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Abstract

In today’s world, there is a wide array of materials engineered at the nano- and microscale, with numerous applications
attributed to these innovations. This review aims to provide a concise overview of how nano- and micromaterials are utilized
for enzyme immobilization. Enzymes act as eco-friendly biocatalysts extensively used in various industries and medicine.
However, their widespread adoption faces challenges due to factors such as enzyme instability under different conditions,
resulting in reduced effectiveness, high costs, and limited reusability. To address these issues, researchers have explored
immobilization techniques using nano- and microscale materials as a potential solution. Such techniques offer the promise
of enhancing enzyme stability against varying temperatures, solvents, pH levels, pollutants, and impurities. Consequently,
enzyme immobilization remains a subject of great interest within both the scientific community and the industrial sector.
As of now, the primary goal of enzyme immobilization is not solely limited to enabling reusability and stability. It has been
demonstrated as a powerful tool to enhance various enzyme properties and improve biocatalyst performance and charac-
teristics. The integration of nano- and microscale materials into biomedical devices is seamless, given the similarity in size
to most biological systems. Common materials employed in developing these nanotechnology products include synthetic
polymers, carbon-based nanomaterials, magnetic micro- and nanoparticles, metal and metal oxide nanoparticles, metal—
organic frameworks, nano-sized mesoporous hydrogen-bonded organic frameworks, protein-based nano-delivery systems,
lipid-based nano- and micromaterials, and polysaccharide-based nanoparticles.
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Introduction conditions, leading to reduced efficiency, higher costs, and

the inability to reuse enzymes. Immobilization techniques

The ongoing industrial revolution highlights a significant
meaning of biocatalysis construction. In recent times, vari-
ous micro- and nanoscale materials have been tested for
immobilizing enzymes to enhance their valuable proper-
ties (Bilal et al. 2019). The field of nanobiotechnology has
emerged as nanotechnology products find increasing utility
in biomedicine (Saji et al. 2010).

Enzymes play a crucial role as green biocatalysts, finding
extensive applications in industries and medicine. However,
their widespread use is impeded by several factors, includ-
ing the instability of enzyme preparations under different
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have been explored as a solution to address these challenges
(Yan et al. 2012; Senko et al. 2019; Razumovsky et al. 2008).

To achieve successful enzyme immobilization, certain
conditions must be met:

i. The enzyme must demonstrate stability under the spe-
cific reaction conditions.

ii. When using cross-linking agents for immobilization,
they should interact with the enzyme’s functional
groups outside its active site. Alternatively, if this is
not feasible, the cross-linking reagent should be as
large as possible to prevent entry into the active site.

iii. During immobilization, the enzyme’s active site
should be protected by binding it with its substrate,
inhibitors, or cofactors.
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iv. The chosen method of immobilization should be com-
patible with the nature of the catalyzed reaction and
the characteristics of the substrate.

v. The procedure to remove unbound enzyme should not
adversely affect the immobilized enzyme.

vi. The mechanical strength and physical properties of the
carrier material should be carefully considered (Reis
et al. 2019; Jesionowski et al. 2014; Cantone et al.
2013).

Developing an immobilization method that fulfills all
these requirements is undoubtedly challenging and often
requires making compromises. Exploring the structural
and functional characteristics of enzymes can contribute
to advancing our theoretical understanding of the mecha-
nisms behind enzyme-carrier interactions. This knowledge
aids in controlling enzyme-binding processes and selecting
effective matrices for immobilization, thereby preserving
enzyme activity and stability. Moreover, it helps identify
promising microenvironments for optimal enzyme func-
tionality (Holyavka et al. 2016; Ashmarina et al. 1984).

Nanotechnology has experienced significant growth,
leading to the availability of a wide range of nanoscale
materials. These materials have found diverse applications,
and immobilizing enzymes on nano- and micromaterials
has emerged as a promising approach for biocatalysts in
both medicine and industry (Ansari and Husain 2012).
Immobilization offers the potential to enhance enzyme sta-
bility against variations in temperature, solvents, pH lev-
els, pollutants, and impurities (Cherednikova et al. 1980;
Holyavka et al. 2019).

However, in the present day, enabling enzyme reus-
ability and stability is not the sole objective of immobili-
zation; furthermore, it has been acknowledged as potent
tool for enhancing various enzyme abilities. Although
immobilization can improve biocatalyst performance and
characteristics, it may also induce structural changes that
can influence catalytic activity (Cipolatti et al. 2016; Holy-
avka et al. 2017). Consequently, ongoing research is nec-
essary to explore methods for controlling the functional,
kinetic, physical, structural, and chemical characteristics
of biocatalysts, as well as techniques for their stabiliza-
tion (O’Fégéin 2003; Shalova et al. 2007; Artyukhov et al.
2010). In some cases, immobilization can be associated
with enzyme purification, which helps offset the costs
related to the process (Barbosa et al. 2015).

In recent years, a technique called “nanoimmobiliza-
tion” has gained popularity. Immobilizing enzymes on
nanoparticles (NPs) offers several advantages compared
to native enzymes, including broader pH and temperature
usability, enhanced thermal stability, and potential changes
in selectivity and specificity (Ansari and Husain 2012;
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Verma et al. 2016). As a result, nano- and microparticles
have been extensively studied for enzyme immobilization
(Tang et al. 2007; Sahoo et al. 2011; Ghosh et al. 2012).
The increasing number of publications in this field dem-
onstrates the growing interest in utilizing nano- and micro-
scale particles for enzyme immobilization, primarily due
to their inherent characteristics.

The progress in nanotechnology has resulted in the crea-
tion of diverse methods for immobilizing enzymes onto
nanoscale materials, including nanoparticles, nanotubes,
mesoporous materials, and nanofibrous membranes (Taki-
moto et al. 2008; Zhu and Sun 2012; Zhao et al. 2013).
Consequently, much discussion revolves around the use of
nanomaterials and their advantages in interacting with bio-
catalysts. The benefits of nano- and microimmobilization
include reduced mass transfer resistance, efficient enzyme
loading, high surface area, and minimized diffusional prob-
lems. However, it is important to consider the disadvantages,
such as the cost of the fabrication process, high expenses
associated with large-scale applications, and challenges
related to the separation of the reaction medium (Cipolatti
et al. 2014a). Careful consideration must be given to the
selection of nanosupports, as some supports may be difficult
to handle but prevent diffusion problems (Tan et al. 2023).
Furthermore, in cases where the support lacks porosity, the
enzyme becomes exposed to the surrounding medium (Zhao
et al. 2006). Several studies have examined nanomaterials
as platforms for immobilizing enzymes and biomolecules,
where their pros and cons have been extensively discussed
(Ahmad and Sardar 2015; Leitgeb et al. 2016; Stine 2017;
Fathi et al. 2019; An et al. 2020).

In the field of medicine, particularly nanomedicine,
micro- and nanocatalysts have found wide-ranging appli-
cations. Nanomedicine employs nanotechnology to treat,
diagnose, monitor, and control biological systems. The core
focus of nanotechnology is the creation of nano-objects,
like nanoparticles (Williams and Adams 2007). Micro- and
nanoparticles possess unique characteristics that make them
highly promising for drug delivery purposes (Faraji and
Wipf 2009). They have the ability to encapsulate or adsorb
medical agents, providing protection against immediate
enzymatic degradation within the biological environment.
The properties of nanoparticles can be influenced by factors
such as the preparation process, size, and pH of the medium
(Mora-Huertas et al. 2010; Vauthier and Bouchemal 2009).

Significant advancements have been achieved in nanomedi-
cine by targeting nanoparticles to specific organs, marking a
major breakthrough in mentioned area of study (Nguyen et al.
2015; Uddin et al. 2016). Organs often exhibit considerable
spatial heterogeneity in diseases, with healthy and pathological
regions coexisting within the same organ (Gonzélez-Garcia
et al. 2002; Ju et al. 2014). Recently, there has been a grow-
ing interest in the development of effective food-grade oral
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nano-delivery systems. These systems aim to encapsulate,
protect, and deliver nutraceuticals, enhancing their bioavail-
ability, preventing diseases, and promoting human health and
well-being (Hu and Huang 2013).

Nanoparticles have emerged as viable alternatives to con-
ventional antibacterial drugs. Synthetic polymer-based nano-
and microparticles (MPs) are extensively used to develop
innovative drug formulations, allowing for targeted delivery
and controlled release of biologically active compounds over
time (Sur et al. 2019). Moreover, the properties of nanoparti-
cles are determined collectively by the ensemble of particles
distributed in the dispersion medium, underscoring the criti-
cal role of the microenvironment in drug delivery properties
(Egebro Birk et al. 2021). Nano- and microparticles exhibit
high drug loadings due to their large interfacial area, enabling
rational drug use while minimizing toxic effects. However,
the elimination of drugs from the body becomes challenging
for such pharmaceutical forms due to steric hindrance, which
hampers the passage of polymer particles through kidney
tubules (Zielinska et al. 2020). One potential solution to this
problem involves designing micro- and nanoparticles using
biodegradable carriers that can be metabolized and eliminated
from the human body without resistance. Chitosan stands out
as the most promising polymer in this regard.

Nano- and microscale materials seamlessly integrate into
biomedical devices due to the inherent similarity in size
with many biological systems. The materials commonly
employed in the development of these nanotechnology prod-
ucts encompass inorganic and metal nanoparticles, carbon
nanotubes, liposomes, metallic surfaces (Liu et al. 2016), as
well as synthetic polymers, polymer nanofibers, graphene
films, ZnO-based materials, protein-based nano-delivery
systems, polysaccharide-based nanoparticles, and hybrid
organic—inorganic nanoflowers. By employing physical or
chemical methods and leveraging specific biological reac-
tions like the ligand-receptor or antigen—antibody interac-
tions, and DNA-DNA hybridization, it becomes feasible to
interact biomolecules with NPs. The physics (McNamara
et al. 2010; Yim et al. 2010), thermodynamics (Menzies
and Jones 2010), surface chemistry (Castner and Ratner
2002; Moyano and Rotello 2011), and their toxicologi-
cal effects collectively affect the potential applications of
nanomaterials.

This paper is devoted to discussion of novel biocatalysts
based on enzymes in complexes with nano- and microma-
terials (Fig. 1).

Synthetic polymers
Polymeric supports, including poly(styrene), poly(acrylates),

poly(methyl methacrylate) (PMMA), poly(acrylamide),
and poly(urea-urethane), are widely used for enzyme
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Fig. 1 Nano- and micromaterials for enzyme immobilization

immobilization. Additionally, inorganic supports like alu-
minum oxide, silica gel, apatite, and glass are commonly
employed due to their high thermal and mechanical stabili-
ties, low toxicity, and resistance to microbial and/or solvent
attacks (Hartmann and Kostrov 2013; Magner 2013; Zhou
and Hartmann 2013; Garcia-Galan et al. 2014).

In the literature, several techniques for immobilizing
enzymes on polymeric supports have been documented
(Besteti et al. 2014; Nicoletti et al. 2015). For instance,
PMMA has been recognized as an effective support for
immobilizing lipase B from Candida antarctica. The immo-
bilized enzyme on PMMA exhibited a relative activity of
40% after 20 recycling cycles, whereas the free lipase dis-
played only 5% relative enzyme activity (Valerio et al. 2015).
Another approach involved the synthesis of poly(urea-ure-
thane) nanoparticles modified with poly(ethylene glycol)
which was a new support for lipase B from Candida ant-
arctica. The authors reported achieving a high esterification
activity of 21 U mg~!. Furthermore, an improvement in the
thermal stability of the immobilized enzyme was observed
(Cipolatti et al. 2014b).

Polymer nanofibers hold significant prospects as enzyme
carrier, in situ formation of composites reinforced with
nanofiber, biocatalysis/separation applications, and bio-
sensors. Nanofibers possess less sizes (indicating a larger
specific surface area), higher porosity (diffusion resistance
reduction), enhanced conductivity, and simple fabrication
processes (Ghosh et al. 2012; Asgher et al. 2014) compared
to conventional membranes.

An illustration of covalent immobilization involves
lipase from Candida rugosa on nanofiber membranes of
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poly(vinyl alcohol-co-ethylene) activated with glutaralde-
hyde (PVA-co-PE). The study exhibited improved thermal
and storage stability, and also pH tolerance, of the lipase
immobilized on PVA-co-PE nanofibers (Zhu and Sun 2012).
Likewise, the immobilization of L-asparaginase on polyani-
line nanofibers led to enhanced enzyme activity and stability
(Ghosh et al. 2012).

Carbon-based nanomaterials

Carbon-based nanomaterials, including graphene, carbon
dots, and carbon nanotubes hold immense promise for
enzyme immobilization due to their promising character-
istics. The above-mentioned nanomaterials possess high
conductivity and biocompatibility, a large surface area,
rendering them highly suitable for sensitive and selective
biomolecule detection. Furthermore, the surface properties
of carbon-based nanomaterials can be easily tailored to cre-
ate specific sorption sites for enzyme. Overall, carbon-based
nanomaterials have emerged as a compelling platform for
developing biosensors with enhanced accuracy, portability,
and sensitivity, poised to revolutionize various fields such as
food safety, medical diagnostics, and environmental moni-
toring (Wei et al. 2022; Anwar et al. 2023).

Fullerenes Due to their low sizes, quantum confinement,
and distinctive shape, fullerenes exhibit exceptional prop-
erties not present in macro-sized materials. Scientists have
investigated their chemical and physical traits, morphology,
and potential for functionalization. Fullerenes’ solubility in
different media further enhances their application potential
by facilitating the production of uniform sheets essential for
coatings and electrodes (Paukov et al. 2023).

Graphene stands out as the most well-studied carbon
nanoform, consisting of carbon atoms in sp>-hybridized
state placed in 2D sheet arranged in a honeycomb lattice
(Wick et al. 2014). It boasts a substantial area of the sur-
face, robust mechanical properties, and remarkable physical
parameters, such as optical, electrical, and thermal charac-
teristics. Because of its exceptionally large surface area, gra-
phene proves to be a highly effective substrate for enzyme
immobilization. Additionally, its high conductivity facili-
tates a direct reactions of the enzyme with the electrodes
(Palanisamy et al. 2017). Considering its exceptional attrib-
utes, graphene is regarded as an ideal carrier for enzyme
immobilization, as the increased surface area enables a more
robust wrapping of the enzyme, while its greater mechanical
strength enhances enzyme recyclability.

The exceptional above-mentioned qualities of graphene
have made it an outstanding choice for enzyme immobiliza-
tion (Thakur et al. 2011). Nevertheless, the use of graphene
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as a support has brought about various concerns related to
potential toxic effects, low solubility, clumping issues, and
challenges in fabrication (Gokhale et al. 2023).

Graphene oxide (GO) and reduced graphene oxide are
particularly noteworthy in enzyme immobilization (Her-
manova et al. 2015; Shola et al. 2022). GO, with the same
physical properties as for graphene, is considered an ideal
carrier for immobilizing enzymes. Its high oxygen content
and various functional groups, such as carboxyl, hydroxyl,
and epoxy, make it a perfect material for enzyme immobi-
lization. Notable enzymes immobilized on graphene oxide
include lipase (Povedano et al. 2017; Fotiadou et al. 2019),
acetylcholine esterase (Zhang et al. 2019), trametes versi-
color laccase (Rouhani et al. 2020), glucose oxidase (Liu
et al. 2019), lactate oxidase (Pakchin et al. 2018), and per-
oxidase (Rezaei et al. 2018).

Graphene oxide possesses many oxygen-containing sub-
stituents, like COOH, C-O-C, and OH-groups, which are
promising for further modification. Its outstanding physi-
cal and chemical endurance makes it a perspective carrier
(Obayomi et al. 2022). GO magnetic nanocomposites are
slightly modified to maintain topological integrity and sta-
bility during enzyme interactions (Georgakilas et al. 2016;
Thakur et al. 2011). However, reduced graphene oxide
(rGO) offers limited control over its shape and dimension,
has a less extensive surface, is more prone to having inclu-
sions/residual groups, and may experience deterioration in
concrete strength (Long 2023).

Graphene films, which represent the first material found
in nature with a one-atom-thick structure, are obtained from
graphite and consist of a single layer of C-atoms arranged
in a honeycomb lattice, akin to unrolled single-wall carbon
nanotubes or a colossal flat molecule of fullerenes (Novo-
selov et al. 2004, 2005; Mas-Balleste et al. 2011). Biomol-
ecules can primarily interact with graphene-based nanoma-
terials through different types of weak physical interactions,
such as van der Waals forces, electrostatic forces, and n-n
stacking (Pavlidis et al. 2014). Several strategies for enzyme
immobilization on modified graphene nanoparticles have
been proposed in the literature, including the synthesis of
graphene-by-graphene oxide, which yields nanomaterial
enriched with various oxygen-containing groups (C =0,
COOH, C-0-C, O-0, OH. etc.) (Vashist and Luong 2015).

In a research performed by Jiang et al. (2014), they inves-
tigated the trypsin immobilization on dendrimer-grafted
graphene oxide nanosheets using glutaraldehyde as an acti-
vator for covalent binding. It was suggested that the result-
ing enzymatic formulation holds promise for effective pro-
teome identification. Similarly, cellulase and other enzymes
have also been successfully immobilized on graphene sup-
ports. Gokhale et al. (2013) developed a nano magneto-
responsive carrier using graphene, achieved through a
self-assembly of oppositely charged polyelectrolytes and



Biophysical Reviews (2023) 15:1127-1158

131

maghemite-magnetite nanoparticles on 2D graphene. They
observed that enzymes immobilized on nanographene struc-
tures exhibit variations in catalytic efficiency, operational
stability, and potential applications when compared to tra-
ditional derivatives (Pavlidis et al. 2014).

Carbon nanotubes (CNTs) are tubular carbon allotrope
forms with a graphite composition. These nanomaterials
have garnered significant interest due to their structure, bio-
compatibility, and impressive physical properties, such as
electrical, thermal, and mechanical, making them promising
for enzyme immobilization (Gubaidullin et al. 2022; Zueva
et al. 2023). CNTs offer an interesting support material for
enzymes, as they disperse well in solution and allow broad
functionalization (Tan et al. 2023). They produced as single-
walled carbon nanotubes (SWCNTs), where one graphitic
layer is wrapped, or multi-walled carbon nanotubes (MWC-
NTs), which make of numerous coaxial graphitic nanotubes
(Iijima 1991). SWCNTs and MWCNTs are extensively
researched for enzyme immobilization because of their dis-
tinct physical properties and high biocompatibility. (Ji et al.
2010; Tan et al. 2012). MWCNTs are widely used in biosen-
sor production. These CNTs can be easily modified by the
formation of COOH- or NH,- groups, or coupled with other
structures such as polymers or metal NPs to tune desirable
properties. (Zeng et al. 2016). The excellence of using CNTs
is a relatively large area of surface, high stability, biocompat-
ibility, and reusability (Liu et al. 2020). However, handling
them can be challenging, and their economic feasibility
may be a concern (Naha et al. 2023). Both MWCNTs and
SWCNTSs have served as matrices for immobilizing various
enzymes, such as tyrosinase, choline oxidase, bilirubin oxi-
dase, amylase, lysozyme, and glucose dehydrogenase (Yaari
et al. 2020; Blazek and Gorski 2020; Gentil et al. 2017,
Neupane et al. 2019; Boussema et al. 2018).

Carbon nanofibers Both carbon nanofibers (CNFs) and pol-
ymeric nanofibers are frequently utilized as nanocarriers for
enzyme immobilization. These nanofibers exhibit distinc-
tive properties, including uniform dispersion formation and
high enzyme recovery, giving them an advantage over other
nanocarriers for nanoenzyme assembly. Moreover, their high
interconnectivity and porosity result in minimal mass trans-
fer limitations, further enhancing their suitability (Misson
et al. 2015).

CNFs are distinct cylindrical nanostructures that come in
various forms of graphene layers. Based on the form of these
layers, CNFs can be divided into herringbone (cup-stacked),
tubular, or platelet. They possess several advantages over
carbon nanotubes, including cost-effectiveness, ease of mass
production, a high ratio of surface-active groups, and a sub-
stantial functional surface area (Shanta et al. 2017). On the
other hand, polymer nanofibers exhibit promising properties,

such as a high ratio of surface area to bulk volume, perfect
mechanical characteristics, and versatile surface modifica-
tion ability (Li and Wan 2017).

Quantum dots are nanoscale semiconductor crystals
with distinctive optical properties, composed not only of
carbon (Alshammari et al. 2023; Pourmadadi et al. 2023)
or graphene but also inorganic materials (Cui et al. 2018).
Typically, quantum dots have a small size, are chemically
inert, are amenable to various surface modifications, are
cost-effective, and are biocompatible. Their key advantage
lies in their photoluminescent properties (Wu et al. 2017).
For instance, an electrochemical enzyme biosensor based on
carbon quantum dots was developed for hydrogen peroxide
measurement. This biosensor utilized immobilized on car-
bon dots horseradish peroxidase in a glassy carbon electrode
(Su et al. 2018). Additionally, a sensor incorporating carbon
dots modified magnetite particles was capable of detecting
NADH in the 0.2-5 mM concentration range (Canevari et al.
2017). Despite high physical and chemical stabilities and
easy detectability, carbon quantum dots have some limita-
tions, including non-compatibility with certain catalysts, low
recyclability, potential safety concerns, and reduced enzy-
matic stability (Khan et al. 2023). Nevertheless, enzymes
immobilized on quantum dots have been employed for
biosensing applications, such as using quantum dots CdS-
chitosan-tyrosinase for detecting phenolic compounds (Han
et al. 2015) and graphene quantum dots-laccase for detecting
catecholamine neurotransmitters (Baluta et al. 2018).

Metal and metal oxide nanoparticles

Metal nanoparticles are frequently studied as carriers for
enzyme immobilization due to their capacity for functionali-
zation and their large area of surface (Somturk et al. 2015; Li
et al. 2019a). In this context, Dedania et al. (2020) conducted
a study using titanium dioxide nanoparticles to immobilize
D-psicose 3-epimerase from Agrobacterium tumefaciens,
with glutaraldehyde as the cross-linking agent. The immo-
bilized D-psicose 3-epimerase on TiO, exhibited a t,,, of
180 min at 60 °C, surpassing the activity of the free enzyme
(which had a t;, of 3.99 min at 50 °C). Under optimal con-
ditions (pH 6.0, 60 °C, and presence of Mn2+), the immobi-
lized enzyme demonstrated a significant fructose conversion
of 36:64 at equilibrium. However, its activity diminished
rapidly after reuse, retaining only 50% and 20% of its initial
activity after 5 and 8 cycles, respectively.

Among all metallic nanoparticles, gold and silver NPs
exhibit the most fascinating physical properties for appli-
cation in biosensor creation (Mayer and Hafner 2011).
These NPs offer numerous excellences such as easy pro-
duction, high stability, and reproducibility (Iftikhar et al.
2019). Moreover, their size allows them to penetrate cell
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membranes, so they are suitable for applications in live
organisms. As a result, Au and Ag NPs become the main
components in biosensors for numerous biological or
medical utilizing. The bioprocesses for creating AgNPs
are cost-effective, eco-friendly, and innovative ways reduc-
ing synthetic complexity (Husain et al. 2023; Kilic et al.
2023).

Gold nanoparticles have attracted considerable atten-
tion in catalysis; however, their practicality as supports is
often questioned due to economic concerns. Some instances
of enzymes immobilized on gold nanoparticles include
a-amylase (Homaei and Saberi 2015), peroxidase (Qiu et al.
2009), cellulase (Cheng and Chang 2013), and superoxide
dismutase (Thandavan et al. 2013). The decision to use gold
nanoparticles as carriers are based on the specific using, con-
sidering the high cost of gold as a metallic catalyst, which
may make it impractical for producing compounds with low
aggregate value. Examples of applications utilizing gold
nanospheres, nanocages, and nanoshells can be found in the
literature (Liao et al. 2006).

Gold nanoparticles possess distinctive characteristics
when compared to other nanoparticles, as highlighted by
Cipolatti et al. (2016):

i. They offer easy utilization and recovery while provid-
ing a high area of surface.

ii. Their porous structure provides good adsorption and
allows for high enzyme binding.

iii. The NP size can be adjusted in a wide range (from
nm to pm), accommodating various enzyme molecule
sizes and functions.

iv. They exhibit perfect biocompatibility.

v. Processed “green chemistry” conditions, gold nano-
particles have highly clean surfaces, eliminating
potential interference effects on enzymes from side
impurities.

Gold nanoparticles have garnered interest for various
medical applications, such as radiotherapy (Hainfeld et al.
2004) and drug delivery (Joshi et al. 2006), due to their
high area of surface and physical properties. In drug deliv-
ery, these nanoparticles can carry bio(macro)molecules,
including nucleic acids proteins. For effective therapy, the
high-throughput release of biological activity substances
governed by internal factors like pH values or glutathione
concentrations, or external factors like temperature, is cru-
cial. Apart from their enhanced absorption and scattering
capabilities (Hillyer and Albrecht 2001), easily synthesized
gold nanoparticles exhibit relative inertia, high biocompat-
ibility, and the ability to conjugate with various bio(macro)
molecules (Stern et al. 2012). Their ample area of surface
allows them immobilize biomolecules without compromis-
ing the bioactivity of the linked species (Joshi et al. 2006).
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Moving on to ZnO-based materials, metal oxide NPs are
the most spread inorganic nanomaterials, including ZrO,,
TiO,, Fe,0;, Al,0;, CeO,, and MoO; (Chavali and Nikolova
2019). Zinc oxide (ZnO) with diverse nanostructures fabri-
cated using various techniques has found extensive use in
enzyme immobilization. Among the methods employed,
the wet chemical route is particularly popular for produc-
ing different ZnO nanostructures, including nanoparticles,
nanorods, and nanosheets. These ZnO nanostructures have
been proposed as platforms for immobilizing cholesterol
oxidase through physical adsorption. Nano-ZnO possesses
several advantageous traits, such as being non-toxic, biologi-
cally compatible, displaying good adsorption, high catalytic
efficiency and electron transfer rate, and ease of production,
making it a favorable material for immobilizing biomole-
cules (Zhu et al. 2007a, b; Hu et al. 2011; Guzik et al. 2014).

Magnetic micro- and nanoparticles

Magnetic micro- and NPs have gained significant attention,
primarily due to their mechanical strength and the ease with
which they can be recovered from the reaction medium
(Netto et al. 2013). An insightful review by Netto et al.
(2013) discusses the application of superparamagnetic NPs
as promising carriers for enzyme immobilization. However,
“naked” magnetic NPs do not effectively conjugate with pro-
teins or enzymes, necessitating surface modification. The
literature offers various methods for surface modification
of magnetic nanoparticles. These include polymer coating,
reaction with the glutaraldehyde or 1-ethyl-3-(3-dimethyl-
aminopropyl) carbodiimide (EDAC) activators (Xie and Ma
2010), coupling with carbohydrates like agarose (Chen et al.
2014) or chitosan (Zang et al. 2014).

Several recent researches have explored the enzymes’
magnetic modification using various materials and methods.
For example, Pospiskova and Safarik (2015) achieved low-
temperature magnetic modification by utilizing magnetic
nano- and micro-sized iron oxide particles obtained through
a microwave-assisted synthesis. They successfully binded
trypsin and lipase with magnetization. Chen et al. (2014)
investigated the B-glucosidase immobilization on magnetic
Fe;0, NPs in the presence of agarose, resulting in increased
enzyme thermostability. Soozanipour et al. (2015) presented
modified magnetic nanoparticles produced by covalent xyla-
nase immobilization through using silica-coated modified
magnetite NPs activated by cyanuric chloride. Raita et al.
(2015) focused on immobilizing Thermomyces lanuginosus
lipase on magnetic nanoparticles. In addition to magnetic
nanoparticles, nanoporous nanocrystalline surfaces of metal
oxide has been proposed as novel carrier for enzyme immo-
bilization (Ansari and Husain 2012).
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Metallic nanoparticles possess higher magnetization in
comparison to their oxidic counterparts. Nevertheless, their
high reactivity and toxicity can restrict their utilization in
fields such as biotechnology or biomedicine. To overcome
these concerns, NPs are coated with silica or polymers with
different structure (Soozanipour et al. 2015). However, mag-
netic polymer-coated NPs may become notably non-stable at
elevated temperatures, as the polymer’s instability is further
affected by the NPs’ catalytic characteristics (Lu et al. 2013).

Numerous polymers and polyelectrolytes have been
investigated to stabilize magnetite NPs, both through in situ
addition during NPs’ synthesis and as post-processing
modification (Bolivar et al. 2009; Valls-Chivas et al. 2017).
Biocompatible polymers commonly used for this purpose
include chitosan (Kalkan et al. 2012), dextran (Peng et al.
2015), alginate (Castell6 et al. 2015), PEG (Butterworth
et al. 2001), polyvinyl alcohol (PVA) (Chastellain et al.
2004), and PEI (Virgen-Ortiz et al. 2017). Charged poly-
mers have gained popularity for stabilizing magnetite par-
ticles because their resulting coating significantly enhances
dispersion stability and allows the adsorption of oppositely
charged species. Polyelectrolytes are a type of polymer
that contains ionizable groups dissociating into charged
polymeric backbones (macroions) and counterions in polar
solvents (Barrat and Joanny 1995). These counterions con-
dense on the polymer chain in solution (Manning 1969).
The charge density of the polyelectrolyte depends on various
factors, including intrinsic factors like the structure or type
of ionizable group and extrinsic factors like ionic strength,
the nature and concentration of the counterion, pH, or tem-
perature (Drifford and Delsanti 2001; Visakh et al. 2014).
ITonic strength is crucial in polyelectrolyte conformation.
In the absence of or low ionic strength, the polyelectrolyte
adopts a “stretched” conformation due to repulsion between
the charged groups. In contrast, at high ionic strength, the
polyelectrolyte adopts a “folded” conformation due to charge
shielding, as explained by Kokufuta and Takahashi (1986).

Magnetic nanoparticles find application in facilitating the
handling of certain biocatalysts that have physical proper-
ties unsuitable for industrial processes, such as crosslinking
enzyme aggregates (CLEAs) (Garcia-Galan et al. 2014).
Some researchers have suggested incorporating magnetic
nanoparticles into CLEAs to enhance their handling. In cer-
tain cases, this approach has also led to improved enzyme
properties through interactions between the nanoparticles
and enzyme molecules (Talekar et al. 2012; Kopp et al.
2014; Khorshidi et al. 2016). This technology enables the
production of a robust catalyst in a straightforward manner,
with matrix-free immobilization, and even the possibility of
utilizing semi-purified enzymes (Liu et al. 2015; Shaarani
et al. 2016).

Despite widespread application of CLEAs in various
enzymatic processes, they present challenges when it

comes to biocatalyst recovery. In practical use, CLEAs
tend to form stable suspensions that are difficultly sepa-
rating from the reaction mixture through common ways
such as filtration or centrifugation, leading to increased
aggregate size (Kopp et al. 2014). Moreover, this can hin-
der internal mass transfer. Combining magnetic nanopar-
ticles with CLEAs addresses these issues by facilitating
separation and enabling the use of reduced-sized aggre-
gates. Moreover, the high area of surface of NPs enhances
enzyme recovery, thereby improving utilization parameters
in continuous industrial processes (Zhang et al. 2015a).

In an effort to minimize the toxicity caused by vari-
ous meds, especially cytostatic drugs, researchers have
explored magnetic nanomaterials as their carriers (Xie
et al. 2009; Wang et al. 2010). Magnetic NPs have been
extensively studied as promising drug delivery vehicles
for several years. However, their prolonged clearance time
and tendency to accumulate in specific tissues, such as
the liver and kidney, have led to some side effects, such
as inflammatory (Wahajuddin 2012). Despite these chal-
lenges, scientists have been actively working on innova-
tive approaches to functionalize nanoparticle structures,
enhancing potential targeting and transport efficiency, bio-
degradability and biocompatibility, and magnetic proper-
ties. These enhancements could lead to a reduction in the
quantity of required administration (Emerich et al. 2002).
The method involves directly injecting drug-loaded mag-
netic nanoparticles to the affected site, where they can
be kept by an external magnetic field and controllably
release the drug (Amirfazli 2007; Stocke et al. 2015). This
approach opens up exciting possibilities for the theragnos-
tic utilization of nanocarriers in chronic lung diseases (da
Silva et al. 2017).

From a thermodynamic point of view, the enzyme adsorp-
tion process onto charged solid or rigid surfaces is expected
to lower the free energy of the system, driven by entropy as
the quantity of opposite charge interaction increases (Netto
et al. 2013). Consequently, this process may alter the enzyme
conformational equilibrium towards more disordered, e.g.,
partially folded states, resulting in a greater number of
attractive electrostatic interactions. The particle surface mor-
phology also significantly influences enzyme conformational
changes; a solid increased surface area has a more impact
on the enzyme’s secondary structure, preserving its tertiary
structure (Lundqvist et al. 2004; Vertegel et al. 2004). Con-
versely, the curvature of the nanoparticle’s surface plays a
crucial role in the enzyme’s adaptability without compro-
mising its conformational stability. A more curved surface,
such as a smaller spherical geometry, allows the enzyme
to better adjust to the surface. As the particle size rises, its
curve reduces becoming flatter, favoring the enzyme adsorp-
tion in more extended conformation leading to a decrease in
its stability (Valls-Chivas et al. 2017).
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To mitigate the above-mentioned effects, the polymer
use is a common approach to stabilize rigid NPs, ensuring
greater flexibility of the particle-solution interfaces. The
interaction between enzymes and the surface is influenced
by these polymers, which are known to enhance enzyme
stability. Both non-ionic polymers and ionic polymers, such
as polyelectrolytes, have demonstrated this effect (Andersson
and Hatti-Kaul 1999; Padilla-Martinez et al. 2015). Notably,
PEI has been recognized as an effective membrane destabi-
lizer for the different type of cells, facilitating permeabiliza-
tion of cells (Andersson and Hatti-Kaul 1999; Godbey et al.
1999). Additionally, it suppresses the multimeric enzyme
dissociation, thereby enhancing protein stability (Virgen-
Ortiz et al. 2017). Many studies have utilized PEI coating to
provide the enzyme adsorption. For example, glucose oxi-
dase, catalyzing the glucose oxidation to gluconolactone,
was binding with PEI to enhance the thermal stability of
the enzyme, increasing it from 50 °C for the free enzyme to
70 °C (Padilla-Martinez et al. 2015). In contrast, non-ionic
polymers, like PEG, have shown to improve storage stabil-
ity in the temperature range of 4-30 °C (Costa et al. 2002).

Singh et al. (2018) explored the xylanase immobiliza-
tion on both “naked” and silica-coated magnetite NPs.
Their study underlined the surface coating importance with
inert silica, as the coated NPs possessed higher resistance
to destruction. Consequently, the immobilized xylanase
exhibited superior hydrolytic activity across a wide range of
pH and temperature values and compared to the one immo-
bilized on the “naked” magnetic NPs. Similarly, Nematian
et al. (2020) conducted a study of immobilization of lipase
using GO-coated and “naked” nanoparticles. The enzyme
recovery of the coated NPs was nearly three times higher,
with 24 wt.% versus 70 wt.% of the uncoated ones. Moreo-
ver, based on the determined kinetic parameters (K_,/K ),
the authors summarized that the hydrolytic activity of lipase
enhanced when it was coupled with the GO-coated surface.

Metal-organic frameworks

Metal-organic frameworks (MOFs) are a class of porous or
crystalline hybrid materials that feature a regular arrange-
ment of positively charged metal ions surrounded by organic
“linker” molecules. These metal ions serve as nodes, con-
necting the arms of the linkers to form a repeating cage-
like structure (Sun et al. 2014). MOFs are characterized
by their extremely high porosity and large area of interior
surfaces (Lian et al. 2011; Wu et al. 2015). The combina-
tion of organic materials and mesoporous are promising in
capture and encapsulation of enzymes (Liu et al. 2017a; Du
et al. 2022; Hu et al. 2022; Wang et al. 2022), enabling a
diverse range of downstream applications through co-immo-
bilization at the surface interface and enhancing enzyme
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performance through structural arrangements (Ren et al.
2020; Feng et al. 2021, 2022; Zhong et al. 2021).

Magnetic metal-organic frameworks are unique porous
materials because of their huge pore volumes, greater sur-
face areas, crystalline structure, and the ability to modify
pore diameters through well-defined active sites, as well as
their capacity to hold organic ligands (Jiang and Xu 2011;
Doherty et al. 2014; Bilal et al. 2023). The characteristics
and topology of MOFs can be adjusted to incorporate dif-
ferent metal atoms and/or ligands, allowing for the forma-
tion of various bonds between MOF carriers and enzymes,
including hydrogen and covalent bonding, van der Waals
forces, and coordinative interactions (Majewski et al. 2017).
With their large pore volume and modifiability, MOFs have
recently appeared as exceptional carriers for immobilizing
enzymes (Li et al. 2023), because of their exposed surfaces
(Morris et al. 2014; Mehta et al. 2016; Doonan et al. 2017,
Lian et al. 2017).

The encapsulation of proteins into MOFs was pioneered
by the Lyu group (Lyu et al. 2014; Liu et al. 2021), and
Wang et al. identified ZIF-8 as the ideal choice for immobi-
lization and encapsulation (Wang et al. 2019). MOFs exhibit
significant potential for immobilizing diverse enzymes for
specialized applications (Huang et al. 2020; Liang and Liang
2020; Issaka et al. 2023). Enriched with metal sites, MOFs
function as enzyme activators, thereby enhancing the bio-
catalytic performance of enzymes (Issaka et al. 2022). The
integration of multienzymes into MOF:s for cascade catalysis
further boosts catalytic activity, minimizing the impact of
mass transfer resistance (Xu et al. 2021). These distinctive
advantages empower MOFs to immobilize enzymes and
nanoenzymes, enhancing the catalytic efficiency of enzy-
matic reactions (Hu et al. 2020; Zhang et al. 2022).

Gao et al. (2021) utilized solvothermal synthesis to grow
Fe-MOF around Fe;O, nanoparticles, resulting in Fe;0,/
Fe-MOF with a core—shell structure and an enlarged pore
diameter. This unique combination of magnetic properties
from Fe;O, and the ranked porous structure was ideal for
enzyme immobilization, such as chloroperoxidase (CPO) or
horseradish peroxidase (HRP). The immobilized enzymes
demonstrated remarkable enhancement of temperature sta-
bility and reusability. For example, HRP-Fe;0,/Fe-MOF
retained an impressive 94.1% of its catalytical capacity
even after 10 repeated uses. Moreover, CPO/HRP-Fe;O,/
Fe-MOFs demonstrate highly effectiveness in rapidly (about
15 min) decomposition organic wastewater pollutants like
isoproturon or 2,4-dichlorophenol.

Xu et al. (2022) obtained Fe;0,-COOH@UiO-66-NH,
composite with core—shell structure for porcine pancreatic
lipase (PPL) immobilization. The composite possessed sev-
eral advantages, including a high specific surface area, a
high concentration of active sites, and superparamagnetic
characteristics (Ke et al. 2016). Under optimal conditions,
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the PPL recovery reached 247.8 mg g~', and the probable
catalytical capacity was 101.5%. The immobilized enzyme
also demonstrated increased stability. Remarkably, a practi-
cal approach was developed utilizing Fe;0,-COOH@UiO-
66-NH, @PPL and UPLC-Q-TOF-MS/MS to identify bioac-
tive compounds found in natural raw materials.

Motamedi et al. (2021) enhanced the catalytical ability of
the urate oxidase (Uox) enzyme from Aspergillus flavus by
its immobilizing on the magnetic MOF (Nim-MOF) nano-
material surface. The obtained Uox @ Nim-MOF formula-
tion retained around 60% of its initial function keeping it up
to 70 °C; the soluble enzyme lost nearly 100% of catalyti-
cal capacity at 40-45 °C. A stabilization process led to a
determination of the activation energy (E,) of urate oxidase
equaled 58.81 kJ mol~!, which is approximately half of the
one for free enzyme.

Wei et al. (2021) devised a method to create magnetic
reusable MOFs for capturing His-tagged enzymes from
cell lysates without further purification. The immobilized
B-glucuronidase, compared to its native form, exhibited
enhanced stability at varying temperatures and pH levels.
The immobilized B-glucuronidase retained 80% of its initial
relative activity even after 8 cycles. The MOFs’ capability
for immobilization increased to over 90% after only three use
cycles. This magnetic targeted MOF system proved to be an
effective and sustainable approach with promising applica-
tions in catalysis and industry.

In their research, Sargazi et al. (2018) successfully syn-
thesized Ta-MOF@Fe;0, core—shell nanostructures under
optimized conditions using a rapid and effective method that
employed ultrasonic assistance for the reverse micelle reac-
tion. They immobilized Km12 lipase from Bacillus licheni-
formis on the Ta-MOF@ Fe;0, substrate, which provided
an excellent solid platform due to its large area of surface,
unsaturated metal centers, and free COOH-groups. The
immobilized lipase demonstrated significantly improved sta-
bility and prolonged activity in reaction with high substrate
concentrations. Ta-MOF @Fe;0,-lipase holds great potential
for biotechnological applications, such as biotransformation
and biodiesel production.

In a recent breakthrough, Ji et al. (2021) achieved the effi-
cient encapsulation of lipase (CRL) and Fe;O, NPs within
ZIF-8 using a mild and rapid one-pot approach, leading to
CRL/MNP@ZIF-8 with an impressive enzyme recovery of
88.4%. Notably, this was the first instance of both MNPs
and lipase being encapsulated in ZIF-8 using a co-precipi-
tation method. On a similar note, Lin et al. (2019) success-
fully developed a ranked magnetic porous MOF with the
core—shell structure and utilized it for amidase immobiliza-
tion. The material obtained parameters such as strong mag-
netic response, and the type of structure and high porosity
contributed to the immobilized enzyme’s outstanding cata-
lytic capacity and enhanced thermal stability and resistance

to organic solvents. Remarkably, even after 15 reuse cycles,
the immobilized lipase retained a remarkable 98.2% of
its catalytical capacity during (S)-4-fluorophenylglycine
preparation.

Zhong et al. (2020) accomplished the successful synthesis
of a magnetic zeolite imidazolate framework-8 (iron oxide @
ZIF-8@Trypsin) using a one-pot synthesis method. Through
reaction system pH adjustment, they facilitated the growth
of ZIF-8 around citric acid-modified iron oxide, effectively
immobilizing trypsin. The resulting iron oxide @ ZIF-8@
Trypsin exhibited a remarkable 2.6 times higher activ-
ity than free enzyme, thanks to its high enzyme recovery
and expansive area of surface. Moreover, its low magnetic
response (43 emu g~!) made it convenient for easy use and
recycling. The promising results for application in proteomic
analysis was demonstrated using Fe oxide @ ZIF-8 @ Trypsin
as a micro-reactor for efficient protein digestion in complex
samples of human blood serum.

Li et al. (2022) successfully manufactured MOF-based
mimic enzymes through a straightforward and efficient pro-
cess. They utilized NH,-MIL-88B(Fe) @MRGO to biomi-
metically detect glucose.

Amari et al. (2021) accomplished the immobilization
of laccase on Fe;0,-NH, @MIL-101(Cr). Remarkably, the
Fe;0,-NH,@MIL-101(Cr) laccase exhibited exceptional
stability, retaining its immobilization capacity and regenerat-
ing a remarkable quantity of lost activity even under extreme
temperatures and varying pH levels. The immobilized sys-
tem displayed remarkable durability, with stored for 28 days
laccase remaining 88% of its initial activity and maintaining
aresidual activity of 49% at 85 °C. Additionally, the immo-
bilized laccase demonstrated its efficiency in biodegrading
RB and AR dyes in water.

In a similar vein, Wan et al. (2021) achieved the in situ
a-glucosidase immobilization through association with
Fe;0,@CS @ZIF-8. The immobilized enzyme showcased
improved stability at various pH levels and temperatures,
as well as reusability, with 74% of the overall enzyme cata-
lytical capacity remaining after ten cycles. Notably, the
ICy, for acarbose was measured at 0.57 M, and the Michae-
lis—-Menten constant for the immobilized a-glucosidase was
0.47 mM.

Nano-sized mesoporous hydrogen-bonded
organic frameworks

Porous organic framework (POF) materials, including
metal-organic frameworks (MOFs), covalent organic frame-
works (COFs), and hydrogen-bonded organic frameworks
(HOFs), have demonstrated some advantages as carriers
for enzyme immobilization (Huang et al. 2017, 2020; Liao
etal. 2017; Sheldon et al. 2021; Wu et al. 2022). These POF

@ Springer



1136

Biophysical Reviews (2023) 15:1127-1158

materials’ robust framework provides excellent protection
to enzymes under environmental conditions, ensuring their
structural integrity (Chen et al. 2020; Tang et al. 2021a,
2021b; Huang et al. 2022). Additionally, the ultrahigh poros-
ity and tunable apertures of POF materials provide efficient
substrate and product transport (Li et al. 2013).

Hydrogen-bonded organic frameworks (HOFs) repre-
sent a typical POF material, assembled through hydrogen-
bonding interactions between molecular building blocks
(Hisaki et al. 2019; Wang et al. 2020; Yang et al. 2020;
Das et al. 2022). HOFs offer additional merits, such as mild
synthesis or processing conditions and good enzyme com-
patibility, making them a promising emerging support for
enzyme immobilization (Morshedi et al. 2017; White 2021;
Chen et al. 2022). Notably, certain HOFs constructed with
amidinium/carboxylate dimers and carboxy dimers, such as
BioHOF-1, TA-HOF, and PFC-1, have been reported for
enzyme immobilization, displaying excellent stabilities and
superior recyclability (Yin et al. 2018; Liang et al. 2019;
Tang et al. 2021a, 2021b; Wied et al. 2022). However, some
of these HOFs have pore sizes below 2 nm and particle sizes
over 1 um, leading to enzyme @HOFs retaining only 20-70%
of catalytic activity of free enzyme.

Drawing upon the intrinsic ultrahigh porosity of HOF
materials, it is postulated that optimizing the transfer dis-
tance and enlarging the transfer channels within HOFs could
effectively mitigate diffusion limitations, thereby enhanc-
ing the apparent enzymatic activity following the diffusion
flux equation (Yu et al. 2023). Considering the volume of
enzymes, often larger than 6 nm, and especially when deal-
ing with nicotinamide cofactors (NADH/NAD™), which have
dynamic molecular diameters of around 1.7 nm as substrates,
the ideal immobilized enzyme carrier is hypothesized to pos-
sess pore channels ranging from 2 to 6 nm and particle sizes
less than 100 nm (Li et al. 2016; Wang and Liao 2021).

In a recent study, a nano-sized mesoporous HOF
(nmHOF) for the in situ immobilization of enzymes
was successfully synthesized. The building blocks used
were tetrakis(4-aminophenyl) methane (TAM) and
1,3,6,8-tetrakis(p-benzoic acid) pyrene (H,TBAPy). The
incorporation of H,TBAPy, with its large n-conjugated sys-
tem, extended the length of the building block and prevented
structure interpenetration. During the nucleation process,
the -COOH/-NH, residues in enzymes played a crucial role,
triggering the rapid formation of TaTb nmHOF. The result-
ing enzyme @TaTb possessed a pore size of approximately
2.4 nm and a particle size ranging from 19.9 + 6.4 nm to
56.4 +20.1 nm. For instance, lactate dehydrogenase (LDH),
a typical NADH-dependent enzyme, was in situ immobilized
in TaTb to create LDH@TaTb, which exhibited enzymatic
activity nearly approaching that of the free LDH. Moreover,
TaTb nmHOF proved effective in immobilizing a-amylase
(a-Amy) and horseradish peroxidase (HRP), both of which
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displayed significantly enhanced activities compared to
counterparts in ZIF-8 and BioHOF-1 (Li et al. 2023).

Protein-based nano-delivery systems

Nanoparticulate delivery systems composed of proteins
(such as gelatin, albumin, and gliadin) offer low antigenic-
ity, biodegradability, and biocompatibility. Moreover, the
protein primary structure of these nanoparticles and their
numerous available functional groups allow for the cova-
lent attachment of targeting ligands, shielding substances, or
drugs to the surface of the nanoparticles (Diab et al. 2012).

Food proteins exhibit remarkable functional properties,
such as emulsification, gelation, foaming, and water-binding
capacity (Chen et al. 2006; Elzoghby et al. 2011, 2012),
making them highly attractive for the development of pro-
tein nanocarriers for drug or nutraceutical delivery (Shi-
kama et al. 2010). Their advantages include biodegrada-
bility, non-antigenicity, high nutritional value, abundance
from renewable sources, and excellent binding capabilities
with various drugs or nutraceuticals (Findrich et al. 2001).
Moreover, protein nanoparticles are easily prepared and
scalable for manufacturing (Elzoghby et al. 2011, 2012).
Being metabolizable naturally occurring components, pro-
tein nanoparticles undergo hydrolysis by digestive enzymes,
producing bioactive peptides with potential physiological
effects in vivo (Chen et al. 2006).

Lipid-based nano- and micromaterials

Liposomes are versatile vesicular carriers, varying in size
from some micrometers to tens of nanometers. Comprising
one or more phospholipid bilayers, liposomes provide a suit-
able environment for the encapsulation of both lipophilic and
hydrophilic drugs. Extensive testing in animal studies and
human volunteers has confirmed their tolerability and safety,
with no adverse effects reported. Liposomes are known for
their outstanding biocompatibility, low toxicity, and high
safety profile (Jesorka and Orwar 2008).

Apart from their role as drug delivery vehicles, liposomes
can be utilized as biomimetic models to investigate the inter-
action between membranes and hydrophobic drugs and pro-
teins. Specifically, proteoliposomes are artificial systems that
imitate lipid membranes (liposomes) by incorporating or
inserting proteins. Over the past decade, these systems have
gained prominence in biophysical studies on lipid-protein
interactions and biotechnological applications. Proteoli-
posomes offer an advantage over natural membrane systems
as they can be designed with a smaller number of lipidic
and protein components, simplifying experiment design and
interpretation (Ciancaglini et al. 2012; Ramos et al. 2017).
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Solid lipid nanoparticles have emerged as promis-
ing nanocarriers, offering several advantages over poly-
meric nanoparticles and liposomes. These benefits include
enhanced drug stability and drug loading capacity and ease
of scaling up and sterilization. Typically ranging from 50 to
1000 nm in size, solid lipid nanoparticles consist of lipids
that remain in a solid state at both body and room tempera-
tures, and they are dispersed in aqueous media with or with-
out surfactant (Miiller et al. 2000). These nanoparticles use
physiologically tolerated lipid components, such as triglyc-
erides, partial glycerides, fatty acids, steroids, and waxes,
which contribute to reduced potential for acute and chronic
toxicity (Souto and Miiller 2007).

Polysaccharide-based nanoparticles

Over the past five decades, there has been a growing trend
in utilizing colloidal carriers based on naturally origin poly-
saccharides like alginate, carrageenans, chitosan, cellulose,
pectin, lignin and starch (Chen and Schopfer 1999; Mak-
shakova et al. 2022; Makshakova and Zuev 2022; Makarova
et al. 2022, 2023; Makshakova et al. 2023; Faizullin et al.
2023). This growing popularity can be attributed to their
cost-effectiveness, biocompatibility, and low toxicity (Lau-
rienzo 2010). These polymers also exhibit mucoadhesive
properties, allowing them to persist at the drug absorption
site, making them appealing matrices for oral nanoparti-
cles. Among these biopolymers, chitosan has garnered sig-
nificant attention due to its absorption-enhancing effect and
biodegradability, making it a promising matrix for tuning
of the drug or biomacromolecule intestinal transport. The
mucoadhesion provides an extended contact period of the
drugs and absorption sites, while also temporarily opening
tight contact in the mucosal epithelium to promote paracel-
lular transport. These behaviors are attributed to the electro-
static attraction of positively charged chitosan and negatively
charged mucosal epithelium (Illum et al. 1994).

Chitosan is an appealing choice for enzyme immobiliza-
tion due to its surface containing functional groups, such as
NH, and OH groups. It exhibits favorable parameters such
as biodegradability, biocompatibility, and cost-effectiveness,
as it is the second most abundant biopolymer after cellu-
lose (Juang et al. 2001; Klein et al. 2012; Chen et al. 2014).
Enzyme immobilization chitosan particles can be obtained
in wide size range from macro- to nanoscales using different
technique such as ionic gelation, precipitation, and emulsion
cross-linking (Tang et al. 2007; Biro et al. 2008).

Chitosan possesses distinct characteristics such as high
viscosity, polyelectrolyte nature, film-forming ability, metal
chelation, and unique optical and structural characteristics.
Its versatility makes it a popular choice as a support for
enzyme immobilization, offering a wide range of geometric

configurations including nanofibers, nanoparticles, hydro-
gels, powders, flakes, and membranes (Zhu and Sun 2012;
Shukla et al. 2013).

Besides its excellent absorption parameters, the conveni-
ence of preparing nanoparticles in aqueous media has made
chitosan the preferred carbohydrate for delivering hydro-
philic macromolecules, resulting in a growing number of
research studies on chitosan-based oral nanoparticles. Most
chitosan nanoparticle preparation methods involve dissolv-
ing chitosan in acidic aqueous solution with pH <6.5. One
advantage of this technique is avoiding the use of organic
solvents that might affect the encapsulated drug. Addition-
ally, the water solubility of chitosan facilitates the strong
incorporation of polar hydrophilic drugs, dissolving in the
aqueous phase and interacting with chitosan through elec-
trostatic attraction or hydrogen bonding. This is particularly
beneficial, as such meds often poorly interact with frequently
used hydrophobic polymers like poly(caprolactone) and pol-
ylactic acid due to their low affinity. Furthermore, chitosan
has a wide range of molecular weights and deacetylation
degrees, allowing to design NPs with adjustable size and
surface charge, which can influence their pathway through
the gastrointestinal barrier and the encapsulated drug release
(Diab et al. 2012).

Contribution of the Department

of Biophysics and Biotechnology

of Voronezh State University

to the development of novel biocatalysts
based on cysteine proteases in complexes
with nano- and micromaterials

Cysteine proteases constitute a family of hydrolytic enzymes
responsible for catalyzing the hydrolysis reactions of pro-
teins and peptides. They are widely found in both animal and
plant organisms. Proteolytic enzymes, including cysteine
proteases, find extensive applications in various industries,
such as food, pharmaceuticals, and cosmetics. Ficin, papain,
and bromelain are among the plant proteases that have dem-
onstrated significant potential (Bekhit et al. 2014).

Proteolytic enzymes are known for their biological anti-
septic properties, possessing important characteristics like
antitoxic and anti-inflammatory effects. They can hydro-
lyze toxic microbial protein metabolites present in infected
wounds, thereby promoting accelerated epithelialization and
faster formation of granulation tissue. The high specificity
of enzyme catalysis contributes to impressive product yields
and nearly waste-free production processes (Gonzalez-
Rabade et al. 2011).

In our study, we focused on ficin (EC 3.4.22.3), papain
(EC 3.4.22.2), and bromelain (EC 3.4.22.32) obtained from
Sigma. Azocasein from Sigma served as the substrate for
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hydrolysis. We utilized micro (Mps)- and nanoparticles
(Nps) of medium (MMCh, 200 kDa)- and high (HMCh,
350 kDa)-molecular-weight chitosans as carriers for immo-
bilization. These micro- and nanoparticles of chitosans were
produced with and without ascorbic acid (AsA).

Production of chitosan particles involved dissolving
300 mg of chitosan in 100 ml of a 0.3% acetic acid solution
under mechanical stirring. Afterwards, a 3% NaOH solution
was added at a rate of 5 ml/min while stirring continuously
until a white precipitate formed and the pH exceeded 11.
The solution was then filtered through a 0.45-um filter, and
the filtrate was washed with distilled water until reaching
a neutral pH. For microparticles, ultrasound treatment was
applied using a Qsonica Sonicators disintegrator (Japan) for
5 min at 20 kHz, while for nanoparticles, it was done for
10 min at 40 kHz. When chitosan micro- and nanoparticles
were synthesized in the presence of ascorbic acid, 50 mg of
ascorbic acid was added after chitosan dissolution.

The size of the micro- and nanoparticles was measured
using a Nano Zetasizer ZS instrument (Malvern-Panalytical,
UK). The size and zeta potential of the micro- and nano-
particles of medium- and high-molecular-weight chitosans
prepared both without and with ascorbic acid are presented
in Table 1.

To produce cysteine proteases complexes with chitosan
micro- and nanoparticles, an enzyme solution with a con-
centration of 2 mg mL~! was mixed in equal volumes with
the dispersion of chitosan micro- and nanoparticles and
kept at room temperature for 2 h. The residual activity of
the enzyme complexes with the micro- and nanoparticles

was evaluated after incubating them in a 0.05 M tris—HCl
buffer, pH 7.5, at 37 °C for 7 days. The catalytic activity
was measured at specific time intervals from 1 to 168 h
by quantifying the amount of a colored reaction product
resulting from the cleavage of the azocasein substrate.

The proteolytic activity of the enzymes was evaluated as
described by Malykhina et al. (2022). The unit of catalytic
activity was defined as the amount of enzyme that hydro-
lyzed 1 pM of azocasein per minute under the experimen-
tal conditions. The efficiency of enzyme immobilization
was expressed as the percentage of preserved proteolytic
activity of the enzyme after immobilization, relative to the
catalytic activity of the enzyme in the solution (considered
as 100%).

All experimental studies were performed with 8 repli-
cates. The statistical significance of the differences between
the control and experimental indicators was determined
using the Student’s #-test, considering a significance level
of p <0.05, as all indicators exhibited a normal distribution.

Catalytical activity assay When ficin formed complexes
with MMChMp and HMChMp, the biocatalyst activity was
approximately 75-80% compared to the free enzyme. How-
ever, when ficin complexes were formed with MMChAsMp
and HMChAsMp, the activity increased by about 5%. For
ficin complexes with MMChNp and HMChNp, the activ-
ity of the biocatalysts was over 80% compared to the free
enzyme. Additionally, when ficin complexes were formed
with MMChAsNp and HMChAsNp, the catalytic ability
increased by 15-18% (Fig. 2a).

Table 1 Parameters of micro-

. Sample of particles
and nanoparticles

Average size, pm

Median zeta-
potential, mV

Size range, pm Zeta-potential range, mV

Microparticles

MMChMp 0.19
MMChAsMp 0.22
HMChMp 0.22
HMChAsMp 2.67
Nanoparticles

MMChNp 0.012
MMChAsNp 0.021
HMChNp 0.033
HMChAsNp 0.038

0.09-1.11 -15 from—1 to—28
0.09-0.96 =21 from—11to—34
0.12-0.40 =25 from— 15 to—90
1.72-6.44 -3 fromO0to—7
0.007-0.021 -9 from 0 to—21
0.014-0.059 -17 from—8 to—29
0.018-0.079 —-14 from—9 to—43
0.028-0.079 -10 from—-2to—15

MMChMp medium-molecular-weight chitosan microparticles

HMChMp high-molecular-weight chitosan microparticles

MMChAsMp medium-molecular-weight chitosan microparticles with ascorbic acid

HMChAsMp high-molecular-weight chitosan microparticles with ascorbic acid

MMChNp medium-molecular-weight chitosan nanoparticles

HMChNp high-molecular-weight chitosan nanoparticles

MMChAsNp medium-molecular-weight chitosan nanoparticles with ascorbic acid

HMChAsNp high-molecular-weight chitosan nanoparticles with ascorbic acid
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Fig.2 Catalytic (proteolytic) activity (left) and residual cata-
lytic activity (center and right) of ficin (a, d, g), papain (b, e, h),
and bromelain (c, f, i): free (1); in a complex with MMChMp (2);
MMChAsMp (3); HMChMp (4); HMChAsMp (5); MMChNp (6);
MMChASsNp (7); HMChNp (8); HMChAsNp (9). The activity of free

In the case of papain complexes, when MMChMp and
HMChMp were used as carrier, the biocatalyst activity
ranged between 92 and 99% compared to the free enzyme.
After interacting with MMChAsMp, the activity of papain
increased by 18%, and by 10% after forming complexes
HMChAsMp. When papain complexes were formed with
MMChNp and HMChNp, the activity of the biocatalysts
was approximately 95% compared to the free enzyme. The
activity of papain remained almost unchanged after interact-
ing with MMChASsNp and increased by 16% after forming
complexes with HMChAsNp (Fig. 2b).

It was observed that when forming bromelain complexes
with MMChMp and HMChMp, the biocatalyst activity was
94% and 76%, respectively, compared to the free enzyme.
After interacting with MMChAsMp, the activity of bro-
melain increased by 11%. However, the activity remained at
the initial level after forming complexes with HMChAsMp
or MMChNp. When bromelain complexes were created with
HMChND, the activity of the biocatalysts was 83% compared
to the free enzyme. Additionally, the activity of bromelain
increased by 20% after interacting with MMChAsNp and by
8% with HMChAsNp (Fig. 2c).

Stability of cysteine proteases In this study, the stability
of cysteine proteases in complexes with chitosan micro-
and nanoparticles was investigated. The experiments were

enzyme under optimum hydrolysis conditions (left) and activity of
the samples without their pre-incubation and under optimal hydroly-
sis conditions (center and right) were taken as 100% (Olshannikova
et al. 2022; Redko et al. 2022; Goncharova et al. 2023)

conducted in a 0.05 M tris—HCI buffer at pH 7.5 and a tem-
perature of 37 °C. The results indicated that all samples,
including free enzymes and complexes with MMChMp,
HMChMp, MMChAsMp, HMChAsMp, MMChNp,
HMChNp, MMChAsNp, and HMChASsNp, showed a decline
in activity over a seven-day period.

After 168 h of incubation, ficin in the solution retained
only approximately 8% of its catalytic activity. Ficin
complexes with MMChMp, HMChMp, MMChNp, and
HMChNp exhibited 21, 9, 27, and 16% of their catalytic
ability, respectively (Fig. 2d). Notably, complexes with
MMChAsNp and HMChASsNp retained 39% and 18% of
their proteolytic activity, respectively. Starting from 4 h
of incubation, complexes of ficin with all carriers showed
higher stability compared to the free enzyme (Fig. 2g).

Soluble papain retained 15% of its catalytic activity after
168 h of incubation. Papain complexes with MMChMp
and HMChMp exhibited approximately 30% of their cat-
alytic ability. The formation of papain complexes with
MMChMp and HMChMp, both with and without ascorbic
acid, increased the stability of the enzyme starting from
120 and 96 h, respectively (Fig. 2e). After 168 h of incu-
bation, bromelain in the solution retained only 13% of its
catalytic activity. Bromelain complexes with MMChMp and
HMChMp exhibited approximately 35-40% of their catalytic
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ability. The complexes of bromelain with MMChMp, pre-
pared both with and without ascorbic acid, were more sta-
ble than the free enzyme starting from 24 h of incubation.
Similarly, the complexes with HMChMp showed increased
stability starting from 8 h of incubation (Fig. 2f).

The stability of cysteine proteases was also evaluated
when forming complexes with MMChNp and HMChNp.
After 168 h of incubation, papain in complexes with
MMChNp and HMChNp exhibited 29% and 34% of their
catalytic ability, respectively; bromelain complexes with
MMChNp and HMChNp retained approximately 30-35% of
their catalytic ability. The formation of bromelain complexes
with MMChNp and HMChNp, prepared both with and with-
out ascorbic acid, increased the stability of the samples after
4 and 8 h of incubation, respectively (Fig. 2h and 1).

In summary, the formation of complexes between cysteine
proteases (ficin, papain, bromelain) and chitosan micro- and
nanoparticles resulted in increased enzyme activity in cer-
tain cases. For example, ficin complexes with HMChaAsNp
showed an 18% increase in activity. A similar result was
observed for the papain complex with MMChaAsMp. Addi-
tionally, the binding of bromelain to MMChaAsNp showed
a 20% increase in enzyme activity. Moreover, the stability of
all three cysteine proteases was enhanced after complexation
with micro- and nanoparticles.

Thus, immobilization on micro- and nanoparticles of
chitosan increases the efficiency of biocatalysts based on
cysteine proteases and their prospects for industry, increas-
ing catalytic activity up to 20% and stability, starting from
8 h of incubation in a buffer solution at 37 °C.

Hybrid organic-inorganic nanoflowers

In recent times, there has been a surge in interest surround-
ing a new class of organic—inorganic hybrid nanoflowers,
thanks to their distinctive properties, which position them
as a promising and innovative technique for enzyme immo-
bilization (Wu et al. 2016; Escobar et al. 2017). These nano-
flowers consist of nanostructures that combine both organic
and inorganic materials, with the inorganic component
often being metal ions like Cu?*, Mn**, or Ca?*, and the
organic component comprising DNA and proteins. Although
flower-shaped inorganic compounds have long been utilized
in catalysis and analysis, the organic—inorganic nanoflowers
signify a comparatively recent innovation (Zeng and Xia
2012).

These hybrid nanoflowers offer several advantages over
conventional immobilization methods. Their synthesis is
straightforward, and they have a larger surface area com-
pared to spherical nanoparticles. Furthermore, they exhibit
higher stability and catalytic activity when compared to both
free enzymes and immobilized enzymes. This is attributed
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to their low mass transfer resistance and the cooperative
interactions between the enzyme and the nanoflowers (Ge
et al. 2012).

Drawing inspiration from this innovative technique, many
researchers have tried to synthesize protein-inorganic hybrid
nanoflowers applying various metal ions such as copper(Il),
as well as other metal ions like Zn?*, Ca%*, Ni%*, Co?*, and
Mn?*, among others (Patel et al. 2018). Additionally, these
nanoflowers have been combined with a wide variety of dif-
ferent enzymes, opening up new possibilities for enzyme
immobilization and biocatalytic applications (Batule et al.
2015).

The enzymes commonly used in engineering
organic—inorganic hybrid nanoflowers include trypsin, lac-
case, NADH oxidase, glucoamylase (Nadar et al. 2016), ure-
ase, lactoperoxidase, isomerase, and glucose oxidase (Bilal
et al. 2019). In recent years, there have been reports on the
fabrication and characterization of multi-enzyme-integrated
flower-shaped hybrid nanomaterials (Rai et al. 2018). These
hybrid nanocomposites, with their diverse functionalities
stemming from both the enzyme/protein and inorganic
components, hold tremendous potential for applications in
various fields such as industrial biocatalysis, environmental
management, biofuel production, biofuel cells, biosensors,
and bio-related analytical devices (Altinkaynak et al. 2016,
2018; Celik et al. 2018; Jiang et al. 2018; Zhu et al. 2018, Fu
et al. 2019).

Numerous reviews have delved into the captivating realm
of organic—inorganic hybrid nanoflowers, examining various
aspects of their development and applications. For instance,
Cui and Jia (2017) and Cui et al. (2017) delved into func-
tional biomolecule-inorganic hybrid nanoflowers, exploring
their synthesis factors and utilizing in drug delivery systems,
biosensors or biocatalysis, and chemical analytical science.
Lei et al. (2018) focused on immobilization of biomacro-
molecules using self-assembled organic—inorganic hybrid
nanoflowers and metal-organic frameworks as novel immo-
bilization supports. The numerous using of nanoflowers in
nanotechnology for biomedical research and patents were
discussed by Negahdary and Heli (2018) and Shende et al.
(2018).

Copper-based hybrid nanoflowers Initially proposed by Ge
et al. (2010), copper-based hybrid nanoflowers were acci-
dentally formed when CuSO, was added to PBS with pH
7.4 containing BSA, resulting in flower-like microstructures
in the precipitate after 3 days. Later, a modified approach
replaced bovine serum albumin with Cu(Il) ions and other
proteins or enzymes, such as carbonic anhydrase, laccase,
lactalbumin, and lipases. The formation of these nanoflow-
ers is driven by the coordination between the proteins and
Cu?* ions. The interaction between N-atoms present in the
protein’s amide bonds and specific amino acid residues,
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like histidine, can form complexes with Cu(Il) (RuliSek
and Vondrasek 1998). Remarkably, all the tested protein/
enzyme-Cu;(PO,), hybrid nanoflowers exhibited signifi-
cantly higher catalytic potential than their free enzymes,
except for lipase, which is non-metal-contained and dem-
onstrated similar activity to the free enzyme. Addition-
ally, incorporating enzymes into the hybrid nanoflowers
improved their storage stability and recycling ability. For
example, laccase nanoflowers displayed much slower degra-
dation in PBS with pH 7.4 and room temperature compared
to free enzyme. The enhanced catalytic properties of the
nanoflowers-incorporated enzymes can be attributed to the
nanoflower large area of surface, which reduced mass trans-
fer limitations. Moreover, the multiplicative effects of the
enzyme molecules associated with the nanocomposite and
the laccase-Cu”* interfaces in the above-mentioned microen-
vironment likely contribute to the enhanced performance of
laccase. Building on this pioneering research, many enzymes
have been explored as organic components to create copper-
based hybrid nanoflowers with enhanced catalytic properties
and/or stabilities compared to native enzymes (Cui and Jia
2017).

In a successful synthesis conducted by Altinkaynak et al.
(2017), they produced innovative flower-shaped hybrid
nanoflowers by combining Turkish black radish peroxi-
dase with Cu(II). The resulting peroxidase-Cu?" biocatalyst
exhibited improved catalytical capacity and stability across
a broad pH diapason. Impressively, it achieved an efficiency
of over 90% in degrading Victoria blue dye within a 60-min
timeframe.

In a different investigation, Cui et al. (2016) produced an
innovative immobilization technique to develop surfactant-
activated lipase-inorganic flower-shaped hybrid nanocon-
structs, aiming to enhance lipase’s catalytic capacity. The
newly designed lipase-based biocatalytic system demon-
strated an impressive 460% increase in catalytic capac-
ity compared to free lipase. Furthermore, it demonstrated
remarkable durability and repeatability in several cycles,
owing to its uniformity and robust mechanical parame-
ters. The enhanced catalytic capacity was attributed to the
enzyme’s stabilized active conformation within the hybrid
nanoflower, enabled by appropriate interfacial activation.
The larger surface area of the nanoflower also reduced mass
transfer resistances, ensuring enhanced substrate acces-
sibility to the enzyme’s active sites. The surfactants’ use
effectively prevented the formation of bulky lipase aggre-
gates, resulting in uniform and well-dispersed molecular
architectures.

In spite of the promising properties of hybrid nanoflow-
ers, such as maintaining high enzyme activity and stability,
their reusability is often limited due to the fragility of their
flower-shaped structures. The various orderly shaped petals

can break in centrifugation steps during reuse, limiting their
practical applications on a larger scale (Lee et al. 2015,
2017). To overcome these limitations, Lee et al. (2017)
proposed a simple and effective way to creating reusable
enzyme-inorganic nanoflowers by applying reaction with
glutaraldehyde (GLU) to improve the binding of the enzyme
molecules within the synthesized nanoflowers. While GLU
treatments have been used to immobilize various enzymes,
this study was the first attempt to develop protein-inorganic
nanoflowers using GLU treatment. The GLU-treated lipase
nanoflowers, synthesized using lipase from Candida rugosa
and Cu,(PO,),, exhibited enhanced robustness and recycling
capability. In comparison to non-covalent lipase-incorpo-
rated nanoflowers, which lost approximately 90% of their
activity after four use cycles, the GLU-lipase-nanoflowers
retained over 70% of their original activity while maintain-
ing their flower-like structure. Similarly, a GLU-laccase-
metal hybrid nanoflower system demonstrated an enzyme
recovery of 78.1%, activity recovery up to 204%, and a
2.2-time increase in catalytic efficiency compared to free
enzyme.

Calcium-based hybrid nanoflowers In recent years, calcium-
based hybrid nanoflowers have gained significant attention
for their diverse applications. Yin et al. (2015) presented a
simple and efficient method to synthesize a-chymotrypsin-
inorganic hybrid nanostructures using calcium phosphate
(Ca;(PO,),) as the inorganic component. These hybrid
nanoflowers comprised microscale particles with nano-
sized flower-like petals, exhibiting exceptional stability
and regenerability. The immobilized biocatalytic system
demonstrated remarkable enzyme activity during repeated
protein digestion cycles, surpassing its free enzyme coun-
terpart. Through a one-pot green approach, Concanavalin
Al/invertase/CaHPO, hybrid nanoflowers were successfully
synthesized, where Con-A and invertase were mixed with
calcium ions in phosphate-buffered saline (Ye et al. 2016).
This hybrid nanobiocatalytic system displayed a signifi-
cant increase in enzyme activity and efficient loading of
invertase. Wang et al. (2013) reported the rational design of
CaHPO,—a-amylase hybrid nanobiocatalytic systems with
three different morphologies, including nanoflowers, nano-
plates, and parallel hexahedrons. Liu et al. (2017a, 2017b)
developed a self-repairing metal-organic hybrid nanocata-
lyst coated with sodium alginate to reinforce immobilized
chloroperoxidase, utilizing Ca;(PO,), as an inorganic com-
ponent. Furthermore, Wang et al. (2014) explored the appli-
cation of chitosan/calcium pyrophosphate microflowers as
dye adsorption carriers and for catalase immobilization. The
microflowers were synthesized using a coupled biomimetic
mineralization and ionotropic gelation. In a different context,
Bhavsar and Amiji (2007) introduced a novel hybrid oral
carrier called “nanoparticles-in-microsphere oral system
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NiMOS,” based on a gelatin and poly(epsilon-caprolactone)
matrix, for oral gene delivery.

Manganese-based hybrid nanoflowers These materials
have emerged as a promising catalyst support material
for fuel cells, with manganese (II) phosphate and bovine
serum albumin being utilized in their synthesis (Zhang
et al. 2015b, 2015¢). These manganese phosphates have
garnered considerable interest due to their unique elec-
trochemical properties, as highlighted in previous studies
(Fadnis and Kulshrestha 1982; Ferdov et al. 2007; Brahim
and Boughzala 2013; Jin et al. 2014). In their work, Rai
et al. (2018) introduced a purified L-arabinose isomerase
ordered flower-shaped spherical assembly in a manganese-
based hybrid nanocomposite, specifically for the D-tagatose
obtaining. The produced nanocomposite demonstrated high
recyclability and regenerability during multiple uses, along
with remarkable stability over a month of storage. Addi-
tionally, it exhibited highly D-galactose high conversion to
desirable product, positioning them as excellent candidates
for efficient biosynthesis of D-tagatose. Furthermore, Muny-
emana et al. (2018) employed an environmentally friendly
biomineralization technique to create protein-manganese
phosphate hybrid nanocomposite materials. Collagen was
used as a biotemplate, shaping the structure of the nanoma-
terial into the flower-like ones with branched petals. Apart
from acting as a scaffold for nucleating manganese phos-
phates, collagen also acted as an holding the petals together
adhesive. The newly obtained manganese-based nanocom-
posite demonstrated promising catalytic potential for the
treatment of water.

Zinc-based hybrid nanoflowers These nanomaterials present
a promising and eco-friendly alternative to copper-ion-based
synthesis, offering a faster reaction rate without compro-
mising proteins, making them more efficient and environ-
mentally friendly (Zhang et al. 2016a, b, c). The reduced
synthesis time is particularly valuable for nanotechnology
applications. In their research, Zhang et al. (2016a, b, c) suc-
cessfully developed a lipase/Zn;(PO,), hybrid nanoflower
as an immobilized enzyme nanobiocatalyst, showcasing a
significant increase in hydrolytic activity up to147%, and
greater stability compared to free lipase. Additionally, they
synthesized flower-like papain/Zn;(PO,), hybrid nano-
composite, which displayed enhanced catalytic properties,
thermal stability, repeatability, and extended storage pro-
file compared to free papain. In another study, Zhang et al.
(2018) introduced a simple way to obtain a novel flower-
shaped bovine serum albumin (BSA)/Zn;(PO,),/Fe;0,
magnetic hybrid composite. This particle exhibited excel-
lent retention of over 90% of its initial adsorption capability
even after ten consecutive repetitions, attributed to its mag-
netic property. Additionally, zinc oxide nanoflower petals
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were investigated for their potential in mediating amyloid
degradation in vitro using a zeta potential-based technique
(Girigoswami et al. 2019). Nanoparticles and nanoflowers,
such as zinc-based hybrid nanoparticles, are of particular
interest due to their potential to cross the blood-brain bar-
rier, making them a promising avenue for treating neurode-
generative diseases. Zinc’s effect on the amyloid p-aggregate
appearing makes it an essential component in developing
anti-amyloid agents, as demonstrated using a model humin-
sulin amyloid (Girigoswami et al. 2019).

Cobalt-based hybrid nanoflowers These hybrid nanocom-
posites have not garnered as much attention as other biomol-
ecule-inorganic nanoflower hybrid structures; nevertheless,
they hold great potential for catalysis. Cobalt (II) ions play
a critical role in enhancing the performance of enzymes like
D-psicose 3-epimerase (DPEase) due to their allosteric effect
(Kim et al. 2006). Lopez-Gallego and Yate (2015) presented
a selective way to obtain bioinorganic hybrid nanoflowers
based on Co;(PO,), and alcohol dehydrogenases which is
His-tagged enzyme. However, until recently, there was no
study devoted to similar technique of DPEase immobiliza-
tion until Zheng et al. (2018) described a smart bio-mineral-
ization way to create DPEase-inorganic hybrid nanoflowers
using Co;3(PO,), as the inorganic matrix. The obtained nano-
biocatalyst exhibited a remarkable 7.2-time higher activity
(pH 8.5 and 60 °C) compared to soluble enzyme. Addition-
ally, the new DPEase formulation demonstrated enhanced
pH and thermal stabilities, preserving about 90% of initial
catalytic capacity after six reuses, indicating excellent reus-
ability. Kim et al. (2016) investigated the mechanism of
growth of BSA/cobalt hybrid nanoflowers using a straight-
forward way. The study showed that BSA serves as a Co and
P atoms’ coordination template, leading to the protein-metal
hybrid nanocomposite creation. Morphological examina-
tion over varying reaction durations showed the sequential
transformation of BSA cobalt phosphate nanoparticles into
1D and 2D nanopetals, ultimately forming nanoflowers. In
another recent study, Lu et al. (2019) reported a simple strat-
egy for fabricating a 3-D nitrogen-doped holey graphene
hydrogel decorated with NiCo,0, nanoflowers (NHGH/
NiCo,0,) using a one-pot hydrothermal method followed
by calcination. NHGH/NiCo,0, nanoflowers exhibited high
sensitivity, electrical conductivity, and electrocatalytic activ-
ity, along with a large area of surface and assessable active
sites, making them efficient in detecting glucose and H,O,.

Iron-based hybrid nanoflowers Ocsoy et al. (2015) were
pioneers in developing iron-based hybrid nanoflowers by
combining iron(I) ions acting as the inorganic fragment
with horseradish peroxidase as organic component to create
flower-like hybrid nanocomposites with greatly enhanced
catalytic capacity and operation and storage stability. The
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research showed that introducing of iron(II) ions into the
hybrid nanoflower revealed approximately 512% and 710%
increased catalytic capacity in relation to guaiacol when
stored at 4 °C and 20 °C, respectively, and the activity
decrease was only 2.9% and 10% of the initial one following
storage at 4 °C and 20 °C, respectively, for up to 1 month.
These significant improvements in catalytic activity were
attributed to the enhancing enzyme concentration in the
nanocomposite, more favorable enzyme conformation, less
mass transfer hindrances, and the effect of Fe?* on HRP
enzyme activity. The flower-like hybrid nanocomposites’
elevated activity and stability have prompted further stud-
ies for potential biosensor applications. The choice of Fe**
ions as the inorganic component in this study was influ-
enced by its role as an activator of the catalytic capacity
of H,O,-dependent HRP transformations (Chen and Schop-
fer 1999; Meng et al. 2004; Chalkias et al. 2008).

Selenium and other non-metal-based hybrid nanoflow-
ers Selenium and other non-metal-based hybrid nanoflow-
ers have not received extensive attention compared to the
numerous studies on ordered arrangement nanocomposites/
nanoflowers involving various metal ions (Yang et al. 2012;
Yin et al. 2004; Luesakul et al. 2016). Nevertheless, sele-
nium-based nanoparticles have recently gained rising inter-
est as components for drug delivery systems because of their
bioactivity, low toxicity, and perfect bioavailability (Wu
et al. 2012; Kumar et al. 2014; Yu et al. 2016). Recently, sig-
nificant attention has been directed to creating controllable
selenium NPs with various architectures and morphologies,
such as nanospheres, nanotubes, nanowires, nanoribbons,
and nanoplates. Integrating functionalized biopolymers into
the nanoparticle formation process enhances stability, con-
trols shape, and size and imparts exceptional properties to
these nanoconstructs. A notable recent study by Nonsuwan
et al. (2018) introduced a simple and bio-inspired way to
synthesize organic—inorganic hybrid pullulan/SeNPs micro-
flowers for the first time. In this synthesis process, SeNPs
served as the inorganic fragment, while pullulan acted as the
organic component, providing a replacement of frequently
used proteins due to its easy modification to achieve desired
properties. The formation of SeNPs stabilized through folic
acid—decorated cationic pullulan (FA-CP) resulted in highly
ordered flower-like assemblies, with the critical factors for
forming such structures being the FA-CP concentration and
the Na,SeOj; to cysteine molar ratios. The resulting nano-
composite demonstrated three times higher doxorubicin
adsorption, compared to sphere-shaped SeNPs. This study
opens up new possibilities for the development of selenium-
based hybrid nanoflowers with potential applications in drug
delivery and other biomedical fields.

Multi-enzyme co-immobilized
nano-assemblies

Co-immobilization of multiple enzymes has emerged as a
promising concept in bio-catalysis engineering (Bilal et al.
2021). This innovative approach integrates different cata-
lytic conversions to produce numerous industrially impor-
tant chemicals, mimicking in vivo multi-enzymatic reac-
tions (Brady and Jordaan 2009; Ansari and Husain 2012;
Britton et al. 2018; Huffman et al. 2019). Researchers are
actively working on designing in vitro multi-enzyme-
based functional biocatalytic systems using various strat-
egies, including co-immobilization, enzyme fusion, and
enzyme-scaffold conjugates (Mayer et al. 2001; Hwang
and Lee 2019; Yang et al. 2019).

In the field of multi-enzyme technology, two or more
enzymes are co-localized onto suitable carriers or inte-
grated into single enzyme molecules with the presence
of a linking agent (Li et al. 2014; Ren et al. 2019). This
co-immobilization process reduces mass transfer resist-
ance, leading to improved enzyme activity through effi-
cient substrate channeling, enhanced reusability, and
increased stability (Brady and Jordaan 2009; Hwang and
Lee 2019; Arana-Pena et al. 2020). A wide range of func-
tionalized nanostructured materials has been utilized to
develop multi-enzyme immobilized nanobiocatalytic sys-
tems, such as carbon nanotubes, nanoparticles, graphene,
metal-organic frameworks, silica, nanocomposites, and
nanofiber scaffolds. These materials protect enzymes from
harsh conditions like high temperatures and heavy met-
als, ensuring their stability and performance (Zhu et al.
2007a, b; Sheldon 2010; Wang and Jiang 2011; Ma et al.
2012; Tran et al. 2012; Sheldon and Woodley 2018; Ren
et al. 2019).

The co-immobilization process involving an activator
agent, often glutaraldehyde, allows two or more enzymes
to be co-localized on suitable carriers without the need for
different support systems (Ren et al. 2019). This method
optimizes enzyme productivity through effective substrate
channeling, improved renewability, and enhanced consist-
ency (Hwang and Lee 2019; Arana-Pena et al. 2020). With
the enhancement of sustainable organic synthesis and pro-
duction methods, biocatalysis provides a captivating route
in that same direction (Bie et al. 2022). The synergistic
effect of multiple enzymes immobilized on various nano-
supports opens up possibilities for producing synthetic
drugs, analgesics, nutritional supplements, biofuels, and
other valuable products (Wahab et al. 2020; Gkantzou
et al. 2021).

Multi-enzymatic pathways facilitate the accomplish-
ment of multi-step one-pot reactions, providing various
advantages compared to single enzyme immobilization
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or free enzyme methods. These benefits encompass fewer
process steps, decreased production of by-products,
enhanced summarized reaction efficiency, shorter reac-
tion periods, and economic advantages. In situ recovery
of expensive co-factors, if any, becomes possible, and the
equilibrium can be substantially altered (Gruber et al.
2017; Li et al. 2019b; Jiang et al. 2020). The process of
co-immobilization further boosts both the thermal and
mechanical stability of enzymes, safeguarding against
enzyme denaturation.

Various examples of multi-enzyme system immobilization
named co-immobilization on different nanosupports include
pectinase, cellulase, xylanase/magnetic iron oxide NPs (Muley
et al. 2018), Candida antarctica lipase B and Thermomyces
lanuginosus lipase/epoxy-functionalized silica gel (Shahedi
et al. 2021), glucose oxidase, catalase/porous magnetic
microspheres (Liu et al. 2022), decarboxylase, oxygenase/
mesoporous zeolite (Ni et al. 2022), trypsin, and chymot-
rypsin/amino-functionalized zeolite SiO, (Dogan et al. 2021).

The co-immobilization of enzymes poses specific chal-
lenges that require careful consideration. One crucial factor
to address is the size of the enzymes, which can be influ-
enced by the largest enzyme present. This may affect pep-
tide loading, substrate availability, and other factors unless
a carrier-free strategy is adopted (Kazenwadel et al. 2015;
Quin et al. 2017). When non-porous nanostructures are uti-
lized as carriers, the enzymes may simply distribute on the
carrier’s surface (membrane) (Arana-Pena et al. 2020). In
cases where enzymes work synergistically, such as in the
hydrolysis of biopolymers, complete reconfiguration of fats
and oils, multistage reactions involving sequential modifica-
tion of a substrate to yield a different product, or reactions
requiring a cofactor and a co-factor regenerating enzyme,
co-immobilization is highly recommended (Li et al. 2019b;
Velasco-Lozano 2020).

An illustration of the advantages brought about by co-
immobilization is evident when considering the pairing of
the desired enzyme with catalase. This method has demon-
strated a near-complete mitigation of the deleterious conse-
quences arising from hydrogen peroxide, which is produced
as a secondary product in scenarios where an intermediary
compound proves to be unstable. A case in point is the syn-
thesis of a-oxoacids using amino acid oxidases through the
oxidative deamination of amino acids, as explored by Bie
et al. in 2022.

Nanomaterial toxicity during enzyme
immobilization
The extensive utilization of synthetic nanoparticles with

uncertain toxicological implications poses potential risks to
both the environment and human health (Ayub et al. 2023).
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There is a potential for human and environmental exposure
to nanoparticles throughout their entire life cycle, from
production (Mohajerani et al. 2019) to disposal (Khan and
Shanker 2015). Recent attention has been drawn to concerns
about the potential adverse effects of nanoparticles on both
human health and the environment (Stefani and Dobson
2003).

Silver nanoparticles, as an example, enter the aquatic
ecosystem through consumer products and pose a threat to
aquatic species. In comparison to silver nanoparticles, cop-
per nanoparticles exhibit a higher level of toxicity towards
bacteria and aquatic organisms (Gondwal and Joshi nee Pant
2018). Similarly, carbon nanoparticles, particularly in their
raw powdered state, can also pose risks. It is imperative to
conduct specific assessments for nanoparticles as a precau-
tionary measure before employing them as nanosupports.
The utilization of metal complexes is restricted due to their
significantly higher cost, and they often necessitate the use
of hazardous solvents as reaction solutions, which can lead
to additional adverse consequences. Assessing the impact of
nanoparticles on the environment and establishing exposure
levels during production are of utmost importance. In an
assessment of the harmful effects of naproxen and untreated
diclofenac solutions, Artemia salina was employed as a test
organism (Zdarta et al. 2019). The results indicated that only
20% and 25% of naproxen and diclofenac concentrations
were effective, suggesting the toxicity of these solutions. A
substantial improvement was observed when using Nano-
Bio catalysts for immobilization, with encapsulated laccase
demonstrating the least toxic and most compatible method,
achieving effective values ranging from 60 to 85%. To ena-
ble the widespread use of nanoparticles while safeguarding
health and the environment, it is essential for academic and
industrial research sectors, in collaboration with regulatory
agencies, to assess both the advantages and risks associated
with nanoparticles (Mohajerani et al. 2019).

There is a need to focus on biological approaches for nan-
oparticle synthesis because chemical methods come with
certain drawbacks (Jiang et al. 2009). Despite significant
progress in enzyme immobilization techniques, the develop-
ment of new methods that are environmentally friendly and
non-toxic poses a substantial challenge. This challenge may
necessitate exploring alternative solutions, such as green
nanoparticle synthesis, plasma technology, and the integra-
tion of novel technologies with immobilization processes
(Ahmed et al. 2016).

The eco-friendly approach to nanoparticle synthesis is a
superior, efficient, one-step procedure known for its envi-
ronmental sustainability. This method commonly yields
stable materials, making it highly favored in the chemical
industries (Syed et al. 2016). While plasma technologies and
similar approaches may be costly and less convenient, they
hold the potential to enable the establishment of multi-point
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adhesion of industrially immobilized enzymes on the sup-
port substrate surface (Ayub et al. 2023).

Advantages and disadvantages
of engineered complexes
enzymes-nanomaterials

Nanomaterials exhibit numerous advantageous characteris-
tics, such as the presence of diverse functional groups, insol-
ubility during reactions, reusability, straightforward recov-
ery, a high surface area-to-volume ratio, heightened enzyme
affinities, and more. These features make nanoparticles an
attractive option for enzyme immobilization. Nonetheless,
despite these advantages, there exist technical limitations
when employing nanomaterials for enzyme immobilization,
alongside potential approaches to address these issues. The
straightforward selection of the most suitable combination of
nanomaterials and enzymes, guided by the physical proper-
ties of various biomolecules and carrier supports, stands in
contrast to dealing with larger matrices. The reduced mass
transfer resistance in nanomaterial-coupled biocatalysts
enhances enzyme activity. The use of nanomaterial-based
matrix supports offers increased flexibility in reaction mix-
tures due to their easy handling and operational efficiency.
In a recent investigation, Huang et al. introduced an innova-
tive magnetic chitin nanofiber composite as a scaffold for
enzyme immobilization, employing chymotrypsin as a rep-
resentative enzyme (Huang et al. 2018).

The straightforward separation and retrieval of magnetic
nanoparticles using an external magnetic field eliminate the
necessity for high-speed centrifugation methods. This leads
to a reduction in enzyme processing expenses and a substan-
tial improvement in enzymatic stability, enabling the contin-
uous reuse of immobilized enzymes (Hwang and Gu 2013).
However, prior to implementing immobilized enzymes in
biotechnology applications, it is imperative to carefully eval-
uate the potential advantages and disadvantages associated
with nanomaterial-based matrix supports. The initial stages,
encompassing synthesis, pre-processing, surface group mod-
ification, and ensuring the exceptional stability and extended
shelf life of nanomaterial-based support matrices, present
distinct technical challenges. For example, certain proce-
dures demand specific reaction conditions, including pre-
cise pH and temperature control, to prevent precipitation and
the formation of aggregates during reactions. The issue of
aggregate formation can be resolved by applying a polymer
shell coating to nanomaterials (Assa et al. 2017). Moreover,
the direct manipulation of nanomaterials with substantial
toxicity can give rise to health and environmental concerns.
For instance, carbon nanotubes in their pure powdered form
may pose potential hazards (Gupta et al. 2019).

Creating a toxicity analysis protocol for particular nano-
materials as a precautionary measure before employing them
as nano supports is of utmost importance. Furthermore,
vigilantly monitoring the environmental repercussions of
nanomaterials and identifying critical thresholds is crucial.
Prior to the development of sustainable products of interest,
it is essential to possess a comprehensive comprehension of
the interaction between nanomaterials and proteins (Majum-
dar and Keller 2021). These considerations emphasize the
necessity for collaboration among academic, industrial,
regulatory, and legislative stakeholders to elucidate both
the potential benefits and limitations of nanomaterials. This
collaborative effort aims to maximize their large-scale utili-
zation while simultaneously mitigating risks to public health
and environmental well-being.

Conclusions and trends

Contemporary industry and scientific endeavors are embrac-
ing eco-conscious trends, marked by a deliberate move
away from the reliance on hazardous organic compounds,
solvents, and heavy metal salts. The latter components are
integral to the composition of many catalysts utilized in
industrial processes. Within this context, the adoption of
enzyme biocatalysts holds the potential to significantly expe-
dite the complete elimination of toxic compound usage. Fur-
thermore, enzymes wield the capacity to tackle a multitude
of pressing medical challenges, among which the escalating
resistance of pathogenic microorganisms to commonly pre-
scribed antibiotics is of paramount concern.

However, akin to all biological entities, enzymes display
inherent limitations including low stability and constrained
reusability. To surmount these hurdles, the immobilization
of enzymes onto nanosized substrates emerges as a prom-
ising approach. This strategy not only bolsters enzyme
resilience and longevity but also presents a transformative
avenue for the widespread integration of biocatalysts across
diverse spheres of human activity, from industry to medi-
cine. As such, this innovative approach possesses the poten-
tial to revolutionize the landscape of sustainable and efficient
processes, offering substantial benefits to both industry and
healthcare.

Biocatalysts have a significant impact on various indus-
tries, including biotechnology, medicine, pharmaceuticals,
and tanning, due to their high substrate specificity and
ease of production. However, the industrial utilization of
enzymes is often hampered by their low reusability and
decreased stability during biochemical reactions. To tackle
these challenges, enzyme immobilization has emerged as a
promising solution. The methods for enzyme immobiliza-
tion are extensively studied, and ongoing research aims to
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gain a more comprehensive understanding of the underlying
mechanisms.

Exploring the distinctive characteristics of enzyme immo-
bilization on various carriers offers opportunities to create
novel continuous industrial processes for targeted product
production through heterogeneous catalysis. Currently, a
diverse range of carriers is available for enzyme immobiliza-
tion. However, careful selection of the most suitable carrier,
conditions, and immobilization methods for each specific
enzyme employed in industrial processes is essential. This
customized approach ensures optimal performance and effi-
ciency in industrial applications.

The efficacy of enzymes under immobilization is influ-
enced not only by the immobilization process but also by
comprehension of the dynamic interplay at the enzyme-solid
support interfaces. This understanding significantly aids in
advancing and regulating reaction rates with immobilized
enzymes. Nanotechnology has ushered in a novel era in
the realm of enzyme immobilization using polymeric sup-
ports. A multitude of scholarly works illustrate that enzyme
immobilization within a polymeric matrix can yield superb
enzyme stability and the capacity for multiple cycles of reu-
tilization. When selecting a support material, cost should not
be the sole consideration; the potential to choose optimal
operating conditions or explore different process options
should also be taken into account.

Biopolymers derived from food sources are fascinating
and important materials, representing some of the most com-
plex examples of soft condensed matter that we encoun-
ter daily (Donald 2004). These natural bio-polymeric soft
materials are not only biodegradable and biocompatible
but also possess biofunctional properties (Mezzenga et al.
2005; Ubbink et al. 2008). Various nanostructured vehicles,
such as association colloids, lipid-based nanoencapsulators,
nanoemulsions, biopolymeric nanoparticles, nanotubes, and
nanofibers, formed with food-grade ingredients, including
food biopolymers (proteins, carbohydrates), fats, low-molec-
ular-weight surfactants, and co-polymers (protein-carbohy-
drate conjugates), have been employed for delivering a wide
range of functional ingredients in pharmaceuticals and foods
(Huang et al. 2010; McClements 2011).

With the increasing interest in cascade enzymatic reac-
tions and in vitro synthetic biology, the co-immobilization
of multienzymes on micro- and nanoparticles has become a
viable possibility. As techniques for media development pro-
gress, numerous materials and combinations have emerged
as promising options for enzyme immobilization. Further
research will be required to advance co-immobilized multi-
enzyme support systems that demonstrate high catalytic effi-
ciency, renewability, and practical implementation.

One promising application is enzyme pro-drug therapy,
where immobilized enzymes are utilized to convert prodrugs
into active drugs at the target site, enhancing therapeutic

@ Springer

potency and reducing drug toxicity, particularly in cancer
treatment (Sharifi et al. 2020). In the future, immobilized
enzymes are likely to be utilized as biocatalysts against
malignant cells, offering an engineered enzyme-based tar-
geted anticancer drug system with the potential to effec-
tively destroy cancer cells and serve as therapeutic protease
nano-reactors.

The potential for enzyme immobilization is vast and can-
not be fully enumerated, but it is evident that there is a grow-
ing interest, particularly in micro- and nanomaterials. The
primary objective of immobilization is to enhance biocata-
lyst features, leading to increased productivity and reduced
process costs. The selection of micro- or nanomaterial as a
support will depend on the specific reaction in which it will
be employed, considering enzyme properties, stability, and
process characteristics such as pH and temperature.

Considering the elements detailed in this overview, the
incorporation of immobilized enzymes onto micro- and
nanomaterials should be actively contemplated by scien-
tists in their reactions. Auspicious benefits and prospects
for a wide array of applications are presented by these
methodologies.
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