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Abstract

Enzymes, natural biocatalysts with high catalytic efficiency, are essential in numerous biological and
industrial processes. However, their inherent instability and sensitivity to environmental conditions
often limit their direct application. To overcome these drawbacks, various immobilization techniques
have been developed to enhance enzyme stability, reusability, and operational performance. This review
discusses the main immobilization strategies, including physical adsorption, covalent bonding,
entrapment, and cross-linked enzyme aggregates (CLEAS), highlighting the advantages and limitations of
each approach. Physical adsorption is simple and cost-effective but suffers from weak binding, whereas
covalent attachment provides strong and stable enzyme support interactions under harsh conditions.
Entrapment and encapsulation methods offer a protective microenvironment that helps maintain
enzymatic activity, whereas CLEAs present a carrier-free system with improved stability and catalytic
efficiency. In addition, several analytical and instrumental techniques are reviewed for the structural and
functional characterization of immobilized enzymes, enabling the assessment of conformational changes,
surface morphology, and thermal or chemical stability. In evaluating the efficiency of enzyme
immobilization, several key parameters are employed to determine how the process affects enzymatic
properties and overall catalytic performance. Likewise, thermal and pH stability tests assess the enzyme’s
resistance to denaturation under extreme temperature or pH conditions, demonstrating how
immobilization enhances structural rigidity and tolerance to environmental stresses. The Kkinetic
parameters, namely the Michaelis—Menten constant (Km) and the maximum reaction velocity (Vmax),
provide quantitative insight into changes in substrate affinity and catalytic turnover after immobilization.
Overall, this review emphasizes that the rational selection of immobilization methods and support
materials can significantly improve enzyme performance and durability, facilitating the development of
robust and efficient biocatalysts for industrial and environmental applications.
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