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A B S T R A C T

Enzymatic synthesis of biochemical commodities is of upmost importance as it represents a greener alternative to
traditional chemical synthesis and provides easier downstream processing strategies compared to fermentation-
based processes. A microfluidic system used to optimize the enzymatic production of both levodopa (L-DOPA)
and dopamine in both single-step and multistep-reaction sequences with yield of approximately 30 % for L-
DOPA production and 70 % for dopamine production is presented. The system for L-DOPA production was then
up-scaled (780-fold increase) to a milliliter scale system by maintaining similar mass transport properties re-
sulting in the same yield, space-time yield and biocatalyst yield as its microscale counterpart. The results ob-
tained for yield and biocatalyst yield (351.7 mgL-DOPA mg−1

Tyr h−1) were similar to what is reported in the lit-
erature for similar systems, however the space-time yield (0.806 mgL-DOPA L−1 h−1) was smaller. This work
demonstrates a microfluidic bioreactor that can be used for complex optimizations that can be performed rapidly
while reducing the consumption of reagents by immobilizing the catalyst on a carrier which can then be used in a
packed-bed reactor, thus extending the enzyme life span.

1. Introduction

Most (bio)chemical commodities today are produced using a bio-
logical approach, either by fermentation or by enzymatic synthesis.
These goods range from pharmaceutical compounds to everyday com-
modities such as cosmetics, cleaning products and alcoholic beverages
(Choi et al., 2015; Liu, 2012; den Haan et al., 2015). Enzymatic
synthesis or biocatalysis is widely used for the production of relevant
molecules such as steroids (Wang et al., 2019) and other pharmaceu-
tical compounds (Choi et al., 2015; Sun et al., 2018; Fuchs et al., 2015).
This leads to a need to reduce the cost of the production of these
compounds, as well as, the development of efficient screening systems
for process optimization, two areas where microfluidics could play an
important role.

Reports of the use of microfluidic structures for the screening of
production conditions for both single step enzymatic reactions as well
as chemo-enzymatic and enzymatic cascade systems are found in the
literature (Gruber et al., 2017; Strniša et al., 2018). Microfluidic

platforms were used in the production of neohesperidin ester deriva-
tives using lipase (Du et al., 2018), the chemo-enzymatic synthesis of
2‐aminophenoxazin‐3‐one (Luckarift et al., 2007) and in the production
of chiral amino-alcohols through an enzymatic cascade (Gruber et al.,
2018). These microfluidic platforms may consist of simple systems
where the enzymes are either immobilized on the microfluidic channel
wall or in flow as free enzymes (Zhu et al., 2019), or more complex
designs involving the use of enzymatic carriers, such as polymeric
capsules or glass particles functionalized with the enzyme of interest
(Asanomi et al., 2011).

Microreactors can also be used for the actual production instead of
just a tool to expedite optimization processes. These systems take ad-
vantage of the continuous mode of operation enabled by the micro-
fluidic structures, with some examples being the work of Madarász
et al., where they report the production of isoamyl oleate in a con-
tinuous enzymatic microreactor (Madarász et al., 2015), and the work
of Giovannini et al., for the production of eugenol esters in microfluidic
bioreactors (Giovannini et al., 2019), among others (Gruber et al.,
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2018; Bolivar et al., 2016, 2017; Hajba and Guttman, 2016).
Although most reports in the literature mention the usefulness of the

microfluidic systems for process screening in enzymatic reactors, very
few actually proceed to increase the scale in order to benchmark the
results obtained (Bajić et al., 2017). Some previous reports exist on the
upscale of chemical reactions (Kockmann, 2016; Jensen, 2017) as well
as some fermentation processes (Brás et al., 2016; Hemmerich et al.,
2018), however there are very few reports on the upscale from micro-
fluidics to bench-top scales or higher for enzymatic reactions (Prasnikar
et al., 2017; Hirama et al., 2017; Novak et al., 2016). This lack of de-
monstrations of successful upscaling of microfluidic systems for such
reactions is part of the motivation of the presented work, where we aim
to demonstrate the upscale of packed-bed systems for enzymatic
synthesis.

In order to correctly upscale a system, there are certain physical
characteristics that should be maintained such as the aspect ratio of the
system and flow and mass transport behavior. In order to maintain
mass/heat transport consistent in both systems, we first need to char-
acterize the microfluidic system by calculating the Reynolds number
(Re) and the Péclet number (Pe). In the case of the Pe, two variants can
be calculated, one that is dependent on the particles that make up the
packed bed (PeP), the other relates to the axial dispersion throughout
the length of the reactor (PeL). The method of calculating these di-
mensionless numbers is presented below (Rastegar and Gu, 2017).
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Where Rp represents the particle radius, L is the packed bed length, v is
the fluid velocity, D is the diffusion coefficient of the substrate, Є is the
voidage of the packed bed and ρ is the fluid density.

By using working conditions where these numbers are similar, it can
be expected to obtain similar results at different process scales.

Dopamine and its precursor levodopa (L-DOPA) are two important
signaling molecules in the human organism, playing roles as neuro-
transmitters and, in the case of dopamine, a major signaling molecule in
the brain reward system (Beaulieu-Boire and Lang, 2015; Volkow et al.,
2017; Schultz, 2016). An imbalance of these molecules can cause sev-
eral types of neurological disorders such as Parkinson’s disease
(Ruonala et al., 2018). L-DOPA is used as a drug in order to increase
dopamine production in Parkinson’s disease (LeWitt, 2015). Dopamine
is not used in the treatment of these types of diseases due to its inability
to cross the brain-blood barrier, however it is used in the treatment of
low blood pressure and cardiac arrest (Reyes et al., 2016). Both mole-
cules can be produced enzymatically using tyrosine as a substrate and
were chosen as a model for this work due to their clinical relevance.

Throughout this work we will show that is possible to produce not
only L-DOPA and dopamine individually using a microfluidic system,
but that it is possible to perform the cascade reaction necessary to
convert tyrosine into dopamine. In this work we will also demonstrate
the possibility of upscaling the system and the efficiency of the mi-
crofluidic systems as screening tools for bioprocess development.

2. Materials and methods

2.1. Reagents

Stock solutions of tyrosine (2 mM), ascorbic acid (1 mM), levodopa
(L-DOPA) (1 mM) and dopamine (1 mM) were prepared in phosphate
buffered saline (PBS), while a stock solution of sodium hydroxide (1 M)
was prepared using Milli-Q water. All these reagents were acquired

from Sigma-Aldrich. To produce L-DOPA, tyrosinase from mushroom
was purchased from Sigma-Aldrich, and a stock solution of 2 g/L was
prepared, while the DOPA-decarboxylase used for the dopamine
synthesis was purchased from Antibodies-Online and kept at a con-
centration of 1 mg/mL in PBS. Substrate solutions were prepared fresh
for each experiment from the aforementioned stocks, where oxygen
content of the solutions was determined to be ∼160.5 μM using an
oxygen probe (ElectroLab).

2.2. Bioreactor microfabrication

The microfluidic reactors used in this work are comprised of two-
level microfluidic chambers, with heights of 100 μm and 20 μm, re-
spectively. These devices are fabricated using standard soft-lithography
techniques as described elsewhere (Brás et al., 2019). The first step was
to fabricate two different aluminum hard masks, each with the pattern
for one of the different height levels. These hard masks are fabricated
by depositing 2000 Å of aluminum by magnetron sputtering (Nordiko
7000), on a glass slide (Corning Eagle glass). The aluminum hard mask
was patterned by photolithography using a direct-write lithography
system (DWL 2.0, Heidelberg systems) of a positive photoresist
(PFR7790 G) followed by wet chemical etching (Gravure Aluminum
Etchant; Technic, Microchemicals). The mold is made by first spin-
coating a 20 μm thick layer of SU-8 2015 (Microchem) onto a silicon
substrate and exposing to UV light through the first hard mask followed
by a post exposure bake and development step in propylene glycol
methyl ether acetate (PGMEA, Sigma-Aldrich). Next, a 100 μm thick
layer of SU-8 50 (Microchem) is spin-coated and patterned with the
second mask following similar steps as the first layer. Once the second
layer has been developed, the full mold undergoes a final hard bake
step at 150 °C. The resulting mold is then placed in a 3 mm thick acrylic
mold which is then filled with PDMS (Sylgard 184, Dow Corning),
prepared at a 1:10 ratio with its curing agent and degassed. The PDMS
is baked at 70 °C for 90 min. The microfluidic structures are cut out of
the frame and sealed against a 250 μm thick PDMS membrane following
an oxygen plasma surface treatment (Zhou et al., 2010).

2.3. Enzyme immobilization

Silica beads, with a diameter distribution between 40 μm and 75 μm
(97728-U Supelco Analytical (Bellefonte, PA)), functionalized in-house
with a primary amine by silanization, were used to electrostatically
bind both the tyrosinase and the DOPA-decarboxylase. Enzyme stock
solutions were left overnight at room temperature with equal parts (v/
v) of a suspension of the functionalized beads. The use of the stock
concentrations of both enzymes was to ensure the saturation of the
microbeads, maximizing the amount of enzyme per microreactor. The
silica beads were functionalized by exposing them to an oxygen plasma
and incubating them in a solution of 2% (v/v) of (3-aminopropyl)trie-
thoxysilane (Sigma-Aldrich) in HPLC grade acetone, under constant
mixing for 3 h. The beads were than washed and stored in MilliQ-water
(Hermanson, 2008). Enzyme concentration per bead was determined
indirectly by measuring the concentration of enzyme in the supernatant
after immobilization using the Bradford method (Bio-Rad), and by
weighing the dry mass of beads used, which also revealed the im-
mobilization yield. The retained activity for tyrosinase was also de-
termined by comparing the activity of the enzyme stock to the enzy-
matic activity of the supernatant as well as the activity of the
microbeads, allowing for the determination of the immobilization ef-
ficiency. This was done using a colorimetric assay described elsewhere,
where the activity unit (U) is defined as a change of 0.001 of the ab-
sorbance at 480 nm per minute (Brás et al., 2019).

The thermal stability of the immobilized and free enzymes was also
determined by keeping both samples at 32.5 °C with periodic sampling
for activity assessment.
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2.4. Product detection

L-DOPA was detected via its polymerization reaction when exposed
to high pH as described in Hormozi-Nezhad’s work et al. (2017). When
mixed with NaOH, L-DOPA forms fluorescent nanoparticles that can be
detected using a fluorescence microscope. For the L-DOPA detection,
the sample under analysis (S.U.A.) was mixed with a 1 M solution of
NaOH at a 1:5 ratio (1 being NaOH). The resulting mixture was then
injected into a microfluidic column packed with Q-Sepharose beads and
the fluorescence shift was measured using UV excitation (λexcitation =
365 nm, λemission = 420 nm). The rate of fluorescence increase of pure
L-DOPA solutions was monitored and used as a calibration curve for
determining the reactor output.

2.5. Production experiments - microscale

The microfluidic bioreactors were packed with enzyme-functiona-
lized beads by inserting a pipette tip containing the bead suspension
into the appropriate inlet of the structure and applying a negative
pressure at the outlet with a syringe pump (NE-4000, New Era Pumps).
The microfluidic system was maintained at 32.5 °C throughout the
experiments, while the reaction substrate was injected at the appro-
priate flow rate using a syringe pump. The output of the microreactor
was collected at intervals of at least 10 min in order to provide enough
volume for both product detection and enzyme content analysis. The
output collected during the first 10 min interval in all experiments was
disregarded as this contains mostly the liquid medium used to pack the
beads.

2.6. Production experiments – milliliter scale

The milliliter scale version of the packed-bed reactor was a stainless-
steel pre-column typically used for HPLC with an inner diameter of 1
cm and a total length of 2.5 cm. The column was connected to an AKTA
(P-900, GE Healthcare) pumping system to provide adequate pumping
at the desired flow rate. Both the bioreactor and the reservoir for the
reaction substrate were heated at 32.5 °C by immersion in a hot bath
(VWR). Beads were packed manually into the columns and samples
were collected at regular intervals for quantification of product output
and free enzyme.

2.7. Image analysis

The fluorescence micrographs were analyzed using the open access
software ImageJ (Schneider et al., 2012) to quantify the L-DOPA. These
images were split into their 3 color channels, RGB, with only the Green
channel being used for quantification.

3. Results and discussion

3.1. Reaction pathway

The use of tyrosinase as a catalyst to produce L-DOPA and as an
initial step towards the production of dopamine poses a challenge. On
the one hand, the enzyme is cheap enough to be a viable industrial
catalyst (Min et al., 2019), but on the other, the lack of specificity to-
wards phenolic compounds other than tyrosine limits its own efficiency
as can be seen in Fig. 1.

Tyrosinase participates in several oxidation reactions up until the
production of melanin, hence there is a need to add a reducing agent to
the reaction medium to avoid further oxidation of L-DOPA (Min et al.,
2015). Ascorbic acid was chosen as the reducing agent as it does not
produce a toxic by-product and does not appear to interfere with the
enzymatic activity of the DOPA-decarboxylase needed for the second
step of the reaction.

The second step of the reaction is the decarboxylation of L-DOPA

into dopamine using DOPA-decarboxylase. Working conditions for
these enzymes (pH and temperature) are very similar, thus there is no
need for complex buffer exchanges or heating strategies to keep both
reactions functioning in sequence (Bertoldi, 2014).

3.2. L-DOPA and dopamine production-DOPA and dopamine production

Throughout this section we will explain the method for product
detection and the optimizations of the individual reaction steps for both
L-DOPA and dopamine before delving into the sequential reaction ne-
cessary to produce dopamine from L-tyrosine.

3.2.1. Detection protocol
The optimization of the production of both L-DOPA and dopamine

consists of retrieving the output of the microfluidic production reactor,
which is called the sample under analysis (S.U.A) and detecting the L-
DOPA content using a smaller microfluidic structure as shown in
Fig. 2A.

By mixing the S.U.A with NaOH, L-DOPA and dopamine participate
in polymerization reactions as described by Hormozi-Nezhad et al.
(2017). By capturing the resulting fluorescent nanoparticles, using a
smaller microfluidic column packed with Q-Sepharose microbeads, and
monitoring the fluorescence increase over time it is possible to monitor
the yield of the microreactor (Fig. 2B). As seen in the supplementary
information, the direct detection of dopamine using this method is
hindered by the presence of L-DOPA, thus the consumption of L-DOPA
was used for the indirect detection of the quantity of dopamine pro-
duced. Using a pure solution of L-DOPA, a calibration curve was de-
termined (Fig. 2C). The detection method was tested with different
amounts of ascorbic acid present in the solution in order to check for
possible interferences, as it is a possible contaminant during the pro-
duction experiments (Fig. 2C). More extensive results concerning the
detection protocol can be found in Section 1 of the Supplementary In-
formation.

3.2.2. Enzyme immobilization and stability
The enzyme immobilization was always performed on the day be-

fore the start of the experiment. Given the immobilization protocol, the
enzyme will adsorb to the surface of the microbeads as well as to the
pore walls.

Immobilization of total protein was measured using the Bradford
method, producing a yield of 53 % (m/m) in the case of tyrosinase and
100 % (m/m) in the case of DOPA-decarboxylase. Immobilization yield
based on activity measurements resulted in an immobilization yield of
∼69 % (U/U) for tyrosinase and 100 % (U/U) for DOPA-decarboxylase.
Efficiency of the immobilization (observed activity/immobilized ac-
tivity) was determined to be 170 % for tyrosinase and 33 % for DOPA-
decarboxylase. Although uncommon, it is possible to obtain efficiencies
of immobilization above 100 %, this typically being attributed to the
support stabilizing the active center of the enzyme or preventing ag-
gregation which could impede the enzyme activity in solution (Mateo
et al., 2007; Rodrigues et al., 2013).

Results concerning the thermal stability of tyrosinase can be found
in the Supplementary Information, in the case of tyrosinase, no activity
loss was seen in the initial 24 h, however there was a drop in activity of
35 % in the time frame between 24 and 36 h and an additional drop in
activity of 37.5 % between 36 and 48 h. In the case of DOPA-dec-
arboxylase this was not attempted as there is no loss of activity to be
registered within the time frame of the microfluidic experiments.

3.2.3. Screening of L-DOPA process conditions
For the optimization of the reaction conditions, the main parameters

of interest include temperature, pH, flow rate, residence time and
substrate concentration. For tyrosinase and DOPA-decarboxylase ac-
tivity, reported optimal values of temperature is approximately 30 °C
and pH between 6 and 8 (Yildiz et al., 2013). With this in mind,
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Fig. 1. L-DOPA and dopamine reaction pathway using tyrosine as a substrate. Tyrosinase plays a part in several of the reactions that take place, which eventually
culminate with the production of melanin. Ascorbic acid is added to the reaction as the reducing agent of choice. DOPA-decarboxylase is than used to convert the
produced L-DOPA into dopamine, with the release of CO2.

Fig. 2. Schematic representation of the experimental method for L-DOPA quantification (A). The S.U.A is collected in intervals of 10 min and is mixed with NaOH at a
1:5 ratio. In the microreactors (left on (A)) the functionalized microbeads are packed through the side inlet (Blue arrow), which is then sealed off. The reaction
medium is then injected in the primary inlet (Green arrow) and retrieved at the outlet (Red Arrow). The resulting solution is then injected into a microfluidic column
packed with Q-Sepharose beads (detection chamber, right on (A)) for nanoparticle capture and florescence monitoring. Here the beads are packed into the chamber
through the lateral inlet (Blue arrow), while the sample is injected at the primary inlet (Green arrow) and collected at the outlet (Red arrow). Once the poly-
merization reaction is complete and the nanoparticles captured, L-DOPA is detected using an excitation in the UV (λ = 365 nm) and detection using a blue filter (λ =
420 nm) (B). The resulting calibration curve for the detection of L-DOPA is presented, n = 3. (C) The contrast of the presented micrographs have been enhanced for
visualization purposes (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).
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temperature and pH were maintained at 32.5 °C and 7, respectively. For
the production of L-DOPA, oxygen is necessary as an oxidant, the
oxygen content was determined to be 160.5 μM, which prevents reac-
tion limitation on this end. Optimization experiments focused on the
variables flow rate, substrate ratio in the reaction medium and reactor
geometry. The metric used for the optimization of the microreactor was
the yield (%) defined as the concentration of L-DOPA/dopamine di-
vided by the concentration of the respective substrate being injected
into the system. The results are summarized in Fig. 3.

For these optimization experiments, two reactor geometries were
considered, the “Long Reactor”, which has LBead Chamber=1 cm, H=100
μm and W=1 mm, while the “Short Reactor” differs only by having a
L=1.5 mm, obtaining volumes of 978.5 nL and 128.5 nL respectively.
The average voidage of the reactors was determined to be 0.45, re-
sulting in a dry weight of the microbeads of 187 μg and 1426 μg for the
Short and the Long reactors, respectively. The amount of tyrosinase per
bead was determined to be 6.03 μgTyrosinase/mgBead, resulting in a vo-
lumetric activity of 0.186 U/μL and an amount of tyrosinase of 1.1 μg in
the Short Reactor and 8.6 μg in the Long Reactor.

Fig. 3A shows that the working flow rate has a significant impact on
the initial moments of the reaction, but after ∼30 min the yield reaches
a steady state which is independent of the flow rate. This was not ex-
pected, as the lower flow rates increase the residence time inside the
reactor, which should increase the probability of the reaction reaching
a post-L-DOPA stage due to the catecholase activity of the enzyme (Min

Fig. 3. Optimization experiments to produce L-DOPA using 100 μM of tyrosine as a substrate. Flow rate (A, N = 3), reducing agent concentration (B, N = 3) and
reactor geometry (C, N = 3) were studied. For the flow rate studies the concentration of ascorbic acid was kept at 100 μM, while the flow rate (Q) was kept at 1
μL.min−1 for the reducing agent studies. Using the optimal conditions of 1 μL.min-1 100 μM of ascorbic acid, both reactor geometries were checked for long term
viability (D, N = 4).

Fig. 4. Flow rate (Q) screening of the dopamine production using SiO2 mi-
crobeads functionalized with DOPA-decarboxylase. A pure L-DOPA solution
was used as a substrate and its consumption was monitored using the described
method.
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et al., 2015). However, it is possible that the changes in residence time
are not sufficient to cause a significant difference in the output of the
reactor, or that enough of the reaction by-products have accumulated
on the bead surface that introduce some mass transfer limitations to the
system. Based on these results, a flow rate of 1 μL.min−1 was chosen for
the subsequent experiments. The impact of the reducing agent, ascorbic
acid, in the medium was studied next (Fig. 3B). Fig. 3B shows that in
the absence of ascorbic acid, there is nearly no production of L-DOPA.
However, increasing the amount of ascorbic acid from 100 μM to 200
μM did not further improve the yield. Intrigued by the lack of impact of
the residence time on the yield of the microreactor, which was attrib-
uted to there being multiple chances of the substrate encountering the
enzyme throughout the reactor length, we proceeded to test a shorter
microreactor. The yield of the shorter microreactor was compared to
that of the longer version, and the results are shown in Fig. 3C. It is
possible to observe that the Short Reactor largely outperforms the Long
Reactor. This is attributed to the low residence time inside the Short
Reactor and to the fact that each substrate molecule will encounter less
enzymes in the Short Reactor compared to its longer counterpart, de-
creasing the possibility of side reactions and further product degrada-
tion. In both cases, product degradation may be minimized if the
oxygen content of the solution was decreased, in order to avoid further
oxidization of the product. The operational stability over longer periods
of time is presented in Fig. 3D. It can be seen in both types of micro-
reactors that there is an initial loss of enzymatic activity in the system
which wasn’t registered in previous experiments which had a shorter
time frame. As mentioned before, the thermal stability was tested by
keeping the immobilized and also free tyrosinase incubated at 32.5 °C

for 48 h, with no loss of activity registered in the initial 24 h, however
with drops of activity after 36 and 48 h. This loss in activity is most
likely the reason for the drop in activity registered after the initial 24 h
for both reactors, however does not explain the loss registered in the
initial 24 h time frame. This initial loss of activity can be due to mul-
tiple reasons such as fouling of the reactor, preventing newer substrate
to reach the enzyme, as can be seen in Section 2 of the Supplementary
Information; the suicide nature of tyrosine as a substrate for tyrosinase
activity (Muñoz-Muñoz et al., 2010; Vilanova et al., 1984); or enzyme
wash-out of the system due to poor interaction between the beads and
the enzyme. This last scenario was tested using the Bradford method,
and no enzyme was detected in the reactor outflow, as shown in Section
3 of the Supplementary Information, however there could had been
washout at concentrations not detectable using the Bradford assay.

3.2.4. Screening of dopamine process conditions
To facilitate the integration of the dopamine production step with

the L-DOPA step, similar conditions to the ones used for L-DOPA pro-
duction, namely the flow rate and reactor operation time, were tested.
For these experiments, pure L-DOPA was used as a substrate and the
results are presented in Fig. 4.

Due to the inability of direct detection of dopamine at this scale, the
yield of the conversion of L-DOPA to dopamine was indirectly de-
termined through the consumption of L-DOPA in the system. With that
in mind, a control assay without DOPA-decarboxylase present was
performed in order to consider any L-DOPA loss due to adsorption to
the beads or spontaneous oxidation, which was determined to be be-
tween 5 and 10 % of the initial amount of L-DOPA, as seen in Fig. 4 in

Fig. 5. Sequential production of both L-DOPA and dopamine in a single integrated microfluidic system. The reaction medium is injected at 1 μL.min−1 and is
composed of 100 μM of tyrosine and 100 μM of ascorbic acid. For the monitoring of L-DOPA production, the outlet is sealed off and the middle outlet is used for
sample retrieval (A). For the detection of dopamine, the middle outlet is sealed off and the sample is collected at the outlet (B). Productivity for both reaction steps
(C). N = 2.

Table 1
Flow properties and resulting working flow rates for both micro and milliliter scale.

System Hydraulic Diameter (m) Voidage
(Є)

Flow rate (μL
min−1)

Re PeP PeL

Short (micro) 1.8 × 10−4 0.43± 0.02 1 1.74 × 10−3 1.8 × 10−5 5.4 × 10−3

Long (micro) 0.43± 0.02 3.6 × 10−2

Short (milliliter) 1 × 10−2 0.44 (Mickley et al., 1965; De Klerk, 2003; Benyahia and
O’Neill, 2005)

780 1.74 × 10−3 5.4 × 10−3

Long (milliter) 0.44 (Mickley et al., 1965; De Klerk, 2003; Benyahia and
O’Neill, 2005)

3.6 × 10−2
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the “no Enzyme” condition.
Overall the productivity of this system shows an average yield of

∼22 %. Like in the case of L-DOPA production in this range, the flow
rate doesn’t have a significant impact on the system output. A flow rate
of 1 μL.min−1 was chosen for subsequent experiments.

3.3. Cascade production

Once the optimization of the production of L-DOPA and dopamine
were performed (Section 3.2), the cascade reaction was tested. The
system comprising two sequential chambers is schematically shown in
Fig. 5A. The first chamber is packed with tyrosinase-functionalized
beads, and the second chamber is packed with DOPA-decarboxylase-
functionalized beads. A small outlet between the two chambers allows
retrieving samples for L-DOPA production assessment. A total of 4
systems were used simultaneously for these experiments, where sam-
ples from the first column were retrieved from 2 of them, which had the
second chamber empty and sealed off, for L-DOPA assessment (Fig. 5A),
while the remaining structures, had this outlet sealed and were used for

dopamine determination at the outlet (Fig. 5B).
Fig. 5C shows that the dopamine yield is 70 % in relation to the

amount of L-DOPA that is produced by the first stage, which is ap-
proximately 45 μM. This productivity is much higher than what was
registered when pure L-DOPA at 100 μM was used (Fig. 4). This leads
the authors to believe that in the case of the experiments depicted in
Fig. 4, the DOPA-decarboxylase chamber is being injected with higher
concentrations of L-DOPA than it can convert. One hypothesis to im-
prove the yield would be to increase the protein content per bead by
improving the immobilization protocol. The overall yield of the com-
bined system is approximately 30 %.

The results demonstrate the feasibility of microfluidic packed-bed
reactors, not only for single step reactions but also for multistep reac-
tion sequences. One could argue for the use of these types of micro-
reactors for large scale production using complex scaling-out methods.
However, the authors believe that the best current use of these micro-
reactors is for the screening of process conditions/enzymes. However,
even for screening applications, it is necessary to perform an adequate
upscale of the system. This topic is further discussed in the next section.

Fig. 6. Milliliter scale production setup, consisting of an AKTA system for pumping, a hot bath, substrate reservoir which is also in the bath and a collection flask (A).
The beads are packed into a stainless-steel pre-column (B). The experiment lasted for 8 h for both the Short reactor (C) and the Long Reactor (D). For the milliliter
scale experiments, N = 2.

Table 2
Comparison of the yield for the production of L-DOPA to literature reports. Yields marked with “*” refer to the initial 8 h working period. The systems presented by
other authors are all macroscale systems.

System Yield
(%)

Space-time Yield
(mgL-DOPA L−1 h−1)

Biocatalyst Yield
(mgL-DOPA mg−1

Tyr h-1)
Total L-DOPA produced (mg) Mode of operation and Geometry

Microscale (Short) 12.2 (32.7*) 4.46 × 10−2 (0.806*) 131.2 (351.7*) 7.8 × 10−3 (3.10 × 10-3*) Packed Bed, Continuous – 54 h (8 h)
Milliliter scale (Short) 31.9 0.786 340.9 2.36 Packed Bed, Continuous - 8 h
Microscale (Long) 15.7 (24.9*) 5.73 × 10−2 (0.606*) 21.6 (33.9*) 1.0 × 10−2 (2.33 × 10-3*) Packed Bed, Continuous – 54 h (8 h)
Milliliter scale (Long) 24.9 0.614 34.0 1.84 Packed Bed, Continuous - 8 h
Xu et al. (2012) 53.0 209 1045 104.5 CSTR, Batch - 2h
Xu et al. (2012) 28.5 103 515 3.30 CSTR, Continuous - 8 h
Xu et al. (2012) 13.5 48.9 0.88 7.60 Packed Bed, Continuous - 36h
Ho et al. (2003) 44.1 5.54 0.55 1.99 CSTR, Batch - 36h
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3.4. Upscale production

As a proof of concept, only the synthesis of L-DOPA was up scaled.
Using Eq. (1) through (3) the properties of the microfluidic system were
calculated and the necessary working conditions for the bench-scale
system were determined. The working conditions are summarized in
Table 1.

As can be seen, it is possible to upscale packed-bed reactors while
still maintaining the same flow characteristics as the microfluidic
system in terms of Pe and Re numbers due to the fact that the flow
behavior will be dominated by the bead packing instead of the reactor
geometry, as would be the case for plug flow reactors and tank reactors.

The milliliter scale version of the bioreactor consists of a chroma-
tography pre-column packed with the functionalized beads. In order to
prevent the washout of the beads through the reactor outlet, a small
piece of cotton was placed at the bottom of the bed, the height of the
bed was fixed by using an appropriate volume of beads. Production
experiments were carried out for 8 h and compared to their microscale
counterparts, as shown in Fig. 6.

The yield of the Short reactor (Fig. 5C) shows a good correlation at
both scales, with similar losses of enzymatic activity being registered.
This activity loss is probably due to the accumulation of reaction by-
products as mentioned previously. As for the Long version of the reactor
(Fig. 5D), the results obtained at the microscale match the results ob-
tained at the larger scale for the entire duration of the experiment. By
looking at these results, it is safe to say that by using a microfluidic
system and maintaining similar mass transport conditions, it is possible
to accurately predict process outcome at the milliliter scale for packed-
bed reactors.

The microreactor, as well as the milliliter reactor, were then com-
pared in Table 2 to other enzymatic reactors reported in the literature,
using the yield, as well as the space-time yield and biocatalyst yield as
figures of merit. While the system presented in this work has similar
yield as other reports in the literature, it has inferior performance when
the space-time yield is accounted for, especially when compared to a
batch system. However, the system presented in this work shows
comparable output or even largely outperforms other continuous sys-
tems in terms of biocatalyst yield. It can also be seen in Table 2 that the
space-time yield and biocatalyst yield are very similar between the
microscale and milliliter approach within this work, further validating
the microfluidic system as a useful screening tool for enzymatic reac-
tions.

4. Conclusions

Throughout this work a microfluidic approach to the optimization
of biochemical enzymatic production was demonstrated. We success-
fully demonstrated the use of microfluidic bioreactors for 2 single step
reactions, the generation of L-DOPA using tyrosine as a substrate and
the production of dopamine using L-DOPA. In addition, feasibility of
using this type of system for a multi-step production scheme was de-
monstrated by converting tyrosine into dopamine in a continuous mode
in a two-chamber microfluidic reactor. In all these reactions, the yields
obtained were like those obtained by other macroscale works reported
in the literature. This work also demonstrated the successful upscale of
the system, obtaining similar results at both the microscale and at
milliliter scale to produce L-DOPA.
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