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Abstract: The immobilization of enzymes in polyamide-based polymeric materials through
covalent bonding is an established technique to stabilize and reuse biocatalysts in industrial
processes. Traditionally, enzymes are immobilized using crosslinking agents that activate
functional groups on both the support and the enzyme, creating strong bonds that securely
anchor the enzyme to the surface. While effective for maintaining enzyme activity over
multiple cycles, this method can reduce catalytic efficiency due to rigid binding and in-
volves complex activation steps. Recently, in situ immobilization approaches have emerged
as promising alternatives. In this method, enzymes are directly entrapped within the
polymer matrix during the synthesis of the polyamide support, such as nylon, simplifying
the process and offering enhanced control over enzyme distribution. For instance, studies
have demonstrated that in situ immobilization can improve enzyme stability by protecting
it within the polymeric network, while reducing production costs and waste. This review
explores the ability of polyamide as a support material for immobilization of enzymes, ana-
lyzing key techniques, performance across applications, and future strategies to optimize
polymer-enzyme interactions for industrial use.

Keywords: nylon; in situ immobilization; enzyme activity; biotechnology

1. Introduction

Enzymes are highly versatile, efficient, and environmentally sustainable catalysts that
function under mild conditions. However, enzymes in free form present operational limita-
tions. Immobilizing enzymes offers a promising solution, enabling enzyme recovery—a
critical requirement for reuse—and providing stability against variable reaction condi-
tions. This is crucial as enzymes are susceptible to denaturation under adverse condi-
tions. Consequently, enzyme immobilization enhances catalytic efficiency and facilitates
recycling, offering significant advantages over free enzymes under comparable reaction
conditions [1-3].

In recent years, immobilized biocatalysts have seen increasing applications in several
industries as a greener and more sustainable alternative to conventional synthetic processes.
Nonetheless, several factors must be carefully considered to ensure the economic feasibility
of enzymatic processes. These include the immobilization support, the structural integrity
and the biochemical characteristics of the biocatalyst (enzyme), and the immobilization
method, all of which significantly influence the enzyme’s activity and reusability [4-8].
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Additionally, immobilization can optimize dispersion in the reaction medium, facili-
tating enzyme—substrate interactions, and allow for the efficient recovery of enzymes from
the reaction medium after the reaction, enabling their reuse. This process contributes to
cost efficiency by reducing the need for continuous enzyme replacement, thus increasing
the economic feasibility of large-scale enzymatic processes [9-12].

The immobilization method via covalent bonding, such as acid treatment followed
by functionalization with glutaraldehyde (GA), provides high enzymatic stability because
of the formation of robust, direct chemical bonds between the support and the biocata-
lyst. This approach is suitable for requiring resistance to harsh conditions (extreme pH
and temperature, and organic solvents) [6,13]. However, this process involves multiple
steps and chemical reagents, such as strong acids and GA, which are often toxic [14-16].
Furthermore, the functionalization generates chemical waste that may require additional
treatment, increasing both environmental impact and operational costs.

In contrast, the in situ polymerization of polyamides, such as nylon, offers a simpler,
one-step method. In this method, the enzyme is physically entrapped within the polymeric
matrix during its formation. This approach eliminates the need for toxic reagents, signif-
icantly reducing waste generation and the costs associated with effluent treatment. The
encapsulated enzyme remains functional and is protected within the matrix, which can
enhance its operational stability in certain applications. Despite these advantages, the main
limitation of this method is the potential for restricted diffusion of substrates or products
through the matrix, which may impact catalytic efficiency in high-performance systems.

This review aims to analyze the use of polyamide-based materials, particularly through
in situ polymerization methods, for enzyme immobilization. By highlighting the advan-
tages of polyamide matrices, such as their ability to physically entrap enzymes without
the use of toxic reagents, the review seeks to underscore their potential as eco-friendly and
cost-effective immobilization platforms. Additionally, it explores the operational stability
conferred to encapsulated enzymes and addresses the challenges associated with substrate
and product diffusion limitations. The goal is to provide a comprehensive understanding of
the current advancements, limitations, and future perspectives of polyamide-based enzyme
immobilization, with a focus on its applications in sustainable biocatalysis.

2. Immobilization Techniques

Compared to metal-based catalysts, enzymes are more cost-effective and require less
energy for catalytic reactions. However, in aqueous media, enzymes are often used in a
single-use manner [17-25]. The immobilization process involves interactions between the
biocatalyst and the support material (Figure 1). For effective immobilization, a comprehen-
sive understanding of the biocatalyst surfaces and support material is essential [6,26].

Adsorbed Entrapped

Physical

Figure 1. Classification of enzyme immobilization methods.
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Enzyme immobilization techniques commonly include adsorption onto function-
alized surfaces, cross-linking with glutaraldehyde, and entrapment within chitosan
beads [14,23,27-31]. The binding between enzymes and surfaces can occur through co-
valent bonding or cross-linking. Polymeric beads or glass surfaces are frequently used
in industrial bioprocesses, such as packed-bed reactors [32]. Glutaraldehyde plays a key
role in immobilization, particularly for cross-linking with chitosan beads, making it an
important reagent in biotechnological applications [33,34].

A review of the literature highlights the diversity of immobilization techniques and
the wide range of supports available for enzyme immobilization. The choice of the most
suitable technique and support depends on the specific requirements of each process and
application [6,35—-47]. Moreover, to achieve optimal performance in enzymatic reactions,
the selection of an appropriate supporting matrix and immobilization method is critical.
Supporting materials can be categorized into three main types: inorganic materials, biopoly-
mers, and synthetic organic polymers. Commonly used immobilization materials include
ceramics, mesoporous silica, ion-exchange resins, polyurethane, magnetic nanoparticles,
polyvinyl alcohol, carboxymethyl cellulose, gelatin, chitosan, and alginate [48-53].

In situ enzyme immobilization within polymeric matrices co-occurs with the poly-
merization of monomers, making the process simpler and more efficient by combining
it into a single step. In this method, the enzyme is physically trapped within the form-
ing polymeric matrix, without additional chemical reactions to create bonds between the
biocatalyst and the support. Studies by Nyari et al. [54], Antunes et al. [55], and Ficanha
et al. [50] demonstrate that in situ immobilization in polyurethane and sol-gel matrices
allows the free diffusion of substrates and products, maintaining the enzyme’s catalytic
activity while avoiding potential inactivation caused by covalent bonding. This approach
is particularly advantageous due to its simplicity, preservation of enzymatic activity, and
potential applicability in continuous bioprocess systems, where enzyme reuse is critical for
the economic and operational viability of the process.

In situ immobilization occurs during the formation of the matrix. Despite the simplicity
of this single-step method, it has limitations due to the conditions required for matrix
formation, which must be moderate—such as an aqueous medium, controlled pH, and low
temperature—to prevent enzyme denaturation. These constraints may restrict the types of
matrices utilized [56].

3. Polyamide and Polyamide Enzyme Immobilization

Polyamide, commonly known as nylon, is a class of polymers characterized by a struc-
ture comprising polyethylene segments (CHy), interspersed with peptide units (NH—-CO)
(Figure 2). The most prominent types of nylon include nylon-6, nylon-6,6, nylon-6,10,
nylon-6,12, nylon-11, nylon-12, and nylon MXDé.

Nylon — n: — [-(NH — CO) — (—CH),_,— ] —

Nylon — m, n: — [-(NH — CO) — (CH,),_,— (CO — NH) — (CH,),, =] —
Figure 2. Nylon structural unit.

Nylon is classified based on the number of carbon atoms between the amide groups
along the polymer chain. Specifically, nylon-6, nylon-11, and nylon-12 refer to polyamides
formed from a single monomer, whose structure contains the number of carbon atoms
indicated by their designation.

Nylon-6,6 and nylon-6,10 macromolecules are synthesized from two base materials,
with the first number in their nomenclature representing the number of carbon (C) atoms
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in the diamine used as a monomer, and the second indicating the number of C atoms in
the corresponding diacid or dichloride. Nylon synthesis can be achieved through three
main polymerization routes: (i) anionic polymerization, which employs bismide as an
initiator and magnesium bromide-caprolactam as a catalyst; (ii) hydrolytic polymerization,
involving the monomer e-caprolactam in the presence of water and acetic acid; and (iii)
interfacial polymerization, wherein two monomers dissolved in immiscible phases react at
the interface of liquid-liquid or gas-liquid systems.

Nylon-6 is a polymer synthesized through the hydrolytic polymerization of the
monomer e-caprolactam, an organic compound containing six carbon atoms. In con-
trast, nylon-6,10 and nylon-6,6 are produced via condensation polymerization between
dicarboxylic acids (or their dichlorides) and diamines. Nylon-6,10 is synthesized through
interfacial condensation polymerization, occurring at the interface between an aqueous
phase containing 1,6-hexane diamine and water, and an organic phase containing sebacoyl
chloride and hexane [57]. Similarly, nylon-6,6 is obtained through interfacial polymerization
between 1,6-hexane diamine and adipoyl chloride.

Polyamide nylon-6 stands out as a material of significant interest for use as a polymeric
support in catalyst immobilization. This interest arises from its broad commercial avail-
ability, non-toxicity, and simple for modification and/or functionalization. The chemical
structure of nylon-6 mimics the macromolecules of natural polypeptide proteins, making it
a safe material that can be hydrolyzed into amino acid-like fragments. Nylon-6 and nylon-
6,6 exhibit similar properties. However, nylon-6 is generally about 30% less expensive
than nylon-6,6, making it an attractive option for various industrial and biotechnological
applications [58].

According to Ben-Othman and Rinken [59], nylon is considered a great support for
processes in food industries due to its inertness, robustness, and availability. However, the
covalent attachment of enzymes to nylon often requires acid treatment, as the polyamide
structure is chemically inactive [60].

Nylon modification is typically performed using acid treatment followed by GA
functionalization. An alternative approach involves enzymatic treatment, wherein amino
(-NH>) and carboxyl (-COOH) groups are generated on the polyamide fiber through
the cleavage of amide bonds (-CONH-). Enzymatic hydrolysis with protease introduces
reactive functional groups, without compromising the fiber’s strength. These groups can
interact with enzymes through specific coupling reagents like GA, forming a Schiff base [61].
Table 1 provides an overview of studies employing covalent immobilization techniques on
nylon-based materials.

One of the significant challenges in enzyme immobilization within polyamide matrices
is the restricted diffusion of substrates and products. This limitation arises due to the dense
and semi-crystalline structure of polyamide polymers, which can hinder the free movement
of molecules within the matrix. The degree of restriction depends on some factors, such
as the polymer’s porosity, size of the substrate or product molecules, and the distribution
of enzymes within the matrix. When substrates are unable to efficiently access the active
sites of immobilized enzymes, or when products are trapped within the matrix, the overall
catalytic efficiency decreases, particularly in high-performance or continuous reaction
systems.
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Table 1. Examples of immobilization of enzymes on nylon supports: methods, conditions, and
applications.

Enzyme

Immobilization Conditions Highlighted Results References

Candida rugosa lipase

Partial hydrolysis of nylon-6
with 6 N hydrochloric acid
(HCI), followed by treatment
with a 2.5% GA solution at pH
7 and subsequent contact with
an enzyme solution buffered
atpH?7

Synthesis of esters of saturated
and unsaturated fatty acids,
with conversion > 90% using
3.8% by weight of
immobilized enzyme, for a
reaction time of 10 h at 25 °C

[62]

Mucor javanicus lipase

Nylon pieces coated with
polyvinyl alcohol (PVA)
followed by cross-linking with
GA

Operational stability of five
consecutive reuses, retaining [63]
8.7% of free enzyme activity

Bacillus coagulans BTS-3
lipase

Nylon-6 particles, partially
hydrolyzed with 6 N HCl and
treated with GA and
subsequent contact with an
enzyme solution

Maximum biocatalyst activity
at55°Cand pH7.5. It
retained 85% of its original
activity after eight cycles.

(571

Aspergillus niger pectinase
PG

40% immobilization yield and
Nylon-6 activated with GA  four cycles maintaining 50% of [64]
its initial activity

Hydprolysis of olive oil (45 °C

Candida rueosa lipase Nylon-6 membrane activated for 5 h) with 10 reuse cycles [65]
8 p using 0.5% GA with residual activity of
approximately 80%
s Three-cycle operational
Candida rugosa lipase Nylon-6 microfibers grafted stability with residual activity [66]

with polyvinyl benzyl chloride above 73%

To address these diffusion limitations, several strategies can be employed, such as
(i) Increasing Matrix Porosity: Modifying the polymer synthesis process to create porous
polyamide matrices can improve molecular diffusion; (ii) Surface Functionalization: En-
hancing the surface properties of the matrix by functionalizing it with hydrophilic groups
can promote substrate transport, especially for polar molecules; (iii) Co-immobilization
Techniques: Combining polyamide supports with other materials, such as mesoporous sil-
ica or hydrogels, can create hybrid systems that balance structural stability with improved
diffusivity; and (iv) Optimizing Reaction Conditions: Adjusting parameters like temper-
ature, pH, and substrate concentration can improve diffusion by reducing viscosity and
enhancing the mobility of molecules within the reaction medium. Future research should
focus on tailoring polyamide matrix properties to meet the specific requirements of diverse
enzymatic processes. By overcoming diffusion challenges, these materials can achieve their
full potential as supports for sustainable and efficient biocatalytic systems [67-69].

Alatawi et al. [58] chemically modified nylon-6 fibers to functionalize them through a
graft copolymerization reaction. The material was employed as a support for immobilizing
the horseradish peroxidase (HRP) enzyme. The hydrazide-containing fibers were activated
with GA, enabling the coupling of HRP protein macromolecules. The optimal pH of
the immobilized HRP enzyme shifted to a higher value compared to the free enzyme.
The residual activity of the immobilized enzyme was higher at elevated temperatures
in comparison with the enzyme in free form, indicating enhanced thermal stability after
immobilization. Furthermore, kinetic studies revealed a reduced enzyme-substrate affinity
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post-immobilization. Nevertheless, the immobilized HRP retained more than 89% of its
original activity and went up to 10 reuse cycles, representing a promising outcome for
potential applications in environmental and biotechnological fields.

A commercial extracellular invertase from Saccharomyces cerevisiae, immobilized via
covalent bonding onto novel nylon-6 microspheres using GA, was applied in a fixed-bed
tubular reactor to evaluate its performance in the continuous hydrolysis of sucrose [70].
Oliveira et al. [71] immobilized a commercial pectinolytic enzyme through non-covalent ad-
sorption in nylon-6 microparticles. The support was evaluated with and without magnetic
properties. Compared to the free enzyme, the immobilized systems exhibited enhanced
activity, greater substrate affinity, faster catalytic performance, and improved resistance to
inhibition. Additionally, the immobilized enzyme demonstrated reusability, maintaining
effectiveness for up to three cycles in the complete clarification of rosé must.

Laccase obtained from Trametes hirsuta was immobilized on nylon-6,6 and utilized for
continuous textile effluent decolorization, demonstrating its applicability in a membrane
reactor [72]. Similarly, Jankowska et al. [73] developed electrospun-modified nylon-6
fibers for laccase immobilization. These immobilized enzymes effectively decolorized
selected dyes, achieving 63% efficiency for the azo dye Reactive Black 5 and 77% for the
anthraquinone dye Reactive Blue 4. Remarkably, the catalyst showed over 60% and 70%
of its activity after 10 consecutive catalytic cycles for the adsorbed and covalently bound
forms, respectively. These findings highlight the potential scalability and effectiveness of
these systems for removing phenolic pollutants from wastewater.

Maryskova et al. [74] immobilized laccase from Trametes versicolor onto a polyamide/
polyethyleneimine matrix, which demonstrated high efficiency in degrading a mixture of
endocrine-disrupting chemicals present in real wastewater. This immobilization system
facilitated the effective removal of these pollutants and showed potential for practical
application in wastewater treatment processes.

The immobilization of pectinases on nylon was also reported by Ben-Othman and
Rinken [59], who utilized nylon 6,6 in the form of pellets and fibers as support for immo-
bilizing the pectinase Pectinex® Ultra Tropical. The nylon was activated using dimethyl
sulfate (DMS) and treated with a GA solution before incubation with the enzyme solution.
The immobilization efficiency per gram of support was higher for the fibers compared to
the pellets. However, in both forms, fibers and pellets retained 40% of their activity over
five consecutive cycles.

In a study from another research group, Laccase from Trametes versicolor was immobi-
lized either by adsorption onto pre-fabricated polyamide 4 (PA4) microparticles or through
in situ physical entrapment during synthesis. The newly synthesized PA4-laccase com-
plexes were successfully applied in dye decolorization, demonstrating the potential for
effluent remediation. All complexes achieved near-complete decolorization (~100%) of pos-
itively charged dyes within 15 min. In a second decolorization cycle, efficiency decreased
by only 5-10%, highlighting the reusability potential of the PA4-laccase conjugates [75].

4. Potential Applications and Future Outcomes

Enzyme immobilization, particularly using polyamide-based materials, presents vast
potential for industrial and biotechnological applications. The versatility of immobilized
enzymes, combined with the inherent stability and operational resilience imparted by
polyamide matrices, positions this technology as a sustainable alternative in processes
requiring robust catalytic performance. From pharmaceutical synthesis to food production
and environmental remediation, immobilized enzymes offer improved efficiency, reduced
waste, and enhanced cost-effectiveness through enzyme recovery and reuse [76].
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The simplicity of in situ polymerization for polyamides, such as nylon, further en-
hances the appeal of these materials for enzyme immobilization. By eliminating toxic
reagents and reducing process complexity, this method aligns with the principles of green
chemistry, providing an eco-friendly solution for industries transitioning towards sustain-
able practices. Additionally, the protective environment afforded by polyamide matrices
ensures enzyme functionality under diverse operational conditions, enabling applications
in scenarios with extreme pH, temperature, or solvent presence.

Looking ahead, advancements in material design and immobilization techniques
could address existing challenges, such as substrate diffusion limitations within polyamide
matrices. Optimizing polymer structures to improve permeability while maintaining
enzyme stability could unlock broader applications, particularly in high-performance
catalytic systems. Future research may also explore novel polyamide composites and
hybrid materials that enhance enzyme compatibility and activity.

Future research could focus on developing polyamide composites specifically designed
for immobilization, incorporating surface modifications or functional additives to enhance
substrate diffusion and enzyme stability. This approach would improve the applicability
of polyamides in diverse catalytic environments. Leveraging nanotechnology, such as
embedding nanoparticles within polyamide matrices, could enhance surface area, catalytic
efficiency, and substrate accessibility. This innovation may also enable multifunctional
composites capable of combining enzyme immobilization with additional properties, such
as magnetic recovery.

For specific applications, research can investigate immobilized pectinases on polyamide
supports for their use in clarifying wines and fruit juices. This application could benefit
from enhanced enzyme stability and reusability, reducing costs and waste in the beverage
industry. Immobilized lipases could be explored for the enzymatic synthesis of esters,
which are valuable in flavor, fragrance, and biodiesel industries. The use of polyamide
supports may improve operational stability in non-aqueous systems, ensuring consistent
production efficiency.

As industries increasingly prioritize sustainability and economic efficiency, enzyme
immobilization using polyamide matrices is poised to play a pivotal role in reshaping
biotechnological processes. Its continued development promises innovative solutions that
balance environmental responsibility with industrial demands, driving progress in fields
ranging from renewable energy production to precision medicine.

5. Conclusions

Enzyme immobilization represents a transformative approach for enhancing the effi-
ciency, stability, and reusability of biocatalysts in diverse industrial and biotechnological
applications. Among the various immobilization techniques, the use of polyamide-based
materials, particularly through in situ polymerization, stands out for its simplicity, eco-
friendliness, and cost-effectiveness. Polyamide matrices not only provide a protective
environment for enzymes, enhancing their operational stability but also eliminate the
need for toxic reagents, aligning with the principles of green chemistry and sustainable
development.

In situ enzyme immobilization represents a promising advancement in biocatalyst
technology by integrating enzyme fixation directly into the material processing phase. This
innovative approach simplifies the immobilization process and improves enzyme activity,
stability, and uniform distribution on the support. By reducing production complexity,
time, and cost, in situ immobilization paves the way for more efficient and sustainable
applications in biotechnology, environmental science, and the chemical industry. Nylon
as a support material highlights its potential to drive the development of robust enzyme—
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polymer systems tailored to meet evolving industrial needs, paving the way for wider
adoption and new applications in the future.

Despite the promising advantages, challenges such as substrate and product diffu-
sion limitations within polyamide matrices remain critical areas for further exploration.
Advances in material science, including the development of tailored polyamide compos-
ites and hybrid supports, hold potential for overcoming these limitations and optimizing
catalytic performance in high-demand processes.

This review highlights the significant progress achieved in the field of enzyme im-
mobilization and underscores the immense potential of polyamide-based systems to ad-
dress industrial challenges. Future research focusing on material innovation and process
optimization is essential to unlock the full capabilities of this technology, ensuring its
widespread adoption in sectors ranging from food production to pharmaceuticals and envi-
ronmental management. As industries continue to seek sustainable and efficient solutions,
polyamide-based enzyme immobilization can be the future of biocatalysis.
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