaction was 

started as a 40% (v/v) enzyme volume batch reaction 

(vide 2.5.2). At the desired time points, a HPA solution 

was added to the reaction (20mM HPA in the reaction 

after addition). Samples (40μL) were quenched with 

160μL 0.1% TFA aqueous solution. Sample 

processing and analysis was as described in section 

2.5.2. 

 Colorimetric assay 2.6

At the chosen time points, 50μL from the 

batch reactions were pipetted into individual wells of a 

96-well plate, containing 50μL Tris-HCl buffer and 

20mg MP-carbonate resin (Biotage). Samples were 

pipette mixed and left to stand at room temperature 

for at least 3 hours so that HPA was adsorbed by the 

resin. After that time, 100μL Tris-HCl buffer were 

added, mixed, and then 100μL of the solution in each 

well were transferred to a new plate (without resin 

beads). Using a plate reader (FLUOstar Optima plate 

reader, BMGLabtechnologies GmbH), 20μL of TPTC 

solution (0.2% 2,3,5-triphenyltetrazolium chloride in 

methanol)  were added, followed by 10μL 3M NaOH 

(aq) solution. After shaking for 10 seconds and waiting 

one minute, the absorbance at 450nm is measured. 

DCDHP standard solutions of known concentrations 

were prepared and measured using this method to 

produce a calibration curve. 

2.7 Microfluidic reactor and system setup 

The enzymatic microfluidic reactor used in 

this work and the interconnect ports were machined 

from poly(methyl methacrylate) (PMMA) using a 

micromilling machine (Folken IND, Glendale, USA). 

Microreactor PMMA components were sealed by 

thermal bonding (1.5 h, 105
o
C). The dimensions of the 

microchannels were 0.5 mm (width) x 89.5 mm 

(length) x 0.25 mm (depth) and a staggered 

herringbone mixer (SHM) adapted from Ansari et al [6] 

was machined in the “floor” of the channel, as 

described by the original article[2]. This work was not 

done by the author.  

The fluids were pumped into the reactor 

using a twin syringe pump (KDS-200, KD Scientific, 

Inc., USA) which was used to control the flowrate. 

Flowrates from 10 to 400μL.min
-1

 were used. Syringes 

used were made from plastic (BD Plastipak), and one 

contained RO water and the other a solution of 

methylene blue in RO water. Tubing was made from 

polyether ether ketone (PEEK), with 0.8mm diameter. 

To connect the tubing with the inlet and outlet in the 
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reactor, Nanoport connections made from PEEK 

(Upchurch Scientific) were used.  

Pictures were taken using a Veho discovery 

VMS-004 deluxe microcamera, controlled with 

MicroCapture Veho 20x-400x v1.3 computer software. 

 

3. Results and discussion 

3.1 TK mutants used and general conditions 

Because of previously reported 

results[7], it was decided to test wild type (WT) 

TK and 2 additional mutants: the single 

aminoacid substituted mutant D469T and the 

triple mutant S385T/D469T/R520Q, which will 

now be referred as 3M. Table 1 provides an 

explanation about the original and the 

substituted aminoacid in each mutant. 

Table 1 – Original aminoacid in the WT TK 
and the aminoacid substituted, for the TK mutants 
used. The numbers in the mutation refer to the 
aminoacid position in the enzyme primary 
structure. 

Mutation 
Original 

aminoacid   

New 

aminoacid  

D469T Aspartic Acid Threonine 

S385T Serine Threonine 

R520Q Arginine Glutamine 

The chosen residues are known to 

establish interactions with the phosphate and the 

α-hydroxyl groups characteristic of TK natural 

substrates[7]. Since CCA is a hydrophobic, 

non-phosphorylated and non-α-hydroxylated 

substrate, and these mutants have proved useful 

in similar non-natural substrates, they were the 

ones to test first[8], [9]. For this optimization, we 

chose to work first in the reported optimum 

conditions for WT and D469T, which are neutral 

pH and 25
o
C[10]. 

3.2 Batch reactions between HPA and CCA 

The first approach to the enzymatic 

reaction was done in batch mode, using a 

reaction with 7.5% (v/v) enzyme lysate. The 

methodology used was the same as described in 

section 2.5.2, but Tris-HCl buffer was used in the 

incubation step to dilute the enzyme to the 

desired concentration. The three TK variants 

mentioned were used.  

After sample analysis, neither HPA was 

consumed nor was any product peak detected 

for any of the tested mutants which indicates that 

there was no reaction at all. Every time a TK 

lysate was prepared, enzyme activity was 

assessed using substrates previous shown to be 

degraded by the enzymes, to exclude the 

hypothesis of enzyme inactivation. Excluding this 

hypothesis, it was decided to try higher enzyme 

concentration in next experiments. 

It was chosen to test the reaction with   

40% (v/v) enzyme lysate, relative to total 

reaction volume. At this point in the project, we 

did not have any pure sample of DCDHP to run 

as standard in the HPLC, so it was not known 

which peak, if any, corresponded to the product 

and the peak area obtained could not be 

converted to concentration. The reaction 

progress was then followed through HPA 

depletion and every peak formed was analysed, 

in order to identify if it could be the product.  

Figure 2 shows HPA consumption for the 

reactions studied. The two mutants were tested, 

and for each one a control reaction using only 

HPA as substrate was done.  

In Figure 2, we can observe that for 

every reaction there was HPA consumption. This 

means that transketolase mutants D469T and 

S385T/D469T/R520Q are able to use just HPA 

as reagent, synthesizing secondary products. 

The discussion related to these products is 

presented in section 3.6.  
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Figure 2 – Monitoring of the reaction 
progress by measuring HPA consumption, 
determined by HPLC. Two reactions using D469T 
mutant and two others using the triple mutant, 3M 
were studied. For each mutant, one reaction was 
50mM HPA and 50mM CCA, and the other one 
acted as a control reaction, since only 50mM HPA 
were present. Initial reaction volume was 300μL. 
TPP concentration: 2.4mM; MgCl2 9.8 mM; 50mM 
Tris-HCl buffer, pH 7, 25ºC, 300 rpm. Data points 
represent average from triplicate experiments, and 
error bars the standard deviation associated, with 
95% confidence interval. Enzyme concentrations 
in the reaction: 0.90 mg/mL D469T TK; 0.77 mg/mL 
3M TK. 

 

3.3 Fed-Batch reaction 

 Since it was though that the high initial 

HPA concentration used was leading mutants 

towards the synthesis of secondary products, it 

was decided to use a fed-batch strategy to feed 

HPA into the reaction. Figure 3 show the HPA 

decrease in the reactions using the two TK 

mutants.  

HPA consumption proceeds until 

depleted from the reaction. The initial 

consumption rate is fast, but as the reaction 

progresses the consumption rate becomes 

slower, which can be seen after each HPA 

addition and seems to indicate some product 

inhibition, or low enzyme stability in the reaction. 

As it can be observed by analysis of Figure 3, 

3M has a higher initial HPA consumption rate, 

but maybe it is more inhibited than D469T after 

1.5 hours reaction time, since after this time the 

D469T gets a higher consumption rate.  

The secondary products previously 

detected were still present, and no new peaks 

were formed, which means no DCDHP formation 

was detected. 

 

Figure 3 - HPA consumption in the fed-
batch mode reactions, for the two transketolase 
mutants, D469T and 3M and determined by HPLC. 
Reaction initial concentrations were 30mM HPA 
and 40mM CCA. 5 μL of a 895mM HPA solution 
were added at 1.5 hours, and another 2.5μL at 3.5 
hours. TPP concentration: 2.4mM; MgCl2 9.8 mM; 
50mM Tris-HCl buffer, pH 7, 300 rpm, 25ºC. Initial 
reaction volume was 300μL. Enzyme 
concentrations in the reaction: 0.90 mg/mL D469T 
TK; 0.77 mg/mL 3M TK. Data points represent 
average from triplicate experiments, and error 
bars the standard deviation associated, with 95% 
confidence interval. 

  

3.4 Confirmation of the ability to synthetize 

DCDHP 

When a pure sample of DCDHP was 

obtained, solutions of different concentration of 

this compound were run in the HPLC, but no 

peaks were detected. Since it was found that 

DCDHP absorbs at 210 nm, the wavelength 

used in the HPLC for product detection, we 

concluded that DCDHP cannot be detected by 

this HPLC method. 

To be sure of the TK ability to produce 

DCDHP, a preparative scale reaction was done 

(a 40% enzyme volume batch reaction, but in a 

final volume of 5mL). The three TK variants were 

used, and after 25 hours of reaction, samples 

were processed as described in section 2.5.3 

and loaded into a Thin Layer Chromatography 

(TLC) silica plate, together with a DCDHP 

solution. This plate is presented in Figure 4. Due 

to problems in the purification with the 3M 
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reaction, the correspondent sample was not 

loaded.  

Upon analysis of Figure 4, it can be seen 

that DCDHP is formed as the main compound 

using D469T, which is a very important proof of 

the ability of this mutant to form the desired 

compound. By making sure DCDHP is produced, 

a new method to analyse its formation has been 

developed.  

 

Figure 4 - TLC plate for the samples 
obtained from the preparative scale batch reaction 
using WT and D469T TK. A DCDHP solution was 
also loaded. A silica plate was used as stationary 
phase, and a 1:1 mixture of hexane and ethyl 
acetate used as solvent. The plate was visualized 
using iodine. The spots corresponding to DCDHP 
are framed in red, and the DCDHP standard is 
highlighted with a blue ellipse.    

 

3.5 Colorimetric assay 

The colorimetric assay described by 

Smith et al [11] was chosen for monitoring 

reaction progress. This method is based in the 

reaction occurring between DCDHP and 

2,3,5-triphenyltetrazolium chloride (TPTC), which 

produces a coloured formazane compound. 

When TPTC and NaOH are added to the 

reaction samples, the formazane producing 

reaction starts and DCDHP in the sample can be 

calculated. Since TPTC will react with any 

dihydroxyketone (such as DCDHP or HPA) 

present in solution, it is necessary to remove 

HPA from the samples before the colorimetric 

assay can be performed. This HPA scavenging 

is done using a quaternary amine functionalized 

MP-carbonate resin, which adsorbs HPA.  

A batch reaction experiment was done, 

using the colorimetric assay to calculate DCDHP 

formation and HPLC to monitor HPA 

consumption and secondary products formation. 

HPA consumption is shown in Figure 5. 

Comparing to the previous obtained results, only 

WT TK had a different behaviour, since it seems 

some HPA was consumed. But, as it was 

previous referred in the work done by Coward 

[12], WT TK cannot accept CCA has a substrate. 

This HPA consumption can be due to HPA 

degradation, which was previously seen in other 

experiments.  

 

Figure 5 - Monitoring of the reaction 
progress by measuring HPA consumption, 
determined by HPLC. Reactions catalysed by wild 
type (WT) TK and mutants D469T and 3M are 
represented. Initial reaction volume was 1000μL. 
Initial conditions: CCA 40mM; HPA 40 mM; TPP 
2.4mM; MgCl2 9.8 mM; 50mM Tris-HCl buffer, pH 7, 
25ºC, 300 rpm. Data points represent average from 
triplicate experiments, and error bars the standard 
deviation associated, with 95% confidence 
interval. Enzyme concentrations in the reaction: 
0.45 mg/mL WT TK; 0.78 mg/mL D469T TK; 0.72 
mg/mL 3M TK. 

DCDHP formation is shown in Figure 6. 

 

Figure 6 – DCDHP formation for the three 
reactions studied, using the colorimetric assay to 
calculate DCDHP concentration in the samples. 
Reactions catalysed by wild type (WT) TK and 
mutants D469T and 3M are represented. The initial 
volume, conditions and enzyme concentration used 
were the same as reported in Figure 5. Data points 
represent average from triplicate experiments, and 
error bars the standard deviation associated, with 
95% confidence interval.  
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From Figure 6, we can see that there is 

formation of DCDHP for D469T, with 

approximately 15-25% yield (calculated based 

on initial HPA and CCA existent) after 3.5 hours. 

3M also produced the desired compound, 

though at a lower rate of formation and lower 

yield (5-15%). As for WT, it seems no reaction 

occurred. To explain the results obtained for this 

mutant, it is important to note that HPA was 

removed from the reaction, but as the authors of 

the original protocol stated, trace remains of 

HPA may remain bonded non-specifically to TK, 

which translates into a low level colour 

formation[11]. This non-specific bonding can 

happen for WT TK and then the fact that the 

sample was diluted 4 times explains why 

DCDHP concentration for WT seems to be 

constant and around the value of 4 mM. This 

further confirms that the HPA decrease in 

concentration observed in Figure 5 for WT is due 

to HPA degradation, and not HPA consumption 

towards DCDHP formation.  

One possible reason to have such low 

conversions of CCA to DCDHP can be the fact 

that CCA used as a substrate is racemic, and in 

principle, only R-CCA would be used by the 

enzyme, since TK is very stereospecific. 

Together with the fact that CCA is already a 

bulky, non-natural substrate for transketolase, 

this further complicates its acceptance by the 

enzyme. Since CCA inhibits the enzyme at 

higher than 50 mM concentrations [12], the use 

of pure R-CCA would be a surplus. 

Regarding the different reaction rates 

obtained with the transketolase mutants and the 

wild type, they can be explained by the role of 

the mutated aminoacid residues: D469, S385 

and R520. It seems that D469T mutation 

provides good acceptability for CCA, which 

means that changing the aminoacid in position 

469 (involved in interaction with the substrate’s 

hydroxyl group) from an acidic aspartic acid 

residue to a less polar, uncharged threonine 

reverses specificity of TK from hydroxylated 

substrates to non-hydroxylated substrates[8]. As 

for the mutation in R520, which has a role in TK 

specificity to phosphorylated substrates, 

changing this residue from arginine to glutamine 

improves affinity to CCA, which is 

non-phosphorylated, but additionally also 

removes some steric hindrance, allowing bulky 

substrates to be easily accepted by TK. 

However, it seems other interactions may occur 

in the 3M, due to the presence of another 

mutated residue (S385), which leads to the fact 

that D469T is more active than 

S385T/D469T/R520Q.  

3.6 Secondary products analysis 

3.6.1 40% (v/v) enzyme lysate 

Two secondary products were detected, 

one at 11.2 minutes and the other one at 21 

minutes retention time. The first product 

formation is depicted in Figure 7. 

  

 

Figure 7 - Peak area increase at 11.2 
minutes retention time, determined by HPLC. Two 
reactions using D469T mutant and two others 
using the triple mutant, 3M were studied. For each 
mutant, one reaction was 50mM HPA and 50mM 
CCA, and the other one acted as a control 
reaction, since only 50mM HPA were present. The 
same initial concentrations, initial volume and TK 
concentration as Figure 2 were used. Data points 
represent average from triplicate experiments, and 
error bars the standard deviation associated, with 
95% confidence interval.  

We can compare this peak formation 

with the correspondent HPA depletion, shown in 

Figure 2. The peak area keeps growing long 
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after the HPA is completed depicted, as a 

sample taken at 24 hours reaction time indicated 

(results not shown) which indicates that this 

peak is probably due to degradation of some 

other compound present in the reaction, or even 

enzyme degradation. 

As for the product at 21 minutes 

retention time, whose formation is shown in 

Figure 8, it seems that its formation correlates 

with HPA depletion, more than peak 11.2, 

because a plateau starts to form. However, in 

the control reactions there is also formation of 

this peak, which is an indication that this is also 

a secondary product.  

 

Figure 8 - Peak area increase at 21 
minutes retention time, determined by HPLC. 4 
reactions were studied, two using D469T mutant 
and two others using the triple mutant, 3M. For 
each mutant, one reaction was 50mM HPA and 
50mM CCA, and the other one acted as a control 
reaction, since only 50mM HPA were present.  The 
same initial concentrations, initial volume and TK 
concentration as Figure 2 were used. Data points 
represent average from triplicate experiments, and 
error bars the standard deviation associated, with 
95% confidence interval.  

 

3.6.2 Fed-Batch reaction 

In Figure 9 the peak area increase with 

time is depicted, for peaks at 11.2 and 21 

minutes retention time. 

 The peak area increase for both peaks 

is consistent with HPA depletion (Figure 3), 

further implying that it is originated from a 

secondary product. The 3M seems to produce 

more of the 11.2 minutes retention time product 

in the beginning of the reaction, and after the 

first HPA addition D469T produces more. Both 

peaks reach similar levels of peak area, as 

analysed by HPLC. 

We can conclude that the fed-batch 

approach did not favoured DCDHP formation 

instead of the secondary products, as expected, 

since similar levels of secondary products were 

achieved, comparing with the 40% (v/v) enzyme 

lysate batch. 

 

Figure 9 - Peak area increase at 11.2 and 
21 minutes retention time, determined by HPLC. 
Reactions initial concentrations were 30mM HPA 
and 40mM CCA. The same protocol, initial 
concentrations, initial volume and TK 
concentration as Figure 3 were used. Data points 
represent average from triplicate experiments, and 
error bars the standard deviation associated, with 
95% confidence interval. 

 

3.7 Mixing Studies 

Inside the microchannels, diffusion is the only 

way two streams become mixed [13]. This way, 

strategies to induce proper mixing have to be 

developed, in order to overcome the laminar flow 

typical of microfluidics. In the microreactor used 

in this work, a set of grooves was machined into 

the “floor” of the channel, as explained in section 

2.7. A schematic diagram of the SHM is 

illustrated in Figure 10. 

 

Figure 10 – Schematic diagram of the 
Staggered Herringbone Mixer (SHM) introduced in 
the reactor channel to induce advective mixing. 
This image was obtained from Stroock et al.[14]. 

The two solutions used for the mixing 

studies were pumped into the reactor, and 

photographs taken to the SHM, to compare its 
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efficiency at low (40 μL/min) and high (400 

μL/min) flowrates. This comparison is depicted in 

Figure 11. From that picture, it can be concluded 

that at low flow rates, the residence times are 

long enough to allow diffusion of molecules of 

both solutions across the width of the channel 

before the SHM (image A). As for high flowrates, 

as it can be seen in images B-D, only after 

passing through the SHM the solutions become 

fully mixed, which proves the importance of this 

structure.  

 

Figure 11 - Pictures taken to the reactor 
channel, using methylene blue solution and RO 

water. In image A, a low flowrate of 40 μL/min was 

used, and as it can be seen, solutions were mixed 
before the SHM. Images B-D were taken using a 

high flowrate of 400 μL/min. D) T-junction; E) SHM; 

F) after the SHM.  

4. Conclusions 

Many progresses were made in the 

several steps needed to create the final 

objective of a continuous two step 

chemo-enzymatic reactor.  

Regarding the method of analysis, it was 

found that the HPLC method is useful only for 

monitoring HPA consumption, since neither CCA 

nor DCDHP could be detected. A colorimetric 

assay was tested, and proved to be useful for 

DCDHP monitoring, although higher sensitivities 

need to be achieved for quantitative purposes. 

Nevertheless, we were able to find that D469T is 

the best DCDHP producing mutant, with higher 

yields of DCDHP formation (15-25%), whilst 3M 

got approximately 5-15%. No product was 

detected by WT TK.  In order to have product 

formation, it was found that a 40% (v/v) enzyme 

lysate in the reaction was necessary.  

Despite it was not possible to test this 

reaction in the microfluidic reactor, it was 

concluded that the reactor available in the 

group[2] is effective in providing good mixing, 

which is a step forward towards the microfluidic 

chemo-enzymatic reactor.  

5. Future Work 

In order to fulfil the final aim of this 

project, some work has yet to be carried. First, 

the colorimetric assay must be optimized, 

improving its sensitivity (by reading absorbance 

at 485nm instead of 450, as the original article 

states [11]). This would allow distinguishing 

between the low absorbance generated by 

residual HPA in the sample (probably what 

happened with WT catalysed reaction in Figure 

6) and the low absorbance generated by 

DCDHP in low concentrations (the 3M reaction). 

Other ways to improve substrate 

solubility can also be studied, such as stirring, 

use of higher temperatures or co-solvent 

addition, such as ethyl acetate[12]. In this case, 

both enzyme and reactor compatibility with the 

chosen organic solvent must be tested.  

At the same time, experiments to find if 

transketolase is inhibited by DCDHP should be 

done, and in case this proves true, then 

solutions to in situ product removal have to be 

developed. Additionally, further studies 

regarding the top performing mutant 

stereospecificity and stereoselectivity should be 

conducted, respectively, to find which CCA 

enantiomer TK prefers, and which one is the 

DCDHP product formed, from the 4 enantiomers 

Low Flowrate 

A 

 

High Flowrate 

B 

 

C 

 

D 

 

 



11 
 

possible. After finding which is the CCA 

enantiomer used by TK, it can be purified and 

used as substrate, instead of a racemic mixture.  

The secondary products originated in the 

reaction could be determined by using 

techniques such as NMR and Liquid 

Chromatography–Mass Spectrometry, for 

instance. After their identification, methods to 

counteract their formation would be developed. 

Further studies regarding the feeding 

mode of HPA should be conducted, using the 

HPLC and the colorimetric methods together for 

reaction monitoring, to conclude if fed-batch 

mode is better than the batch one. 

Finally, focusing in the coupling of the 

chemical and enzymatic reactions together, TK 

ability to perform the reaction whilst the 

Diels-Alder reagents are present in the medium 

has to be assessed and, if needed, a separation 

step should be added between the two 

reactions. 
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