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A new continuous-flow process for the enzymatic synthesis of optically pure y-lactones, which are used
as flavors and fragrances in the food and cosmetic industries, was developed in a three-dimensional
microfluidic reactor. The microchannels (175mm in length, 0.9 mm in depth, and 1.72mL in volume)
were carved precisely inside a single borosilicate glass (90mm x 75 mm x 12 mm) with ultrafast fem-
tosecond laser micromachining. The flow field analysis and reaction simulation showed that the mix-
ing of substrates and enzymes was enhanced, allowing the adjustment of residence time in a wide win-
dow. SmCRyy4, a carbonyl reductase with excellent catalytic activity and enantioselectivity toward y /5-keto
acids, was employed for the asymmetric synthesis of various chiral lactones. 30 mmol/L (R)-y-decalactone
(3g) can be obtained in 26s with a space-time yield (STY) up to 16,877g L-1d~', which is 14.4 times
higher than the highest STY of batch reaction reported previously. This continuous-flow process was ap-
plied to the synthesis of 6 chiral lactones. In addition, the scaled-up synthesis of 3g was carried out
in 6 cascade microreactors continuously for 6h, demonstrating the feasibility and stability of the 3D
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continuous-flow process in enzymatic synthesis of optically pure compounds.
© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Biocatalysis combined with continuous-flow technology is a
promising green manufacturing strategy for the pharmaceutical
and fine-chemical industries [1,2]. The continuous-flow process
carried out automatically in a microreactor can improve biocatal-
ysis performance, making large-scale bioproduction more cost-
effective due to significantly reduced reaction volume, improved
mass transfer, shorter reaction time, and improved space-time
yield [3,4]. The small size of the microreactors used in the
continuous-flow process allows for precise manipulation of the re-
action parameters. This facilitates process scale-up through par-
allel operation while avoiding issues caused by reactant mixing,
substrate or product inhibition, and allosteric control [5]. Further-
more, the stability of biocatalysts is also improved because they
are working in a laminar flow which is a mild environment with-
out harsh stirring used in batch reactions.
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Microfluidic chips have been widely used in continuous-flow
technology over the last decade [6-10]. A variety of methods, such
as photolithography [11,12], soft lithography [13-19], and nanoim-
print lithography [20,21], have been used to fabricate microfluidic
chips. The microfluidic channels are typically arranged on a two-
dimensional (2D) plane in most chips. Although it is simple to con-
struct these 2D microfluidic chips, the small interior area limits
their reaction volume, and as a result, the residence time is un-
favorable for enzyme catalysis since its reaction kinetics are slower
than those of chemical catalysis. Therefore, the design and fabri-
cation of three-dimensional (3D) microfluidic chips with a large
specific surface area, smooth channel walls, and well-controlled 3D
structures inside the chips are desirable. 3D chips can use their in-
ner space more effectively, which increases reaction volume and
residence time. Moreover, glass should be used in the fabrication
of 3D microfluidic chips since it is more transparent, more tol-
erant to organic solvents, and has superior mechanical stability
than polymers. Although the above-mentioned techniques, espe-
cially soft lithography, are quick and cost-effective, they cannot di-
rectly write 3D microfluidic structures on glass. In recent years,
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Scheme 1. The continuous-flow synthesis of optically pure (R)-y-decalactone in a
3D microfluidic reactor.

femtosecond laser engraving technology has recently emerged as
an ideal tool for precisely constructing 3D structures in glass sub-
strates in a one-step continuous process [22-24]. Inspired by these
advancements, we aimed to design and make a 3D microfluidic re-
actor using this technology for the continuous enzymatic synthesis
of chiral lactones.

In the previous studies, we reported a new carbonyl reduc-
tase from Serratia marcescens, SmCR, for the asymmetric synthe-
sis of (R)-(+)-y/§-decalactone [25] which are chiral flavors widely
used in the food and cosmetic industries [26]. Then the specific
activity of the variant SmCRy,4 toward methyl 4-oxodecanoate (1g)
was enhanced 86-fold compared with the wild-type enzyme by
using directed evolution and the space-time yield (STY) of 3g
reached 1175g L-! d-! in the batch reaction [27]. However, the
STY meets its limit during the scaling up in batch because of the
low solubility of substrates (long-chain fatty keto acids/esters) and
the poor mixing in larger batch reactors. Here, we developed the
continuous-flow enzymatic synthesis of (R)-y-lactones in a 3D mi-
crofluidic reactor with unprecedented STY and excellent enantios-
electivity compared with batch reaction (Scheme 1). Importantly,
the reaction can run continuously and automatically for up to 6h
with high substrate conversion in scaled-up 3D microfluidic reac-
tors, demonstrating its feasibility for reaction scale-up.

First, a three-layer microchannel was designed and fabricated in
borosilicate glass (90 mm x 75 mm x 12 mm) by femtosecond laser
(Fig. S1 in Supporting information). The streamlined microchan-
nel is 1775mm long, 0.9 mm deep, and has a volume of 1.72mL
(Fig. 1a). The functional modules of the microreactor are composed
of two inlets, one outlet, and a string of successive heart-shaped
mixing units (Fig. 1b and Fig. S2 in Supporting information). Due
to the presence of repeated heart-shaped mixing units, the flow
was continuously split and converged, which can enhance the mix-
ing of substrates and enzymes in the flow. For example, some
heart-shaped microchannels were designed to increase the turbu-
lent characteristics of the fluid and enhance the heat and mass
transfer process. Gidde et al. compared several different shapes of
micromixers and demonstrated that the heart-shaped mixer is the
most effective micromixer due to the remarkable chaotic convec-
tion effect [28]. Lee et al. used a heart-shaped low-flow microreac-
tor for the reaction process study and conducted efficient ozonoly-
sis of quinoline and quinoline derivatives [29]. Novak et al. experi-
mentally evaluated the performance of a heart-shaped microfluidic
module for Candida antarctica lipase B-catalyzed isoamyl acetate
synthesis in a two-liquid phase system and obtained the highest
productivities in this microreactor [30].
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Fig. 1. Characterization of a 3D microreactor fabricated in borosilicate glass using
femtosecond laser writing. (a) The top view of the microreactor design. (b) The blue
ink and red ink were injected in the microreactor and mixed at 0.5 mL/min. (c) The
concentration profiles at the beginning of the mixing process when the flow rate
ratio of inlet 1 to inlet 2 is 5:1. The numbers indicate the positions of simulation
points. (d) The corresponding mixing quality near the convergence point at different
flow ratios (1:1, 2:1, 3:1, 4:1, 5:1), which was simulated by Fluent 2021R1. In all
cases, the flow rate of inlet 2 was maintained at 1mL/min and the flow rate of
inlet 1 was increased from 1 mL/min to 5 mL/min.

To demonstrate the mixing effect in the microreactor, compu-
tational fluid dynamics (CFD) simulation was performed in the
first heart-shaped mixing unit with the Fluent 2021R1 platform
(Fig. 1c). The reactants 1 (red) and 2 (blue) were injected in the
microreactor at 5mL/min and 1mL/min, respectively. At the con-
verging point, the two species met and mixed. The mixing pro-
cess was completed just before the entrance of the first mixing
unit because the flow became homogeneous (orange). It should be
noted that due to the higher flow rate of reactant 1, backflow was
observed in flow 2 which gradually changed from blue to green,
indicating the mixing happened before the converging point. To
identify the flow field profile at the beginning of the mixing pro-
cess, the velocity distribution at the confluence of three liquid flow
paths was configured and the profiles showed the classic parabolic
shape (Fig. S3 in Supporting information). To quantify the mix-
ing process, the mixing quality at 8 positions in the mixing area
from z=52.4mm to 54.5mm was measured at different flow ra-
tios (Fig. 1d). The mixing quality of 0 and 1 indicates no mixing
and 100% mixing, respectively. As shown in Fig. 1d, the mixing
quality gradually increased as mixing developed along the channel
in different cases. At the front of the first heart-shaped entrance
(z=54.5mm), the distribution of reactant in all cases was homo-
geneous and the mixing quality was equal to 1, which represented
a good mixing effect. The mixing behavior in the mixing exper-
iment at different flow rates agrees well with the corresponding
simulation results (Fig. S4 in Supporting information). The mixing
of the reactants was essentially completed when the flow ratio in-
creased from 1:1 to 5:1, indicating the microreactor can provide a
good mixing in a wide range of flow rates.

The catalytic activity of SmCRy4 was greatly affected by the re-
action temperature in the asymmetric synthesis of 3g. The enzyme
activity of SmCRy4 toward 1g was measured at different temper-
atures. The optimum temperature was 45 °C, at which it was 47%
higher than at 30 °C (Fig. S5a in Supporting information). However,
the reaction was performed at 30°C in the batch reaction because
of enzyme inactivation at 45°C. The half-lives of SmCRy,4 at 30 °C
and 45 °C are 266 h and 26 h, respectively (Fig. S5b in Supporting
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Fig. 2. The simulation of the enzymatic reactions in the 3D microfluidic reactor.
The concentration profiles of 3g in the whole microreactor, 1%t layer, 2" layer, and
3 layer were plotted for cases 1 (a) and 2 (b), respectively. Simulation conditions:
(a) 10U/mL SmCRy4, 15mmol/L 1g, 0.2 mmol/L NADP+, 100 mmol/L PBS (pH 7.0),
45 °C. The flow rates of substrate and enzyme were 1 mL/min. (b) 5U/mL SmCRy4,
30 mmol/L 1g, 0.2 mmol/L NADP*, 100 mmol/L PBS (pH 7.0), 45 °C. The flow rates
of substrate and enzyme were 3 and 1 mL/min. Sufficient NADPH recycling was en-
sured in both cases. Points were selected (c) to calculate the product concentrations
(d) in the microreactor for cases 1 and 2.

information). In the microreactor, the residence time is very short
(<20min), greatly reducing the inactivation of the enzyme, so that
the reaction can be carried out at the optimum temperature (45
°C). When the reaction temperature reached 45 °C, the conversion
was the highest. Therefore, 45°C was chosen as the working tem-
perature for the following study (Fig. S6 in Supporting informa-
tion).

To simulate the enzymatic reaction process in the 3D microflu-
idic reactor, a continuous-flow diffusion-reaction model was de-
veloped using the Fluent 2021R1 platform (Supporting informa-
tion). The simulation was carried out with different flow rates to
study the effect of reaction time on the catalytic process. Fig. 2a
showed the concentration profiles of the product 3g generated
in the whole microreactor and in the 1%t, 2", and 3™ layer mi-
crochannel, respectively (x-z plane, 3mm, 6 mm, and 9mm at y-
axis). The value in the heat map (red) was 15mmol/L, which
was the maximum theoretical concentration of 3g in a steady
state because the initial substrate concentration was 15 mmol/L.
It was found that the substrate was almost completely converted
in the middle of the 15 layer microchannel and the conversion
reached 99.5%. Then, the substrate concentration was increased
to 30 mmol/L while the enzyme concentration was reduced, and
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Fig. 3. Scale-up of the continuous-flow system. (a) The setup of 6 parallel microflu-
idic reactors. (b) The sample of optically pure 3g was obtained as a light yellow
liquid.

therefore, the substrate was nearly completely converted in the
middle of the second layer channel (Fig. 2b). At the outlet, the fi-
nal product conversion also reached 99.5%, indicating that the resi-
dence time was enough for the enzymatic reaction. To quantify the
reaction process, 87 points (red points) were selected in the mi-
crochannel (Fig. 2c), and the product concentration at each point
was calculated and plotted in Fig. 2d. Clearly, the concentration
of 3g gradually increased along the channel and the conversion
reached >99% in each case. The simulation results indicated that
the 3D microfluidic reactor had not been fully exploited at the sub-
strate concentration of 30 mmol/L because the conversion reached
99.5% before the third layer. Thus, in theory, the conversion of the
substrate at higher concentrations with the same amount of en-
zyme is possible by fully utilizing the third layer microchannel.

Subsequently, we converted 1g in the 3D microfluidic reactor
to experimentally evaluate the continuous-flow process’s produc-
tivity (Table 1). First, the total activity of SmCRy4 and the resi-
dence time were maintained at 10U/mL and 52 s, respectively. As
the substrate concentration increased from 2 mmol/L to 15 mmol/L,
the STY increased from 565g L-1d~! to 4238¢g L-'d~!, which al-
ready exceeded the best STY (1175g L-1d~! [27]) of the batch re-
action (entries 1 — 3). Then, the flow rate ratio of 1g to SmCRy4 was
increased from 1.5:1 to 2.5:1, and the total activity of SmCRy, de-
creased from 8 U/mL to 5.7 U/mL while the substrate concentration
increased to 25 mmol/L (entries 4—6). Although the residence time
decreased from 52s to 30s, the substrate conversions all reached
>99% and the STY was enhanced to 12,279 gL~1d~!. Finally, we in-
creased the substrate concentration to 30 mmol/L and found that
>99% substrate was still converted within only 26s (entry 7). The
STY for the production of 3g was as high as 16,877 gL-1d~!, which
was the highest reported so far and 14.4 times higher than the
best STY of the batch reaction. The conversions of 15 mmol/L and
30mmol/L 1g in entries 3 and 7 agreed well with the simulation
results of Fig. 3, verifying the powerful capacity of the 3D microre-
actor in continuous-flow enzymatic reactions.

The substrate concentration of 30 mmol/L has already reached
the solubility limit of 1g because 10% (v/v) dimethyl sulfox-
ide (DMSO) was added as a co-solvent in the phosphate buffer
(100 mmol/L, pH 7.0) to improve the substrate solubility. In ad-
dition, due to the excellent thermal stability of SmCRy4 and the
short resident time in the continuous-flow reaction, SmCRy4 re-
tained its original catalytic properties after the continuous-flow re-
action (Fig. S7 in Supporting information).

Although the simulation result indicated that the conversion of
1g at higher concentrations is theoretically possible, the substrate
concentration was not further increased due to the limit of DMSO
in the reaction system. To further compare the performance of the
continuous flow and the batch reaction, the conversion of 1g was
carried out under the same conditions in the 3D microfluidic and
batch reactor. As shown in Fig. S8 (Supporting information), con-
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Table 1
The conversion of 1g in the 3D microfluidic reaction.?
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Moom SmCRvs Cyclization /\/\/ S |
NADPH recycling o
1g © 39
Substrate 1g (mmol/L) SmCRy,4 (U/mL) fs:fiP Time (s) Conv.(%) STYC (g L-' d1) ee (%)
2 10 1:1 52 >99 565 97 (R)
10 10 1:1 52 >99 2828 97 (R)
15 10 1:1 52 >99 4238 97 (R)
18 8 1.5:1 42 >99 6355 97 (R)
20 6.7 2:1 35 >99 8420 97 (R)
25 5.7 25:1 30 ~99 12,279 97 (R)
30 5 3:1 26 >99 16,877 97 (R)

2 Reaction conditions: glucose (1.5 equiv. of 1g), NADP* (0.2 mmol/L), BnGDH (2 mg/mL), sodium phosphate buffer (100 mmol/L, pH 7.0), 45 °C.

b Flow rate ratios of the substrate to the enzyme (mL/min).
¢ Space-time yield.

Table 2
Preparative synthesis of chiral y- and §-lactones using keto acids.?

o In
)WOH SmCRy, Cyclization Ry o
o NADPH recycling
1

R

(o]

n=1,2

SmCRy4 (mU/mL) Conv. (%) ee (

)

o]
8
(3a) 59 86
o]

96 (R)
S
(3b) 131 ~99 99 (R)
o
\/\/\/Od
(3g) 254 >99 97 (R)
[¢]
A/\)o\)i
(3d) 247 >99 95 (R)
A/Wgo
(3e) 96 >99 99 (R)
o
@rﬁ
(3f) 54 >99 97 (5)

3 Reaction conditions: Substrate (2mmol/L), glucose (3 mmol/L), NADP*
(0.2 mmol/L), BnGDH (2 mg/mL), sodium phosphate buffer (100 mmol/L, pH 7.0), 45
°C. The residence time was 20 min.

versions of >99% were achieved within 12.5 and 12 min at 30 °C
and 45 °C in the microreactor, respectively. However, the same
conversions were obtained at 30 min in the batch reactor.

To explore the scope of this new continuous-flow strategy for
the synthesis of optically pure lactones, a variety of keto acids
were subjected to the general experimental conditions established
in the 3D microfluidic reactor (Table 2). Most of the lactones were
obtained with excellent conversions (>99%) and enantioselectivity
(>99% ee) within 20 min except for the reduction of 1a whose con-
version decreased to 86%. The longer residence time was attributed
to the relatively lower activity of the enzyme toward these sub-
strates than 1g (Table S1 in Supporting information). However, the
STYs of these chiral lactones were all higher than those obtained
in the batch reactions [27]. Therefore, further improvement of the
continuous-flow system could be achieved with the directed evo-
lution of enzymes.

The high stability of SmCRy, (t1, =26 at 45 °C) makes it pos-
sible to recycle and reuse the enzyme considering that its work-
ing time was 1-20min in the 3D microreactor, which is desirable
in terms of operation cost and sustainable manufacturing. To recy-

cle the enzyme, the collected product solution was re-pumped into
the microreactor continuously as the enzyme stock solution for the
enzymatic reactions. This enzyme-recycling continuous system run
steadily for 5h, and the substrate conversion was always >97%
at different time (Fig. S9 in Supporting information). Furthermore,
the reaction samples were taken and the catalytic performance of
SmCRy4 was compared by measuring the conversion of 4 mmol/L
substrate (Fig. S10 in Supporting information). It was found that
the enzyme’s catalytic capability remained stable throughout the
5h, which validated the feasibility and reliability of enzyme recy-
cling in the continuous-flow biocatalysis reactions due to the high
stability of SmCRy4.

The scale-up process is essential to the industrial application
of continuous flow processes, which can increase working volumes
and further improve total productivity. By controlling the same ex-
perimental conditions and the same residence time, it is possi-
ble to reproduce the experimental results in larger parallel or cas-
cade microreactors. Different from the volume scale-up of batch
reactions, the continuous-flow process can realize large-scale pro-
duction by running multiple microreactors in parallel or cascade.
With more microreactors connected online, productivity can be ex-
panded from the gram level to the kilogram level, which can save
scale-up time and cost significantly [17]. Production on the order
of kg/min can be readily achieved by running tens of modular re-
action units [31]. Gustafsson et al. demonstrated the advantages of
using continuous-flow processing at the scaled-up production of an
inhibitor intermediate, which reduced the costs of materials and
improved product quality [32].

To demonstrate the scale-up feasibility and the operation sta-
bility of the 3D microfluidic reactor, six larger microfluidic reac-
tors (total 65 mL working volume) were connected in cascade and
the continuous-flow reaction was operated automatically for 6 h at
a flow rate of 20 mL/min which was much higher than 2 mL/min
in the lab setup (Fig. 3a). Here, the scale-up principle is to keep
the residence time in each microreactor (32 s) similar to that (26s)
in the lab experiments. Remarkably, the system remained stable
without leakage for 6h and the substrate conversions were all
>99% during the whole process (Fig. S11 in Supporting informa-
tion). Finally, optically pure 3g (>99% ee) was obtained with 83%
yield after separation and purification (Fig. 3b). It is noteworthy
that the microchannel configuration of the larger 3D microreactors
was not heart-shaped, so the residence time was a little bit longer
than that in the lab microreactor. However, the working flow rate
was increased from the typical 2mL/min of lab experiments to
20 mL/min, and the total working flow was increased from 1.72 mL
to 65 mL, significantly enhancing the capacity of substrate process-
ing while keeping the same conversions (>99%). In fact, thanks to
the 3D microchannel set up in a single chip, it is possible that the
residence time can be readily optimized later by adjusting flow
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rates according to the cost of substrate and enzyme, providing a
flexible production module for different productivity requirements.

In conclusion, we designed and developed a 3D microreactor
using femtosecond laser technology, which was used as an effi-
cient platform for the continuous-flow synthesis of chiral y-and
S-lactones. The effectiveness of this process was demonstrated in
the synthesis of 3g with a residence time as short as 26s and
space-time yield up to 16,877¢g L-! d-!, which was 14.4 times
higher than that of the best batch process. The high efficiency of
this system was due to the enhanced mixing efficiency of the 3D
microfluidic reactor and the high activity and stereoselectivity of
the enzymatic reaction. As a result of the enzyme recycling and
the easy scale-up of the microfluidic system demonstrated in this
work, the combination of biocatalysis and continuous-flow tech-
nology not only leads to significant reductions in reaction time
and increased productivity, but can be also considered a sustain-
able technology for the production of fine chiral chemicals used in
various industries.
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