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Electrospun nanofibers, renowned for their high specific surface area, robust mechanical properties, and
versatile chemical functionalities, offer a promising platform for enzyme immobilization. Over the past
decade, significant strides have been made in developing enzyme-induced electrospun nanofibers (EIEN).
This review systematically summarizes the advanced applications of EIEN which are fabricated using both
non-specific immobilization methods including interfacial adsorption (direct adsorption, cross-linking,
and covalent binding) and encapsulation, and specific immobilization techniques (coordination and
affinity immobilization). Future research should prioritize optimizing immobilization techniques to achieve
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a balance between enzyme activity, stability, and cost-effectiveness, thereby facilitating the industrializ-
ation of EIEN. We elucidate the rationale behind various immobilization methods and their applications,
such as wastewater treatment, biosensors, and biomedicine. We aim to provide guidelines for developing

rsc.li/nanoscale suitable EIEN immobilization techniques tailored to specific future applications.

applications, making it challenging for them to compete with
traditional chemical processes.'™ A long-standing goal in bio-
technology is to develop and understand design rules for
stabilizing enzymes upon immobilization to materials.*®
Nanobiocatalysis, the integration of enzymes into nano-
structured materials to enhance their resilience under harsher
operational conditions, has rapidly emerged as a burgeoning
field.”'° Nanostructures such as nanoporous media,"" ™
nanofibers,"**® carbon nanotubes,"®>' and nanoparticles
demonstrate great efficiency in manipulating the nanoscale

1. Introduction

Despite the promising features of enzymes, their low activity
and stability often present significant barriers to large-scale
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environment of enzymes, promising exciting advances in
enzyme technology.

Nanofibers stand out due to their unique structure, high
surface area-to-volume ratio, tunable porosity, superior
mechanical properties, and ease of separation, making them
ideal for enzyme immobilization.”>° According to research
on Lens.org, adding the terms “enzyme”, “immobilization”,
and “nano” yields 61 411 patents and 7088 articles, with 4574
patents and 1771 articles specifically related to nanofibers and
nano-scaffolds. Notably, approximately 70% of these were
released in the last ten years. Electrospinning is one of the
simplest methods for fabricating nanofibers, ranging from
one-dimensional to three-dimensional structures, using only a
polymer matrix, syringe, and high voltage technique.*'=?
Therefore, the enzyme-induced electrospun nanofibers (EIEN)
technique stands out as a highly promising method. In 2002,
the first study immobilized a-chymotrypsin on the surface of
modified polystyrene electrospun by covalent bonding, achiev-
ing over a 65% activity improvement compared to the free
enzyme.*® Combining the advantages of enzymes and nano-
fibers, EIEN have broadened their scope of use, including bio-
medical applications,®>*® chemical production,?”° pollutant
management,’®** food industry,”®** biosensor’®*®* and
biofuels.*>*® The use of electrospun nanofibers in these appli-
cations highlights their versatility and the advantages they
offer over traditional materials.?”**~>3

Immobilization techniques of EIEN can be divided into
non-specific and specific methods.>*>* Non-specific methods
involve enzymes immobilization onto or into electrospun
nanofibers. At present, due to the direct reaction, the inter-
facial immobilization methods (physical adsorption and
covalent bonding) have the most extensive research.*®
Encapsulation of enzymes in nanofibers allows for uniform
distribution and controlled release, suitable for applications
like controlled drug delivery and sustained enzymatic
reactions.>>>® Non-specific enzyme immobilization can indis-
criminately bind various enzymes, making them susceptible to
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adsorbing impurities during use, which may cause material
contamination and decrease the efficiency of repeated
applications.>””*® In contrast, specific immobilization selec-
tively targets a single enzyme or a particular class of enzymes,
improving the quality, precision, and reliability of repeated
use.’>®® However, specific immobilization methods have been
less researched due to their complexity and time-consuming
properties.®’ Nevertheless, they hold promise for complex
enzyme purification and the production of high value-added
products.®*%?

This review aims to provide a comprehensive overview of
EIEN including their advanced fabrication methods and appli-
cations (Fig. 1). We will discuss non-specific immobilization
methods including interfacial immobilization (direct adsorp-
tion, cross-linking, and covalent binding) and encapsulation
techniques, as well as specific methods (coordination and
affinity immobilization). Each method will be evaluated based
on its mechanism, advantages, and limitations. We will also
highlight recent advancements and practical applications, pro-
viding insights into selecting the optimal immobilization strat-
egy for specific needs.

2. Based on non-specific
immobilization techniques
2.1 Enzymes immobilization onto electrospun nanofibers

Electrospun nanofibers, with their fine structure and highly
porous characteristics, offer a large specific surface area. The
multilayer structure enhances the number of immobilization
sites, promoting the uniform distribution and stable fixation
of enzyme molecules in extreme environments.®*® Enzyme
immobilization onto electrospun nanofibers through
Interfacial methods, such as direct adsorption, cross-linking,
and covalent binding, significantly provide easier access for
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Fig. 1 Enzyme-induced electrospun nanofibers fabrication techniques

and their related main applications in this review (2024 and created in
BioRender).
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substrates to active sites, making these methods simpler and
more suitable for rapid reactions.'®°%%”

2.1.1 Direct adsorption. The direct adsorption of enzymes
does not alter their conformation, helping to retain enzyme
activity as much as possible.>® The mechanisms of adsorption
involve weak interactions between enzymes and nanofibers,
including electrostatic attraction, hydrophobic forces, and van
der Waals forces.®® However, weak interactions also mean that
the binding is reversible and highly sensitive to process con-
ditions like pH and temperature.®®’° The unmodified interface
of nanofibers lacks sufficient active sites (e.g., hydroxyl, alde-
hyde, thiol, amino, carboxyl groups), which leads to limited
adsorption capacity.””" Sadly, electrospinning can increase the
hydrophobicity of polymers, leading to the desorption of
enzymes and causing them to shift towards an open
conformation.

There are two main methods to enhance enzyme immobil-
ization efficiency on the nanofibers through direct adsorption.
(1) Mixing with natural polymers with functional groups. This
affinity is driven by the polar interactions between the hydro-
philic groups on both the enzyme and the substrate, facilitat-
ing a stronger and more stable binding.”> Hydrophilic nano-
fiber supports, such as those made from chitosan or other
polysaccharides, are particularly effective for immobilizing
enzymes. Christ et al”® demonstrated that over 10 pg of
eugenol oxidase per milligram of dry polymer matrix can be
loaded onto UV-crosslinked chitosan nanofibers. Their studies
further showed that bound enzyme activity was fully retained
for over 7 days of storage under ambient conditions in
aqueous buffer. (2) Surface modification of electrospun poly-
mers. Atom transfer radical polymerization (ATRP) is a rising
technology to graft various functional groups (hydroxyl and
amino groups) onto the surfaces of nanofibers.”* Zeng et al.”*
utilized ATRP to graft 2-(dimethylamino)ethyl methacrylate
(DMAEMA) onto regenerated cellulose nanofiber (RC) to
immobilize laccase. The highest immobilization amount
achieved was 19.01 + 0.87 mg mg™ ', approximately 3.3 times
higher than the initial RC membrane. The method is also
applied to immobilize galactose oxidase on vinyl sulfone (281
+ 20 pmol g '), carboxyl (560 + 50 pmol g~ '), and laccase on
amine groups (281 + 20 umol g™, respectively.”> These results
indicate that ATRP technology is a promising method to aid
enzyme direct immobilization.

Direct adsorption methods are simple, low-cost, low-tox-
icity, and efficient for improving enzyme activity. Despite
enhanced adsorption with modified supports, these methods
also have several disadvantages, including high reversibility,
weak adsorption force, limited adsorption capacity, and sensi-
tivity to reaction conditions.'® Based on these properties, they
are suitable for disposable packages, food production, pollu-
tant removal, and large-scale industrial applications.

One main advantage of this method is its non-toxicity,
making it suitable for applications with strict safety require-
ments.”® Chen et al”” designed and manufactured 0.5%
gelatin-coated nanofiber peanuts immobilized with thrombin
for use in hemostasis. The novel material exhibited a shorter
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blood clotting time and higher blood protein absorption capa-
bility compared to the other commercial Gauze, Gelfoam®,
and Surgicel®. In addition to biomedical fields, this method is
also used in food production. Zhu et al>*® immobilized
B-galactosidase on polystyrene (PS) electrospun nanofibers
with functionalized graphene oxide (GO) to produce galacto-
oligosaccharides (GOS). The enzyme adsorption rate of func-
tional materials reached up to 87%, leading to improved cata-
Iytic behavior and transgalactosylation efficiency, with GOS
synthesis and lactose conversion increasing to 72% and 81%,
respectively. Sivas et al.”® proved that the polycaprolactone and
silk fibroin (PCL/SF) nanofibers for lactase immobilization
slightly disrupted the oxidant-antioxidant balance without
affecting zebrafish embryo mortality. Furthermore, Tunali-
Akbay et al.*® used the same materials, achieving hydrolysis of
42% of lactose in cow milk and 21% in goat milk.

For industrial applications, such as wastewater treatment
and chemical production, cost is crucial. Kuang and co-
workers®® fabricated Burkholderia cepacia lipase (BCL)-SiO,
nanofiber membrane as a bioreactor at the oil-water interface,
exhibiting excellent enzyme capacity and retaining 83% activity
after 5 catalytic cycles (Fig. 2a). And Zarei et al.”® developed a
conductive PCL-based nanohydrogel hybrid with cellulase
enzymes to hydrolyze cellulose. The EIEN with a 96% enzyme
immobilization efficiency retained 90% of its activity after 4
weeks and 73% after nine reuse cycles, exhibiting highly
efficient catalytic conversion of cellulose.

In brief, the direct adsorption technique does not require
complex chemical reactions or extensive modifications of the
enzyme on the nanofiber surface, making it a straightforward,
cost-effective, and non-toxic approach. Therefore, it is suitable
for applications in food production and biomedical fields
where safety is a priority, as well as in industrial processes
where cost control is essential. Although various methods are
applied to modify polymers with active sites, low immobiliz-
ation efficiency, and high enzyme release remain the main
challenges.

2.1.2 Cross-linking. Compared to direct immobilization,
the cross-linking technique provides a stronger and more
stable attachment of enzymes to the nanofiber surface, signifi-
cantly reducing enzyme leaching and ensuring long-term stabi-
lity under a wider range of conditions.’® By using bifunctional
or multifunctional reagents, covalent bonds are established
between enzymes and a support matrix or between enzyme
molecules, thus forming a network-like structure known as
cross-linked enzyme aggregates (CLEAs).”” CLEAs are easy to
produce and can combine different enzymes for complex reac-
tions. This approach enhances enzyme reusability and stabi-
lity, minimizes the risk of enzyme loss, and preserves their
high specificity.®>®! For example, glutaraldehyde (GA), a com-
monly used cross-linker, forms CLEAs and immobilizes
enzymes on supports by creating covalent bonds through
Schiff base reactions with available amino groups. Kim et al.®?
immobilized lysozyme-CLEAs on the nascent chitosan/polyvi-
nyl alcohol (CS/PVA) nanofibers by GA crosslinking retained
more than 75.4% of its initial activity after 80 days of storage

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 (a) Construction of BCL-SiO; EIEN bioreactor and targeted cata-
lysis at the oil-water interface.® Copyright ©® (2020 and ACS). (b)
Images of EIEN nanofibers via cross-linking technique and denaturant
tolerance of free and immobilized phenylalanine ammonia-lyases on
electrospun nanofibers.®* Copyright © (2021 and MDPI). (c) Glutamate
oxidase (GluO,)-induced biosensor via covalent binding on electrospun
nanofibers.*” Copyright © (2023 and MDPI).

at room temperature, while the free lysozyme lost all activity
under the same conditions. Additionally, the immobilized
lysozyme-electrospun nanofibers retained more than 76% of
their activity after 100 catalytic cycles.

However, there are three main challenges in forming EIEN
by cross-linking. (1) Absence of active sites. Similarly to
adsorption, the lack of active sites (e.g., amino groups) on the
support matrix is a challenge. Natural polysaccharide poly-
mers, such as cellulose triacetate, chitosan, gelatin, and chitin,
can address this issue. de Melo Brites et al.®® used cellulose
triacetate to produce EIEN containing bromelain by cross-
linking with glutaraldehyde, achieving an activity recovery of
about 675%. In vitro, controlled release tests demonstrated a
complete release process in three days. (2) Toxicity of cross-
linker. GA is toxic and influences the growth of cells and
organisms, which limits its usage. Polyalcohols can be good

This journal is © The Royal Society of Chemistry 2024
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substitutes. For example, the immobilization efficiency of
acetylcholinesterase (AChE) by sorbitol crosslinking on poly
(acrylic acid) (PAA) nanofibers was 96%, and the nanofibers
retained about 87% of their initial activity after 10 uses.* (3)
Enzyme denaturation. Extensive cross-linking can result in
enzyme denaturation. Optimizing enzyme concentration, glu-
taraldehyde concentration, and pH can mitigate this. For
instance, optimizing the immobilization of laccase on poly-
ethylene terephthalate (PET)-based EIEN resulted in the
highest immobilization yield of 87.64%, an 81.2% increase
from the yield before optimization.®®

Due to its simple operation and higher stability, the cross-
linking technique has wide application fields, including pollu-
tant treatment, biosensors, chemical production, and biofuels,
especially for industrial applications. Su et al.®” developed a
3-layer cellulose membrane (RC10) bioreactor incorporating
dextranase. The cross-linking technique significantly boosted
low M, oligosaccharide production to 11.5 umol-isomaltose
per min, far exceeding the 0.075 pmol-isomaltose per min
achieved with adsorption-immobilized dextranase, maintain-
ing a production rate of 11.3 umol-isomaltose per min. This
study underscores the potential of the designed system for
efficiently producing stable low M, oligosaccharides, offering
valuable insights for optimizing enzyme immobilization strat-
egies and membrane selection in enzymatic conversion pro-
cesses. Moreover, Hsieh et al.?* fabricated trans-cinnamic acid
and ammonia to immobilize recombinant BoPAL1/2 phenyl-
alanine ammonia-lyases onto nylon 6/PVA/CS electrospun
nanofibers using dextran polyaldehyde as a cross-linking
agent, retaining between 75% and 83% of their activity after
storage at 4 °C for 30 days. The residual activities of free and
immobilized PAL after treatment with 6 M urea, 2% sodium
dodecyl sulfat (SDS), and 40% ethanol were 15%/38%, 8%/
21%, and 10%/75%, respectively, indicating their strong poten-
tial for future industrial applications (Fig. 2b). This method is
also used in industrial dye removal; PA6 loaded with horse-
radish peroxidase exhibited over 70% decolorization efficien-
cies after 60 minutes.®® Additionally, cross-linking is applied
in carbon capture and storage. Ng et al.*® immobilized recom-
binant Sulfurihydrogenibium yellowstonense carbonic anhydrase
(SyCA) on electrospun polyacrylonitrile (PAN) and PET nano-
fibers for CO, sequestration and pollution prevention. The
EIEN exhibited 5.8-fold and 2.2-fold increases in CaCOj; yields
after 4 catalytic cycles compared to free enzymes, with excel-
lent anti-interference capabilities, retaining 57% activity in the
presence of 50 mM NO, and 61% in the presence of 50 mM
SO,. Due to the enzyme network formation, high enzyme
activity retention, milder reaction conditions, and significant
flexibility with various types of enzymes and substrates, this
method is widely used to provide a platform for enzyme
loading. Alim et al.*® reported a novel glucose biosensor utiliz-
ing co-immobilized glucose oxidase (GO,) and horseradish
peroxidase (HRP) on polymerized multiporous SnO, nano-
fibers with polyaniline. It displayed a linear response to
glucose concentrations ranging from 5 to 100 uM, with a detec-
tion limit of 1.8 pM. The cross-linking method is also used in
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vascular tissue engineering; Jia and coworkers®* demonstrated
that scaffolds immobilized with apyrase and 5-nucleotidase
improved antithrombotic performance and enhanced endothe-
lialization, paving the way for more effective vascular grafts.

In short, compared to direct adsorption, the cross-linking
method could form CLEAs between the enzymes, and covalent
bonds between the enzyme and nanofibers, which signifi-
cantly reduce enzyme leakage, and enhance stability, reprodu-
cibility, and anti-interference capabilities. The process is
simple, leading to wide applications, including industrial pro-
duction, pollutant removal, biosensors, and biomedical fields.
However, certain crosslinking agents, especially GA, can be
toxic or negatively impact enzyme activity. Additionally, the
process may lead to uneven enzyme distribution on the
carrier, and suboptimal crosslinking conditions could result in
a loss of enzyme activity. Furthermore, crosslinked enzymes
are difficult to regenerate or recycle, and identifying suitable
substrates and agents often demands extensive experimen-
tation and optimization.

2.1.3 Covalent binding. Covalent binding, like cross-
linking, forms covalent bonds between enzymes and nano-
fibers. The nanofiber surface is first activated to introduce
functional groups (such as hydroxyl, carboxyl, or amine
groups), followed by the reaction of polymer chains with these
sites under optimized conditions, applicable to both cross-
linking and covalent bonding methods. However, covalent
binding can form enzyme brushes with specific amino acid
residues on the nanofibers, ensuring robust attachment,
minimal leaching, and high tolerance.®°° Enzyme brushes
maintain high enzymatic activity by minimizing spatial con-
straints, allowing more efficient catalysis. This method enables
precise control over the enzyme density and distribution on
the surface, optimizing catalytic performance and reducing
interference between enzyme molecules. A widely used
method for enzyme immobilization involves the application of
1-ethyl-3-(3-dimethyl aminopropyl) carbodiimide/
N-hydroxysuccinimide (EDC/NHS).”" EDC activates the car-
boxyl groups of nanofibers, and NHS stabilizes the intermedi-
ate to form a reactive NHS ester, which reacts with amino
groups on the enzyme to form a stable covalent amide bond.
Golshaei et al.®? constructed a novel biosensor using Au/poly
[anthranilic  acid-co-3-carboxy-N-(2-thenylidene)aniline/PVAc]
electrospun nanofibers for the covalent immobilization of
GO,. The biosensor demonstrated good sensitivities in N,N-di-
methylformamide (DMF) (7.24 x 10° Q mM ' cm™?) and
acetone (6.67 x 10° Q mM™' cm™?) with impedance
measurement.

Another method to introduce functional groups involves
Haure et al.,® who endowed epoxide moieties on the surface
of polyurethane nanofibers (Avalon 65 DB) to react with amino
groups of HRP to form enzyme brushes. They found that
immobilizing HRP at 40 °C resulted in the highest enzyme
density (0.30 + 0.02 mg cm™>) but with inactivated catalytic
activity, while matrices obtained at 20 °C exhibited the highest
catalytic activity. Moreover, the incorporation of additives can
significantly improve the effectiveness of immobilization. Liu
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et al.®® utilized biocompatible feather polypeptide to stabilize
enzyme conformation during covalent binding. The resulting
poly(glycidyl methacrylate-co-methylacrylate)/feather polypep-
tide-lipase showed broad pH tolerance, high thermal stability,
good reusability, and organic solvent stability. It retained
about 40% activity after 3 hours at 70 °C, 62% after 7 reuses,
and nearly 75% after 12 hours in methanol, outperforming
previous results.

Although complex, covalent binding is well-suited for long-
term use, providing enhanced stability and high performance.
Shah et al.®* designed functional cellulose nanofiber films for
solar fuel production from CO, by immobilizing dendrimer
and porphyrin derivatives and loading electron donors and
enzymes (formate, aldehyde, and alcohol dehydrogenases).
This setup facilitated the stepwise conversion of CO, to metha-
nol, demonstrating high conversion efficiencies for intermedi-
ate steps. In addition to chemical production, uniform enzyme
distribution, and stable bonds enhance biosensor perform-
ance. Odaci et al.*’ designed a biosensor for monosodium glu-
tamate (MSG) detection using glutamate oxidase (GluO,)-
induced EIEN, achieving linear ranges from 0.025 to 0.25 mM
with a detection limit of 1.045 pM. This biosensor effectively
analyzed MSG content in tomato soup with a recovery percen-
tage of 103.125% (Fig. 2c). In addition, the process could be
treated without toxic reagents, so, the EIEN are also used in
biomedical fields. Urbanek et al.>® fabricated poly(lactide-co-
glycolide) (PLGA)/chitosan-based EIEN with AuresinePlus by
EDC/NHS treated, resulting in an efficient enzymatic attach-
ment. This material exhibited strong antibacterial activity
against antibiotic-resistant strains of Staphylococcus aureus.
Similarly, Bosiger et al.°®> designed chitosan-PEO mats with
GO, (5.4 m* g™") for in situ hydrogen peroxide (H,0,) gene-
ration as an antibacterial system. The mats, functionalized via
EDC/NHS covalent binding, produced a higher steady-state
H,0, concentration (~60 pM cm™?) than cross-linking with
EIEN (~50 pM), which significantly inhibited the growth of
Escherichia coli and Staphylococcus aureus.

Covalent binding provides uniform enzyme distribution
and low-toxicity covalent binding enzyme nanofibers. These
enzyme nanofibers offer strong binding, preventing enzyme
loss, ensuring stable immobilization, long-term stability, and
directional immobilization, keeping the active sites of the
enzymes exposed correctly. Despite its complex process, irre-
versible enzyme immobilization, and potential reduction in
enzyme activity, covalent binding is suitable for high value-
added applications, such as biomedical fields, high-accuracy
biosensors, and emerging fields like biofuels and carbon con-
version, requiring high performance.

2.2 Enzymes immobilization into electrospun nanofibers

Enzyme immobilization into electrospun nanofibers involves
entrapping enzymes within a nanofiber network, where the
enzymes are mixed with a polymer solution or as the core of
nanofibers by coaxial spinning technology without toxic
reagents and complex process.’®®” Compared to interfacial
immobilization, encapsulation could make nanofibers as the

This journal is © The Royal Society of Chemistry 2024
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armor of enzymes to protect them from harsh external con-
ditions (such as extreme pH, temperature fluctuations, and
inhibitors), and controlled release.”® PVA, a water-swollen
polymer, is ideal for immobilizing enzymes, as it helps retain
enzyme activity during the electrospinning process.’® Duru
Kamaci et al." used CS/PVA blend polymer-based EIEN with
phytase, resulting in fibers with an average diameter of about
65.3 = 26.0 nm. The immobilized enzymes exhibited over 60%
relative activity across a wide pH range (1-9) and temperatures
(20-100 °C). Similarly, Wong et al'°’ utilized polyethylene
oxide (PEO) nanofibers with Pluronic F-127 (F127) to immobi-
lize p-galactosidase from Aspergillus oryzae, retaining up to
44% of enzyme activity after 4 weeks of storage. Moreover, the
inactivation temperature of phytase in the encapsulated fibers
was increased from 80 °C to 170 °C."*?

However, many polymers to be applied in EIEN are water-
resistant and can be toxic to enzymes.'®® To address this chal-
lenge, two main methods are used. The first method is coaxial
electrospinning-encapsulation, which separates the enzymes
and organic solution by physical space.'®® Ogawa et al'®
designed a shell solution using polycaprolactone (PCL) in
chloroform/DMF and a core solution using PVA EG-40P and
lysozyme in distilled water. This preserved the enzyme’s con-
formation during in situ encapsulation, resulting in high-
activity enzyme nanofibers. Ji et al'°® evaluated various
a-chymotrypsin (CT) immobilization methods, including
direct adsorption, cross-linking, encapsulation by mixture, and
coaxial electrospinning-encapsulation. They found that coaxial
electrospinning exhibited negligible mass transfer resistance,
the lowest K, and the highest k., for both aqueous hydrolytic
and nonaqueous esterification activities. The hollow structures
provided unique stabilization, surpassing other methods in
storage stability, thermostability (50 °C), and organic stability
(methanol). The second method involves selecting enzyme
protectors to retain enzyme activity in organic electrospinning
solutions. Koplanyi et al'® used surfactants with varying
hydrophilic-lipophilic balance (HLB) values (Tween 80, Tween
85, Brij 30, Span 60, Span 40, Span 20) to enhance fiber for-
mation and maintain the biocatalytic activity of Petroselinum
crispum phenylalanine ammonia lyase (PcPAL). Tween 85 (HLB
11.0), Brij 30 (HLB 9.7), and Span 20 (HLB 8.6) positively influ-
enced PcPAL’s specific enzyme activity. Notably, Brij 30 led to
a more than 6-fold increase in enzyme activity at higher load-
ings. Additionally, Cyclodextrins (CDs) have been proposed to
manufacture laccase-loaded PCL-based nanofibers without
activation loss or enzyme denaturation.'®'*® Protectors help
enzymes withstand harsh environments, creating excellent
enzyme-loaded nanofibers.

Due to high mass transfer resistance and low toxicity,
encapsulation is suitable for sustained reaction conditions,
such as drug delivery, long-time pollution treatment, and sus-
tained food industrial."*>*'%'* Balogh-Weiser et al'* manu-
factured face masks based on lipase-loaded electrospun (poly-
lactic acid (PLA) and polyvinylpyrrolidone (PVP)-based) nano-
fibers to treat acne vulgaris (Fig. 3a). The controllable release
of lipase aids the penetration of active ingredients by mitigat-

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 (a) The composition of a multilayered nanofibrous face mask for
combined treatment of acne vulgaris, and investigation of its penetration
into human heat-separated epidermis (HSE) applying a topical and trans-
dermal diffusion cell system.!* Copyright © (2023 and MDPI). (b)
Encapsulation of B-glucosidase within PVA fibers to produce specific
mogroside sweetener.°® Copyright © (2020 and ACS).

ing increased sebum production on the patient’s skin.
Moreover, immobilizing lipase within nanofibers resulted in
significantly higher enzyme activity compared to surface
immobilization on nanofibers, with a 65% increase in
activity."'* This approach demonstrated outstanding perform-
ance, showing an 83% improvement under standard con-
ditions and a 5% increase in specific activity compared to
Mezym® forte 10000, highlighting its potential as a novel
alternative for enzyme-based oral therapies.

Furthermore, Duru Kamaci et al.** created PVA/sodium algi-
nate (SA)-based nanofibers to immobilize phytate by encapsu-
lation without the morphology influence of fibers. It exhibited
a higher affinity (K, = 4.66 mM) of substrates than that of free
enzyme (K, = 0.46 mM), showing potential for food industry
applications. Virly et al'® explored the encapsulation of
B-glucosidase within PVA fibers to produce specific mogroside
sweeteners (Fig. 3b). The study demonstrated enhanced pH
stability and increased tolerance to sodium dodecyl sulfate in
the immobilized enzymes. In the batch process, the average
production rate of siamenoside I was 118 + 0.08 mg per L per
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h per gram of fiber. Additionally, fructosyltransferase-EIEN
showed significantly improved enzyme loading (68.1 mg g )
and activity (5.5 U mg™") compared to Sepabeads®, making it
an up-and-coming candidate for the selective synthesis of
various rare saccharides on an industrial scale from
sucrose."'® Furthermore, in a plug-flow reactor, the fibers
demonstrated exceptional operational stability, maintaining
5% of the initial substrate conversion even after more than
2000 cycles. For sustained pollutant removal, encapsulated
laccase demonstrated superior performance compared to
direct adsorption and covalent binding, achieving over 99%
biotransformation of 2,4,6-trinitrotoluene after 7 days."**
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Encapsulation via direct electrospinning-embedment is a
promising technique for enzyme immobilization, offering
retention of enzyme activity, protection from harsh conditions,
reusability, and controlled release. Using water-swollen poly-
mers, enzyme protectors, and coaxial electrospinning tech-
niques can improve enzyme stability. However, the partici-
pation of organic solutions limits the selection of polymers for
enzyme encapsulation. Additionally, because most enzyme
molecules are confined inside nanofibers, substrate accessibil-
ity to the enzyme can be inhibited.

As summarized and detailed in Table 1, this discussion
covers the immobilization of nanofibers using non-specific

Table 1 Representative cases of enzyme-induced electrospun nanofibers (EIEN) with non-specific immobilization technique

Techniques Application Enzyme species Enzyme supports Performance Ref.
Direct Food Lysozyme (Micrococcus ~ Bacterial cellulose Retaining over 70% activity after 9 catalytic 16
absorption production lysodetkticus) cycles.
Direct Food Lactose Nnitrocellulose With 59% lactose hydrolyzed in cow milk and 45
absorption production 87% in goat milk using.
Direct Tea packages Bromelain PLA/SA Improvement of hydrophilicity and water 120
absorption permeability
Cross-linking ~ Estrogens Laccase (Trametes PAN/polyethersulfone 92% degradation of 17p-estradiol and 100% 121
degradation versicolor) degradation of 17a-ethynylestradiol within
24 hours; enzymatic conversion up to a
reduction of estrogenic activities by around
99% for 17f-estradiol and 87% for
17a-ethynylestradiol.
Cross-linking ~ Biomedical Jack bean urease (type  PVA/chitosan Retaining 85% activity after 10 catalytic cycles 122
1I1) and 45% after 20 catalytic cycles. Urea removal
rates of artificial blood serum were 100% in the
1st cycle, 95% in the 2nd-4th, 85% in the 5th,
76% in the 6th, and 65% in the last three
cycles.
Cross-linking ~ Blood vessels Apyrase and 5'- Hyaluronic acid-collagen/ Improving antithrombotic performance; 34
nucleotidase PCL maintaining catalytic performance, reducing
platelet adhesion and aggregation, and
ensuring higher patency after 1 month in situ
transplantation.
Covalent Blood vessels Extracted soluble Polyhedral oligomeric Enhancing cell viability and proliferation, 91
binding proteins from aorta silsesquioxane-poly antioxidant capacity, and hemocompatibility.
(carbonate-urea)-urethane
Covalent CO, Alcohol dehydrogenase PS/copolymer of pi-lactide 100% conversion for formaldehyde and ABTS 18
binding conversion (Saccharomyces and glycolide (PDLG) at pH 6.5.
cerevisiae)
Covalent Industrial Laccase (T. versicolor) Nylon 6 Exhibiting 77% Reactive Blue 4 and 63% 123
binding removal of Reactive Black 5 removal rates after 24 hours;
dyes. retaining over 70% activity after 10 catalytic
cycles.
Covalent Wastewater Laccase (T. versicolor) PAA Retaining 80% activity after 35 days; highly 40
binding treatment degradation rates of bisphenol A,
17a-ethinylestradiol, triclosan, and diclofenac,
in wastewater over 14 days.
Covalent Biofuel Alcohol dehydrogenase PVP Retaining 42% activity after 12 days of storage 50
binding (Saccharomyces and repeated reaction cycles.
cerevisiae)
Encapsulation  Clinical GO, and laccase Cellulose acetate Highly flexible self-powered glucose biosensor; 124
diagnosis excellent long-term stability in continuous
works up to 15 h.
Encapsulation  Bioreactor B-Galactosidase (S. PVA An average siamenoside I production rate of 105
cerevisiae) 118 + 0.08 mg per L per h per gram of fiber.
Encapsulation  Bioreactor Laccase (Trametes PLA Achieving a 79% isolated yield of the aldehyde 125
versicolor) during the oxidation of benzylamines.
Encapsulation  Drug delivery Lysozyme PVA Exhibiting efficient entrapment with a drug 15
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30 minutes.
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methods, specifically interfacial immobilization (direct adsorp-
tion, cross-linking, and covalent binding) and encapsulation
methods. When applying EIEN in practical applications,
several factors are typically considered, including enzyme
bioactivity, immobilization efficiency, enzyme leaching rates,
toxicity, and process complexity. For interfacial immobiliz-
ation: (1) direct adsorption is suitable for instances where cost
reduction is critical, such as in industrial production, as well
as in food and biomedical industries where toxicity is a major
concern. (2) Cross-linking is ideal for applications requiring
low enzyme leakage, particularly biosensors, due to its high
enzyme immobilization efficiency, enzyme structure retention,
and compatibility. (3) Covalent binding is appropriate for
applications needing long-term usages and high value-added
products, such as in difficult waste treatment, biofuel pro-
duction, and biomedical applications. For encapsulation
methods, these are suitable for low-cost industrial applications
and biomedical applications where controlled reaction rates
are important. Thus, the optimal method for enzyme immobil-
ization can be selected based on factors such as cost, toxicity,
usage cycles, and the specific reaction pathway.

3. Based on specific immobilization
techniques
3.1 Coordination immobilization

Coordination immobilization binds enzymes to a solid
support through coordination bonds with metal ions (e.g.,
Zn**, Ni**, or Cu*"), utilizing the functional groups (such as
carboxyl, hydroxyl, and thiol groups) on the certain enzymes
(aminotransferases, proteases, dehydrogenases, and
transaminases)."*>"'® Compared to other immobilization tech-
niques, coordination immobilization strikes a balance
between the strong, permanent bonds seen in covalent immo-
bilization and the weaker, reversible interactions typical of
physical adsorption. The reversibility of coordination bonds
allows for easy enzyme recovery and supports material reuse,
offering a stable yet flexible approach ideal for applications
where enzyme reuse and activity preservation are crucial. Teke
et al.''” designed PVA/Zn®" EIEN with porcine pancreas lipase
immobilization, maintaining 90% activity at 70 °C after
40 minutes and retaining 50% of its activity after 18 reuses.
Additionally, they applied this method to immobilize AChE,
which retained approximately 75% of its activity after 8 reuses
and decreased below 50% activity after 12 reuses.''® Park
et al.'™® developed dual-functionalized PVA/PAA electrospun
nanofibers incorporating a-chymotrypsin and copper ions (Cu
() to degrade extracellular polymeric substances (EPS) of bac-
teria. The results demonstrated a significant degradation of
EPS proteins, reaching up to 0.26 mg mL ™" over 300 minutes,
effectively reducing the number of planktonic and sessile
Pseudomonas aeruginosa cells to enhance EIEN’s anti-biofoul-
ing activity. Furthermore, FeCl; is added to enhance enzyme
immobilization by ion coordination to carry laccase. Wu
et al.'*® demonstrated an EIEN consisting of blend nanofibers

This journal is © The Royal Society of Chemistry 2024
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of PU, amidoxime polyacrylonitrile (AOPAN), and B-CD for
laccase immobilization with 186.34 mg g~' immobilization
efficiency. This setup exhibited significantly improved resis-
tance to temperature and pH variations compared to free
laccase. Li et al.'®” applied Fe(m)-PU/RC-poly(2-hydroxyethyl
methacrylate)-laccase nanofibers to remove bisphenol A, with
removal rates ranging from 87.3% to 75.4% over five cycles
(Fig. 4a). Moreover, Sketa et al.'*® developed an EIEN for hexa-
histidine (His6)-tagged amine transaminases (ATAs), enhan-
cing acetophenone production. The Cu®>* coated nanofibers
(Tiss®-IMAC-Cu) achieved up to a 95.3% immobilization yield
for the N-His6-ATA-wt enzyme using a one-step immobilization
process from Escherichia coli lysate, resulting in enzyme loads
of up to 1088 U mL™". In a continuous microreactor, this led
to an 80% acetophenone yield from 40 mM (S)-
a-methylbenzylamine in under 4 minutes. The system main-
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Fig. 4 (a) Schematic depicting the immobilization of laccase on PU/
RC-poly(HEMA) nanofiber membrane and its removal efficiency of
BPA.'?7 Copyright © (2019 and Wiley). (b) Cellulose-based nanofiber
membrane functionalized with dye affinity ligand for purification of
malate dehydrogenase from Saccharomyces cerevisiae.™>> Copyright ©
(2022 and Springer).
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tained 81% activity over 5 days, with the highest turnover
number of 7.23 x 10°, demonstrating industrial potential.

In conclusion, coordination immobilization offers a versa-
tile and efficient method for the specific immobilization of
enzymes with carboxyl, hydroxyl, and thiol groups, combining
the benefits of specificity, stability, and reusability. As research
continues to explore and refine these methods, coordination
immobilization is poised to become an increasingly vital tool
in enzyme technology.

3.2 Affinity immobilization

Affinity binding utilizes specific interactions between enzymes
and affinity tags or ligands on the support material.'*® For
instance, the high affinity of lysozyme with dye can be utilized
to enhance the absorption process. The electrospun PAN nano-
fibers grafted with EDA and/or CS coupled with Reactive Blue
49 dye demonstrated that after 5 cycles of adsorption-desorp-
tion, there was no significant loss in lysozyme adsorption
capacity.’*® Similarly, Hsu et al."*' used Reactive Green 19 dye
to enhance lysozyme immobilization efficiency. Under optimal
conditions, the recovery yield and purification factor of lyso-
zyme achieved from the one-step adsorption process were
98.52% and 143-fold, respectively. The dye-affinity nanofiber
membrane also did not show any significant loss in binding
capacity and purification performance after 5 consecutive
uses. Given its excellent adsorption efficiency and durability,
this approach holds promise for enhancing the applications of
lysozyme in the food and pharmaceutical industries. Jian
et al.®* developed a RC nanofiber membrane functionalized
with Reactive Orange 4 (RO4) dye for the one-step purification
of malate dehydrogenase (MDH) from baker’s yeast (Fig. 4b).
The membrane exhibited optimal MDH adsorption at pH 7.5,
with a dye density of 520 mg g™ and a high binding capacity
of 3985.65 U g~ ". Elution at pH 5 resulted in an 89% recovery
and a 78-fold purification, highlighting this method for
enzyme specific immobilization. The process was also scalable
and reusable, maintaining efficiency with larger membrane
contactors, showcasing its potential for large-scale appli-
cations. In addition to polymer modification, advancements in
biotechnology have made it easier to modify enzymes to
enhance their affinity for specific ligands. Jang et al.*** utilized
the strong interactions between polyhydroxybutyrate (PHB)
nanofibers and phasins (PhaP) to design LipM7-phasins (from
Aeromonas hydrophila) for fabricating EIEN. The EIEN loaded
with LipM7-PhaP exhibited 3- to 10-fold higher lipase activity
compared to Duolite A568 and Sipernat D17, retaining over
74% of its initial activity after 50 cycles. Additionally, approxi-
mately 70% of octanoic acid was converted to methyl octanoate
after 60 hours in the transesterification of octanoic acid to
methyl octanoate. These results highlight the strong
PhaP-PHB affinity, paving the way for sustainable, reusable
PHB nanofibers in enzymatic processes.

Briefly, while the affinity method is still being explored in
various applications, it simplifies the enzyme separation
process and enables high-purity enzyme immobilization,
making it suitable for complex enzyme purification and high
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value-added industrial applications with stringent purity
requirements. However, the specificity of enzymes and nano-
fibers may limit its wide applications.

4. Future perspectives and
conclusions

EIEN, developed over the past 20 years, remain a promising
area for exploration. As mentioned above, various methods
have been developed to immobilize enzymes on/in electrospun
nanofibers, demonstrating excellent stability across a wide
range of pH and temperatures, good mechanical properties,
and reusability.” As summarized in Table 2, the main EIEN
fabrication techniques and their related applications are
detailed below.

While we have summarized these methods and their appli-
cations, increasingly diverse combinations are being explored
to create superior EIEN. These combined approaches allow for
controlled enzyme release and enhance reusability, reducing
operational costs. Without crosslinking, PVA lacks the mechan-
ical strength and stability required for many industrial and
biomedical uses.”**'** Sengor et al.®” produced gelatin-con-
taining nanofibers in situ cross-linked with microbial transglu-
taminase (mTG) by encapsulation and cross-linking, resulting
in nanofibers with a wuniform, bead-free morphology.
Maryskova et al.'*® developed a method for immobilizing
laccase onto PA6 nanofibers using adsorption and cross-
linking. This method significantly degraded a 50 uM EDC
mixture, removing BPA (93%), 17a-ethinylestradiol (98%), and
triclosan (70%). This hybrid method also enhances biocompat-
ibility, often using mild conditions and low-toxicity cross-
linkers, making it suitable for various biotechnological appli-
cations. Enzymes in a polymer nanofiber matrix can improve
activity retention and dry storage stability compared to tra-
ditional immobilization methods and enable rapid dissolution
for ease of use. Additionally, a novel fabricated concept of
EIEN is also proposed. Ye et al."*” designed hierarchical bioca-
talytic membranes embedded with trypsin-inorganic hybrid
nanoflowers to hydrolyze f-lactoglobulin. The ethylene vinyl
alcohol copolymer (EVAL)-based 3D scaffolding, leading
282.1 pg cm™ trypsin loading efficiency and 98.1% hydrolysis
rate for P-lactoglobulin. Badoei-dalfard et al'*® combined
metal-organic framework fabrication and EIEN techniques to
design zirconium-MOF/PVP nanofibrous composites to
immobilize MG10 lipase for biodiesel production. The highest
biodiesel yield (27%) from Ricinus communis oil was achieved
after 18 hours of incubation and produced about 83% biodie-
sel in just 12 hours.

Building on the development of enzymes and electrospun
nanofibers, EIEN’s versatile properties make it suitable for a
wide range of applications. These include environmental,
energy, and medical fields, as well as textiles, wearables, agri-
culture, and advanced materials in the future.>”°*? Future
research should focus on industrialization to reduce costs,
improve the activity of enzyme-induced nanofibers, and enable

This journal is © The Royal Society of Chemistry 2024
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Table 2 Comparison of main EIEN fabrication techniques
Potential
Classification Diagram Construction Advantages Limitations applications Ref.
Non-specific Weak interactions Simple process, low  High reversibility, Disposable 7,54
immobilization (electrostatic attraction,  cost, low toxicity. weak adsorption packages, food and
(direct hydrophobic forces, force, limited production, 69-71
adsorption) and van der Waals adsorption capacity, pollutant
forces) between and sensitivity to removal, and
enzymes and reaction conditions  large-scale
nanofibers. industrial
applications.
Non-specific Covalent bonds Reduction in Potential toxicity, Industrial 79, 81,
immobilization between CLEAs and enzyme leakage, uneven enzyme production, 82 and
(cross-linking) nanofibers. enhancement of distribution on the  pollutant 85
stability, carrier, and enzyme  removal,
reproducibility, and  activity loss due to biosensors, and
anti-interference improper cross- biomedical
capabilities linking conditions.  fields.
Non-specific Covalent bonds Uniform enzyme Complex process, High value- 35, 40,
immobilization between enzymes and distribution, low irreversible enzyme  added 44 and
(covalent nanofibers, forming toxicity, prevention  immobilization, applications, 92
binding) enzyme brushes. of enzyme loss, potential reduction  such as
long-term stability, in enzyme activity. biomedical
and directional fields, high-
immobilization with accuracy

correctly exposed
active sites.

biosensors, and
emerging fields
like biofuels and

carbon
conversion.
Non-specific Entrapping enzymes Protection of High mass transfer ~ Sustained 43,101,
immobilization within a nanofiber enzymes from harsh resistance, potential reaction and 103 and
(encapsulation) network. conditions, changes in enzyme  toxicity-limiting 106
controlled release, conformation, conditions, such
enhanced enzyme limited polymer as drug delivery,
stability and selection, and a long-term
reusability, and low  complex pollution
toxicity. preparation process. treatment, and
extended food
processing.
Specific Coordination bonds High specificity, Requirement for Protein 117-119
immobilization with metal ions (e.g., enhanced stability, precise control of purification,
(coordination Zn**, Ni**, or Cu®*), and  controlled the coordination biosensor, and
immobilization) certain enzymes (ami- orientation, and environment, bioreactor.
notransferases, pro- facilitated electron potential toxicity of
teases, dehydrogenases, transfer. metal ions, and
and transaminases) limited suitability
with functional groups for certain enzyme
(such as carboxyl, types.
hydroxyl, and thiol
groups).
Specific Affinity bonds with High-purity enzyme  Complex process, Protein 130-132
immobilization enzymes and affinity immobilization, and nascent research, purification,
(affinity tags or ligands. potential for smart  and limitation of diagnostic
immobilization) recognition. enzymes. assays, and high
value-added
therapeutic
applications.

mass production of nanofibers. The main current limitations
are as follows: (1) limitation of polymers. Most polymers lack
functional groups to immobilize enzymes, limiting immobiliz-
ation efficiency. Therefore, novel polymers or simple nanofiber
modification methods should be explored to immobilize
enzymes through interfacial immobilization. (2) Limitation of
enzymes. Although bio-enzymes exhibit unique activity, they
are prone to losing their activity during the EIEN process.

This journal is © The Royal Society of Chemistry 2024

Particularly during encapsulation, enhancing the enzymes’
ability to withstand organic solvents would broaden the selec-
tion of polymers and simplify the process."*® Modifying and
exploring enzymes'*®™'*> or producing nano-enzymes'**'*>
could address these issues. (3) Limitation of electrospun nano-
fibers technique. Currently, most applications are at the lab-
oratory scale. Despite the development of devices such as

Nanospider™ (Elmarco), NS Lab™ (Inovenso), and Nano
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Spider M™ (Kato Tech), challenges remain in large-scale pro-
duction, consistency, scalability, controllable fiber character-
istics, environmental issues, and cost-effectiveness. Despite
these challenges, EIEN offer a versatile method for wide-
ranging applications by combining the benefits of enzymes
and nanofibers.

In conclusion, we summarize recent advances in enzyme
immobilization methods and applications to discuss potential
development trends. We aim to analyse the relationship
between immobilization techniques and applications to
provide guidance for selecting the optimal approach
effectively.
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