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Abstract: The compartmentalization of chemical reactions is
an essential principle of life that provides a major source of
innovation for the development of novel approaches in
biocatalysis. To implement spatially controlled biotransforma-
tions, rapid manufacturing methods are needed for the
production of biocatalysts that can be applied in flow systems.
Whereas three-dimensional (3D) printing techniques offer
high-throughput manufacturing capability, they are usually not
compatible with the delicate nature of enzymes, which call for
physiological processing parameters. We herein demonstrate
the utility of thermostable enzymes in the generation of
biocatalytic agarose-based inks for a simple temperature-
controlled 3D printing process. As examples we utilized an
esterase and an alcohol dehydrogenase from thermophilic
organisms as well as a decarboxylase that was thermostabilized
by directed protein evolution. We used the resulting 3D-printed
parts for a continuous, two-step sequential biotransformation
in a fluidic setup.

The compartmentalization of (bio)chemical reactions is
a fundamental principle of life, bearing great potential for
synthetic chemistry. Hence, this field is an area of intense
research and development, and has attracted much attention
in the past years.'”) Performing multistep biotransformations
with a defined sequence of biocatalysts can circumvent
challenges such as incompatible reaction conditions,
unwanted side reactions, and product inhibition. However,
all established state-of-the-art technologies used to arrange
enzymes for sequential reactions require significant chemical
or genetically encoded modifications of the target
enzymes.* !l As a result, the activities and specificities of
the enzymes can be negatively influenced.

To create defined spatial arrangements, the biocatalyst
can also be directly immobilized by encapsulation in a carrier
material, which can also stabilize the biocatalyst.'>** Indeed,
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several strategies have been used for the mild encapsulation
of enzymes and cells in natural and synthetic polymers.'*'®
However, these materials do not usually meet the require-
ments of advanced manufacturing processes such as three-
dimensional (3D) printing. Methods for the printing of
enzyme-containing polymer mixtures have been de-
scribed, 2! but require sophisticated lithography instrumen-
tation, additional components such as photoinitiators, or post-
printing treatments and/or sacrificial scaffold materials.
Extrusion-based printers are simpler and more widespread
in state-of-the-art academic and industrial settings.?>>"
However, this 3D printing strategy requires the development
of bioinks with suitable physiochemical parameters for both
the enclosed enzymes and the printing process.” In the case
of simple syringe-based extrusion printing without post-print
processing steps, elevated temperatures are necessary, and
these are not compatible with all enzymes. Therefore, to the
best of our knowledge, a direct ink writing process using an
enzyme-containing bioink in a standard, syringe-based extru-
sion printer has yet to be realized.

We herein demonstrate that thermostable enzymes can be
harnessed to realize an easy-to-handle 3D printing process. A
simple and inexpensive, agarose-based, thermoreversible,
enzyme-integrated hydrogel was used for the convenient
production of flow-reactor cartridges. The resulting biocata-
lytic modules were composed of only the enzyme and an
inexpensive biomaterial (agarose), they can be produced on-
demand, on-site, and are biodegradable after use. In this
approach, solely the thermostability of the target enzyme is
important as the enzyme needs to withstand the elevated
temperatures required for the processing of the biocatalytic
ink, which is the sole treatment of the ink during the whole 3D
printing process. For this purpose, either native enzymes from
the rich source of naturally occurring thermostable organisms
can be used (the BRENDA database alone contains 1275
enzymes with an experimental thermostability of > 60°C),>
or conventional enzymes from mesophilic organisms can be
rendered thermostable for specific applications by means of
established protein engineering methods.”~*! In a proof-of-
concept study, we demonstrate the versatility of this approach
by using esterase or alcohol dehydrogenase wild-type
enzymes from thermophilic organisms as well as a decarbox-
ylase from a mesophilic source that has been engineered for
increased thermostability. The application of these bioinks in
a 3D printing process enabled the straightforward fabrication
of flow-reactor cartridges, which were used for modular,
tunable, two-step biotransformations under continuous-flow
conditions even in THF/buffer mixtures, which are otherwise
detrimental to the enzyme activity.



We initially established experimental procedures for
temperature controlled 3D printing utilizing 3 % (w/v) agar
ose hydrogels that can be prefabricated and stored inside the
printer cartridges.””**! To ensure broad applicability, we used
a commercially available 3D printer (BioScaffolder 3.1,
GeSiM) equipped with a pneumatic, heatable print head
and a cooled print surface (Peltier cooler), enabling the layer
by layer fabrication of defined 3D scaffolds. We printed
different grid structured circles and polygons with diameters
of 10 20 mm and heights of 5 mm (Figure 1). The scaffolds
could be printed in a highly reproducible manner, and the
design shown in Figure 1B,C was chosen to match the
requirements for a flow reactor in terms of size, geometry,
and optimized flow rates and back pressure.

Aside from high throughput manufacturing, this 3D
printing approach also allows for the rapid prototyping of
devices to enable systematic screens for optimal buffer
conditions, scaffold materials, and their concentrations to
meet the distinctive requirements of the enzymes of interest
and/or to optimize the shape and surface/volume aspects of
the discs for optimal reactor performance. To study the
suitability of thermostable enzymes as functional biocatalytic
components of the agarose ink, we prepared individual
agarose hydrogels containing an esterase (EstII) or an alcohol
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Figure 1. 3D printed grid structured scaffolds based on 3% (w/v)
agarose hydrogels. A) Different shapes and sizes can be printed.

B) Top view and C) side view of the scaffold used in the flow reactor
setup.

dehydrogenase (ADH)P**! from the thermophilic organism
Alicyclobacillus acidocaldarius. Both enzymes show high Ty,
values, a quantitative measure for thermostability,*!! indicat
ing the distinct thermostability of the chosen biocatalysts
(Figure 2A). The agarose hydrogels were prepared in
advance from liquid agarose (42°C) and the purified
enzyme (2 uM end concentration) to give the bioinks, which
could be stored for prolonged periods of time (Supporting
Information, Figure S1) inside the print cartridge and used on
demand for the 3D printing of the desired scaffolds.

We initially analyzed whether the thermophilic EstII and
ADH enzymes indeed withstand the printing procedure and
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Figure 2. A) Comparison of the thermophilic enzymes ADH and Estll in terms of the Ty, values and residual activities [%)] of the corresponding
bioinks after incubation at 60°C for 15 min (incubation temperature and time in the 3D printing process), normalized to the activity determined
for freshly prepared bioinks. The activities were determined by using hardened agarose samples (bricks), as shown in | and IV. Column II
visualizes the enzyme load of the bricks by Coomassie Brilliant Blue staining. Column Il shows bricks that were incubated with the fluorogenic
Estll substrate (shown in B). B) Fluorogenic reactions used for determining the activity of ADH and Estll. C) Activity of enzyme loaded bricks as
a function of the incubation time of the gel samples at 60°C, representing the incubation temperature for re melting of the bioink in the 3D
printing process. Data are normalized to the respective activities of freshly prepared bioinks. The error bars in (C) represent the standard

deviations of at least two experimental replicates.



stay functional throughout the melting process in the heater
shell of the 3D printer by incubating samples of the bioinks at
60°C in a thermoblock and subsequent molding into cylin
drical bricks (5 mm x 2.7 mm; Figure 2 A and Figure S2). The
enzyme loads of these bricks (57.2 + 0.7 mg agarose hydrogel,
2uMm enzyme) were clearly visualized by staining with
Coomassie Brilliant Blue or incubation of the EstII loaded
brick in a solution containing the fluorogenic substrate 5(6)
carboxyfluorescein dihexylester (Figure2A). For a more
detailed characterization, the enzyme loaded bricks were
analyzed in terms of the EstII catalyzed de esterification of
the fluorescein derivative and an ADH catalyzed reduction
to yield isobutanol (Figure 2B). As shown in Figure 2C, the
thermostable enzymes could be incubated at 60°C for
240 min without a significant loss of activity. These results
provided initial support for our hypothesis that thermostable
enzymes could be used for 3D printing applications as the
15 min incubation at 60 °C needed for the printing process did
not substantially harm the enzymes.

As specific applications might require the employment of
enzymes of which thermostable variants have not yet been
described, we next demonstrated that the physical properties
of a mesophilic enzyme can be adjusted by established protein
engineering methods to render it suitable for the 3D printing
process described above. As a model enzyme, we used the
ketoisovalerate decarboxylase***! (KIVD) from the meso
philic organism Lactococcus lactis because the thermostabi
lization of this cofactor dependent, homodimeric enzyme
with two active sites at the monomer monomer interface is
challenging. The thermostabilized variant, in the following
referred to as KIVD mutant, contains three amino acid
substitutions as compared to the wild type sequence (E156K,
N351D, S385M). The KIVD mutant (75, =61.9+0.2°C) was
obtained by directed evolution of the wild type enzyme (T, =
53.1+£1.5°C) by a first round of optimization by computa
tional methods and a second round employing random
mutagenesis and screening of a clone library (Figure 3A;
see the Supporting Information and Figure S3 for details).

During the detailed characterization of the stabilized
KIVD variants, we also analyzed the decarboxylation reac
tion of ketoisovalerate at 60°C, which confirmed the
enhanced stability and activity at elevated temperatures
(Figure S4). The detailed procedure is described in the
Supporting Information.

For initial experiments, the KIVD mutant and the wild
type enzyme were encapsulated in agarose bricks, and the
residual activities after printing were analyzed. To this end,
the decarboxylation of ketoisovalerate to isobutyraldehyde
was quantified by HPLC analysis (Figure S5). Whereas we
were not able to detect any decarboxylation products of
ketoisovalerate in the case of the wild type KIVD bricks, the
KIVD mutant bricks showed substantial activity (36 +7 %)
after the printing procedure (Figure 3 A). This result clearly
confirmed that, if required, mesophilic enzymes can indeed be
readily optimized by directed evolution to become applicable
for such 3D printing processes that are based on temperature
dependent gelation of the bioink.

With the engineered KIVD mutant in hand, we produced
3D printed grid structured discs (Figure 1B, C), with dimen

sions fitting in a simple flow reactor. The flow reactor
comprises a cartridge that can hold various numbers of
agarose discs and is connected via tubing to a syringe pump
that delivers the substrate solution (Figure 3B). An initial
system containing one KIVD mutant disc was operated in
upflow mode at a flow rate of 25 uLmin', and the outflow
was analyzed by HPLC (Figure 3C). The formation of
isobutyraldehyde from ketoisovalerate (10 mm provided in
the inflow) reached a constant level after about 40 min, with
a maximum concentration of 4.1+ 0.2 mM isobutyraldehyde
in the outflow.

We also investigated to which extent enzymes are washed
out of the agarose matrix during flow operation. Western blot
analysis of the outflow revealed molecular weight dependent
elution behavior (Figure 3D and Figure S6). Based on these
data, operational volumes of up to 70 mL of product were
estimated for the present setting, which could be further
optimized by changes in the agarose concentration, the
specific design of the surface and volume of the printed
discs, as well as the operational flow rates. We also established
that the incorporation into the agarose matrix leads to
significant protection of the enzymes against organic solvents.
Whereas the Estll enzyme dissolved in solution was already
inactive in solvents containing more than 20% (v/v) THF in
the buffer, the enzyme embedded in the agarose gel still
showed significant catalytic activity at up to 40% (v/v) THF/
buffer (Figure S7).

To confirm that several agarose discs can be conveniently
combined in a modular fashion, a fluidic system (Figure 3B)
was assembled that catalyzes the two step biotransformation
of ketoisovalerate into isobutanol (Figure 3E). The reactor
was perfused in upflow mode at a flow rate of 25 uLmin",
and the formation of isobutanol was quantified by HPLC
analysis (Figure S8). As shown in Figure 3E, the increase in
the concentration of isobutanol in the outflow correlated with
the increase in the number of ADH discs, leading to the
formation of isobutanol in concentrations of up to 0.4 mm
(1 ADH disc), 0.6 mMm (2 discs), or 0.8 mm (3 discs). These
results clearly demonstrate the modularity of the system,
which enables a simple approach for the sequential coupling
of biotransformations with concomitant tuning of the product
concentration in the outflow. The exemplary 3D printed
agarose hydrogel structures shown here enable the direct flow
of the substrate solution inside the reactor and rapid diffusion
into the gel with an estimated rate of 100 ums™" (Figure S9).
Owing to the implementation of the effective 3D printing
technique presented here, the geometry of the scaffolds can
be easily modified. When several discs are used, they can also
be arranged with a small, grid related offset to prevent direct
flow through the gaps of the present design.

In conclusion, we have demonstrated that thermostable
enzymes can be advantageously used for novel bioinks that
enable the facile fabrication of modular biocatalytic flow
systems by means of 3D printing processes. In contrast to
other systems, our approach depends solely on the thermo
stability of the target enzymes, and it is thus particularly
suited for the rapid prototyping and manufacturing of
biocatalytic flow systems. In this way, cascaded reaction
setups for multistep biotransformations using a single flow
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Figure 3. A) Comparison of wild type KIVD and the KIVD mutant in terms of the Ty, values and the residual activities [%] of the bioinks before
and after the printing process. B) Schematic representation and photographic image of a fluidic system used for this study. For better
visualization, enzyme loaded discs were stained with Coomassie Brilliant Blue. C) Concentration of isobutyraldehyde in the outflow of the flow
reactor containing one KIVD mutant disc as a function of time. D) Coomassie Brilliant Blue stained discs that either were fresh or had been used
in fluidic experiments revealed molecular weight dependent enzyme elution from the agarose matrix. E) Time dependence of the concentration of
isobutanol in the outflow of the fluidic system comprising one KIVD mutant disc in combination with one (green), two (blue), or three (red)
ADH discs. NADH was constantly provided in the reaction buffer. Note that the concentration of isobutanol in the outflow correlates with the
number of ADH discs employed. The error bars in (A), (C), and (E) represent the standard deviation of at least two experimental replicates.

chamber can be realized and optimized without the need for
multiple orthogonal immobilization strategies. The number of
available thermostable enzymes is steadily increasing,*!! and
regular enzymes from mesophilic sources can also be adapted
to higher process temperatures, as indicated by the develop

ment of the KIVD mutant. The method described here is not
restricted to certain buffer conditions and allows for the
fabrication of arbitrarily shaped 3D structures. Furthermore,
agarose, the sole material that is needed for the reported 3D
printing technique, is a very inexpensive and non toxic
material, facilitating the preparation, storage, transportation,
and disposal of the enzyme containing bioink. We therefore
believe that our technology has the potential to pave new
ways for the implementation of added manufacturing tech

niques in biocatalysis and, in the long run, to enable the
establishment of automated, machine assisted bioproduction
processes.*!
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