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Abstract

The pharmaceutical industry is embracing biocatalysis as an alternative to established methods
to produce fine chemicals and chiral intermediates. Biocatalytic methods offer high selectivity, under
mild conditions and complete conversion with the possibility to have a renewable and tunable catalyst.
However, the establishment of biocatalytic processes can be difficult and time consuming. The aim of
this project was to assemble a complete integrated biocatalytic process to synthetize industrial relevant
compounds at the microfluidic scale. To accomplish this, a modular microfluidic reactor (upstream
unit) with an in-line tangential flow filtration and liquid-liquid extraction system (downstream units)
for a small scale evaluation of a complete biocatalytic process, is presented. The system was applied to
the enzymatic conversion of α-methilbenzylamine (MBA) into acetophenone (AP) by ω-transaminase,
demonstrating complete conversion of substrate to product in 20 minutes and complete retention of the
biocatalyst in the filtration unit with a product recovery of 60%. The extraction efficiency varied widely
depending on the residence time of the product in the aqueous phase. At the optimal conditions and
system configuration the overall process yield was 53%.
Keywords: Transaminase, microfluidics, microreactor, tangential flow filtration, liquid-liquid extrac-
tion

1. Introduction

In the last few decades biocatalysis has become
an enabling technology in the synthesis and pro-
duction of optically pure molecules, which are es-
sential for the manufacture of many compounds in
the pharmaceutical and food industry, where high
reaction selectivity on complex substrates is essen-
tial. In fact, in many cases due to their high chemo-
,region- and stereo-selectivity [1, 2], enzymes have
emerged as the only tool in the synthesis of chi-
ral compounds [3, 4]. However, the use of biocat-
alytic processes in the industry is still limited by
the high costs associated with their use and long
development times. Therefore, the development of
biocatalytic methods for the sustainable production
of chiral amines has been identified as a key research
priority by the pharmaceutical industry [5, 6].

The economic feasibility of a biocatalytic pro-
cess is dependent on the selling cost of the prod-
uct relative to the cost of the catalyst and the sub-
strate as well as the particular industry sector that
will impose a minimum required value for prod-
uct concentration and yield of product on biocat-
alyst. Additionaly, an efficient development of a
biocatalytic process is constrained by the lack of
availability of high-throughput screening methods

to identify biocatalysts and to evaluate large li-
braries of engineered variants for enhanced activity,
selectivity and stability under certain reaction con-
ditions. This is especially important in the early
stages of process development where it is necessary
to test and optimize different biocatalysts and pro-
cess configurations, like reactors and downstream
unit operations (separations). One possible solution
to overcome these constrains can be the use of mi-
croscale technologies. Microscale processing tech-
niques based on microfluidics are a powerful tool in
bioprocess intensification by increase the speed of
bioprocess design and reduce material requirements
[7, 8].

Microfluidic devices are able to screen simulta-
neously hundreds of different combinations of en-
zymes, substrates and conditions, allowing a high-
throughput analysis of the reaction kinetics which is
essential for drug discovery and development [9]. In
general, the ability of simulating and modelling dif-
ferent conditions before scale-up the best option re-
quiring for this a reduced amount of resources is the
main reason for using microfluidic systems. This is
especially important for fine chemicals and pharma-
ceutical industries where resources are valuable, and
improving the efficiency of process development is
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a constant challenge since there is a need to reduce
the overall timeline from the discovery of a product
until the deliver to the market.

Despite all the advantages provided by microflu-
idic systems the success of their application to bio-
catalytic process development is dependent on the
evolution of the levels of automation and integra-
tion of microscale devices with analytics in ready-
to-use equipment. The need to develop a complete
microfluidic system operating in a controlled and
continuous way, and able to perform a complete
biocatalytic process is the motivation behind this
work.

The aim of this project was to demonstrate that
microfluidic devices can form a modular toolbox
for the development of a whole biocatalytic pro-
cess, from the upstream step (reaction) to the down-
stream steps (separation and extraction), enabling
a continuous synthesis and isolation of pharmaceu-
tical intermediates or metabolites. Three differ-
ent unit operations were manufactured in a mod-
ular way, allowing different process configuration
to be tested and evaluated. This is a character-
istic of microfluidic systems that makes it possible
to test at a microscale the configuration of an en-
tire process before scale-up the best option. The
three unit operations studied were a biocatalytic
microreactor, a tangential flow filtration (TFF) and
a liquid-liquid extraction (LLE). Each device was
developed and studied individually for the optimal
configuration and working parameters. The devices
were then connected inline and operated continu-
ously, the microreactor (upstream step) was con-
nected with the tangential flow filtration followed
by the liquid-liquid extraction (downstream steps),
for the objective of performing a small scale evalu-
ation of a complete biocatalytic process.

The model system used was the enzymatic con-
version of α-MBA into AP by ω-transaminase (fig-
ure 1). As biocatalysts, ω-transaminases are attrac-
tive for the synthesis of chiral amines by asymmetric
synthesis of chiral metabolites or by kinetic resolu-
tion of racemic compounds. To explore the abil-
ity of conversion of racemic compounds, a racemic
mixture of α-MBA was used. ω-Transaminase have
demonstrated high enantioselectivity for the (S)-
enantiomer of α-MBA [10]. This means that only
the (S)-enantiomer will be converted into AP and
the (R)-enantiomer will be left unreacted. There-
fore, its necessary to perform a liquid-liquid extrac-
tion, to separate the (R)-α-MBA from the desired
product (AP). The AP is extracted in the organic
phase, which in this case is heptane, and the (R)-
α-MBA remains in the aqueous phase. This reac-
tion was chosen due to remarkable stability, wide
substrate tolerance, high specificity of product for-
mation and high reaction rate [11], all necessary

characteristics for the optimization of the reaction
parameters in the microreactor. This work will be
a stepping stone for the use of miniaturised systems
to be used in process development.

Figure 1: Reaction scheme of the enzymatic con-
version of racemic-α-MBA into acetophenone by ω-
TAm.

2. Materials and methods
2.1. Reagents and analysis

Unless otherwise stated, all reagents were ob-
tained from Sigma-Aldrich (Gillingham,UK). Wa-
ter was purified with a Milli-Q R© Integral Water
Purification System (Merck Millipore, UK).

2.1.1 HPLC analysis

HPLC analysis of α-MBA and acetophenone were
performed on an RP-18e monolithic column (100
mm x 4.6 mm, 1.5µm macropores diameter,
Chromolith R© HighResolution, Merck Millipore,
UK) using a Ultimate 3000 Quarternary RS Sys-
tem (Thermo Scientific, UK). The mobile phase
was comprised of 0.1% (v/v) TFA at 1.0 mL.min−1

with a gradient of acetonitrile from 15% to 72%
over 9 min, followed by a 2 minute equilibration
and detection at 254 nm. All the samples ana-
lyzed in the HPLC, were centrifuged for 30seconds
at 14000rpm and diluted in TFA. Standard calibra-
tion curves were obtain for α-MBA and acetophe-
none by HPLC.

2.1.2 Protein quantification

Protein concentrations were measured by Bradford
assay. To 5 ul of sample lysate, with a dilution
factor of 10, were added to 250ul Bradford reagent
in an acrylic cuvette and read at 595nm in a UV-
VIS spectrophotometer. A calibration curve was
made with known standards concentrations of BSA
under the same conditions.

2.2. Fabrication of microfluidic devices

The microfluidic devices were design using
Solidworks R©. The enzymatic microfluidic reac-
tor and the rigid parts of the filtration unit were
machined from poly(methylmethacrylate) (PMMA)
with a laser making head c25wc02. The microre-
actor is composed by two plates of 2mm PMMA,
one contains the microchannels and the other is a
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sealing plate that seals the microchannels by being
thermally bonded (1 h, 105 ◦C).

The tangential flow filtration device is composed
by two parts, the permeate and the retentate. Both
parts were machined from 4mm thick PMMA and
have a straight channel with 1mm of width and
depth, a length of 45 mm and two 1 mm holes
milled through at either end to allow fluid con-
nections. Gaskets of poly(dimethylsiloxane) PMDS
were made accordingly with the manufacturers in-
structons (PDMS, Sylgard 184, Dow Corning, Mid-
land, USA) from moulds of PMMA. Regenerated
cellulose membranes of 10kDa (Ultracel R©, Merck
Millipore, UK) are held in the retentate channel
by the PDMS gasket. The plates were clamped
together by means of M3 screws along the edges,
creating a reversible seal around the membrane.

Three liquid-liquid extraction devices were fab-
ricated. In all of them, the main channel has a
depth of 350µm, a width of 0,9mm and contains
guide structures, which are micro-pillars with an
ellipse shape. The micro-pillars have a major axis
of 200µm and a minor axis of 100µm, with a 300µm
pitch (distance in between each micro-pillar). The
devices are composed by two parts, the bottom one
its made of aluminum alloy (AW6082-T6, Smiths
Metal Centres, UK) and contains the channel with
the micro-pillars, and the top layer is made of fused
quartz (Alfa Aesar, US) in two of the devices and
of PMMA in the other. The top layer contains via
wholes for liquid inlets and connection fittings and
seals the device. The devices were manufactured
using a micromillinng machine (Folken IND, Glen-
dale, USA), the channels were made using a 2mm
end mill at a spindle speed of 13000rpm and the
micro-pillars were machined with a 250µm end mill
also at 13000rpm. The two parts were bonded us-
ing a UV-curing adhesive (Norland Optical Adhe-
sive 61, US) with a UV light at 3 J cm−12 for 5
minutes and stayed in the oven overnight at 50C.

In all the devices the interconnect ports were
machined from 4 mm PMMA, attached to the
device through M3 threads in tapped holes and
M6 threaded holes were tapped to allow standard
connection fittings to be used (P200, Upchurch
Scientific R©, Oak Harbor, WA, USA).

2.3. Biocatalyst preparation

Transaminase lysates were prepared from overnight
cultures of Escherichia coli BL21gold(DE3) produc-
ing the desire plasmid pQR801 containing the com-
plete CV2025 ω-TAm gene were grown in 500 mL
shake-flasks from inoculation of 20 mL Lysogeny
Broth (LB)glycerol with a single colony obtained by
streaking out cells from glycerol stocks (50%, v/v,
glycerol stored at 80 C) on agar plates. The bacte-
rial growth was monitored by optical density mea-

surements, until the stationary phase was reached
(0.7). The flasks were induced by adding 0.5ml of
the IPTG (Thermo Fisher Scientific Inc., UK) stock
solution made previously. After this the flasks were
shaken for another 5 hours at 30C. Then, 5ml of
PLP stock solution were added to each of the 500ml
flasks and left for shaking another 15 minutes. The
contents of the flask were transferred to 50 mL fal-
con tubes and centrifuged at 8000 rpm for 20 min-
utes. The pellet was re-suspended in 2mM PLP
and 50mM TrisHCL buffer (ChemCruz R© biochem-
icals, US), pH=7.5. For each gram of pellet 4 ml
buffer was added. The pellet was then sonicated
(10 cycles of 10seconds on, 10seconds off). The ob-
tained product was transferred to eppendorfs and
centrifuged at 8000rpm and 4C for 10 minutes.

2.4. Batch transaminase reactions

Batch studies were preformed in Eppendorfs using
different enzyme solutions concentrations from 1.23
U.ml−1 to 0.02 U.ml−1. The reactions were carried
on in a thermomixer comfort shaker (Cambridge,
UK) at 25C and 600rpm, with a substrates solution
containing 10 mM (S)-α-MBA, 10 mM Pyruvate in
50 mM Phosphate buffer at pH 7.4. Samples were
taken in regular intervals of time and analysed by
HPLC for MBA conversion and AP production.

2.5. Continuous flow microfluidic transaminase re-
action

Experiments at different flow rates were conducted
by varying the overall residence time in the microre-
actor between 5 and 25 minutes. The reaction con-
ditions were: enzyme solution of 0.15 U.ml−1 and
a 20mM substrates solution, pyruvate and racemic-
MBA, in 50 mM Phosphate buffer with pH 7.4. Af-
ter waiting three residence times at each flow rate,
samples were collected in the outlet of the microre-
actor and analyzed by HPLC. Residence times were
calculated by dividing the reactor volume (255µL)
by the flow rate.

3. Results and discussion
3.1. Design considerations for the modular mi-

crofluidic system
3.1.1 Biocatalytic microreactor

The first goal of this project was to achieve full con-
version of the substrates in a 20 minutes time frame.
The residence time is determined dividing the vol-
ume of the microreactor (255µL) by the combined
flow rate of the substrate and enzyme solution. The
microreactor is composed by 22 channels designed
in a serpentine shape, each one with a width of 0.4
mm, a length of 50 mm and a depth of 0.55 mm.
To evaluate the mixing rate in the microchannels
at different flow rates a residence time distribution
(RTD) experiment was conducted. The RTD of a
reactor is a probability distribution function that
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describes the amount of time that a fluid can be in-
side the reactor. RTD curves allow to characterize
the mixing and flow within reactors and allows the
comparison of the real reactor behaviour with the
ideal model for a laminar flow reactor (LFR), which
is essential when estimating the yield of the reactor
and for design evaluation of the reactor. Compar-
ing the RTD curves for the ideal model with the
ones obtained with the microreactor, it was visible
that they follow the same trend, although for higher
flow rates the difference between the two models
became more significant. However, the variance be-
tween the residence times in the microreactor and
in an ideal LFR was not negligible. The microre-
actor fabricated with the he long and deep serpen-
tine shape channels and the T-shape inlet allows for
perfect mixing, being full conversion achieved at a
combined flow rate of 10µl.min−1.

3.1.2 Tangential flow filtration microfluidic device

The filtration device was designed to seal mem-
branes in place by clamping, rather than bonding,
in order to allow the integration of any membrane
type (regardless of material) and so maximise the
flexibility of the system. The device is composed
by two parts, the permeate and the retentate. Both
parts were machined from 4mm thick PMMA and
have a length of 70mm and a width of 20mm. In
both parts there is a straight channel with 1mm
of width and depth, a length of 45 mm and two
1 mm holes milled through at either end to allow
fluid connections. The retentate part has a recess
around the channel to held a PDMS gasket in place,
the filter membrane sat in the resulting enclosure.
The plates were clamped together by means of M3
screws along the edges, creating a reversible seal
around the membrane.

In order to verify the complete sealing of the de-
vice and the maximum pressure handled, the ports
on the permeate side of the membrane were capped
off, whilst air was pumped into the retentate side
with a glass syringe. Pressure profiles were ob-
tained through a pressure sensor connected with
LabVIEW, showing a steady increase of pressure in
the system with the volume of air pumped in and a
sudden pressure drop indicating the bursting point
of the device. The sudden pressure drop happened
at 100psi, independently of the torque applied on
the main assembly screws. A torque of 30 N.cm was
chosen to operate the device during the all project.

3.1.3 Liquid-liquid extraction microfluidic device

Three different designs of the extraction units al-
lowing parallel flow extractions were tested.

In all of them, the main channel has a depth of
350µm, a width of 0,9mm and contains guide struc-

Figure 2: Extraction yield at different flow rates for the
three liquid-liquid extraction devices. Organic phase: n-
heptane; Aqueous phase: solution of 10mM AP in 50 mM
Phosphate buffer with pH 7.4.

tures, which are micro-pillars with an ellipse shape,
that create a physical division between the aque-
ous and the organic phase. In order to facilitate
the parallel separation of phases the devices have
a Y-shape inlet and outlet. The micro-pillars have
an elliptical shape with a major axis of 200µm and
a minor axis of 100µm, with a 300µm pitch (dis-
tance in between each micro-pillar). The difference
between the devices is on the length of the chan-
nel and on the position of the micro-pillars in the
extraction channel. Two of the tree devices have
a length of 27mm, in one the pillars have an offset
from the centre of the channel, this way the channel
containing the organic phase has a width of 0.35mm
and the aqueous phase has a width of 0.55mm; in
the other the pillars are placed exactly in the cen-
tre of the channel. The third device has three times
the length, 78mm and the pillars are placed offset
from the centre of the channel, also in this longer
device the top layer is made of PMMA instead of
fused quartz, which allows for the reparation of the
device if the bounding between the two parts is not
done perfectly at the first attempt, this is not pos-
sible when using quartz.

The efficiency of the extraction devices was eval-
uated at different flow rates, from 1 to 50µl.min−1,
using a 10mM solution of AP as aqueous phase and
heptane as organic phase. Samples were collected
from the outlet of the aqueous phase and analysed
by HPLC. It was verified that all the extraction de-
vices were flow dependent, having higher extraction
yields at lower flow rates. At the established oper-
ational flow rate, 10µl.min−1, the higher extraction
yield was achieved with the extraction device with
the longer extraction channel (50%).
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3.2. Transaminase reactions

In previous studies, ω-transaminases from soil mi-
croorganisms have showed high enantioselectivity
for (S)-enantiomer of α-MBA as a model chiral
amine compound [12] [10]. Also, it has been proved
that applying ω-transaminases for asymmetric syn-
thesis of amines from the corresponding ketones can
lead to 100% product yield [13] . Therefore, batch
studies where performed in eppendorfs using a solu-
tion of (S)-α-MBA (10mM) and pyruvate (10mM)
in order to optimize the upstream step. The objec-
tive was to determine the smallest enzyme concen-
tration capable of achieving full conversion of the
substrate ((S)-α-MBA) in a 20 minutes time frame.
The smallest concentration of enzyme, in this time
frame, able to achieve full conversion is 0.15 U.ml−1.

With the purpose of confirming that in fact ω-
transaminases are only able to catalyse the (S)-
enantiomer of α-MBA the reaction was again per-
formed in eppendorfs but this time with a racemic
mixture of α-MBA. Assuming that ω-transminase is
specific toward (S)-α-MBA, and therefore not able
to catalyze the (R)-enantiomer, the expected con-
version rate when using a racemic mixture of α-
MBA should not be higher than 50%. Although
the obtained results showed in fact a conversion
rate of just 50% which suggest the selectivity of
ω-transminase towards the (S)-enantiomer, further
analyses should be conducted in a chiral column in
order to be able to complete distinguishing between
the two forms of α-MBA.

Substrate inhibition studies were performed in or-
der to identify an optimal molar ratio of amino ac-
ceptor to amino donor that does not inhibits the
reaction rate and to determine the number of inlets
in the microreactor. Two sets of experiments were
carried on, first maintaining the concentration of
pyruvate at 10mM and varying the (S)-α-MBA con-
centration and then maintaining the concentration
of (S)-α-MBA constant at 10mM and varying the
pyruvate concentration. The study was conducted
at the working enzyme concentration, 0.15 U.ml−1.
No interaction of the substrates or reaction inhi-
bition was observed up to 44mM concentration of
pyruvate. Also, no reaction inhibition is observed
for concentrations of MBA higher than 10mM as
previously reported in published data for transam-
inase catalyzed synthesis of chiral amino-alcohols
[14]. So, there is no need for multiple inlets in the
reactor, two inlets are enough, one for the enzyme
solution and another for the substrates solution.

In order to compare the conversion rate obtained
in the microreactor with the one obtained in the
batch studies, performed in eppendorfs, the resi-
dence time was normalized in function of the en-
zyme activity (0.15 U.mL−1). Microfluidic reac-
tors have been shown to outperform conventional

batch systems. Their large area to volume ratio
allows for a favourable mass and heat transfer in
reduced residence times [15]. However, in this case
its visible that the conversion rate is more or less
the same for both operation modes. The obtained
conversion rate is the microreactor is therefore com-
parable with batch reactors, thus facilitating high-
throughput evaluation of biocatalytic process con-
ditions and process development.

(a) Co-current regime

(b) Counter-current regime

Figure 3: Acetophenone concentration in the permeate and
retentate over filtration time, for the modes of operation co
and counter-current. Filtration device operated with a back
pressure regulator of 40 psi and flow rates of 10 µl.min−1.
In both graphs a linear trend line its plotted indicating the
AP concentration tendency in the permeate over time.

3.3. Filtration experiments

Transmembrane pressure is the driving force in a
tangential flow filtration system. Therefore, the
yield of the product, which is essential the volume of
permeate fluid, can be improved by increasing the
back pressure on the retentate outlet, forcing more
fluid across the membrane. To improve the yield
of the process, back pressure regulators of 20 and
40psi were connected to the filtration unit on the
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Figure 4: Schematic representation of the complete train of unit operations: microreactor connected with
a tangential flow filtration (operated in counter-current regime) and with a liquid-liquid extraction.

retentate outlet and analysed for back pressure at
two different flow rates, 5 and 10 µlmin−1. Also, to
prevent the membrane fouling from happening too
soon in the process and also to control the flow rate
in the permeate side, instead of performing a back
flush of the system when the membrane is fouled,
water was pumped in continuous mode in co-current
regime in the permeate side, at the same flow rate.

In general, an increase in the transmembrane
pressure increases the flux across the membrane,
improving the yield of filtration. Therefore, inde-
pendently of the tested flow rates, the optimal back
pressure was 40psi. During the filtration of pro-
tein solutions, increased transmembrane pressure
and increased flow rate usually act to reduce the
flux across the membrane. This is due to the struc-
ture and nature of the proteins within the solution
that provoke the fouling of the membrane decreas-
ing the flux across it. Thus, comparing the effect of
the flow rates used, 10 and 5µl.min−1 at this pres-
sure, it was visible that the lower flow rate results
in a higher yield. However, this project challenge is
in matching the operation windows of all the three
devices. In order to operate the filtration device
at a flow rate of 5µl.min−1 the microreactor needs
to work at the same flow rate. Operating the mi-
croreactor at 5µl.min−1 instead of 10µl.min−1, will
duplicate the residence time in the reactor and the
conversion will be the same (100%). So in terms
of space time-yield, operating the microreactor at
a lower flow rate is not beneficial. Therefore, de-
spite not being the optimal flow rate in the filtration
device, 10µl.min−1 was established as the working
flow rate.

In a co-current exchange system there is a vari-
able gradient over the length of the exchanger, run-
ning at equal flows on both sides of the device, this
method of exchange is only capable of moving half
of the property from one flow to the other, no mat-
ter how long the exchanger is. Therefore in an at-
tempt to improve the filtration process, the system

was run in counter-current regime. In a counter-
current flow regime a constant gradient between the
two flows is maintained over the entire length of
contact. With a device long enough and operating
at a low flow rate, almost all of the product can be
transferred to the permeate side. Comparing the
efficiency of the filtration process in both regimes
(figure 3), it was visible that in co-current regime
the concentration of AP in the permeate decreases
with time, while in counter-current regime the con-
centration of AP its more or less constant over time.
Being the average filtration efficiency, when ran in
counter-current, 60%.

3.4. Integration of a biocatalytic microreactor with
a tangential flow filtration device and a liquid-
liquid extraction microfluidic device

The objective of this project was to connect inline
the three unit operations working in a continuous
mode. In the figure 4 a schematic representation of
the complete integrated system is presented. Here
the filtration device was operated in counter-current
regime, once it is the one providing a higher sys-
tem yield and a constant AP flux across the mem-
brane. Two different extraction devices were evalu-
ated (figure 5), the one with a microchannel 27mm
long and with the micro-pillars placed in the cen-
tre, giving a aq/org phase ratio of 1, and the other
with the longer extraction channel (78mm) and the
micro-pillars placed with an off set from the centre.

When the three devices are connected inline,
there is an increase in the pressure applied in all
of them. In the case of the filtration unit, the in-
creased pressure in the permeate side leads to a
higher filtration efficiency. However, due to the im-
possibility of analysing the organic phase is not pos-
sible to measure the increased efficiency in the fil-
tration device. Therefore, it is considered that the
efficiency of the system can only reach a maximum
of 60% which is the expected efficiency for the fil-
tration unit when working alone in counter-current
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(a)

(b)

Figure 5: Microreactor (upstream unit operation) con-
nected inline with the dowstream unit operations. Flow rates
over time, obtained at the retentate outlet and in the aque-
ous phase of the LLE devices: (a) extraction device with the
micro-pillars placed in the centre of the microchannel 27mm
long; (b) extraction device with the micro-pillars placed with
an off set from the centre of the microchannel 78mm long.
Reaction conditions in the microreactor: enzyme solution of
0.15 U.ml−1 and a 20mM substrates solution, racemic-MBA
and pyruvat, in 50 mM Phosphate buffer at pH 7.4, 25C.

regime. Assuming full conversion of the substrates
in the microreactor, the efficiency of the integrated
system depends of the extraction device. Possibly,
the increased pressure on the aqueous channel in-
let leads to a higher contact area between phases,
by increasing the horizontal radius of the meniscus
created inbetween the micro-pillars, resulting into
higher extraction yields in the integrated system.

When the system was integrated with the shorter
extraction device, the average efficiency achieved
was 39%. Also, its important to mention that as
expected, the extraction yield in this LLE device is
strongly influenced by the flow rate, increasing with
time as the flow a rate decreases due to the fouling
of the membrane. The extraction device with the
longer microchannel and the micro-pillars with an
offset from the centre, from the three LLE devices
fabricated, was the one providing the higher extrac-
tion yield. When this device was assembled in the
train of operation units, the efficiency of the inte-

grated system was no longer flow rate dependent.
By increasing the extraction channel long enough,
the flow rate does not count any more because inde-
pendently of the flow rate the residence time inside
the extraction channel is sufficiently big to reach
the maximum extraction capacity, when the device
is connected inline with the filtration unit and the
microreactor. The overall efficiency average of this
integrated system was 53%. This means that at this
specific conditions and with this setup, the down-
stream process was capable of recovering half of the
product produced in the upstream process.

4. Conclusions

In this project a complete integrated biocatalytic
system for the synthesis of optically pure chiral
amines at a microfluidic scale was successfully de-
veloped.

Complete conversion, under 20 minutes, has been
achieved in the biocatalytic microreactor for an
enzyme concentration of 0.15 U.ml−1 and a flow
rate of 10µl.min−1. No reaction inhibition was
observed up to 44mM concentration of pyruvate
and α-MBA. The obtained conversion rate is com-
parable to batch reactors, thus facilitating high-
throughput evaluation of biocatalytic process con-
ditions and process development.

Complete separation of the biocatalyst from the
product stream was achieved by the fabricated tan-
gential flow filtration device. In order to allow the
integration of any type of membrane, maximising
with this the flexibility of the system, the filtra-
tion device was designed to seal the membrane in
place by clamping, rather than bonding. When
sealed, the device is capable to hold pressures until
100psi. The filtration was operated in co-current
and counter-current regime, being the second one a
better option once the flux across the membrane is
kept almost constant throughout the process. The
back pressure on the retentate outlet was achieved
by a back pressure regulator of 40psi and the es-
tablished optimal flow rate was 10µl.min−1. At the
working conditions the filtration was able to achieve
yields of 60% throughout the entire filtration pro-
cess.

All the three liquid-liquid extraction devices fab-
ricated were capable of performing full extraction
when given long enough residence times. When
single operated, the efficiency of the extraction de-
vices is flow rate dependent, increasing with the
decrease of the flow rate. The device providing
a higher extraction yield at the working flow rate
10µl.min−1, was the one with the longer extraction
channel (78mm) and with the micro-pillars placed
off-set from the centre of the channel dividing the
channel in two sub-channels, one for the aqueous
phase with a width of 0.55mm and other for the
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organic phase with a width of 0.35mm.

Two different assembles of the complete train
of unit operations were evaluated for the contin-
uous synthesis of AP, at the established optimal
conditions. In one of the setups the microreactor
was connected with the TFF device, operated in
counter-current regime, followed by a LLE device
with the micro-pillars placed in the centre of the
channel 27mm long. In the other setup, the ex-
traction device used was different, with a longer ex-
traction channel and with the micro-pillars with an
off-set from the centre. In the first case the over-
all average system efficiency achieved was 39%, and
the efficiency of the system was constricted by the
efficiency of the extraction device which is flow rate
dependent, increasing with the decrease of the flow
rate due to the fouling of the membrane in the fil-
tration unit. In the second setup the efficiency of
the system was no longer constricted by the vary-
ing flow rate. The increased pressure applied in
the extraction device, due to the other operation
units combined with a three times longer extrac-
tion channel allows a higher and longer contact be-
tween phases. Independently of the flow rate, the
residence time of the aqueous phase in the extrac-
tion device is long enough for the maximum extrac-
tion capacity to be achieved. The overall efficiency
of this integrated system was 53%. Once reached
the maximum capacity of the extraction device, the
bottleneck of the process is the filtration device that
constricts the efficiency of the train of unit opera-
tions to a maximum of 60%.

The successfully developed train of unit opera-
tions, shows the potential of microfluidic systems
to integrate downstream unit operations to perform
biocatalytic reactions as well as product recovery in
a complete process of unit operations. The modular
configuration of the developed system enables the
integration of new features, different reaction sys-
tems and allow for different device and setup config-
urations. This is a big step towards the realisation
of complete ”pilot-plant on the bench” devices for
the development and intensification of bioprocesses.

Despite the success of the developed system its
future application to biocatalytic processes is de-
pendent on the evolution of the levels of automation
and integration with analytics. In order to proper
evaluate the train of unit operations developed in
this work it is necessary to incorporate analytical
methods such as UV based methods, Near Infrared
(NIR) spectroscopy and Raman spectroscopy, not
only in the reactor (reaction monitoring) but in the
LLE (extraction monitoring) as well.
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