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Additivemanufacturing has evolved at such a level nowadays that it follows the sustainability pathways, from

applied materials to processing costs. This is a fundamental reason that more and more scientific effort is

devoted to incorporating this technology in different research fields. Implementation of 3D printing

technology in flow biocatalysis can be addressed at every process design level, (i) either the reactor itself,

(ii) the support material for biocatalyst confinement, or (iii) the peripheral accessories that can establish

a highly controlled process. 3D printing is an attractive option for enabling the development of more

efficient processes, along with facile performance optimization. Moreover, the 3D printing of

a biocatalyst entrapped in a protecting scaffold offers an alternative immobilization approach with

promising results for a cost-effective and green process design.
Sustainability spotlight

Flow systems have become part of numerous research laboratories in academia and industry, while biocatalytic systems have long been described as the
sustainable alternative to classical chemical catalysis. Thus, there are increasing requirements for systems and devices that sustainably support biocatalytic ow
systems. Additive manufacturing can be employed in different stages of a ow bioprocess, offering the scientists the benet of customizing the equipment and
even enhancing the system's productivity with tailor-made reactors and biocatalyst supports. The goals for sustainable consumption and production (UN-
SDG12) can be addressed in this work, with literature examples of laboratory practices that promote functionality and longevity of industrially-relevant bio-
processes. An overview of recycling trends and time-to-process management is also described.
1. Introduction

Additive manufacturing (AM), or, as it is commonly known,
three-dimensional (3D) printing, connects the virtual world
with the objects we get in our hands in everyday life. The AM
ecosystem consists of hardware, soware/modeling, and mate-
rials; in its ideal form, it is a closed-loop system. This means
that nowadays, 3D printing is focusing on sustainable sources
of printing materials (inks, resins, and laments) and follows
pathways for recycling and chemical circularity.1–3 The goal is to
make AM a production technology whose products undergo the
maximum possible reusing. At the end of their lifetime, every
product either biodegrades or is recycled back into material
feedstock.4 If we add the low – or extremely low in some cases –
processing costs of this technology, we can talk about
a sustainability diamond, ready to be employed in a vast range
of distinct technological sectors, from health and chemistry to
mechanics, aerospace, and environmental applications.5
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Additive manufacturing processes have also been imple-
mented in the eld of ow biocatalysis. This emerging appli-
cation of biocatalysis is dened as the processes that take place
under continuous ow conditions in specially designed reactor
systems, elaborating biocatalysts either isolated, i.e., enzymes,
or in their whole-cell form.6 The answer to why perform bio-
catalysis in ow reactors has been comprehensively answered
by Tamborini et al. (2018)7 and De Santis &Meyer et al. (2020)8 in
their reviews for biocatalytic process intensication. Prof.
Polona Žnidaršič-Plazl has also reported on the promises and
challenges of biotransformations in microow.9 In these and
several other works,10–12 it has been highlighted the substantial
improvement in space-time yields (STYs) – a fundamental
parameter used to describe the productivity in biocatalytic
processes – when shiing from batch to continuous ow
systems.13–15 So, it can be argued that ow reactors are used
when continuous productivity is of utmost importance, and
there is no specic need for products at large scales. However,
this is not entirely true. Scale-up of ow processes can be real-
ized utilizing parallelization and numbering-up approaches. By
doing so, production on a bigger scale can be more economi-
cally feasible if we consider the signicantly smaller equipment,
the decrease in reaction time from hours to minutes, and the
highly controlled systems that can be realized when we have to
do with small dimensions.7 So, more efficient reactions and
minimized waste production? industry's blessings.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 The different ways to incorporate 3D printing in flow biocatalysis systems.
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Nevertheless, how 3D printing technology is incorporated
into ow systems design? For ow chemistry, we need reactors
and/or peripherals like pumps, sensors, reservoirs, etc. For
biocatalysis, a highly controlled microenvironment in
a conned space is required, that can be translated to a chem-
ically modied scaffold to host the biocatalyst, a dened reac-
tion chamber with sufficient nutrients or substrates supply, or
a specially designed reactor that could serve special needs like
light penetration in photobiocatalysis.16,17 3D printing can do all
of these. 3D-printed parts have been elaborated in all stages of
a continuous ow biocatalytic process: (i) the reactor itself, (ii)
the support material for biocatalyst connement, or (iii) the
peripheral accessories that can establish a highly controlled
process.18 Going with the 3D printing concept, rather than using
already patented reactors, scaffolds, and accessories, offers the
critical advantage of customizable products, tted to the
particular needs of each process. It can also be a relatively
economical alternative since materials applied for 3D printers,
or the 3D printers themselves, are becoming cheaper and more
user-friendly. Complex geometries with high porosity can be
realized, and a ‘trial-and-error’ method can be adopted by the
user. Another critical aspect is that the soware for 3D design is
readily available to everyone, with multiple open-source
programs, and a vast online community supporting the users
in their endeavors.

In their review, Zentel et al. (2020) explored the potential of
3D printing for chemical reaction engineering.19 They high-
lighted the impact of tailor-made designs and fabrication
techniques as a game-changer in constructing reactors and
downstreaming units in ow chemistry. Within this review
article, we aim to bring together the reported knowledge in
elaborating 3D printing for ow biocatalysis. We will delve into
the scientic community's different approaches to utilize this
ourishing technology to upgrade the continuous ow bio-
catalytic systems. Our approach is to divide the literature into
© 2023 The Author(s). Published by the Royal Society of Chemistry
3D printing of reactors and reactor matrices (Section 2), 3D
printing of biocatalysts (Section 3), and 3D printing of reactor
apparatus (Section 4) necessary for the ow system performance
(Fig. 1). This review aims to contribute to the existing literature
for applying AM techniques in different elds of study. To the
best of our knowledge, it is the rst review with a special focus
on ow biocatalysis.
2. 3D printing of reactors and reactor
matrices for flow biocatalysis

In ow biocatalysis, biotransformations typically occur within
conned spaces in reactors or reactor matrices, which both can
be 3D-printed. At rst, it was just an appropriate scaffold,
chemically inert and mechanically stable. But nowadays, AM
has evolved so that chemical functionalities can easily be added
to initially inert printing materials. Matrix materials, blended
materials, or reactive moieties have been explored in this
context, offering superior performance to the 3D-printed scaf-
folds.18,19 Recently, it was also reported a novel hydrogel as
a reactor packing material produced with a mild 3D printing
process.20 One step further, the functionalities on the 3D-
printed reactor surface can be used for targeted material–bio-
system interactions, with enzyme immobilization being the
most common approach.21 Studies have shown that when the
biocatalyst is xed in the reactor surface, signicant advantages
in terms of stability and reusability arise.22 So, the process
follows the route: choose the appropriate material, 3D-print the
scaffold, integrate the biocatalyst, and nally connect to the
overall uidic system.

Previous reports have reviewed the 3D printing techniques
used for bio-related applications, including descriptions of the
diverse materials that have been investigated.18,19,21,23 In the
following paragraphs, we will examine some relevant examples
RSC Sustainability, 2023, 1, 1672–1685 | 1673
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Fig. 2 3D printing of reactors and reactor matrices for flow biocatalysis.
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from the literature, where 3D printing was elaborated for scaf-
fold design and development in ow biocatalysis (Fig. 2).
Table 1 summarizes the referenced literature.
2.1 3D printing the reactors

2.1.1 Milli-scale reactors. One of the rst and simplest
examples in this category was described by Peris et al. (2017),
who were the rst to establish a 3D-printed continuous ow
reactor foru-transaminase immobilization.24 It was amilli-scale
reactor developed by selective laser sintering (SLS) with
a powder-based nylon material. This approach enabled the
sequential chemical modication of the 3D-printed device with
amino moieties to covalently bind the enzyme on the reactor
surface. The optimization of the immobilization strategy was
performed in a multi-well plate that was 3D-printed from the
same material, showcasing the versatility of 3D printing for
laboratory practices. Aer transferring the optimized protocols
to the 3D-printed reactors, the continuous ow kinetic resolu-
tion of rac-methylbenzylamine was demonstrated. The system
showed remarkable stability, maintaining its activity and
selectivity with an enantiomeric excess (ee) over 94% aer 78
hours of use, with a total of 105 catalytic cycles performed with
the same immobilized enzyme. In the same concept of modi-
cation of the reactor surface using known chemicals, was the
work of Ye et al. (2019).25 This work investigated the perfor-
mance of differently shaped scaffolds (diamond or honeycomb
cubes, spheres, and pyramids) as carriers for enzymes from
different classes. The best-performing sphere-shaped scaffolds
were nally integrated into the reactor. The printing material
used here was carbon ber-reinforced polylactic acid (C-PLA).
PLA lament is one of the most widely used fused deposition
modeling (FDM) materials due to its low cost, easy handling,
and recyclability. Carbon bers were used as an additive for
improved and adjustable chemical properties. The factors
1674 | RSC Sustainability, 2023, 1, 1672–1685
affecting the surface activation method for the scaffold were
extensively studied by monitoring enzyme activity. The opti-
mized protocol was applied for immobilizing different enzymes
veried by producing valuable compounds like amoxicillin and
lactosurcose. penicillin G acylase retained its enzymatic activity
at 88% and glycosidase at 92.8%, both aer ten cycles of use.
Lactosucrose was synthesized with a yield of 142 g L−1 (281.5
mM) for a total of 24 hours of reactor operation, and 68 g L−1

(186 mM) amoxicillin were produced in 260 min of operation,
proving the excellent operability of the 3D-printed frames.

Another example of a novel modication protocol on 3D-
printed surfaces is that of Sriwong and Matsuda (2022), who
applied polydopamine (PDA)-coated 3D-printed materials for
continuous ow biocatalysis.26 Dopamine is an important
compound in chemical biology and materials science because it
shows intrinsic adhesiveness towards many different material
surfaces, on which it attaches as a chemically reactive PDA
priming layer. Its intrinsic reactivity towards, e.g., thiols and
amines, acts as a platform for secondary reactions for specic
surface functionalization. The researchers here used thermo-
plastic polypropylene as an inexpensive material that is chem-
ically stable towards a range of organic solvents. The enzyme of
choice was an acetophenone reductase from Geotrichum candi-
dum (GcAPRD), and the system was applied for asymmetric
ketone reduction in a continuous ow mode. Both batch and
microuidic reactors were designed, going from 1.5 cm to
1.5 mm internal diameter. The batch reactors were used to
optimize the immobilization protocol, and the best-performing
protocol was elaborated for microuidics fabrication. A
comparison between the batch and microreactor systems
revealed that higher immobilized protein per area could be
achieved with the microuidic system providing with an effi-
cient use of materials surface for biomolecular interactions. The
versatility of the 3D printing technology offered the opportunity
to improve the system performance by designing and testing
© 2023 The Author(s). Published by the Royal Society of Chemistry
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different reactors, and thus investigate the optimum enzyme
immobilization yield, bioreactor area per volume, and contin-
uous ow operation. As a result, 12.5 Units of immobilized
enzyme on 3D-printed microuidic bioreactors produced
43.2 mg of (S)-1-phenylethanol with >99% ee, while the previ-
ously reported milliscale reaction gave 98 mg of product, cata-
lyzed by 50–250 Units of free enzyme, with up to >99% ee.

2.1.2 Micro-scale reactors. Aiming at a greener approach,
Gkantzou et al. (2022) proposed a different modication
protocol for 3D-printed biocatalytic microreactors.27 The
printing material used for the reactors was natural PLA (without
additives, commercially available under the tradename of
PrimaValue™) and a chitosan-based surface modication
protocol was followed for enzyme immobilization. The optimi-
zation of surface modication and enzyme immobilization was
assessed using 3D-printed multi-well plates. The optimized
surface modication protocols were then transferred to printed
micro-scale reactors to enable the immobilization of laccase
from Trametes versicolor in their interior walls. X-ray photo-
electron spectroscopy studies also revealed the degree of surface
enrichment of the modied 3D-printed scaffolds. Process opti-
mization under continuous ow was performed in terms of
enzyme concentration, operational stability, and ow pattern.
The model substrate was hydroxytyrosol, an industrially rele-
vant and well-studied olive oil extract. A total turnover number
(TTN) of 4 386 000 was achieved, indicating the viability of the
designed system for repeated use of the immobilized bio-
catalyst. The versatility of the proposed reactor was demon-
strated with the continuous ow biotransformation of several
phenolic compounds from edible sources, reaching high
conversion efficiencies in only one hour of residence time with
mild reaction conditions.

The same research group, in a next attempt, used this
chitosan-modied 3D-printed microreactor to perform bio-
catalysis in deep eutectic solvents (DESs)-based media,28 that
have been previously described as efficient solvents for bio-
catalytic processes.34 This time using lipase from Candida ant-
arctica, the continuous ow concept was used to investigate
biocatalytic characteristics of the immobilized lipase like
enzyme concentration, continuous ow kinetics in the presence
or absence of DESs, operational stability, and storage stability in
100 vol% DES. Notably, the modied reactors maintain their
rigidity aer exposure to 100 vol% DES, demonstrating the
potential of biobased 3D-printed materials for use with alter-
native solvents. Further ndings were the solvent stabilizing
effect on enzymatic activity, even at 100 vol% DES concentra-
tion, the 90% residual activity of the immobilized enzyme at 4 °
C aer two months of storage, and that the presence of the DES
betaine : glycerol in the reaction system improved the apparent
kinetic constant (KM,app) of the enzyme greatly. The enzyme-
microreactor system retained 53% of its activity aer 30 days
of storage in 100 vol% DES at 60 °C, while it got completely
deactivated when stored in buffer solution. The study also
exhibits a continuous ow transesterication reaction to
produce glyceryl ferulate, a hard-to-obtain natural antioxidant,
showing higher productivity than the batch reaction with
a commercially available immobilized enzyme preparation.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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2.1.3 Micromixers. Passive micromixers work in principle
by following the change in structure along the channel length
achieving enhanced mixing. Their simple operation has led to
their incorporation into several microscale processes.35 The
investigation has been conducted on the mass transfer char-
acteristics of different internally shaped micromixers for the
absorption of CO2 in water and alkaline solutions, revealing
that the mass transfer coefficients were one or two orders of
magnitude higher than that of commonly used contactors like
bubble and packed-bed column reactors.36,37 Chai et al. (2021)
applied this concept to demonstrate a biocatalytic micromixer
for the conversion of CO2 to formic acid.29 The micromixer was
fabricated using the stereolithography (SLA)-based 3D printing
technology with a commercial transparent urethane
methacrylate-based resin (Clear Resin V4). This approach
allowed for different internal structure designs to assess the
best-performing mixer. The interior of the microchannels was
chemically modied, and a biomineralization method was fol-
lowed to immobilize the enzymes of interest on a ZIF-8 thin
lm. For the cascade reaction, carbonic anhydrase (CA) and
formate dehydrogenase (FDH) were elaborated. The biocatalytic
concept was adopted by co-immobilizing the enzymes in
a single microchannel and by a domino approach, immobiliz-
ing each enzyme in a different micromixer and interconnecting
them. A simulation study of the concentration distribution of
liquids within the micromixer showed almost 100% mixing
efficiency across different Reynolds (Re) numbers (from 4 to 25),
making the system suitable for applications requiring high
reaction control. The system was also microscopically and
spectroscopically characterized proving the efficiency of the
surface modication protocol and the enzyme immobilization
in the ZIF microstructures. Different two-phase ow patterns
were investigated, and the effect on the biocatalytic activity was
assessed. A combination of bubbly/slug ow was found to be the
ideal condition for sufficient product yield, while the two
different immobilization approaches, co- or domino immobi-
lization, did not seem to produce signicantly different results.
However, the independently immobilized systems can provide
important information for the reaction, like the rate-limiting
step. The optimum system produced formic acid at a rate of
0.97 molformic acid (kgenzyme h)−1. A corresponding system in
a conventional bubble column showed a production yield of 0.1
molformic acid (kgenzyme h)−1, despite the signicantly higher
immobilization yield in the column than in the micromixers,
87% and 22%, respectively. Concluding, this study gives the
reader a perspective on the potential of 3D printing in designing
modular devices with specic functions for cascade enzymatic
reactions on the microscale.
2.2 3D printing the reactor matrices

An example of 3D-printed packing material for reactors was
developed in the work of Büscher et al. (2020).30 This study
describes a tailor-made structure, acting as an enzyme immo-
bilization matrix and an extraction-phase distributor at the
same time. The motive of the study was the precise control of
geometry that can directly affect the ow behavior of an organic
© 2023 The Author(s). Published by the Royal Society of Chemistry
extraction phase and can be readily achieved with additive
manufacturing. Indeed, 3D printing allowed the researchers to
investigate different reactor internal structures, and hence
improve their inuence on extraction relevant parameters, like
the surface-to-volume ratio, the droplet size, and the residence
time. Selective laser sintering (SLS) was chosen as a 3D printing
approach that offers high surface roughness which can be
benecial for enzyme immobilization. Phenolic acid decarbox-
ylase (PAD) from Mycobacterium colombiense was immobilized
on a matrix material made of 3D-printed polyamide 12 located
in a glass column reactor system. The aim was to perform
ferulic acid decarboxylation to 2-methoxy-4-vinylphenol (MVP),
implementing in situ extraction of MVP with an organic solvent.
PAD has been shown to undergo product inhibition under the
conditions (Ki,MVP/KM,FA = 0.06),38 so the importance of in situ
product extraction is underlined by the authors. This type of
reactor had been previously used for ferulic acid bioconversion.
Still, it was the rst time that a study focused on improving the
mass transfer of the reaction product to the organic extraction
phase. By doing so, 85% conversion was observed in the rst
hour of reaction, while 83% of the product was extracted in the
rst 15 minutes of operation. The newly developed matrix
material also contributed to an enhanced surface area,
compared to previous studies, for an increased enzyme loading
that is substantial for conversion efficiency. Overall, this study
is a good example of bioprocess intensication by combining
biocatalysis and in situ extraction within a countercurrently
operated reactor utilizing 3D-printed packing material.

Also, the work by Valotta et al. (2021)31 locates in the eld of
3D printing reactor inserts for continuous ow biocatalysis.
PAD from Bacillus subtilis was the enzyme of choice, this time
for the decarboxylation of coumaric acid to vinylphenol. The
enzyme was covalently immobilized on the 3D-printed support
structures aer proper support functionalization to introduce
reactive groups on its surface. Different geometries of the
inserted structures were assessed in terms of ow behavior with
a residence time distribution (RTD) approach. Ceramics were
used as the 3D-printed material in a standard vat photo-
polymerization (VPP or commonly SLA) printing technique. The
choice for ceramics, instead of standard 3D-printable polymer
resins, resulted in great enzyme-carrier compatibility, demon-
strated by long-term activity and stability. The ‘freedom of
design’ offered by 3D printing resulted in an optimum lattice
structure with a high surface area, reaching 58% immobiliza-
tion yield and 6.02 U g−1 enzymatic activity. The continuous
ow bioconversion was performed in an automated screening
set-up for the optimization of the reaction. 3D printing was
employed also for the fabrication of static mixers to provide the
system with a feed stream of uniform concentration before it
reaches the reactor inlet. Applying a design of experiments
(DoE) approach with this setup, a space-time yield (STY) of
39.21 g (L h)−1 was reached, outperforming the previously re-
ported by eight-fold. The authors claimed that the possibility to
easily design and manufacture interchangeable inserts via 3D
printing allows for rapid adaptation to the reaction needs, thus
achieving optimal process conditions. This work was also
a good example of realizing functional low-cost alternatives to
RSC Sustainability, 2023, 1, 1672–1685 | 1677
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analytical equipment that increased the level of process
understanding.

3. 3D printing the biocatalysts

3D printing of the biocatalyst requires formulating it with
support material, typically hydrogel-forming polymeric pregels,
and using this mixture as a 3D-printable ink or resin (Fig. 3).
Bioinks and bioresins are obtained when living cells are used as
the biocatalyst and mixed in the polymeric pregel. The resulting
3D printing process is called ‘bioprinting’.39 It involves assem-
bling cellular bio-entities via extrusion-based printing of one or
multiple bioinks or, less commonly, by crosslinking the bio-
resin layer-by-layer via SLA- or digital light processing (DLP)-
based printing to create bio-engineered living materials. In
contrast, formulating active enzymes into a polymeric pregel
without cells results in a bioactive and/or biocatalytic ink or
resin to 3D-print bioactive scaffolds or matrixes for biomedical
applications or biotechnological processes. The striking argu-
ment for 3D printing of the biocatalyst compared to a simple
casting is the potential to easily control the 3D shape of the
resulting biocatalytic matrix as well as the spatial distribution
and/or local concentration of the biocatalyst in a modular
fashion, including multiple-enzyme or cellular coculture
systems for cascade biotransformations.

3.1 3D printing of cells

For whole-cell biocatalysis, only a few examples have been
described so far involving yeast cells to develop living materials
for biocatalytic process intensication or bacteria-algae co-
cultures for bioremediation processes.40–42 However, with the
continuous bioprinting advancements in the eld of tissue
engineering and regenerative medicine, naturally focusing on
mammalian cell printing, the dawning of bioprinted whole-cell
catalysts can be foreseen with a shi towards prokaryotic cell
printing.43 A pioneering example in that direction was reported
in 2021 by Duraj-Thatte et al.,44 who established a ‘microbial
ink’ and printed functional living materials from the shear-
thinning hydrogel based on brin-inspired nanobers
produced by genetically engineered E. coli. The inks contained
Fig. 3 3D printing of biocatalysts for flow biocatalysis.

1678 | RSC Sustainability, 2023, 1, 1672–1685
different genetically engineered E. coli to demonstrate their
functionality and application diversity with, e.g., chemically-
induced, on-demand production and extracellular secretion of
azurin as a potential anti-cancer drug. Similarly, Cui et al.
established the extrusion-based 3D printing of hyaluronic acid-
producing Streptococcus zooepidemicus in a conventional pho-
tocrosslinkable gelatin-based matrix oen used for mammalian
cell printing.45 They demonstrated the benets of 3D printing
for the yield and production efficiency of the bacterial metab-
olite hyaluronic acid due to improved mass transfer within
bacteria-containing hydrogel grid structures with optimized
geometry and high surface-to-volume ratios compared to bulk
gels. Because extrusion-based bioprinting has virtually the same
ink requirements for eukaryotic and prokaryotic cells in terms
of overall biocompatibility, mechanical integrity and stability of
printed structures, and reduction of shear stress relative to the
cell membrane, many of the inks previously developed for
mammalian cells can also be used for prokaryotes. Besides
extrusion- also SLA-based bioprinting has been demonstrated
to be applicable to print bacterial cells.46

In general, whole-cell biocatalysis is especially advantageous
for cofactor-dependent reactions since the inherent presence of
cofactors that are generated by the host cell and the ease of their
recycling greatly improve the economics of the process.47 The
potential to convert cheap and abundant raw materials in
multistep reactions into valuable chemicals without time- and
material-intensive enzyme isolation and purication, thus oen
simplifying both up- and downstream processing, contributes
to their economic attractivity. Adverse substrate transfer limi-
tations across the cell membrane can be overcome by printing
surface-engineered cells, which display heterologous enzymes
extracellularly.48 Hence, with the many powerful tools available
nowadays to engineered both cells and inks, rapid advances in
the eld of bioprinting sustainable living materials for whole-
cell biotransformations in continuous ow systems are to be
expected.
3.2 3D printing of enzymes

When it comes to bioactive cell components, i.e., enzymes, we
can nd more literature reports, some of which also dealing
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Representative examples of 3D-printed biocatalysts

Biocatalysts Technique Material Comments Ref.

Alcohol dehydrogenase from
Lactobacillus brevis, benzoyl
formate decarboxylase from
Pseudomonas putida,
b-galactosidase from
Aspergillus oryzae

Pneumatic extrusion-based
3D printing

Poly(ethylene glycol)
diacrylate (PEG-DA)

Advantages and limitations
of 3D-printed reactors with
entrapped enzymes for
biocatalysis

53

b-galactosidase from
Aspergillus oryzae

Pneumatic extrusion-based
3D printing

Poly(ethylene glycol)
diacrylate (PEG-DA) with
viscosity-enhancing
additives Laponite RD,
Deuteron XG, Bentone MA

Development of
a 3D-printable hydrogel
material for long-term
biocatalytic applications

54

Laccase from Trametes
versicolor

Extrusion-based bioprinting Sodium alginate-acrylamide
hydrogel with hydroxyapatite
additive

Biodegradation of the
phenolic compound
p-chlorophenol

55

b-Galactosidase 3D jet writing Poly(ethylene glycol) (PEG)
and poly(acrylic acid) (PAA)-
based hydrogels mixed with
poly(ethylene glycol)
diacrylate (PEGDA)

Evaluation of enzyme
activity, reactants transport
capacity, and long-term
stability aer
immobilization in
a hierarchically dened
scaffold

56

Glucose oxidase, catalase Extrusion-based bioprinting Sodium alginate/
polyacrylamide/
hydroxyapatite (SA/PAM/HA)
hybrid interpenetrating
polymer network (HIPN)
hydrogel

One-pot multi-enzyme
immobilization for the
synthesis of gluconic acid

57

Tyrosinase Extrusion-based bioprinting Gelatin-methacryloyl
(GelMA)-collagen hydrogels

Exploration of the dual role
of tyrosinase: hydrogel cross-
linking and skin
regeneration process

58

Cellulase Pneumatic extrusion-based
3D printing

Cellulose nanober (CNF)
reinforced chitosan (CHI)
hydrogels

Controlled enzyme release
for the inherent
biodegradation of
implantable biomaterials for
tissue engineering

59

Yeast cells, and Bacillus
subtilis co-entrapped with
Chlorella vulgaris

Extrusion-based 3D printing cucurbit[8]uril (CB[8])-
mediated host–guest
complex and methacrylate-
based photochemically
double-crosslinked dynamic
bioink based on hyaluronic
acid

Yeast-laden materials for the
fermentation of glucose to
ethanol and, bacteria-
microalgae cocultured living
materials system for
bioremediation

42

Baker's yeast (Saccharomyces
cerevisiae)

Pneumatic extrusion-based
3D printing

Polyethylene glycol
dimethacrylate (PEGDA)
with nanocellulose ller

Glucose fermentation 40

Yeast cells (Saccharomyces
cerevisiae)

Direct-write 3D printing F127-dimethacrylate (F127-
DMA)-based hydrogel

Bioethanol production 41

Amine dehydrogenase
variant (AmDH-v1), formate
dehydrogenase (Cb-FDH)

Stereolithography Agarose gel Reductive amination of
benzaldehyde in continuous
ow

60

Ketoisovalerate
decarboxylase (KIVD)
mutant from Lactococcus
lactis

Pneumatic extrusion-based
3D printing

Agarose hydrogel Two-step biotransformation
of ketoisovalerate (KIVD-
catalyzed decarboxylation)
into isobutanol

52

Alcohol dehydrogenase
(ADH) from Alicyclobacillus
acidocaldarius
Phenacrylate decarboxylase
from Enterobacter sp.

Pneumatic extrusion-based
3D printing

Agarose hydrogel Continuous ow production
of 4-hydroxystilbene from
p-coumaric acid

61

© 2023 The Author(s). Published by the Royal Society of Chemistry RSC Sustainability, 2023, 1, 1672–1685 | 1679
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with ow biocatalysis. A list of the 3D-printed biocatalysts so far
and their applications is presented in Table 2. Previous review
papers have also described the advances in biocatalysts incor-
poration in 3D-printable matrices. Focusing on the 3D-printed
enzymes, the idea is based on the search for new immobiliza-
tion carriers since conventional carriers, in the form of beads
and granules for packed-bed reactors, do not allow for complex
3D structures with the desired shapes, sizes, and physical
properties needed to produce customized reactor components
for biocatalytic applications.49 Simple one-step fabrication
methods incorporate enzymes in the printing material
(entrapment), resulting in high enzyme activity retention due to
the mild non-covalent immobilization conditions. However,
careful consideration of enzyme compatibility with the raw
printing materials is needed since printability and enzyme
activity are directly inuenced. The advantages, challenges, and
future perspectives of 3D printing of enzymes entrapped in
hydrogels are presented in recent reviews.49,50 An extrusion-
based 3D printing technique is commonly employed for
polymer-based enzyme formulations, which physically gel
upon, e.g., temperature change or covalently crosslink upon
irradiation of the printed structures in the presence of a suitable
photoinitiator. Physical thermogelation is generally advanta-
geous over chemical photocrosslinking in biocatalyst printing,
as it does not produce radicals potentially affecting the encap-
sulated enzyme's structure and activity or require post-print
processing steps. Furthermore, compared to living tissue
printing, the requirements for printing resolution are generally
lower in biocatalyst printing as it hardly affects the performance
of the biocatalytic process. Thus, the oen-encountered limited
printing resolution of extrusion-based printers – particularly
with thermogelling materials – compared to resin-based SLA
printers can be neglected for most matrix-embedded biocatalyst
prints. However, temperatures up to 60 °C may be needed in
extrusion-based printing, again particularly with thermogelling
inks, to ensure the optimal ink viscosity for an efficient printing
process. Thus, for such applications, a high thermostability of
the used enzymes is a prerequisite.51 In the following para-
graphs, we will examine some examples from the literature that
have employed this immobilization method to develop contin-
uous ow biocatalytic reactors.

Maier et al. (2018) demonstrated the development of bio-
catalytic ow reactor cartridges composed of only the enzyme
and an inexpensive agarosematrix that can be produced on-site,
on-demand, and are biodegradable aer use.52 Esterase (EstII)
and alcohol dehydrogenase (ADH) from thermophilic organ-
isms and an engineered decarboxylase from a mesophilic
source were evaluated as the biocatalytically active ink's
components. It is worth here to mention that the authors used
the term ‘bioink’ for the described application of isolated
enzymes, which we herein prefer to call ‘biocatalytically active
inks'. Aer the preparation of the enzyme-containing inks by
mixing the buffered agarose polymer solution with the respec-
tive puried enzyme at elevated temperature, their activity in
fresh and temperature-treated gelled samples was analyzed.
Therefore, the samples were incubated at 60 °C, simulating the
temperature of the printer shell. Their residual EstII-catalyzed
1680 | RSC Sustainability, 2023, 1, 1672–1685
de-esterication activity towards a uorescein derivative and
their ADH-catalyzed reduction to yield isobutanol were analyzed
in comparison with untreated controls. It was found that the
enzymes could be incubated at 60 °C without signicant activity
loss – around 80% residual activity was detected aer 240 min.
Thus, aer the 15 min printing process, the enzymatic activity
of 85 ± 9% for ADH and 96 ± 12% for EstII was maintained.

The proof-of-concept under ow conditions was demon-
strated with a mesophilic enzyme designed with protein engi-
neering to broaden the applicability of the method to non-
naturally thermostable variants. The enzyme of the rst step
of the cascade was the engineered ketoisovalerate decarboxylase
(KIVD_mutant). A recovered activity of 36 ± 7% was detected
aer the printing process for the decarboxylation reaction of
ketoisovalerate at 60 °C. Under ow conditions in the rst
40min of operation, the 3D-printed engineered enzyme reached
40% product yield in transforming ketoisovalerate to iso-
butyraldehyde within the agarose matrix. A ow reactor system
was later used for the two-step biotransformation of ketoiso-
valerate into isobutanol catalyzed by KIVD_mutant and ADH
3D-printed enzyme-agarose disks in a cascade fashion. Iso-
butanol yield was found to be ADH dependent, as adding more
ADH disks to the system increased the nal product concen-
tration. The authors argued that the 3D-printed hydrogel
structures enabled the direct ow of the substrate solution
inside the reactor and estimated the diffusion into the gel to
reach a rate of 100 mm s−1. Data were also provided for the
enhanced tolerance of the agarose-entrapped enzymes towards
organic solvents, proving the agarose matrix's signicant
protection of the enzymes. Molecular weight-dependent enzyme
leaching from the agarose gel matrix was observed and quan-
tied with western blot analysis of the outow. This revealed
a maximum enzyme elution of 0.9% for ADH, and 0.7% for
KIVD per mL ow-through. The proposed setting could with-
stand operational volumes of up to 70 mL of product. The study
showed that this 3D printing approach allowed for the rapid
prototyping of the desired structures, enabling systematic
screening of construction parameters and optimization of
reactor performance by modulating the shape and surface/
volume aspects, utilizing inexpensive materials and simple
immobilization methods.

In the subsequent research from the same group, Peng et al.
(2019) demonstrated the 3D printing of biocatalytic gel modules
to be integrated into a chemoenzymatic reaction cascade that
would produce 4-hydroxystilbene, a pharmacologically relevant
compound.61 Different phenacrylate decarboxylases were
screened for their thermostability since 60 °C was needed for
the extrusion-based 3D printing process (initial heating step at
60 °C for 15 min). The enzyme variants were mixed with 2-
hydroxyethyl agarose solutions to formulate the biocatalytically
active inks and print the gel-based reactor modules. Aer
integration in a ow reactor system, outow analysis revealed
one enzyme variant with higher thermostability and product
yield than the others. It is important to notice, though, that
a time-dependent decrease in the conversion rate was observed
and was related to the leaching of the encapsulated enzyme, as
previous studies had similarly shown. Aer an optimization
© 2023 The Author(s). Published by the Royal Society of Chemistry
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process, an efficiency of 98% over 40 hours of use was obtained.
A scale increase by numbering-up was also demonstrated,
leading to the conversion of 35 mg p-coumaric acid in a total
volume of 211 mL with an average total turnover number (TTN)
of 590 (4-vinyl phenol molecules per enzyme). The outows were
collected, and an isolated yield of 54% was obtained. 4-
Hydroxystilbene was produced in a yield of 15% aer a chemo-
catalytic step. The authors conclude that the proposed method
can be elaborated to easily screen new enzyme classes
compatible with 3D bioprinting. Also, the manufacturing
process facilitated the modularity and scalability of the reactor
system, introducing new enzyme classes into ow reaction
systems.

Croci et al. (2022) approached the matter from a different
perspective. They compared the hydrogel-based 3D-printed
enzymes with conventional immobilization techniques –

affinity or covalent – on commercial bead carriers in batch and
continuous ow systems.60 The application focused on
producing a-chiral amines, found in 40% of the commercial-
ized optically active pharmaceutical intermediates. The reduc-
tive amination of benzaldehyde to benzylamine was performed
by co-immobilizing a novel engineered amine dehydrogenase
variant (AmDH) and formate dehydrogenase (FDH) as an
NADH-recycling enzyme. For comparison with the commercial
carriers, cation-affinity binding with EziG (preloaded with Fe3+)
and Purolite (pre-loaded with Co2+) beads, or Sepabeads (EC-EP/
s) and Relizyme (113/s and 403/s) for epoxide-amine covalent
attachment were used for AmDH and FDH co-immobilization.
Several issues were encountered with the commercial beads,
from low product yields in some cases to substrate adsorption
and enzyme leaching resulting in the incompatibility of the
tested methods for establishing a reductive amination process
in ow. Therefore, the researchers developed an ‘agarose gel
reactor’ of pre-dened geometry and proposed a way to enable
the enzyme entrapment at a lower temperature (40 °C) to be
generally applicable also with mesophilic enzymes. For this
reason, 3D-printed enzyme-agarose hydrogels were cast at 40 °C
in a 3D-printed mold made of methacrylate-based resin.
Different reactors and reactor channels were tested without re-
printing the enzyme-containing module. Sufficient stability and
reusability of the enzyme-loaded gel matrix were observed. An
optimized process was performed over the course of 120 hours
with 30 mM substrate concentration, and the system afforded
47% analytic product yield, of which 34% was isolated by
extraction. Finally, the authors demonstrated an improved
efficiency of the amination reaction in terms of product formed
per amount of biocatalysts by implementing co-entrapped
AmDH/FDH enzymes in a continuous ow cascade reaction.
Detailed tables for a direct comparison of the amination reac-
tion in the proposed system with previously established batch
systems were also provided, highlighting a TTN of 3239 in ow
versus the previously reported value of 943.

4. 3D printing of reaction apparatus

Apart from directly applied biocatalytic modules, 3D printing
has also shown great potential in designing the desirable
© 2023 The Author(s). Published by the Royal Society of Chemistry
apparatus to facilitate the biocatalytic process. Researchers
generally prefer to exibly design and implement their acces-
sories and devices to their overall system needs by modifying
and adjusting in a ‘trial-and-error’ mode. In contrast, working
with xed commercial products and trying to t them into the
respective system is oen process-limiting and laborious. The
preferable 3D printing technique here is fused deposition
modeling (FDM) because of the quick design and modular
parts' mechanical robustness. Due to the vast choice of ther-
moplastic materials, the mechanical and chemical stability of
the nal additively manufactured product can easily be
adjusted to and matched with the requirements of the desired
application. In literature, we can nd numerous examples with
3D-printed apparatus for uidic applications:62 molds and
scaffolds as an indirect approach to develop uidic networks,
complex structures and devices like microvalves, pumps, and
multiplexers, cell sorters for cell biology applications, micro-
uidic tools for immunodetection, or even point-of-care (POC)
devices manually operated. An exciting approach by Hou et al.
(2021) proposed the automatic generation of 3D-printed reac-
tionware for chemical synthesis through a computational plat-
form that predicts and generates the specic reactor (tailored
for the desired geometry, ow prole, dimensions, or also
considering the material choice) tted for the target chemical
reaction.63

In the eld of ow biocatalysis, Wunschik et al. (2020)
adopted the 3D printing technology to develop a reactor module
for the enzymatic epoxidation of cyclohexene by a textile-
immobilized peroxidase.32 This module would host the bio-
catalytic textile to realize a continuous ow process. The shi
from a batch to a continuous process in this work was per-
formed as a tool to tackle enzyme inhibition by the substrate
hydrogen peroxide. At the same time, it also allowed for
a modular design to t into the specic process needs. More-
over, continuous product extraction could be performed while
maintaining maximum biocatalyst activity.

For this reason, the FDM approach was adopted with
a transparent polyester copolymer lament based on tereph-
thalic acid to fabricate a two-compartment reactor. The upper
chamber was lled with cyclohexene as a substrate, and the
bottom part with acetonitrile as an extraction solvent. Peroxi-
dase enzyme was immobilized on the textile and placed at the
phase boundary. Cyclohexene oxidation occurred at the textile
upon inux of hydrogen peroxide from the cyclohexene over-
laying aqueous phase. The formed epoxide was quickly removed
by extraction to the organic phase on the other compartment
side of the reactor. Hence, a membrane-type reactor was
developed with a low and continuously increasing concentra-
tion of the inhibiting substrate (hydrogen peroxide). Notably,
the yields obtained in the developed reactor were enhanced by
a factor of 30 compared to the reactions performed in asks.
The authors conclude that only a conjunction of immobiliza-
tion technique and reactor design can lead to a new economic
chemo-enzymatic reaction route.

In a different approach, Kim and colleagues (2020) demon-
strated the usefulness of AM-enabled design freedom for an
interfacial device that could facilitate the biocatalytic CO2
RSC Sustainability, 2023, 1, 1672–1685 | 1681
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conversion at a gas–liquid interface.33 The enzyme of interest
here was carbonic anhydrase (CA), immobilized onto electro-
spun bers as a promising carrier for CA that was previously
proved to enhance enzyme stability signicantly.64 Although
immobilized CA has already been utilized in previous studies,
the advancement of this work was the interfacial positioning of
the biocatalyst, resembling the natural CO2 sequestration. Such
precise positioning could be effectively realized using 3D
printing technology that allowed for the design of a density-
adjustable platform consisting of biocatalytic and oating
units. FDM printing technique with a widely used acrylonitrile-
butadiene-styrene (ABS) copolymer lament was employed. The
otation level of the oating units was easily controlled by
changing the void volume of the 3D models. For the bioreactor
part, different modules for each step of the reaction were
assembled, and the position of the immobilized CA bers was
investigated. The highest interfacial CO2 conversion was
Table 3 Representative examples of materials used in flow biocatalysis

Material Flow technology

Cellulose microcrystalline Avicel®
PH-101

Immobilized protein prepa
packed into an Omnit co

Agarose epoxy beads,
polytetrauoroethylene (PTFE)

Immobilized enzymes prep
packed into a custom-mad
reactor

Poly(methyl methacrylate) (PMMA) Crude-enzyme hydrogel m
microreactor

Hydrogel comprising
dimethacrylate-functionalized
Pluronic F127 (F127-DMA) and
sodium alginate (Alg)

Packed column

Purolite resin beads Immobilized enzyme bead
into an Omnit column

Magnetic nanoparticles, PTFE Magnetic nanoparticles loa
microreactor

Commercially available streptavidin
(STV)-coated magnetic particles
(MB), PMMA

Straight channel microreac
of PMMA packed with mag
particles with immobilized

Epoxide microparticles, PTFE Reactor chamber made of
packed with microparticle
immobilized cells (all-enzy
hydrogel particles)

Peruoroelastomer (PFE) Segmented-ow PFE coil
microreactor with whole-ce

Carbon particles, glass beads Omnit glass column pack
carbon and glass beads wi
immobilized enzymes

Alginate hydrogel, glass, silicon,
Teon

Glass-silicon-glass microre
a Teon housing loaded w
alginate hydrogel and enzy
mixture

Peruoroalkoxy (PFA) Flow reactor and Y-mixer m
PFA loaded with commerc
available immobilized enz
preparations

Multi-wall carbon nanotubes,
quartz

Multi-wall carbon nanotub
quartz tubes with surface
immobilized enzyme

Borosilicate glass, zinc oxide (ZnO)
nanowires

Glass capillaries with in sit
ZnO nanowires and surfac
immobilization of enzyme

1682 | RSC Sustainability, 2023, 1, 1672–1685
obtained when the CA bers were located right at the air–liquid
interface (otation level 0 cm). A gradual performance decrease
was observed at higher otation levels, reaching the range of
non-enzymatic processes at levels −2 and −2.5 cm. This way, it
was proved that enzymatic CO2 conversion primarily occurs at
the air–water interface, suggesting the importance of
adequately positioning immobilized CA or other enzymes for
successful interfacial biocatalysis. Adopting the proposed 3D-
printed interfacial device could facilitate the control of the
spatial positioning at the biphasic interface simply by adjusting
the density of the oating enzyme carrier.
5. Sustainability assessment

It is worth to examining how we can address the sustainability
and efficiency by the design of 3D printing for ow biocatalysis
covering (i) materials and (ii) time-to-process. The advantages
applications in 2020–2023

Productivity Ref.

rations
lumn

0.37 gproduct L
−1 h−1 78

arations
e PTFE

19.31 gproduct d
−1 L−1 79

onolithic 46.3 gproduct L
−1 h−1 80

74.6% dye degradation 81

s packed 10.6 gproduct genzyme
−1 82

ded tube 11.6 mmol L−1 h−1 83

tor made
netic
enzyme

28.9 mol L−1 h−1 83

PTFE
s with
me

18.8 gproduct L
−1 d−1 84

lls
12.5 gproduct L

−1 h−1 85

ed with
th

11.2 gproduct L
−1 h−1 86

actor in
ith
me

52.94% and 33.61% conversion
yields for two different products

87

ade of
ially
yme

85.2% main product yield 88

e lined 38.7 gProduct L
−1 h−1 89

u grown
e

0.29 mgproduct min−1 mgenzyme
−1 90

© 2023 The Author(s). Published by the Royal Society of Chemistry
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that ow biocatalysis can bring alone are not covered since this
has been extensively reviewed before, as highlighted in the
Introduction.

5.1 Materials

To start with, a life cycle assessment of the materials used in the
most common 3D printing technologies has been described in
several review articles, while ‘case studies’ are currently being
conducted to assess the recycling and reusing potential of these
materials. There are some analytic reports3,4 on sustainability
aspects of additive manufacturing that the reader can be
redirected to. More specically, there have been detailed refer-
ences for (i) recyclable and biobased photoresins,2 (ii) recycled
and biodegradable laments,65 and (iii) sustainable hydrogels
that have been very recently described in a dedicated book.66 For
example, PLA (bio)degradation and recycling has been under
intensive study67–70 since it is the most commonly used material
in the 3D printing world. Thus, chemical,71 mechanical,72 and
biological methods73,74 have already been described, while there
are also companies specializing in PLA and other 3D-printed
laments recycling. Shredding and re-extruding are also
widely applied by individuals and companies (Filabot, Dyze
Design, etc). Table 3 reports recent examples of existing ow
technologies and their materials for biocatalytic applications.
These data suggest plenty of room for 3D-printed materials to
invade and change the sustainability aspects of currently
applied ow technologies. Commonly used polymer materials
like PMMA and PTFE have already entered the market in 3D-
printable forms. Regarding hydrogels for enzyme- or cell
entrapment, we already highlighted in the previous sections the
contribution of 3D printing that several laboratories increas-
ingly elaborate on. When it comes to the most common mate-
rial in terms of all kinds of reactors, glass is already on the
market for 3D printing, andmaybe suchmaterials could already
start to replace some traditionally manufactured glass
microstructures.75–77

5.2 Time-to-process

Flow biocatalysis meets essential requirements of sustainable
processes, like high reusability of the systems, time and cost-
efficiency with low reaction times and small-scale equipment,
and minimal waste production.7 Incorporating additive
manufacturing in the establishment of biocatalytic ow systems
has a strong potential to enhance these aspects further. In
chemical engineering, including the eld of biocatalysis in ow
systems, highly sophisticated systems are typically required to
establish precise process control and reassure the biocatalyst's
longevity. We saw in this review examples of substantial
productivity enhancements when shiing to a continuous ow
regime with the help of 3D printing. It can be predicted that the
easy-to-adjust trait of this technology will be increasingly elab-
orated in future biocatalytic applications. Fluidic systems
possess modularity, so there is a great need for accordingly
modular accessories and reactionware that would t a specic
process. Moreover, the opportunity to 3D-print the enzyme,
protected inside its scaffold, offers an alternative
© 2023 The Author(s). Published by the Royal Society of Chemistry
immobilization approach with promising results for a cost-
effective and green process design.
6. Conclusion and future
perspectives

In conclusion, it is foreseen that the principles of ‘quality of
design’ and ‘quality by control’ could be applied since the
combination of ow biocatalysis and additive manufacturing
leads to automated and/or highly controlled processes. From
design to implementation, the time and costs are constantly
being reduced, framing not only innovative but also sustainable
processes. The joined forces of materials science and bio-
process engineering will prot extensively regarding the tailor-
made material design that provides the desired characteris-
tics, including biodegradation and functionality. The targeted
material–biomolecular interactions will pave the way for highly
efficient continuous biocatalytic production. Additive
manufacturing has undoubtedly changed scientists' way of
thinking due to technology-enabled freedom of experimental
design. Developing custom devices has now become an
everyday practice for numerous laboratories, as the costs of this
technology are getting consistently lower. It is important to
note, though, that an important barrier to the industrial adop-
tion of such processes is print-to-print inconsistency.91 Reasons
for this can be found in the differences between batches of
materials and the inability of the 3D printing systems to couple
the deposition parameters to the dynamic material properties.
Scientists are already on their way to overcoming issues like this
by adopting articial intelligence (AI) to design closed-loop
control systems and achieve optimum printing consistency.92

This way, we can expect a broader implementation of highly
intricate systems in chemical engineering sciences that would
unlock tremendous potential for the future of biocatalytically
produced compounds.
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