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ABSTRACT: As the strategies of enzyme immobilization possess attractive advantages that

contribute to realizing recovery or reuse of enzymes and improving their stability, they have
become one of the most desirable techniques in industrial catalysis, biosensing, and
biomedicine. Among them, 3D printing is the emerging and most potential enzyme FDM
immobilization strategy. The main advantages of 3D printing strategies for enzyme
immobilization are that they can directly produce complex channel structures at low cost,
and the printed scaffolds with immobilized enzymes can be completely modified just by
changing the original design graphics. In this review, a comprehensive set of developments in
the fields of 3D printing techniques, materials, and strategies for enzyme immobilization and
the potential applications in industry and biomedicine are summarized. In addition, we put
forward some challenges and possible solutions for the development of this field and some

possible development directions in the future.

1. INTRODUCTION

Enzyme catalysts play an important role in different fields such
as food, chemistry, and pharmaceuticals, promoting sustainable
production of green manufacturing, fine chemicals, food
additives, and medicines." Despite the many benefits of
enzyme catalysis, free enzymes cannot be used in wide-scale
industrial production due to the lack of adaptation to
hydrophobic solvents, weak stability at higher reaction
temperatures, or an excessively unstable pH range.2 In
addition, separating and reusing free enzymes from the
reaction system might be tricky. Therefore, it is necessary to
immobilize the enzymes to avoid the defects as mentioned
above. Enzyme immobilization is the process of combining the
enzymes with the carrier in such a way that it is insoluble in the
reaction phase containing the substrate, allowing the enzymatic
reaction to take place within a specific spatial range. Compared
with free enzymes, immobilized enzymes have many
indispensable advantages, such as improved operational
stability, enhanced enantioselectivity, reusability of the
enzymes, and easier reactor operation and product separation,
which avoids the waste of enzyme catalyst.” Multipoint or
multisubunit covalent attachment to a support would, in
general, increase the operational stability of monomeric or
multimeric enzymes by preventing subunit dissociation,
aggregation, autolysis or proteolysis by proteases, and rigid-
ification of the enzyme structure.” In addition, there is no
residue of enzyme solution in the reaction system because the
immobilized enzymes do not “agglomerate”, making the
subsequent purification process easier, and the reaction process
becomes more controlled and suited for multienzyme reaction
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systems.”*" More importantly, immobilization may increase
enzyme selectivity by changing the geometry of the active
center, stabilizing enzyme conformation, and enhancing the
enzyme environment.” However, immobilized enzymes
typically have lower activity than free enzymes due to partially
blocking of the enzymes’ active sites during the immobilization
process, increased mass-transfer limitations between the
enzymes and substrate, and conformational changes in the
enzymes, all of which are detrimental to their catalytic
performances.””® Therefore, it is necessary to study and
summarize novel enzyme immobilization methods.

Since emerging in the 1910s, enzymes have been
immobilized on microspheres,6a metal—organic frameworks,*"
nanoparticles,” and 3D-printed carriers for enzymatic reactions.
One of the most promising is enzyme immobilization
technology based on 3D printing. Additive manufacturing,
often is referred to as 3D printing, is an emerging bottom-up
manufacturing technology that can quickly achieve prototyping
of complex geometries. It has been widely used in industrial
design, construction, tissue engineering, and other fields.® The
enzyme immobilization strategy of 3D printing has the
advantage of strong operability that we can quickly print
those complex structures with pores and channels at low cost.”
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Figure 1. (A) Arrangement of two micromixers in series with carbonic anhydrase (CA) and formate dehydrogenase (FDH) enzymes immobilized
in separate micromixers (domino immobilization) of SLA 3D printing for the enzymatic cascade reduction of CO,. Reprinted with permission from
ref 11c Copyright 2021 Elsevier. (B) Digital images of FDM 3D-printed scaffolds for enzymes immobilization. Reprinted from ref 12b. Copyright
2019 American Chemical Society. (C) Photograph of the FDM printed reactor. Reprinted from ref 12c. Copyright 2016 American Chemical
Society. (D) Photograph of two FDM printed enzyme/substrate-incorporated 48-well plates (side-by-side/layer-by-layer design) glued onto a
transparent polystyrene microplate, with glucose oxidase immobilized near the center of each well. Reprinted with permission from ref 12d.
Copyright 2018 Elsevier. (E) Photograph of an extrusion-based printer: Cure-on-dispense setup used in combination with a Gesim BioScaffolder
3.1. Reprinted with permission from ref 13b. Copyright 2020 Frontiers Media S.A. (F) Side view of 3D-printed lattice structures. Reprinted with
permission from ref 13a. Copyright 2021 Institute of Physics Publishing. (G) The image of three-dimensional printed grid pattern using preheated
gelatin 10 represents proper gelation. Reprinted with permission from ref 13c. Copyright 2020 Whioce Publishing Pte. Ltd.

Furthermore, in the process of 3D-printing, the enzyme
immobilized scaffold will not cause material loss and use
organic chemical reagents harmful to the environment. In
addition, many 3D printing materials used in the field of
enzyme immobilization are degradable and will not affect the
environment. Especially, thermoplastics, such as polylactic
acid, are not only degradable but can also be recycled and
processed to achieve sustainable use of materials. It is because
3D printing for enzyme immobilization has these advantages
that it is widely used in biological power generation, high-
throughput screening in laboratories, and biosensing.

There have been many reviews that mainly refer to certain
immobilized materials or specific industrial applications on
enzyme immobilization,'® but a comprehensive and summar-
ized review about the emerging 3D printing technology for
enzyme immobilization and its industrial and biomedical
applications are still unavailable, so we have done this work to
provide some convenience for future research. In this review,
we introduce 3D printing materials and technologies used in
enzyme immobilization. Recent progress on advanced
strategies of enzyme immobilization on 3D-printed scaffolds
is highlighted. Then, we describe the industrial and biomedical
applications of enzyme immobilization using 3D printing
technology, putting attention to their excellent functions in
biological power generation, biotransformation, and biosens-
ing. Finally, a brief prospect about the development of
emerging enzyme immobilization is presented.

2. 3D PRINTING TECHNOLOGIES FOR ENZYME
IMMOBILIZATION

With the development of people’s research, more and more 3D
printing methods have been developed, but not many are
suitable for the enzyme immobilization of 3D printing. 3D
printing technologies used in enzyme immobilization are

divided into stereolithography apparatus (SLA), fused
deposition modeling (FDM), and extrusion-based 3D printing,
according to the different printing principles.

2.1. Stereolithography Apparatus (SLA). As the earliest
method of 3D printing, SLA has been widely used in tissue
engineering and tissue scaffolds.''* A laser beam used by SLA
machine is above the resin tank and solidifies the liquid resin to
the production of a solid mass."'”> The model can be swiftly
printed thanks to the excellent precision and fast polymer-
ization speed of the SLA technology, indicating that it has a lot
of potential in the production of microfluidic devices. As
shown in Figure 1A, Chai et al. reported using an SLA printed
micromixer with the threaded channel to test formic acid
production performance. Two enzymes, carbonic anhydrase
and formate dehydrogenase, were coimmobilized via bio-
mineralization in a zeolitic imidazolate framework-8 (ZIF-8)
thin film on the micromixer channels that have been modified
with polydopamine/polyethylenimine.''“ Although this tech-
nology can quickly manufacture relatively exquisite equipment,
few studies that apply it to immobilize enzymes have been
reported because of the relatively high processing temperature.

Above all, the SLA approach may be used to make a
sophisticated enzyme immobilization carrier that meets the
demands of enzyme catalysis industrial production to a degree.
However, there are some shortcomings. First, the temperature
is the main problem that limits its use because the laser
coagulation resin is used to make the enzyme immobilization
carrier. The too high temperature will make the immobilized
enzyme inactivation, so the effect is not up to expectations.
Therefore, this technique is a good choice when it is necessary
to fix some heat-resistant enzymes to catalyze the reaction.
Second, the carrier material is only a resin material, and the
range of enzyme immobilization may be narrow, which cannot
meet the needs of diversified industrial production.
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2.2. Fused Deposition Modeling (FDM). FDM is a
simple and low-cost manufacturing process that creates 3D
objects layer by layer depositing thermoplastic polymers,
including achlonitriIe-butadiene-styrene (ABS) and polylactic
acid (PLA)."* It is because thermoplastics are easy to recycle
and modify that more and more researchers pay their attention
to using this technology for immobilized enzyme research. Ye
et al. demonstrated a novel type of enzyme immobilization
strategy using FDM printing methods. The FDM printed
scaffolds, through chemical modification, achieved a high
specific surface area with plentiful surface-active groups, which
are conducive to the immobilization of enzymes. As a fact, four
kinds of enzymes, including penicillin G acylase (PGA),
protease, glycosidase, and lipase were immobilized on the 3D
scaffolds to obtain good reaction effect and repeatability
(Figure 1B)."*" This technology can produce high strength and
toughness as well as complex pores of enzyme immobilization
scaffolds. Then the enzyme is immobilized on the surface of
the modified stent, and the mass transfer has little effect on the
enzyme activity. Even in solid—liquid reaction systems and
high-viscosity systems, the catalytic activity of the immobilized
enzyme is still very high. Using the similar printing method, Su
and colleagues constructed acrylonitrile-butadiene-styrene
(ABS) flow bioreactors which were immobilized glucose
oxidase and lactate to online detect the concentration of
glucose and lactose in the rat brain (Figure 1C)."* This is
because the enzyme-immobilized carrier can be rapidly formed
using the FDM technology, and the carrier material used is
inexpensive and recyclable. Therefore, FDM is also used in
experimental analysis devices requiring rapid preparation. Su
and Chen reported the one-step manufacture of enzyme/
substrate-incorporated multiwell plates that glucose oxidase
immobilized in each well, using multimaterial FDM printing
for rapid and high throughput screening of glucose in clinical
samples (Figure 1D)."”” Owing to the attractive advantages,
FDM should be the development tendency of enzyme
immobilization based on 3D-printing in the future.

In summary, FDM technology can rapidly form small-sized
enzyme immobilized carriers and is an ideal technology for the
rapid and accurate manufacturing of small-scale enzyme fuel
cells for industrialization. If the simple manufacture of small
enzyme fuel cells can be realized, green and sustainable energy
production can be realized, and the serious environmental
pollution caused by traditional battery scrap processing can be
avoided. At the same time, strong acids, heavy metals, and
other compounds harmful to the environment will not be used
in the production. The most important thing is that the
material used in this technology is thermoplastic polymers,
which can be easily recycled, to realize the repeated and
continuous use of the enzyme-immobilized carriers.

2.3. Extrusion-Based 3D Printing. Extrusion-based
printing technologies may be utilized to create constructs in
3D forms that are often packed with live cells or bioactive
chemicals. Before printing, the enzymes and materials need to
be mixed in advance. Hence, most materials with good
rheological properties are used as the substrate for enzyme
immobilization. As shown in Figure 1F, Zhou et al. reported a
novel composite bioink based on gelatin, bacterial cellulose
(BC), and microbial transglutaminase (mTG enzyme) for
extrusion-based printing with excellent printing controllability
and durable architectural integrity.'** The described extrusion-
based 3D printing processes and inks for enzyme immobiliza-
tion are confined to constructing extremely basic geometries

with only a few layers and relatively high wall thicknesses,
restricting mass transfer and lowering efficiency. High internal
phase emulsions (HIPEs) act as a solid retaining their shape
under the yield stress, making HIPEs become ideal candidates
for extrusion-based 3D printing. In 2020, Wenger and his
colleagues demonstrated the hydrogel-filled high internal phase
emulsions (HIPEs) as extrusion-based 3D-printed material.
Moreover, HIPEs containing enzymes were employed in
biocatalytic reactors that increased enzyme reusability and
improved biocatalytic performance (Figure 1E)."*" Of course,
some other methods can also be used to increase the
printability of the material. Tan et al. proposed a novel
strategy that used preheated gelatin to extend the duration of
the direct ink writing (DIW) printing time and used
immobilized transglutaminase to cross-link gelatin chains,
avoiding the use of toxic cross-linkers, which is essential for
extrusion-based printing (Figure 1G).">* No matter what
method is used, the goal is to be able to print more complex
structures through extrusion printing of immobilized enzymes
to meet the needs of actual production better.

In conclusion, extrusion-based 3D printing has been used in
some enzyme immobilization research, but it is mainly in the
fields of biological detection and fine catalytic processing.
These fields do not need to print the enzyme immobilization
carrier with a large volume but only make the desired shape.
This is primarily due to material limitations; if you want to use
extrusion-based printing, the material must have a specific
rheology, which means the material’s mechanical and tensile
properties may not be ideal, so the technology cannot be used
to manufacture large-scale enzyme immobilization carriers.
Possible solutions will be presented in the enzyme immobiliza-
tion carrier materials discussed below.

Among various 3D printing technologies, the FDM and
extrusion-based printing strategies are frequently used printing
strategies due to their low-cost and simple operations.
Additionally, the used materials of the two methods,
thermoplastic polymers and hydrogels, are easily degradable
and environmentally friendly. The polylactic acid used in FDM
can even be recycled and reused, realizing the sustainable use
of carrier materials. Compared with SLA, these two methods
have a wider range of immobilized enzymes, only by changing
the chemical modification method or changing the type and
ratio of the hydrogel. SLA and FDM, on the other hand, can
make large-scale enzyme immobilization carriers, which may be
more essential for industrial manufacturing. In the extrusion-
based printing approach, this is difficult to do.

3. 3D PRINTING MATERIALS FOR ENZYME
IMMOBILIZATION

After decades of development, there are already many materials
(including organic and inorganic materials) that can be used to
immobilize enzymes. However, due to some particularities of
3D printing, many materials, such as magnetic nanoparticles,
silica, and ceramics, that can be used in traditional enzyme
immobilization methods are not suitable for enzyme
immobilization based on 3D printing. The carrier materials
suitable for the field of 3D printing generally have good
rheology, so various ideal shapes and structures can be
produced by the printer. Obviously, the above-mentioned
nanoparticles, ceramics, etc. are not suitable for application in
this new field. In short, most of the carrier materials used in
emerging technologies are readily available and inexpensive
materials compared to traditional methods. At the same time,
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Figure 2. Various 3D printing materials for enzyme immobilization. (A) SEM image of ZIF-8/carbonic anhydrase (CA) and formate
dehydrogenase (FDH) in situ thin film. Reprinted with permission from ref 11c. Copyright 2021 Elsevier. (B) Image of in situ metal—organic
framework growth and encapsulation process. Reprinted with permission from ref 15c. Copyright 2020 Elsevier. (C) Digital images of three types
of 3D-printed polylactic acid scaffolds with adjustable aperture structures: cube (I), sphere (II), and semicircle (III). Reprinted with permission
from ref 16d. Copyright 2021 Elsevier. (D) Agarose hydrogel scaffolds of different shapes and sizes can be printed. Reprinted with permission from
ref 17b. Copyright 2018 John Wiley and Sons Ltd. (E) Picture of the 3D bioprinted constructs with the ratio of acrylamide: hydroxyapatite/sodium
alginate = 4:1.2:1. Reprinted with permission from ref 17d. Copyright 2020 Elsevier. (F) 3D printing of the graphene-polylactic acid electrode.
Reprinted with permission from ref 16a. Copyright 2020 Elsevier. (G) SEM micrographs of the carbon black-polylactic acid electrode surface after
electrolysis in 1 M NaOH (—1.4 to +1.2 V vs the AglAgCl polarization range). Reprinted with permission from ref 16b. Copyright 2022 Elsevier.
(H) Hydrogel structure is inserted in the reactor housing with connection to the fluidic system. Reprinted with permission from ref 17a. Copyright
2018 Frontiers Media S.A. (I) Top view image of the printed hydrogels using the additives Deuteron XG. Reprinted with permission from ref 17c.

Copyright 2018 John Wiley and Sons Ltd.

compared with traditionally used small microspheres such as
nanoparticles, the 3D-printed carrier is generally larger and
easier to separate from the enzyme-catalyzed reaction system.
Although the volume is smaller, the specific surface area is
larger, and the mass transfer effect is better. However, because
many of the materials used in 3D printing are porous materials,
or are easily modified into porous substrates, it does not affect
the mass transfer of the reaction system, and even the 3D-
printed carrier is better than traditional methods. The
following is an overview of many materials that have been
investigated for the enzyme immobilization of 3D printing in
recent years. They are simply divided into three categories: the
metal—organic framework (MOF), polylactic acid (PLA), and
hydrogel.

3.1. Metal-Organic Framework (MOF). As a porous
material, the metal—organic framework cannot only immobi-
lize the enzyme and protect the rigid structure of the enzyme
but also make the enzyme and the substrate fully in contact."*
It has been widely used for the research of enzyme
immobilization. However, it is difficult to directly use 3D-
printing technologies to make complex structures because
most of them are synthesized with loose particles. In recent
years, researchers have focused their attention on using metal—
organic frameworks to encapsulate enzymes attached to the

surface of a 3D-printed device. In 2021, Chai et al. reported a
novel method that carbonic anhydrase and formate dehydro-
genase are coimmobilized via biomineralization in a metal—
organic framework (ZIF-8) thin membrane to fabricate the
biocatalytic micromixer (Figure 2A)."' MOFs with the larger
surface area and tunable porosity properties enable the loading
of more enzymes than conventional carrier materials,””'**" so
there is also a great research prospect in the detection of
liquids, especially the detection of harmful substances in water.
As shown in Figure 2B, Singh et al. also used a porous metal—
organic framework to immobilize the organophosphate
degrading enzyme. The inline flow device has a sophisticated
3D-printed architecture that maximizes flow and interfacial
interactions between the encapsulated organophosphate
degrading enzyme (OpdA) and organophosphate-based
contaminants.' > Although the MOF should be of its
characteristics, it cannot be directly used as a 3D printing
material. However, combining the advantages of printing
technology and metal—organic framework-immobilized en-
zymes, attaching the metal—organic framework that encapsu-
lates the enzyme to the 3D-printed device will be a popular
direction.

3.2. Polylactic Acid (PLA). Polylactic acid, as a kind of
thermoplastic, has the advantages of low cost and easy
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Figure 3. (A) Production of immobilized glucose oxidase/catalase by 3D bioprinted hybrid interpenetrating polymer network hydrogel. Reprinted
with permission from ref 18c. Copyright 2019 Elsevier. (B) Picture of 3D-printed lattices for the physical entrapment of enzymes. Reprinted with
permission from ref 18b. Copyright 2020 Frontiers Media S.A. (C) Manufacturing process of agarose-based, compartmentalized biocatalytic flow
reactors. Reprinted with permission from ref 18a. Copyright 2019 John Wiley and Sons Ltd. (D) 3D jet writing of hydrogel fibers allows yielding
precisely oriented hydrogel fibers loaded with enzymes. Reprinted with permission from ref 18d. Copyright 2020 John Wiley and Sons Ltd.

recycling. It can be printed into the desired shape easily and
quickly through FDM technology. Thus, more and more
researchers use PLA and graphene to make bioelectrodes
quickly and at a low cost through 3D printing. As shown in
Figure 2F, Lopez Marzo and colleagues made a 3D printed
graphene-PLA electrode that was modified by gold nano-
particles and immobilized horseradish peroxidase (HRP) to
directly detect hydrogen peroxide.'®® It is because polylactic
acid does not conduct electricity that the printed electrodes
need to be etched by enzymes'® or chemical reagents to
expose the graphene inside to have electrochemical activity
(Figure 2G). For example, Manzanares-Palenzuela et al. used
proteinase to digest PLA of the printed graphene-PLA
electrode.'® Then the resulting activated surface is used to
immobilize alkaline phosphatase (ALP) enzyme for the
subsequent electrochemical detection of 1-naphthol. At the
same time, polylactic acid, at a predetermined temperature, has
good rheological properties, so that it can be printed into
various complex scaffolds for enzyme immobilization. In 2021,
Zhang et al. prepared several types of 3D-printed scaffolds
using carbon fiber reinforced PLA (C-PLA) to discuss the
efficient resolution of racemic 1-indanol by immobilized lipase
YCJO1 at high substrate concentrations. This method
enhanced the 6performance and stabilities of lipase YCJO1
(Figure 2C)."*4 The reason for using carbon-reinforced
polylactic acid is that it can enhance the mechanical properties
of the printing stent without changing the rheology ability to
print more complex structures and reduce mass transfer
impact. As polylactic acid is easy to print and modify, it will be
more used in the field of enzyme immobilization in the future.

In addition, as a kind of thermoplastic, polylactic acid can be
easily recycled after one-time use or structural printing errors,
which avoids material waste and ensures the sustainable use of
materials. Furthermore, polylactic acid has good degradation
properties, has been widely used in surgical sutures and

packaging bags, and has no environmental pollution. At the
same time, it has good rheology and mechanical properties,
which enables it to be printed into various complex structures,
suitable for the needs of different reactors and reaction
systems. These characteristics make polylactic acid an ideal 3D
printing material in the field of enzyme immobilization.

3.3. Hydrogel. Hydrogels have excellent rheological
properties and are suitable for 3D printing into various
complex structures. They can also maintain the spatial
specificity of the enzyme by mixing the enzyme and the
hydrogel for 3D printing. Therefore, various hydrogels have
been developed for enzyme immobilization based on 3D
printing. As shown in Figure 2H, Schmieg et al. presented a
method for immobilization of enzymes (alcohol dehydrogen-
ase, benzoylformate decarboxylase, and p-galactosidase) in
poly(ethylene glycol) diacrylate hydrogel grids based on 3D
printing under mild conditions. The hydrogel lattices of
immobilized enzymes were put in matching housings that were
also manufactured by 3D printing to measure the activity of
the immobilized enzymes.'”* In the other study, Maier et al.
demonstrated 3D printed grid-structured carriers based on 3%
(w/v) agarose hydrogels to immobilize two kinds of thermo-
stable enzymes (including esterase and alcohol dehydrogenase
from thermopbhilic organisms), realizing a continuous, two-ste7E
sequential biotransformation in a fluidic setup (Figure 2D)."
Although hydrogels are porous materials, long-term immobi-
lized enzyme activity may be affected due to mass transfer
limitations. Schmieg et al. developed a poly(ethylene glycol)
diacrylate-based hydrogel system that was suitable for enzyme
entrapment and 3D printing. Compared with the free enzyme
in solution, p-galactosidase immobilized in the long-range
stable hydrogel structure retained an effective activity of
generally 10% (Figure 2I)."”° If we want to optimize the
enzyme activity, we can change the composition of the
hydrogel and print more detailed and complex structures. Liu
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et al. developed an optimal immobilization material that is the
hydrogel with the ratio of acrylamide/hydroxyapatite/sodium
alginate = 4:1.2:1 using 3D printing for laccase immobilization.
The immobilized laccase displayed excellent stability and
reusability in the biodegradation of phenolic compounds
(Figure 2E). 174 At present, the hydrogel is an ideal material for
immobilization of 3D-printing enzymes, but to better meet the
needs of practical applications, more chemically resistant, long-
term mechanical stable, and high porosity hydrogels need to be
developed in the future.

In general, the great rheological properties of hydrogels
make them materials for immobilizing printing enzymes, but
poor mechanical properties limit the use of hydrogels. Because
of the poor mechanical properties, in actual use, it will cause
the leakage of the enzyme and the inability to manufacture a
very complex structure, which will result in the restriction of
the mass transfer between the immobilized enzyme and the
substrate. One of the possible solutions to solve the above
problem is to use multiple cross-linking hydrogels as enzyme
immobilization carriers and printing materials. The specific
idea is that the precross-linked hydrogel maintains good
rheological properties so that the hydrogel can be printed and
formed and then covalently cross-linked or photopolymerized
again to improve the mechanical properties and structural
stability of the carrier. The other solution is to optimize the
composition and ratio of the hydrogel, which also provides the
possibility to control the pore structure and reduce the
restriction of mass transfer.

4. ENZYME IMMOBILIZATION METHODS OF 3D
PRINTING

In traditional enzyme immobilization, the enzyme can be
physically adsorbed or covalently attached to the substrate and
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nanoparticles. That is because many materials can be used for
enzyme immobilization. Compared with traditional methods,
printing enzyme immobilization mainly uses two types of
materials: polylactic acid and hydrogels. Correspondingly,
there are two main methods for printing enzyme immobiliza-
tion: covalent attachment and physical entrapment.

4.1. Physical Entrapment. Not only can the process of
physical entrapment maintain the spatial configuration of the
enzyme in the porous material, but also the enzyme and the
material do not need to be complicatedly modified. Therefore,
when the hydrogel is used as a printing material for enzyme
immobilization, the immobilization method is usually physical
entrapment. As shown in Figure 3C, Peng et al. mixed enzymes
with a liquid agarose solution. Through 3D printing, the bioink
solidified to form biocatalytic modules that phenacrylate
decarboxylase enzymes were entrapped in agarose hydrogel.'**
The enzyme catalytic effect and the amount of immobilized
enzyme are also closely related. When the enzyme catalytic
effect is not very good, biocatalytic modules can be physically
added to improve the catalytic effect. Of course, it is best to
optimize the composition and ratio of the hydrogel and three-
dimensional printing technology to increase enzyme loading.
At the same time, the structural design of the enzyme
immobilization carrier is also a major influencing factor.
Schmieg and his co-workers used 3D-printed lattices to entrap
enzymes. Then a 3D-simulation approach was developed to
estimate, within the available design space, the optimization
potential of varying the 3D-printed geometries and the
reaction rate (Figure 3B). 80 As discussed earlier, although
the physical entrapment of the enzyme inside a matrix has the
advantages of simplicity and speed, the enzyme activity will be
affected due to the limitation of mass transfer. To eliminate
this limitation as much as possible, the researchers used more
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Table 1. Examples of Different Applications

material 3D-printed technology immobilized enzyme
hydrogel extrusion-based phenacrylate decarboxylase
ABS FDM glucose oxidase, lactate oxidase
hydrogel extrusion-based laccase
ABS FDM glucose oxidase
polycaprolactone FDM amano lipase
graphene/PLA FDM glucose oxidase
nylon-6 extrusion-based -transaminase
graphene/PLA FDM alkaline phosphatase

immobilization method application refs
entrapment synthetic p-vinylphenol 18a
covalent monitor glucose and lactate 12¢
entrapment biodegradation of phenolic compounds 17d
glucose testing 12d

entrapment biodegradable plastics 20a
covalent biosensing 21f
covalent kinetic resolution of 1-methylbenzylamine 19¢
covalent detection of 1-naphthol 16¢

advanced printing technology to create a more complex and
better porosity hydrogel network. In 2019, Shen et al. reported
a hybrid interpenetrating polymer network hydrogel to entrap
glucose oxidase and catalase in suit, which is through one-pot
preparation of the immobilized enzymes based on 3D printing.
Moreover, the immobilized enzymes exhibited operational
stability and repeatability that a high conversion of 97% was
maintained after reuse in four batches (Figure 3A)."*¢ In 2020,
Steier and cooperators investigated the entrapment of enzymes
into polymer hydrogels via 3D jet writing to enhance the
stability of enzymes. In fact, the immobilized enzyme does
show good activity (21.2% activity relative to the free enzyme)
and stability (in a continuous reactor for 76 h with a stable
turnover of 50%) (Figure 3D)."*

To summarize, the ease with which enzymes may be
entrapped in hydrogels and their general applicability is
appealing, especially if the enzyme-loaded hydrogel can be 3D-
printed into geometries that are optimal for the application.
However, physical immobilization of enzymes has the
drawback of probable leakage if the matrix disintegrates as
well as a diffusion constraint that is not present in the solution.
In response to this problem, possible solutions have been
proposed above.

4.2. Covalent Connection. Compared with physical
entrapment, the immobilization of the enzyme by covalent
connection can make the enzyme more stably attached to the
substrate, and the immobilized enzyme will not be leached out
due to the fragmentation of the substrate material. Therefore,
the covalent connection is used in some continuous flow
reactions. Grant et al. fabricated the microfluidic chip that has
one enzyme covalently patterned on the chip surface and the
second enzyme patterned in a downstream region of the
channel from the mold of 3D-printed polydimethylsiloxane
(Figure 4A)."” In another study, Changani et al. developed a
paper-based microfluidic-membrane based biosensor using the
mold of 3D printed polydimethylsiloxane which covalently
immobilizes three kinds of enzymes, including a-amylase,
glucose oxidase (GOx), and horseradish peroxidase (HRP), to
detect starch (Figure 4C)."® Under normal circumstances, the
enzyme immobilization of the microfluidic reaction adopts the
covalent connection method because the reactor itself is small,
and the covalent connection method can be used to
immobilize the enzyme at a specific position. The process
only needs to be chemically modified at the ideal position to be
easily controlled, and the enzyme is closely connected with the
substrate and will not leak, which makes postreaction
processing simple. Although the covalent connection has
high stability, the 3D-printed matrix often needs to be
modified and functionalized in multiple steps to be able to
immobilize the enzyme. For example, as shown in Figure 4B,
Peris et al. presented a method that the 3D-printed nylon-6

generates covalent link points for @-transaminase (@w-TA)
enzymes through the modification of HCI, glutaraldehyde, and
polyethylenimine to covalently immobilize enzymes on 3D
printed continuous-devices.'”* Rewatkar et al. reported lattice-
shaped sodium-based geopolymers of 3D printing, via surface
functionalization of 3-aminopropyltriethoxysilane and mod-
ification of glutaraldehyde, to realize the covalent immobiliza-
tion of the Candida rugosa lipase (Figure 4D)."* Of course,
the free carboxyl groups of some printing materials can also be
used, and the enzyme can be immobilized by simple
modification. For instance, Wang et al. immobilized the
glucose oxidase enzyme on the 3D-printed graphene-PLA
electrode by covalent reaction between the carboxyl and amino
groups in order to obtain a highly stable biosensor.'” In short,
the 3D printing material used corresponds to the enzyme
immobilization method. When using hot-melt materials as
enzyme immobilization substrates, the surface of the material
needs to be modified and functionalized to immobilize the
enzyme covalently.

As mentioned above, the two enzyme immobilization
methods, including physical entrapment and covalent con-
nection, have their advantages and disadvantages. Physical
entrapment is simple and induces less damage to the native
rigid structure of enzymes, but there are problems of mass
transfer limitation and enzyme leakage. For the covalent
connection, printed carriers need to be modified by several
chemical reagents, which requires optimization of the
immobilization conditions. At the same time, enzymes will
stably attach to the substrate with a covalent connection.
Moreover, the enzyme immobilization method and the
materials used and the 3D printing method make the
corresponding under normal circumstances. Therefore, these
factors should be considered comprehensively when conduct-
ing printing enzyme immobilization research and applications.

5. ENZYME IMMOBILIZATION APPLICATIONS OF 3D
PRINTING

Enzyme immobilization of 3D printing has become a
promising candidate for industrial applications in enzyme
cascade and biomedical applications in biosensing. To meet
the needs of different applications, different enzymes need to
be fixed to various materials of 3D printing in different ways.
The experimental conditions involved will affect the final
enzyme activity and applications. Table 1 lists some different
applications that have been reported in recent years with their
using materials, fabricating methods and immobilized enzymes.
Based on this, we divide the applications of enzyme
immobilization based on 3D printing into industrial and
biomedical applications.

5.1. Industrial Applications. The 3D printing operation is
fast and straightforward, and the 3D printing materials are
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Figure S. (A) Experimental setup of pencil graphite electrodes based on 3D printed enzymatic biofuel cell. Reprinted with permission from ref 20b.
Copyright 2019 Elsevier Ltd. (B) Final structure optimized 3D printed bioelectrodes of glucose oxidase or laccase immobilization. Reprinted with
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usually relatively low-cost and easy to obtain, making the
immobilization of printing enzymes very suitable for batch
production of some industrial-use items, especially enzyme-
catalyzed biofuel cells. In 2019, Prakash and cooperators
designed and fabricated a miniaturized microfluidic enzymatic
biofuel cell by covering pencil graphite electrodes in
carboxylated multiwalled carbon nanotubes, the covalent
immobilization of glucose oxidase and laccase enzymes, and
encapsulated into Y-shaped microchannel using 3D printing
technology (Figure SA).*” As shown in Figure 5B, Rewatkar
et al. also reported a rapid, cost-effective, and novel method to
manufacture bioelectrodes for biofuel cells. The method is that
3D-printed bioelectrodes using composite graphene/PLA, via
the modification of dimethylformamide solution, immobilize
glucose oxidase and laccase as a bioanode and biocathode.”"
As discussed above, neither polylactic acid nor graphene alone
can be used as a 3D printed bioelectrode. However, when the
two materials are mixed and used as a composite material, it
cannot only ensure the rheology during printing but also
maintain the good electrical conductivity and mechanical
properties that must be possessed as an electrode. In addition
to using the more researched graphite and polylactic acid as
small-scale biofuel cell electrodes, paper-based electrodes can
also be used. For example, Rewatkar et al. reported an
optimized shelf-stacked paper origami-based glucose biofuel
cell with immobilized enzymes (glucose oxidase and
laccase).”* By optimizing the stack structure of the electrodes,
the volume of the enzymatic fuel cell can be effectively
reduced, providing new ideas for the design of miniaturized,
portable enzyme-catalyzed biofuels.

In general, traditional batteries, as a renewable and
sustainable power supply method, require the use of strong
acids and heavy metal salts in the production process and have
greater pollution to the environment. The polylactic acid,

graphene, and paper-based electrodes used in producing the
printed enzymatic biofuel cell have no impact on the
environment. The biofuel cell currently being studied can
already power small electronic devices and biosensors, the use
of printing rapid prototyping is cost-effective, and the biofuel
cell is portable. What needs to be done now is to optimize the
electrode material, immobilized enzyme, and structure design
to meet the needs of different output powers and volumes.
Because of the easy operability of printing, immobilization of
printing has also been applied to rapid screening in the
industrial field. In 2020, Spano et al. reported 3D-printed
labware for high-throughput immobilization of enzymes
(including alkaline phosphatase, glucose dehydrogenase, and
laccase) which may solve the screening to optimize the
immobilization of each enzyme in continuous flow (Figure
SE).”' One of the difficulties in the industrial application of
enzymes is that to obtain the best catalytic efficiency, it is
necessary to optimize the immobilization conditions between
each enzyme and the immobilized carrier, including the carrier
composition, reaction temperature, and protective solution.
This work is time-consuming and laborious. The 3D-printing
equipment greatly shortens the experiment time through
parallel weighing and multichannel solid handling. Similarly,
the traditional screening process of natural active ingredients is
also very cumbersome. Enzyme immobilization of 3D printing
can simplify the screening process through the specificity of the
enzyme reaction, the simplicity and low cost of the production
process, and reduce the production cost. For instance, Guo et
al. designed and fabricated polycaprolactone-chitosan-modified
paper prepared with the assistance of 3D printing technology.
a-Glucosidase was immobilized on the modified paper to
screen bioactive compounds in mulberry leaves and lotus
leaves (Figure SF).”'° In other industrial fields, enzyme
immobilization of 3D printing also shows exciting application
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potential. For example, Jiang and colleagues immobilized
xylanase on the sodium alginate (SA) microspheres using 3D
printing technology, which are applied to decompose
lignocellulose of corn cobs. Additionally, the SA/xylanase
microspheres showed great catalytic activity and reusability,
which demonstrated the excellent potential of the application
in industrial production (Figure 5C).”'* Corn cobs and crop
stalks have lignocellulose, which can be degraded naturally, but
it takes a long time and pollutes water resources and the
environment. The use of three-dimensional printing technol-
ogy to immobilize enzymes to degrade lignocellulose to
produce xylose has the advantages of low cost and high added
value. It can also effectively avoid the high cost and pollution
conditions (high temperature and acid conditions) of tradi-
tional production methods. At the same time, because of the
low 3D-printing cost and the specificity of enzyme catalysis,
there are also reports in some industrial chiral catalysis fields.
As shown in Figure 5D, Pei et al. fabricated the aldehyde
ketone reductase AKR-IA/biocompatible polymer materials
using the 3D printing strategy. The biocatalyst not only has
excellent recyclability and enzyme activity but also can be
printed in various shapes to adapt to various catalytic
environments, which showed certain application potential in
preparing the antidepressant duloxetine intermediate S—N, N-
dimethyl-3-hydroxy-3-(2-thienyl)-1-propanamine.”'® In addi-
tion to the manufacturing of chiral species, chiral species
identification is a difficult task. Mufioz et al. devised an
unprecedented electrochemical approach in which the class-

enzyme L-amino acid oxidase was immobilized on a 3D-printed
nanocomposite carbon electrode and used as the proof chiral
selector for fabricating an unprecedented chiral 3D-printed
bioelectrode via electrochemical impedance spectroscopy.”'®
In the chemical sector, three-dimensional printing enzyme
immobilization offers great potential. Three-dimensional
printing can produce a variety of sophisticated reactors,
allowing it to match the needs of actual production better.
Chai et al, for example, created a unique micromixer with a
3D-printed helical, threaded channel immobilized carbonic
anhydrase and formate dehydrogenase, resulting in a 3-fold
increase in formic acid yield over a standard bubble column.''
The reason for such high production efficiency may be that the
3D-printed micromixer can enhance the mass transfer of
reactants and product in an enzymatic cascade reaction
converting CO, to formic acid. Similarly, Ye et al. used 3D
printing to create complex spherical scaffolds to immobilize
penicillin G acylase and glycosidase, resulting in high reaction
yields."”® The results show that the more complex enzyme
immobilization carrier can be employed in solid—liquid
reaction systems and systems with high viscosity without
affecting the mass transfer of the immobilized enzyme. Finally,
water pollution is also one of the challenges facing the world
today. 3D-printed enzyme immobilization offers the possibility
for mild and inexpensive solutions to water pollution due to its
customizable, low-cost, and sustainable advantages. Singh et al.
3D-printed a catalytic static mixer (CSM) coated in a MOF@
organophosphate degrading enzyme complex which not only
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detects organophosphorus contamination in water within a few
days but also continuously decomposes organic contaminatio-
n.'%* In addition to organic pollutants in water, drug pollution
is also severe. Xu et al. designed and developed a novel system
for removing drugs from water.”'! The device, fabricated with
stereolithography (SLA) 3D printing and immobilized laccase,
can effectively remove 95% of diclofenac and ethinylestradiol
from aqueous solution within 24 and 2 h. The biggest
advantage of using the 3D printing method for enzyme
immobilization to remove pollutants in water is that different
treatment devices can be designed according to the environ-
ment (such as pipes or machinery). After all, 3D printing can
quickly change the printing structure according to different
modeling.

5.2. Biomedical Applications. With the improvement of
people’s living standards, diabetes has become a major disease
endangering human health. Therefore, the convenient
detection of glucose level has attracted the attention of more
and more researchers.”>* The enzyme immobilization based on
3D printing technology can quickly manufacture bioelectrodes
at a low cost, which provides a reliable direction for realizing
this demand. Gardoso et al. demonstrated 3D-printed
graphene/polylactic acid electrodes, immobilized enzymes on
the surface, which are used as biosensors to realize biosensing
of glucose and simultaneous determination of uric acid and
nitrite in biological fluids (Figure 6A).*" In another study, 3D-
printed microneedles immobilized glucose oxidase, achieving
continuous detection of blood glucose concentration. As
shown in Figure 6B, Liu et al. manufactured an integrated and
3D-printed microneedle biosensing device for painless and
continuous monitoring of interstitial glucose. This method has
been obtained in normal mice and diabetic mice, which is
highly correlated with the test results of commercial blood
glucose meters.””* The electrochemical strategy of the
immobilized enzyme microneedle can continuously monitor
the blood glucose level for a long time, effectively avoiding the
pain of taking blood from the finger every day. Also using
electrochemical methods, Wang et al. prepared a glucose
oxidase-based 3D-printed carbon nanoelectrode biosensor to
detect two biomarkers of hydrogen peroxide and glucose by
chronoamperometry.'”® In addition to the above-mentioned
electrochemical methods, optical correlation detection meth-
ods are also commonly used to detect glucose levels. Su et al.
employed fused deposition modeling-type three-dimensional
printing and two functionalized ABS filaments incorporating
peroxidase-mimicking iron oxide (Fe;O,) nanoparticles,
glucose oxidase, and the chromogenic substrate o-phenylenedi-
amine for the one-step manufacture of enzyme/substrate-
incorporated multiwell plates.'> When in use, it is only loaded
into a microplate reader for colorimetric observation with the
naked eye or absorbance measurements. In short, these two
methods have their advantages. The electrochemical method
has a low detection limit and high sensitivity, while the optical
colorimetric method is simpler to make and suitable for areas
with limited resources. In disease treatment areas, 3D-printed
enzyme fixation scaffolds have also shown promise in the field
of diabetic bone regeneration, according to studies.”>* Figure
6D shows a multifunctional scaffold composed of alginate,
glucose oxidase (GOx), and catalase-assisted biomineralized
calcium phosphate nanosheets (CaP@CAT NSs). In diabetic
situations, a 3D printed enzyme-functionalized scaffold with
numerous bioactivities such as osteogenesis, angiogenesis, and
anti-inflammation is proposed by Yang and cooperators.””' The

innovative solution fixes two enzymes on the implantable
scaffold, and the application of the enzyme cascade reaction
can effectively solve the problem of difficult fracture repair in
diabetic patients. In other biomedical fields, the enzyme
immobilization of 3D printing has also been studied. For
example, Wei et al. used dual-enzyme-triggered self-assembly
and polymerization to create a hybrid hydrogel of guanidi-
nium-containing oligopeptide. The hybrid hydrogel’s time-
dependent strength might allow for an extended time window
for in situ 3D printing and molding. As a result, this
biodegradable hybrid hydrogel might be used as a printed
scaffold material for cell culture, hemostasis, and tissue
engineering in the future (Figure 6C).>%8

Currently, there are not many research studies on the
immobilization of 3D-printed enzymes in medicine. The main
reason is that whether it is an enzyme immobilization stent
implanted in the body or an in vitro dressing, patch, etc., the
matrix material used must have good biocompatibility.
However, there are few materials with good biocompatibility,
rheology, printability, and mechanical properties at the same
time. Of course, there are other reasons. For example, suitable
organisms have a complex microenvironment and have obvious
rejection reactions to foreign substances. As a result, there are
not many enzymes suitable for application in the field of
biomedicine. Therefore, it is necessary to develop more
printing materials suitable for medical applications and to
screen more enzymes suitable for biomedical applications.

6. CONCLUSIONS AND PERSPECTIVES

The most important part of this review includes examples of
immobilized enzymes that were immobilized on the scaffolds
of 3D printing and their industrial and biomedical applications.
It is because of technological innovations that 3D printing has
become a convenient, efficient, and economical tool for
enzyme immobilization, thus promoting its functions in
biological power generation, biotransformation, and biosens-
ing. Over the past decade, 3D printing has made great progress
in enzyme immobilization. However, several challenges also
should be dedicated to promoting the technology becoming a
powerful tool for enzyme immobilization.

First, although many papers about enzyme immobilization
based on 3D printing have been reported, there are relatively
few materials with ideal effects for the immobilization of 3D
printing enzymes in general. Moreover, it is complicated to
modify the enzyme linking group on the surface of polylactic
acid (PLA) that was broadly used in the field of enzyme
immobilization of 3D printing. These challenges make the
scope of application of this technology relatively limited.
Therefore, to obtain high protein loading and immobilization
efficiency and more applications, the printing materials, the
modification methods, and the linkage approaches of 3D
printing enzymes should be further investigated and studied.

Second, it will have the best activity when the enzyme is at
its optimum reaction temperature. When the temperature is
too high or too low, the catalytic activity of the enzyme will
decrease. Compared to other 3D printing methods, fused
deposition modeling (FDM) technology has the advantages of
being simple and low cost that led to the methods being widely
used in enzyme immobilization based on 3D printing.
However, FDM is based on extrudable thermoplastics, such
as acrylonitrile-butadiene-styrene (ABS) and polylactic acid
(PLA), which results in the need for very high temperatures.
The mechanical of FDM may not only influence enzyme
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activity but also directly inactivate enzymes. According to the
practical applications, on the one hand, we can explore 3D
printing methods with low printing temperature (such as direct
ink writing and extrusion-based 3D printing); on the other
hand, we need to screen more thermostable enzymes for
different applications.

Third, the three-dimensional printing enzyme immobiliza-
tion carrier and enzyme immobilization method can be further
improved. Because most 3D-printed immobilized enzymes are
less efficient than normal free enzymes. The reason for this
could be that the unreasonable printing structure prevents
mass transfer between the enzyme and the substrate as well as
conformational changes in the enzyme caused by the printing
process, and the enzyme’s active site is partially blocked during
the incorrect immobilization process. Improved technology for
designing and manufacturing finer and more inventive enzyme
immobilization carriers, as well as more reasonable enzyme
immobilization procedures, can reduce immobilized enzyme
and substrate mass transfer and improve immobilized enzyme
activity. Therefore, it is necessary to further optimize the 3D
printing carrier technology for enzyme immobilization and the
enzyme immobilization method.

Fourth, great efforts should be devoted to researching
enzymes suitable for biomedical applications in 3D-printed
enzyme immobilization. A thorough examination of the
published application directions for enzyme immobilization
of 3D printing reveals that the majority of them are for
industrial use, with only a few studies in medical detection and
illness therapy. However, owing to its low cost and ease of
manufacture, this developing technology is ideal for rapid and
high-throughput screening of disease biomarkers in clinical
samples. At the same time, it is ideal for wound care and the
creation of implantable medical devices because 3D printing
can work with a wide range of biocompatible materials.
However, investigations on the aforementioned applications
are scarce. One factor could be that there are few studies on
enzymes that are acceptable for biological applications. As a
result, soon, researchers will need to test new enzymes
acceptable for medicinal uses.

In conclusion, the development of 3D printing technology in
enzyme immobilization brings exciting opportunities to expand
the industrial and biomedical applications of enzyme
immobilization. We do believe that with further investigations
and optimizations, the enzyme immobilization based on 3D
printing will enable higher efficiency of immobilization, lower
cost, simpler immobilization step, and more practical
applications, which is difficult to achieve in other immobiliza-
tion approaches.
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