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Enzymatic and microbial transformations of natural compounds have 
emerged as powerful tools in the realm of green synthesis, offering 
sustainable and efficient alternatives to traditional chemical methods. In 
this review we explores the recent advancements in this field, highlighting 
the diverse applications and potential of enzymes and microorganisms 
in the synthesis of valuable compounds. The integration of biocatalysis 
and microbial processes not only provides environmentally friendly 
routes but also expands the scope of accessible chemical space, paving 
the way for innovative applications in pharmaceuticals, food, and fine 
chemicals.
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Introduction
Natural compounds serve as a vast reservoir of chemical 
diversity, inspiring the development of novel drugs, flavors, 
fragrances, and specialty chemicals. However, the traditional 
chemical synthesis of these compounds often involves harsh 
conditions, hazardous reagents, and extensive energy 
consumption. Enzymatic and microbial transformations 
present a sustainable alternative, harnessing the selectivity 
and efficiency of biological catalysts to streamline synthetic 
processes.

Enzymatic Transformations
Overview of Enzymes

Classification and types of Enzymes

Enzymes, the biological catalysts essential for life, are 
classified based on their functions and the types of reactions 
they catalyze. Understanding this classification system is 
crucial for unraveling the intricate world of enzymology.1

Enzyme Commission (EC) Numbers

The Enzyme Commission introduced a hierarchical 
classification system represented by EC numbers. These 
numbers delineate enzymes based on their catalytic 
activities, providing a standardized nomenclature. The 
system encompasses six main classes, each reflecting a 
specific type of chemical reaction.

Classification Based on Reaction Types

Enzymes are broadly categorized into six main classes 
according to the type of reaction they catalyze. These 
include oxidoreductases, which mediate oxidation-reduction 
reactions; transferases, facilitating the transfer of functional 
groups; hydrolases, catalyzing hydrolysis reactions; lyases, 
inducing cleavage of various chemical bonds; isomerases, 
driving rearrangement of atoms within molecules; and 
ligases, aiding in the joining of two molecules.2
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Classification Based on Substrate Specificity

Enzymes further diversify based on their substrate 
preferences. For instance, proteases target proteins, 
lipases act on lipids, and glycosidases hydrolyze glycosidic 
bonds in carbohydrates. This substrate-based classification 
showcases the vast array of enzymatic functions in biological 
systems.

Cofactors and Coenzymes

In addition to their primary classification, enzymes often 
require cofactors or coenzymes for optimal activity. 
Cofactors, typically inorganic ions, and coenzymes, organic 
molecules, play essential roles in enzyme catalysis. Examples 
include metal ions like Mg2+ as cofactors and coenzymes 
such as NAD+ and FAD.2,3

Multienzyme Complexes

Some enzymatic reactions involve the collaboration of 
multiple enzymes organized into multienzyme complexes. 
These complexes facilitate sequential reactions by 
channeling intermediates from one active site to another. 
The modularity of these complexes enhances efficiency 
and coordination in cellular processes.

Mechanisms underlying enzymatic catalysis

The catalytic prowess of enzymes lies in the intricate 
mechanisms orchestrating chemical transformations within 
living organisms. Understanding these mechanisms is 
essential for unlocking the secrets of enzymatic catalysis, 
a phenomenon central to biological processes.

Active Site and Substrate Recognition

At the heart of enzymatic catalysis is the active site, 
a specialized region where enzymes bind with their 
substrates. The complementarity between the active site 
and substrate ensures a precise fit, following models such 
as induced fit or lock-and-key. This recognition initiates the 
catalytic dance between enzymes and substrates.4

Catalytic Mechanisms

Enzymes employ diverse catalytic mechanisms to facilitate 
reactions. General acid-base catalysis involves enzymes 
acting as proton donors or acceptors. Covalent catalysis 
entails the formation of transient covalent bonds between 
enzymes and substrates, a characteristic seen in serine 
proteases. Metal ion catalysis relies on metal ions as 
cofactors, coordinating with substrates to enhance catalysis. 
Proximity and orientation effects bring reactive groups close 
together, increasing the likelihood of successful collisions.

Dynamics of Enzyme-Substrate Interactions

Conformational changes in enzymes, such as those 
observed in the induced fit model, play a pivotal role in 
catalysis. The flexibility of enzymes allows them to undergo 

structural alterations upon substrate binding, optimizing the 
alignment of catalytic groups. These dynamic interactions 
contribute to the enzyme’s ability to adapt to different 
substrates and reaction conditions.5

Enzyme Kinetics

The study of enzyme kinetics quantifies the rates of 
enzymatic reactions. Michaelis-Menten kinetics and 
Lineweaver-Burk plots provide insights into substrate 
binding, catalysis, and product release. Enzyme inhibition 
studies reveal regulatory mechanisms that modulate 
catalytic activity.

Quantum Mechanical Effects

Recent research has unveiled the contribution of quantum 
mechanical effects in enzymatic catalysis. Tunneling 
phenomena and quantum coherence have been implicated 
in enhancing reaction rates, providing new dimensions 
to our understanding of how enzymes facilitate chemical 
transformations.

Advances in Protein Engineering for Enhanced Catalytic 
Performance

The intersection of protein engineering and enzymatic and 
microbial transformations of natural compounds presents 
a dynamic frontier in the quest for sustainable synthesis. 
This draft explores recent advances in protein engineering 
specifically tailored for enhanced catalytic performance 
in the transformation of natural compounds, illustrating 
how innovative approaches are reshaping the landscape 
of biocatalysis.4,6

Tailoring Enzymes for Natural Compound Modification

Protein engineering techniques, including directed evolution 
and rational design, are being employed to tailor enzymes 
for the modification of natural compounds. This involves 
enhancing substrate specificity, expanding the catalytic 
repertoire, and improving the overall efficiency of enzymatic 
transformations, thus offering a greener alternative to 
traditional chemical methods.

Engineering Microbial Enzymes for Bioproduction

Advancements in protein engineering extend to microbial 
enzymes involved in the bioproduction of natural 
compounds. Through directed evolution and synthetic 
biology approaches, microbial hosts are engineered to 
optimize enzyme expression, substrate utilization, and 
overall metabolic pathways, thereby enhancing the 
efficiency of natural compound biosynthesis.

Immobilization Strategies for Enhanced Stability

The marriage of protein engineering with immobilization 
techniques ensures the stability and recyclability 
of engineered enzymes in enzymatic and microbial 
transformations. Immobilization not only preserves 
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catalytic activity under varied conditions but also facilitates 
the integration of engineered enzymes into continuous 
processes, a critical aspect in the scale-up of sustainable 
synthesis.5,6,7

CRISPR-Mediated Genome Editing in Microbial Systems

The advent of CRISPR-based technologies has revolutionized 
microbial systems by enabling precise genome editing. 
This powerful tool allows for the targeted modification 
of microbial enzymes involved in natural compound 
transformations, offering unprecedented control 
over pathways and functionalities for the sustainable 
bioproduction of valuable compounds.

Integration of Artificial Intelligence in Enzyme Design

The integration of artificial intelligence and machine 
learning is playing a pivotal role in the design of enzymes 
for enzymatic and microbial transformations. Predictive 
models, trained on vast datasets, guide the identification 
of optimal enzyme modifications, accelerating the 
development of tailored catalysts for natural compound 
synthesis

Enzymatic Biotransformations
Enzymatic Oxidation and Reduction Reactions

Enzymatic oxidation and reduction reactions are 
fundamental processes in the realm of biocatalysis, driving 
the intricate transformations essential for life. This draft 
explores the captivating world of enzymatic redox reactions, 
shedding light on the sophisticated mechanisms that 
enzymes employ to orchestrate precise oxidation and 
reduction events.7

Oxidoreductases

At the heart of enzymatic redox reactions are 
oxidoreductases, a class of enzymes specializing in the 
transfer of electrons between molecules. This versatile 
group includes dehydrogenases, reductases, and oxidases, 
each with a distinct role in catalyzing oxidation or reduction 
reactions. These enzymes act as molecular conduits, 
facilitating the controlled flow of electrons through 
biochemical pathways.

Cofactors in Redox Enzymes

Enzymes engaged in redox reactions often rely on cofactors, 
essential non-protein molecules that facilitate electron 
transfer. Well-known cofactors include nicotinamide 
adenine dinucleotide (NAD+), nicotinamide adenine 
dinucleotide phosphate (NADP+), and flavin adenine 
dinucleotide (FAD). These cofactors shuttle electrons 
between substrates and enzymes, ensuring the precision 
of the redox process.

Enzymatic Oxidation

Enzymes catalyzing oxidation reactions play a crucial role 
in cellular respiration, breaking down organic molecules 
to generate energy. Notable examples include alcohol 
dehydrogenases, which oxidize alcohols to aldehydes or 
ketones, and cytochrome P450s, involved in the oxidation of 
diverse substrates, including drugs and natural compounds. 
The controlled release of energy during oxidation is vital 
for cellular activities.6,8

Enzymatic Reduction

Conversely, enzymatic reduction reactions are integral to 
biosynthetic pathways, where enzymes reduce substrates 
by accepting electrons. Reductases, such as those involved in 
fatty acid biosynthesis, exemplify enzymes driving reduction 
processes essential for building complex molecules. The 
precision and selectivity of these reductions contribute to 
the specificity of biosynthetic pathways.

Biotechnological Applications

Enzymatic oxidation and reduction reactions have 
found widespread applications in biotechnology. Redox 
enzymes are harnessed for the synthesis of pharmaceutical 
intermediates, production of fine chemicals, and 
environmentally friendly approaches to chemical 
transformations. Their ability to operate under mild 
conditions and exhibit exquisite selectivity makes them 
valuable tools in sustainable synthesis.

Enzymatic Hydrolysis and Esterification

Enzymatic hydrolysis and esterification are pivotal enzymatic 
processes that serve as cornerstones in the realm of green 
chemistry. These reactions, catalyzed by hydrolases and 
esterases, harness the power of enzymes to cleave or 
form chemical bonds, offering sustainable alternatives to 
traditional chemical methodologies. This draft navigates 
through the intricacies of enzymatic hydrolysis and 
esterification, exploring their mechanisms, applications, 
and contributions to sustainable synthesis.9

Hydrolases

Hydrolases are a diverse class of enzymes that catalyze 
hydrolysis reactions, breaking down substrates through 
the addition of water molecules. Examples include lipases, 
proteases, and carbohydrases, each with a unique substrate 
specificity. Lipases, for instance, catalyze the hydrolysis 
of ester bonds in lipids, demonstrating the versatility of 
hydrolases in various biochemical pathways.

Esterases

Esterification, the reverse of hydrolysis, involves the 
formation of ester bonds. Esterases, a subgroup of 



13
Kumar T & Pandey S

Int. J. Adv. Res. Med. Chem. 2023; 5(2)

hydrolases, play a central role in this process by facilitating 
the condensation of an alcohol and an acid, resulting in the 
synthesis of esters. Esterases exhibit specificity for ester 
bonds, making them valuable in the production of flavors, 
fragrances, and pharmaceutical intermediates.

Mechanisms of Hydrolysis and Esterification

The mechanisms underlying enzymatic hydrolysis and 
esterification involve the precise coordination of the 
enzyme’s active site with the substrate. In hydrolysis, 
nucleophilic attack or proton transfer leads to the cleavage 
of bonds, while esterification involves the reverse process, 
with the enzyme orchestrating the formation of ester bonds 
through condensation reactions.10

Applications in Sustainable Synthesis

Enzymatic hydrolysis and esterification have gained 
prominence in sustainable synthesis due to their mild 
reaction conditions, high selectivity, and reduced 
environmental impact. These processes find applications 
in the production of biodiesel through lipase-catalyzed 
transesterification, the synthesis of pharmaceutical 
intermediates, and the modification of natural compounds 
for various industrial purposes.

Chemoenzymatic Synthesis
Chemoenzymatic synthesis, an innovative approach, 
combines enzymatic and chemical steps to streamline 
complex transformations. This strategy leverages the 
selectivity of enzymes in the hydrolysis or esterification of 
specific functional groups, followed by chemical reactions 
to introduce additional modifications, resulting in efficient 
and tailored synthesis routes.

Biotechnological Advancements

Recent biotechnological advancements have propelled 
enzymatic hydrolysis and esterification to the forefront 
of sustainable synthesis. Protein engineering techniques 
enable the optimization of enzyme properties, enhancing 
catalytic efficiency and expanding substrate specificity for 
a broader range of applications.11,12

Chemoenzymatic Synthesis Strategies

Chemoenzymatic synthesis stands at the nexus of enzymatic 
and chemical catalysis, offering a synergistic approach 
to complex molecule assembly. This draft explores the 
innovative strategies within chemoenzymatic synthesis, 
where enzymes and chemical catalysts collaborate in a 
carefully orchestrated dance to achieve precise and efficient 
transformations.

Enzymatic Catalysis

At the heart of chemoenzymatic synthesis lies the utilization 

of enzymes to catalyze selective transformations. Enzymes, 
with their exquisite specificity and mild reaction conditions, 
serve as catalysts for key steps, enabling the synthesis of 
complex molecules with high stereo- and regioselectivity.

Chemoenzymatic Pathway Design

Chemoenzymatic synthesis involves designing synthetic 
pathways that seamlessly integrate enzymatic steps with 
chemical reactions. The careful orchestration of these 
steps ensures that each catalyst operates under its optimal 
conditions, creating a streamlined route to the target 
molecule.

Substrate Selection and Compatibility

A critical aspect of chemoenzymatic synthesis is the 
selection of substrates that are compatible with both 
enzymatic and chemical catalysts. This requires a deep 
understanding of the reactivity profiles of each catalyst 
and the ability to design substrates that can traverse both 
enzymatic and chemical steps without interference.

Cascade Reactions

Chemoenzymatic synthesis often leverages the concept 
of cascade reactions, where a single substrate undergoes 
multiple transformations in a sequential manner. Enzymes 
initiate specific steps, and the resulting intermediate is then 
subjected to chemical catalysis, allowing for the rapid and 
efficient assembly of complex molecular architectures.13, 14

Enzyme Immobilization

Immobilization techniques play a crucial role in 
chemoenzymatic synthesis, ensuring the stability and 
recyclability of enzymes. Immobilized enzymes can be 
seamlessly integrated into continuous processes, enhancing 
the overall efficiency and practicality of chemoenzymatic 
synthetic routes.

Case Studies

Chemoenzymatic synthesis has found success in the 
synthesis of pharmaceuticals, natural products, and fine 
chemicals. Examples include the production of chiral 
intermediates through enzymatic resolution followed by 
chemical transformations, showcasing the versatility and 
applicability of this hybrid approach.

Integration of Advanced Technologies

Recent advances in protein engineering, computational 
modeling, and automation have further propelled 
chemoenzymatic synthesis. Engineered enzymes with 
enhanced catalytic properties, computational tools for 
predicting optimal reaction conditions, and automated 
platforms for high-throughput screening are revolutionizing 
the design and execution of chemoenzymatic pathways.
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Microbial Transformations
Microbial Diversity

Exploration of Microbial Strains for Biotransformation

Microbial biotransformation involves the use of living 
microorganisms to catalyze chemical reactions, often 
yielding products with higher specificity and efficiency 
compared to traditional chemical methods. Bacteria, fungi, 
and yeast are key players in microbial biotransformation, 
each possessing unique enzymatic repertoires that can be 
harnessed for diverse synthetic purposes.15

Strain Selection Criteria

Choosing the right microbial strain is a critical step in the 
biotransformation process. Criteria for strain selection 
include the organism’s ability to tolerate the desired 
reaction conditions, substrate specificity, and the presence 
of enzymes capable of catalyzing the target transformation. 
Additionally, considerations such as scalability, safety, 
and regulatory compliance play essential roles in strain 
selection.

Genetic Modification and Engineering

Advancements in genetic modification and engineering 
techniques empower scientists to tailor microbial strains 
for specific biotransformation purposes. This includes 
introducing or enhancing the expression of enzymes 
involved in the desired transformation, optimizing metabolic 
pathways, and improving the overall performance of the 
microbial catalyst.

Screening and Selection Strategies

The exploration of microbial strains involves extensive 
screening efforts to identify organisms with the desired 
catalytic properties. High-throughput screening methods, 
coupled with advanced analytical techniques, enable the 
rapid identification and characterization of strains exhibiting 
superior biotransformation capabilities.14,15

Biotransformation Pathway Optimization

Understanding the metabolic pathways within microbial 
strains is crucial for optimizing biotransformation 
processes. Pathway engineering involves manipulating 
enzyme activities, cofactor availability, and substrate 
concentrations to enhance the overall efficiency of the 
desired transformation and improve product yields.

Engineered microbial hosts for enhanced productivity-

The advent of synthetic biology has catalyzed a paradigm 
shift in the field of bioprocessing, empowering scientists 
to engineer microbial hosts with enhanced productivity for 
the efficient production of valuable compounds. This draft 
delves into the strategies and innovations within the realm 

of engineered microbial hosts, showcasing how synthetic 
biology is reshaping bioproduction landscapes.

Synthetic Biology in Bioprocessing:

Synthetic biology integrates principles from engineering, 
biology, and computer science to design and construct 
new biological systems. In bioprocessing, this approach 
is harnessed to reprogram microbial hosts for improved 
performance, enabling the cost-effective and sustainable 
production of biofuels, chemicals, pharmaceuticals, and 
enzymes.16

Host Selection and Optimization

Choosing the right microbial host is fundamental to the 
success of engineered bioprocesses. Bacteria such as 
Escherichia coli and yeast species like Saccharomyces 
cerevisiae are popular choices due to their well-
characterized genetics and established industrial use. 
Genetic optimization involves manipulating the host’s 
metabolic pathways, enzyme expression levels, and 
regulatory elements to enhance overall productivity.

Metabolic Engineering for Enhanced Pathways

Metabolic engineering lies at the core of engineering 
microbial hosts. Through the manipulation of metabolic 
pathways, scientists can redirect carbon flux towards 
desired products, improve precursor availability, and 
eliminate metabolic bottlenecks. This approach enhances 
the efficiency of the bioproduction process and increases 
yields.

Genome Editing Technologies

Advancements in genome editing technologies, such as 
CRISPR-Cas systems, provide precise tools for modifying 
microbial host genomes. This enables the targeted insertion, 
deletion, or modification of specific genetic elements, 
facilitating the optimization of host strains for enhanced 
productivity and resilience under various conditions.

Optimizing Microbial Growth Conditions

Engineered microbial hosts demand tailored growth 
conditions for optimal productivity. Parameters such as 
temperature, pH, and nutrient availability are fine-tuned 
to create an environment conducive to both the growth 
of the host organism and the synthesis of the desired 
product. This optimization contributes to the scalability 
and efficiency of bioprocessing.6,8,10

Use of Synthetic Promoters and Pathway Balancing

Synthetic promoters and pathway balancing play crucial 
roles in regulating gene expression and optimizing 
metabolic pathways. Synthetic promoters allow for fine 
control over the timing and intensity of gene expression, 
while pathway balancing ensures that different steps in a 
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metabolic pathway operate at optimal rates, preventing 
bottlenecks.

Strain Evolution and Adaptive Laboratory Evolution (ALE)

Strain evolution through adaptive laboratory evolution (ALE) 
is a powerful tool for improving microbial hosts over time. 
By subjecting engineered strains to selective pressures in 
controlled environments, scientists can drive the evolution 
of strains with improved traits, such as higher productivity 
and greater resistance to stress.

Whole-Cell Biocatalysis
Overview of Microbial Cells as Catalysts

Biocatalysis vs. Chemical Catalysis

Compared to traditional chemical catalysts, microbial 
cells offer several advantages in biocatalysis. Enzymes 
within microbial cells exhibit exquisite specificity, high 
catalytic efficiency, and often operate under mild reaction 
conditions. Furthermore, microbial catalysts can perform 
complex transformations that may be challenging for 
synthetic chemistry alone.

Types of Microbial Biocatalysts

Microbial cells house a variety of biocatalysts, including 
enzymes such as oxidoreductases, hydrolases, transferases, 
isomerases, and ligases. These enzymes drive oxidation-
reduction reactions, hydrolysis, transfer of functional 
groups, isomerization, and ligation, respectively, showcasing 
the diversity of catalytic functions present in microbial cells.

Applications in Industry

Microbial cells find extensive applications in industrial 
biocatalysis. From the production of biofuels and specialty 
chemicals to the synthesis of pharmaceutical intermediates, 
microbial cells serve as robust catalysts in environmentally 
friendly processes. Their ability to function in aqueous 
environments and tolerate a range of conditions adds to 
their appeal in industrial settings.11,14,16

Whole-Cell Biocatalysis

Whole-cell biocatalysis involves utilizing intact microbial 
cells as catalysts, rather than isolated enzymes. This 
approach offers simplicity and cost-effectiveness, as it 
eliminates the need for enzyme purification. The use of 
whole cells allows for intracellular cofactor regeneration 
and provides a conducive environment for catalysis.

Genetic Engineering for Enhanced Catalysis

Advancements in genetic engineering enable the 
customization of microbial cells for enhanced catalytic 
performance. This involves modifying the genetic makeup of 
microorganisms to optimize enzyme expression, introduce 
novel pathways, or enhance the tolerance of cells to specific 
substrates or reaction conditions.

Metabolic Engineering for Improved Substrate Utilization

Metabolic engineering emerges as a transformative 
discipline, reshaping microbial metabolism to achieve 
optimized substrate utilization. This draft navigates through 
the principles and applications of metabolic engineering, 
unveiling how scientists manipulate the genetic makeup 
of microorganisms to enhance their ability to efficiently 
convert substrates into valuable products.

Metabolic Engineering Basics

Metabolic engineering involves the deliberate modification 
of microbial metabolic pathways to improve the production 
of desired compounds. This is achieved by fine-tuning 
enzyme activities, altering flux distribution, and introducing 
or optimizing pathways to enhance substrate utilization 
efficiency.17,18

Strain Selection and Genetic Modification

Choosing an appropriate microbial strain is crucial for 
successful metabolic engineering. Strains are selected based 
on their natural metabolic capabilities and compatibility 
with the desired substrate. Genetic modification then 
comes into play, where specific genes are targeted, added, 
or modified to redirect metabolic flux towards improved 
substrate utilization.

Optimizing Pathways for Substrate Conversion

Efficient substrate utilization hinges on the optimization 
of metabolic pathways. Metabolic engineers manipulate 
enzyme activities and expression levels to ensure that 
the chosen substrate is efficiently channeled through the 
desired pathways, minimizing by-products and maximizing 
the conversion of substrate into valuable products.

Enhancing Cofactor Availability

Certain metabolic pathways require cofactors such as NADH 
or NADPH for optimal function. Metabolic engineering 
strategies include enhancing intracellular cofactor 
availability through genetic modifications or environmental 
conditions, ensuring that substrate utilization is not limited 
by cofactor availability.

Adaptive Laboratory Evolution (ALE)

Adaptive Laboratory Evolution is a powerful tool in 
metabolic engineering for improved substrate utilization. 
Microbial strains are subjected to selective pressures 
over successive generations, leading to the evolution of 
strains with enhanced traits, including improved substrate 
utilization efficiency. This approach is particularly valuable 
in fine-tuning microbial performance.4,6,7

Substrate Diversity and Flexibility

Metabolic engineering aims not only to improve substrate 
utilization efficiency but also to broaden substrate 
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specificity. Engineered strains are designed to recognize and 
efficiently utilize a diverse range of substrates, contributing 
to the versatility of microbial factories in various industrial 
applications.

Challenges and Future Perspectives
Challenges in Substrate Specificity and Diversity

One primary challenge lies in expanding the substrate 
specificity and diversity of enzymes and microbial strains. 
While biocatalysis exhibits remarkable selectivity, ensuring 
efficient transformations across a broad range of natural 
compounds remains a hurdle. Overcoming substrate 
limitations necessitates ongoing efforts in enzyme discovery, 
engineering, and microbial strain development.

Stability and Scalability Concerns

The industrial viability of enzymatic and microbial 
transformations hinges on the stability of biocatalysts 
under diverse conditions and their scalability for large-scale 
production. Maintaining enzymatic activity over prolonged 
reaction times and optimizing processes for industrial 
volumes remain challenges that demand innovative 
solutions in enzyme immobilization, formulation, and 
process engineering.

Cofactor Dependency and Regeneration

Enzymatic transformations often rely on cofactors for 
catalysis. The challenge lies in the efficient regeneration of 
these cofactors, as their availability can influence reaction 
rates and overall process economics. Developing strategies 
for cofactor regeneration, such as enzymatic cascades or 
synthetic biology approaches, is crucial for sustainable and 
cost-effective biotransformations.13,14

Integration of Multistep Transformations

Natural compound transformations frequently involve 
multistep reactions. Integrating these steps into a 
streamlined process presents challenges in maintaining 
the activity of multiple enzymes or microbial pathways. 
Coordinating these cascades efficiently requires innovative 
approaches in pathway engineering, enzyme immobilization, 
and process optimization.19

Expanding the Toolbox of Biocatalysts

While enzymes are powerful biocatalysts, the need 
to broaden the biocatalytic toolbox is evident. Future 
perspectives involve exploring novel enzymes and microbial 
strains from diverse sources, including extremophiles and 
unculturable microorganisms. Metagenomic and synthetic 
biology approaches offer avenues to unlock the potential 
of untapped biocatalysts.20

Conclusion
Enzymatic and microbial transformations of natural 

compounds represent a paradigm shift towards sustainable 
and environmentally friendly synthesis. The integration of 
these approaches holds great promise for the development 
of greener and more efficient processes, offering a pathway 
to a more sustainable future for the chemical industry.
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