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Enzyme immobilization is the key to an intensified bioprocess
that allows recycling of the heterogenized enzyme and/or
continuous biocatalytic production. In this communication, we
present a case study for enzyme immobilization in a novel, 3D
printable synthetic hydrogel and its use in continuous oxidation
reactions. Immobilization resulted in an average immobilization
yield of 6.1% and continuous synthesis was run for 24 hours with
a space-time yield of 3.1 x102gL* h™®,

The exploration for novel immobilization materials plays an
essential role in research, enabling biotransformations in
continuous flow,'** biocatalysis in non-conventional media
(BNCM),>** or process intensification as a whole.>**
general, enzymes work best in aqueous media due to their
origin in prokaryotic or eukaryotic cells. Therefore, a possible
immobilization procedure for a continuous BNCM approach
should include a carrier material that stabilizes the enzyme
by maintaining its hydration shell.

Hydrogels are crosslinked hydrophilic three-dimensional
polymeric networks that do not dissolve in water but,
conversely, absorb large amounts of water while preserving their
well-defined scaffolds. Typical hydrogel characteristics combine
biocompatibility,"*” antimicrobial behavior,” self-healing,® as
well as tunable mechanical,” and swelling properties.® Since
hydrogels can provide the desired aqueous microenvironment
for enzymes, researchers began to wuse hydrogels as
immobilization matrices.” Here, mostly hydrogels from
renewable resources were used: polysaccharides such as
(i) agarose, (ii) alginate, (iii) carrageenan, (iv) cellulose,
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(v) chitosan, (vi) hyaluronic acid, and (vii) starch, or proteins
such as (i) collagen, (ii) fibrin, and (iii) gelatin. In recent years,
also novel developments were reported in the literature focusing
on the 3D printing of hydrogel-immobilized enzymes. As one of
the selected examples, Maier et al. fabricated grid-structured
agarose-based hydrogel scaffolds into which three types of
thermostable enzymes (an esterase, an alcohol dehydrogenase,
and a decarboxylase) were immobilized. Here, the modules were
constructed by rapid prototyping and used in a biocatalytic flow
system.'® Croci et al. carried out a reductive amination from
benzaldehyde  substrate by  co-immobilized  amine
dehydrogenase and formate dehydrogenase. The authors
immobilized the enzymes in an agarose hydrogel cast in a 3D-
printed mold and applied them in a continuous flow micro-
reactor achieving a space-time-yield of 7.4 g L™ h™". Their study
presented a simple and efficient solution for implementing 3D-
printed hydrogel units with pre-determined structure in
continuous flow."" Wenger et al. compared bioinks of agar and
agarose containing the thermostable esterase 2 from
Alicyclobacillus acidocaldarius with respect to their applicability
for extrusion-based rapid prototyping. Their setup was favorable
for the fabrication of prints with a clean and defined structure.
The agarose inks with 4.5% polymer showed no leaching and
convenient printability, making them ideal for bioreactor 3D
printing."* Wang et al. reported the efficient synthesis of a
bis(acyl)phosphane oxide (BAPO) photoinitiator in a one-pot
system, that they applied in the photopolymerization of
polyethylene glycol (PEG)-based hydrogels. A digital light
processing printer was used and hydrogels with a gyroid
structure were successfully photopolymerized under 460 nm."?
We reviewed recent developments in enzyme immobilization in
natural and synthetic hydrogels and highlighted the positive
implications for efficient and sustainable biocatalysis.'* In
addition, we published novel 3D printable synthetic hydrogel
materials and carefully investigated their properties. Here, we
were able to demonstrate the first 3D printing attempts, using a
mild photoinduced lithography technique to initiate the
polymerization process.

This journal is © The Royal Society of Chemistry 2023
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In this communication, we present our idea to immobilize
the enzyme unspecific peroxygenase (UPO) mutant ‘PaDa-I’
into the synthetic hydrogel polyethylene glycol diacrylate/
[2-(acryloxy)ethyl]trimethyl ~ammonia chloride (PEGDA/
AETMA) and its application as random packing material for
flow biocatalysis (Fig. 1). The biocatalytic stereoselective
oxygenation of alkylbenzenes by recombinant UPO has
increased interest in recent years.'>** Just recently, we
holistically studied the carrier-bound immobilization of
PaDa-I," and could perform heterogenous
oxyfunctionalizations in continuous operation.”'® To the
best of our knowledge, we report here on the first example of
continuous oxidations using a synthetic, 3D printable
hydrogel as an immobilization matrix. We believe that our
idea will enable a route to a mild 3D printing technique of a
variety of enzymes. It could also allow access to novel enzyme
containing reactors or enzymes immobilized in random
packing material with high residual activity. Since the
polymerization is based on photoinitiation, no elevated
temperatures are used as in conventional 3D extruder
printers. The methodology is hence suitable for many
sensitive enzymes. In this paper, however, we have focused
on the fundamental investigation of heterogenization
(optimal enzyme amount, activity yield, and applicability).
The follow-up 3D printing of the immobilized enzyme is
ongoing and not the scope of this work.

We began our investigations on how we could achieve
reproducible immobilization yields with the simultaneous
production of wunified immobilizates. To mimic the
lithographic 3D printing process, we found that an exact
amount of 10 pL aliquoted material solutions into 1.5 mL
micro test tubes yielded consistent pellets after irradiation
with UV light (365 nm for 3.5 min and afterward white light
for 60 min, Fig. S17). Before washing the pellets in buffer,
they showed a mass of 10.0 + 0.4 mg and a dimension of
1.4 £ 0.1 mm (height) times 3.9 + 0.1 mm (diameter). After
equilibrating the hydrogels pellets in buffer for 24 h, we
determined a swelling degree g, .. of 7.6 and the pellet size
was determined as 2.9 + 0.2 mm (height) times 7.8 + 0.2 mm
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(diameter) with a mass of 85 + 5 mg (compare Fig. S2, S7 and
Table S37).

After standardizing the method to produce the pellets, we
investigated the immobilization of PaDa-I. Here, we studied
two fundamentally different immobilization methods:
(i) incubation of hydrogel pellets in the PaDa-I stock solution,
and (ii) direct addition of the enzyme during the
polymerization of the hydrogel (Fig. 1). However, the former
method (i) showed significant enzyme leaching (data not
shown), so the second approach was continued. To
investigate the enzyme leaching, the enzyme-containing
hydrogel pellets were washed three times in potassium
phosphate buffer solution (KPi, 50 mmol L™, pH 7.0) and the
washing fraction was analyzed with the ABTS assay (oxidation
of 2,2"-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) for
enzyme activity (Scheme S1}), and the Bradford assay for
protein content. No protein in the washing fraction could be
detected. However, a relatively high interference of the
monomers of hydrogel matrix and the Bradford assay
components noticed. Yet, all absorbance values
measured from the washing liquid of enzyme-loaded
hydrogels were lower than that of the blank (= hydrogel pellet
without enzyme). As an alternative attempt to determine the
protein content, SDS-PAGE analysis showed no protein bands
of the washing fractions (Fig. S31). However, it should be
noted that the sensitivity of the SDS gel analysis is relatively
low; thus, for further studies we will use silver staining or
quantitative western blotting to increase the sensitivity for
enzyme leaching detection. The ABTS assay performed from
each washing fraction showed negligible enzyme activity, in
any case. Therefore, we concluded that no significant enzyme
leaching occurs in the developed hydrogel-based
heterogenization method. In a next step, we were interested
in the residual activity of the enzyme hydrogel pellets and
whether reusability of the material is possible. Mass specific
activity of the immobilized enzyme was again measured via
the standard ABTS assay in a thermostatic vessel with one
hydrogel pellet. The mass specific activity in this study is
defined as units per grams of wet carrier (= a gel that has

was

ABTS + H,0,

3D-printable
hydrogel

ABTS**

Fig. 1 Concept of this work: synthesis of synthetic 3D printable hydrogels for enzyme immobilization (left). Application of novel heterogeneous
enzyme as random packing material for continuous oxyfunctionalization synthesis oxidizing 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)

(ABTS).

This journal is © The Royal Society of Chemistry 2023
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been washed three times for each 1 hour before the activity
assay was performed). The enzyme-loaded hydrogels pellets
showed an activity of 3.2 x 101U Lwet carrier © resulting in an
activity yield of 6.1% (based on the mass of wet hydrogel
carrier material). Subsequently, the enzyme hydrogel pellets
were reused in two consequent cycles. In the second run (the
first cycle), the activity dropped by 87% to 4.3 x 107>
U Zwet carrier ', and in the third run (the second cycle), the
activity was only within the range of measurement accuracy
(compare Fig. S6 and Table S2f). Therefore, it can be
concluded that reuse - albeit limited - is possible for at least
one cycle. The loss of activity could be explained by the fact
that the enzyme on the surface of the particles was
deactivated by the relatively harsh reaction condition of the
ABTS assay. Subsequently, further investigations of the
hydrogel-based immobilized UPO focused on additional
aspects and are discussed here in short: (i) to achieve a
generally higher activity, more enzyme was used in the
pellets’ synthesis. However, the activity remained the same in
the standard error range (data not shown). (ii) The stirring
speed was increased by a factor of two to avoid possible
diffusion limitations, but no significant change in the activity
was observed (Fig. S5 and Table S17). (iii) The composition of
the hydrogel matrix was changed by doubling or halving the
amount of the crosslinker PEGDA (44 wt% or 11 wt%,
respectively) to change the diameter of the inner pores. In
this case, the activity of pellets with a denser polymer
network showed no change compared with the standard
enzyme-hydrogel pellets. Whereas looser networks provided
ca. 66% lower activity values, significant leaching could not
be detected (Fig. S8 and Table S47). (iv) The pellet size was
decreased by using half of the volume prior to polymerization
(5 uL instead of 10 pL), hypothesizing that a higher surface
would show increased activities. Nevertheless, no change of
overall activity was observed (Fig. S9 and Table S51).

As an interim conclusion, we demonstrated that the
immobilization of UPO in the AETMA-PEGDA 700 hydrogel
was successfully performed. Based on the activity and protein
analysis of the washed fractions, no significant leaching of
the immobilized PaDa-I was observed. It is hypothesized that
the unfortunate poor reusability of the pellets is due to the
restricted mass transfer, which limits the activity of the
enzyme entrapped in the gel compared to that of
immobilized at the gel surface. To improve the properties of
the immobilized PaDa-I, various experimental parameters
(e.g., stirring speed, crosslinker amount, enzyme amount,
pellet size) were evaluated in detail. Surprisingly, none of
them could affect the increase of the activity of the
immobilized biocatalyst leading to the conclusion that the
method has already reached its optimum.

Next, the immobilized enzyme was applied in a biocatalytic
continuous flow approach. A commercial Tricorn 10/50 column
from Cytiva was used for the continuous flow experiments. The
column was packed with the hydrogels containing the
immobilized PaDa-I. Two processing strategies were here
evaluated. In the first, 300 pL of the hydrogel was polymerized
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directly in the column, creating a random hydrogel film
packing. In the second, the column was filled with 30 pieces of
hydrogel pellets, corresponding to the volume used for random
film packing. To evaluate and compare both approaches, the
ABTS model reaction system was used (Fig. 2). The key
parameters of the applied bedding in the column were
assessed as the following: volume of hydrogel applied: 300 mL;
bed height: 5 cm; reactor volume: 3.9 mL; theoretical residence
time of ABTS at a total flow rate of 0.5 mL min*: 7.9 min. In
every experimental run, the column was washed with buffer for
30 minutes with a flow rate of 0.5 mL min*, which is the total
wash volume used in washing the pellets. Afterwards, the
system'’s UV detector was equilibrated with 0.3 mmol L™ ABTS
solution for 10 min with a flow rate of 0.5 mL min™". All
reactions were run overnight (ca. 1200-1500 min) with
0.496 mL min~" ABTS solution and 0.004 mL min~* hydrogen
peroxide solution (0.035 wt%). In three individual experiments,
the random hydrogel film packing generated an average
continuous production of 2.2 + 1.6 mg L™ of ABTS™ yielding in
an average space-time-yield (STY) of 0.017 + 0.013 g L™" h™"
(Table 1, entries 1-3). In three more individual experiments,
the random pellet packing generated an average continuous
production of 1.6 + 0.7 mg L™ of ABTS™" yielding in an average
STY of 0.012 + 0.005 g L™ h™" (Table 1, entries 1-3). Since these
results are within the experimental error range of the previous
experiment, it cannot be stated that one approach is better
than the other one. Interestingly, the standard deviation was
significantly reduced to 50%, proving that the packed pellets is
more reliable and can provide more consistent results.

a) Thin film

20 min

b) Pellets

80 min 10 min 50 min

Fig. 2 Using PaDa-l enzyme-loaded hydrogels as (a) a random thin
film or (b) pellet packing for continuous flow biocatalysis. The blue
color is resulted from trapped ABTS™ into the hydrogel material.

Table 1 Production of ABTS™ and space-time-yield (STY) of thin film
and pellet packing in continuous operation using hydrogel-based
immobilized PaDa-l (also compare Fig. S41). Each entry represents an
individual experiment

Entry c(ABTS")/mg L™ STY/gL " h™"
Thin film packing

1 0.86 6.6 x 107°

2 4.04 3.1x1072

3 1.60 1.2 x 1072
Pellet packing

4 2.28 1.7 x 1072
5 1.50 1.1x102
6 0.94 7.2 %1073

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Profile of hydrogel pellets coloured with basic fuchsin over time.

Recently, we reported about the continuous PaDa-I
production of ABTS™, where the enzyme was immobilized on
commercially available carrier material ECR8315F from
Purolite Lifetech.'” In this previous study, we found an
approximately 20-times higher production of ABTS™, and a
70-times higher STY in comparison with the here presented
study. However, a fair comparison is not possible: The
inherent advantage of our newly developed method allows
the hydrogel material to be 3D printed in any conceivable
shape. Therefore, the disadvantages could be overcome by an
intelligent reactor design with miniatured well-defined
channels. On the other hand, the hydrogels absorb a lot of
water so that reactions in organic media are also possible. In
addition, the hydrogels containing the enzyme could be
easily stored at 4 °C for a couple of months without losing
significant activity (data not shown). The free enzyme,
however, showed approx. 35% loss of activity after 50 days
being stored in the fridge at 4 °C.

Since it was hypothesized that the biocatalysis takes place
mainly at the surface of the hydrogel, resulting in the
relatively low activity, an attempt was made to investigate
how quickly the substrate enters the hydrogel and how it is
distributed throughout the pellet. In this experiment, seven
empty hydrogel pellets were soaked in KPi buffer stained with
basic fuchsin for different time periods. The first pellet was
removed after 0.5 min, while the last one was stirred in the
stained buffer for 60 min. Afterwards, the pellets were cut in
half and compared with a reference (Fig. 3). An important
detail that can be seen in the photo is the darker color stripes
on the edge of the pellets. The longer the pellet remains in
the colored buffer, the more intense its color becomes.
However, even after 60 minutes, the darker band is clear and
well visible. This finding is consistent with the theoretical
model of liquid-solid mass transfer from bulk liquid media
to porous supports. The image supports the hypothesis that
the reaction occurs primarily at the surface of the hydrogels
and that internal (pore) diffusion is a critical factor hindering
the accessibility of the immobilized enzyme. Although the
hydrogels could be vividly characterized from the images,
quantitative evaluation was not possible due to the small size
of the pellets.

Conclusions

In this communication we presented for the first time in
the literature a holistic immobilization procedure of the
UPO mutant PaDa-I in a synthetic, 3D printable AETMA-
PEGDA 700 hydrogel. The immobilization was carried out
with an activity yield of 6.1%, which was two-times higher
compared to covalently bound PaDa-I reported by us.'® The
activity and the protein content of the washing liquid was

This journal is © The Royal Society of Chemistry 2023
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examined, and no leaching of the immobilized PaDa-I was
determined. The reusability of the pellets proved to be
relatively poor. An equilibrium swelling degree of 7.2 was
found for the pellets being an essential measure for
constructing the packed bed column.

Several experimental parameters were evaluated to be
optimized (e.g., altering the (i) amount of enzyme
immobilized, (ii) initial volume of the pellets, (iii) fabrication
of pellets containing different weight percentages of
crosslinkers, and (iv) testing the activity with higher agitation
speed. None of these introduced positive changes for the
activity of the immobilized enzyme. Using the model reaction
of ABTS/ABTS™, the carrier containing the immobilized
enzymes has been assessed in a continuous flow system, in
the forms of random film and pellet packing. After optimizing
the volume of the applied hydrogel, 2.2 + 1.6 mg L™ and
1.6 + 0.7 mg L™ of ABTS™ were produced with the film
and the pellet packing, respectively. Ensuring greater
control over the uniformity of the carrier, the latter showed
more consistent results. However, the low performance of
the immobilized enzyme reveals the challenge for future
research: the enzyme in its immobilized form needs
improvement in (i) residual enzyme activity, (ii) long-term
process stability, and (iii) increased productivity. Our further
studies will be dedicated to address these challenges. As
regards future perspectives, there is a broad range of
strategies that holds a promising solution for further
research on this topic. To address the problem of mass
transport in synthetic hydrogels, additive manufacturing
could be a potential alternative, as it offers particularly great
control over the product's structure, i.e., the possibility of
producing a highly porous hydrogel material in the end. In
addition, the encapsulation of different enzymes will also be
investigated in the future. After implementing our findings
for lithographic 3D printing, we believe that it will be
possible to print specific reactor material with hyperfine
pores to overcome the above-mentioned challenges.
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