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Abstract
With the increasing requirement for sustainable and accurate chemical synthesis, biocatalysis has 
become a prominent approach in contemporary organic synthesis. Enzymes provide unparalleled 
stereoselectivity in ecologically friendly circumstances, facilitating the efficient synthesis of chiral 
compounds. Biocatalysis presents numerous advantages: Initially, reactions are generally conducted 
within a moderate temperature range (4-60 °C), resulting in a reduced energy requirement for 
the reactions. Enzymes exhibit stability under industrial circumstances and can be utilised for 
extended periods without necessitating replacement or supplementation. These parameters 
are critically significant for bulk chemicals, as energy consumption and catalyst dependability 
substantially affect the final product pricing. Biocatalytic processes can be conducted in an aqueous 
environment, minimising solvent usage and the associated disposal or recycling expenses. Majority 
of enzymes frequently lack optimal suitability for industrial applications due to constraints related 
to temperature, pH, solvent stability, substrate specificity and activity restrictions. To address 
these restrictions, researchers have been devising strategies to emulate evolutionary processes 
to enhance the features of enzymes as needed. This review analyses the essential function of 
biocatalysis in asymmetric synthesis, investigating enzyme classifications, catalytic mechanisms, 
industrial applications and new advancements in enzyme engineering. It emphasises present 
obstacles and prospective potential, encompassing co-factor regeneration, enzyme immobilisation 
and AI-driven design. As industrial use increases, biocatalysis is transforming green chemistry and 
facilitating the scalable, environmentally sustainable manufacture of high-value compounds.
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Introduction
The production of chiral molecules, crucial in medicines, agrochemicals and fine 

chemicals, requires meticulous precision. Conventional asymmetric synthesis techniques, 
although efficient, frequently encounter constraints like severe conditions, inadequate 
stereoselectivity and substantial waste production. Biocatalytic techniques generally produce 
fewer harmful by-products and trash compared to conventional chemical approaches [1]. 
Enzymatic applications in chemistry have a longstanding history, particularly in the food, 
textile and detergent sectors [2-4], however, biocatalysis began to significantly influence the 
fine chemical and pharmaceutical industries only in the early 21st century. In addition to the 
robust impetus for creating more ecologically sustainable chemical processes, the expedited 
access to proteins and the capacity to change them significantly influenced a paradigm shift 
in the industry [5,6]. Enzymes can rival conventional chemical (catalytic) processes for a wide 
array of chemical changes, including many previously deemed unnatural. The finding of the 
catalytic activity of aldoxime dehydratases in the Kemp elimination reaction is exemplary [2,7], 
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as it involves the base-catalysed deprotonation of a benzisoxazole 
ring, for which only de novo designed proteins and chemical bases 
were previously recognised as active catalysts [2,8]. Enzymes are 
biodegradable, hence diminishing the environmental impact of the 
catalyst. Moreover, biocatalysis frequently transpires in aqueous 
environments, hence reducing the need on organic solvents [1]. 
Enzymes generally catalyse a singular type of chemical reaction, 
hence minimising the production of undesirable byproducts.

Enzymes can differentiate between several places within a 
molecule, catalysing processes at designated sites [1]. Enzymes can 
distinguish between various stereoisomers, yielding compounds 
with elevated enantiomeric or diastereomeric purity. This specificity 
originates from the exact three-dimensional configuration of the 
enzyme’s active site, where substrate binding and catalysis take 
place. The active site is designed to engage with certain substrates 
via a variety of noncovalent interactions, including hydrogen 
bonding, van der Waals forces and hydrophobic interactions 
[1,9,10]. Enzymes have been utilised in several chemical processes 
for numerous years [11,12]. Currently, thousands of tonnes of 
acrylamide are generated utilizing nitrile hydratases and enzymes 
have been incorporated into detergents for more than thirty years 
[11,13]. Recently, there has been an increasing trend in utilising 
proteins as catalysts in the chemical synthesis of more complex 
molecules, including pharmaceuticals. Enzymes are particularly 
effective as they integrate the advantages of a catalyst and a directing 
group to regulate the selectivity of a single reagent, which may also 
be employed alongside other enzymes in a one-pot reaction [13]. 
Once restricted to laboratory settings, biocatalysis is now used 

on an industrial scale, enabling the efficient synthesis of complex 
compounds. The enzymatic synthesis of esters utilising lipases 
was established in 1916 [11,14]. Biocatalysis offers insights for 
research and addresses chemo-selectivity and efficiency challenges 
that conventional chemistry cannot resolve [11,15].

Biocatalysis is presently acknowledged as a developed 
technology for asymmetric synthesis, attributed to the remarkable 
selectivity (enantio-, chemo- and regio-) that enzymes frequently 
exhibit in numerous chemical processes [16]. The discipline has 
undergone significant advancement as emerging molecular biology 
approaches for enzyme production and design have been integrated 
with process development concepts (from batch to continuous 
reactors) and medium engineering strategies (such as non-aqueous 
media and immobilisation). Consequently, biocatalysis may 
often meet the requirements of contemporary organic synthesis, 
which necessitates a balance of high selectivity and efficiency 
with sustainability and stringent economic considerations. 
Consequently, a growing array of industrial processes has been 
effectively implemented, including many examples that utilise free 
enzymes, entire cells, biocatalytic systems and multi-step processes, 
among others [16-19]. Biocatalysis guarantees uniformity, safety 
and quality in food production [1]. The fine chemicals and flavour 
sectors derive advantages from biocatalysis by producing high-value 
molecules, including vitamins, amino acids and flavour enhancers. 
Enzymes provide a sustainable and economical pathway to these 
molecules [1]. Notwithstanding the myriad advantages, biocatalysis 
encounters problems that must be resolved to completely actualise 
its potential.

Figure 1: Examples of different products synthesized using biocatalysis [22].
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The stability of enzymes under industrial circumstances, 
the requirement for co-factors and the restricted availability of 
appropriate enzymes for specific reactions pose considerable 
challenges [1]. Progress in protein engineering, guided evolution 
and synthetic biology is essential for addressing these difficulties. 
These approaches facilitate the alteration of enzymes to improve 
their stability, activity and selectivity [20,21]. This paper examines 
the disparity between enzyme discovery and industrial application, 
with an emphasis on asymmetric conversions. This review seeks 
to assess principal enzyme classes utilised in enantioselective 
synthesis, processes facilitating stereocontrol, successful industrial 
applications, strategies for enzyme enhancement and prospective 
approaches [12] (Figure 1).

Enzyme Classes and Catalytic Mechanisms
Different kinds of enzymes, each with distinct catalytic 

characteristics, are used in biocatalytic asymmetric synthesis. 
Oxidoreductases (EC 1), Transferases (EC 2), Hydrolases (EC 3), 
Lyases (EC 4), Isomerases (EC 5) and Ligases (EC 6) are important 
classes of enzymes.

Oxidoreductases (EC 1)

One-third of the enzymatic activities reported in BRENDA are 
catalysed by oxidoreductases, also known as oxireductases, which 
catalyse the oxidation-reduction reaction in the form of A*+B=A+B* 
[22]. The presence of cofactors like flavin, heme and other metal 
ions is another essential feature of oxidoreductases. Fungal 
oxidoreductases are made up of heme-containing peroxidases, 
which are a subset of the classical Lignin-Modifying Peroxidases 
(LMPs), Lytic Polysaccharide Monooxygenases (LPMOs), flavin-
containing oxidases and dehydrogenases, heme-containing 
peroxygenases and Dye-Decolorizing Peroxidases (DyPs). Hydrogen 
Peroxide (H2O2) is broken down by peroxidases (EC 1.11.1.x), which 
also oxidise phenolic and nonphenolic substrates. They can be 
found in bacteria, fungus, algae, plants and animals, making them 
ubiquitous throughout nature. They are linked to a number of plant 
growth processes, such as the metabolism of cell walls, lignification, 
suberization, reactive oxygen species, auxins, fruit ripening and 
growth and pathogen defence. They can be effectively used in 
immunological and biotechnological applications in medicine as 
well as a variety of industrial industries [23]. Aryl-alcohol oxidase 
(EC 1.1.3.7), methanol oxidase (EC 1.1.3.13), pyranose 2-oxidase 
(EC 1.1.3.10), glucose oxidase (EC 1.1.3.7), vanillyl-alcohol 
oxidase (EC 1.1.3.38), eugenol oxidase (EC, 1.17.99.1), cellobiose 
dehydrogenase (EC 1.1.99.18) and glucose dehydrogenase (EC 
1.1.99.35) are just a few examples of flavin-containing oxidases and 
dehydrogenases.

Flavin oxidases and dehydrogenases are peroxidases that 
produce H2O2 by removing two electrons from alcohol substrates. 
O2 then reoxidises the reduced flavin to produce H2O2 [24]. 
Applications for this class of enzymes in biorefineries, including 
flavour synthesis, furfural oxidation, biobleaching and chiral 
alcohol deracemization, have been investigated. The Copper 
(Cu)-containing enzymes known as Polyphenol Oxidases (PPOs) 
oxidise phenolic substances to o-quinones, which in turn trigger 

subsequent processes that result in the formation of melanins 
and cross-linked polymers. Tyrosinases, catechol oxidases and 
laccases are the three categories into which PPOs fall. Their method 
of action and substrate specificity serve as the foundation for 
these classifications. Catechol oxidases catalyse the conversion 
of o-diphenols to o-quinones, whereas tyrosinases exhibit both 
cresolase and catecholase activities [25].

Transferases (EC 2)

The movement of a certain group from one substance to 
another is catalysed by transferases. Methyl, acyl, amino, glycosyl 
or phosphate are examples of related groups. Enzymes known as 
Glutathione Transferases (GSTs, EC 2.5.1.18) aid in the detoxification 
of both endogenous and exogenous electrophile substances [26]. 
The Enzyme Cis-Prenyltransferase (EC 2.5.1.20), often known as 
rubber transferase, catalyses the elongation of rubber molecules 
[27] by sequentially condensing isopentenyl pyrophosphate with 
prenyl groups [28]. Because GSTs can catalyse conjugation events, 
they have been investigated in the biosensors technology for 
herbicide detection. For instance, atrazine was previously identified 
utilising the immobilised maize GST I isoenzyme. Since GSTs are 
involved in the detoxification of several chemotherapeutics and 
are therefore thought to be potentially essential in controlling 
the susceptibility to cancer, cytosolic GSTs may be helpful in the 
diagnosis and monitoring of cancer [26].

Hydrolases (EC 3)

The EC number three designates hydrolases, which are 
enzymes with the capacity to hydrolyse a variety of bonds. A variety 
of designations are used based on their substrate specificity: Ester 
bond hydrolases (EC 3.1), including thioester hydrolases (EC 3.1), 
glycosylases (EC 3.2), ether bond hydrolases (EC 3.3), peptide bond 
hydrolases (EC 3.4) and other hydrolases. Glycoside hydrolases 
(GHs), a highly significant subgroup, work on the glycosidic bonds 
that bind two or more carbs together [29]. The Carbohydrate-
Active Enzymes (CAZy) database describes this group, which is also 
known as glycosidases [30]. Amylases, xylanases, cellulases, lipases 
and proteases are a few types of significant hydrolases.

Lyases (EC 4)

By breaking nonhydrolytic bonds, lyases catalyse the addition 
or removal of chemical groups. By cleaving C_C, C_O, C_N, C_S and 
other bonds, these enzymes can create new rings, double bonds or 
add groups to existing ones [31,32]. The lyases in class 4 (EC 4) 
are assigned an EC number. The second number, which represents 
the eight subclasses of lyases, illustrates the sort of bond that is 
involved in the reactions: Lyases with the following EC numbers: EC 
4.1 carbon carbon, EC 4.2 carbon oxygen, EC 4.3 carbon nitrogen, EC 
4.4 carbon sulphur, EC 4.5 carbonhalide, EC 4.6 phosphorus oxygen, 
EC 4.7 carbonphosphorus and EC 4.99 other lyases. Based on the 
chemical group removed, these subclasses have subcategories that 
correspond to the third number [33,34]. Aldolases, decarboxylases, 
hydratases and some pectinases are members of this category of 
enzymes that catalyse the removal of aldehyde, carbon dioxide, 
water and pectin molecules, respectively [31,35]. They are involved 
in signal transduction, the mechanism of DNA repair and metabolic 
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and anabolic pathways [36]. Lyases, which feature structures called 
tunnels and gates that control the movement of substances, are 
catalysed by the keyhole-lock-key model [37].

Isomerases (EC 5)

The fifth group of the EC Classification (EC 5) is made up 
of the enzyme class known as isomerases. Depending on the 
kind of reaction they catalyse, they are classified into seven 
subclasses and can catalyse intramolecular rearrangements or 
isomerisation reactions: Racemases and epimerases (EC 5.1) that 
catalyse the racemization or epimerization of a centre of chirality; 
cistrans isomerases (EC 5.2) that catalyse the rearrangement of 
geometry at double bonds; intramolecular oxidoreductases (EC 
5.3) that catalyse the oxidation of a portion of a molecule with 
the simultaneous reduction of another portion; intramolecular 
transferases (EC 5.4) that move a group from one location within 
a molecule; intramolecular lyases (EC 5.5) that catalyse reactions 

where a group is removed from one part of a molecule, leaving a 
double bond but remaining covalently attached to the molecule 
(e.g., the breaking of a ring structure); isomerases that change the 
conformation of macromolecules; and other isomerases (EC 5.99) 
[38].

Ligases (EC 6)

Ligases (EC 6) represent the sixth class of enzymes. At the 
cellular level, the majority of them participate in biologically 
necessary activities in the central metabolism. The attachment 
of two molecules or portions of them is catalysed by them. NAD 
1 synthase (EC 6.3.1.5) and pyruvate carboxylase (EC 6.4.1.1) are 
two examples of ligases that can occasionally be referred to by the 
label’s synthase or carboxylase [39]. Condensation reactions, or the 
creation of phosphoricester and nitrogen metal linkages, carbon 
carbon, carbon sulphide, carbon nitrogen and carbon oxygen, are 
catalysed by ligases [40,41] (Table 1 & Figure 2).

Table 1: Enzyme classes and representative reactions [41].

Enzyme Type EC Reaction Examples

Oxidoreductase EC1 Oxidation reactions involve the transfer of electrons from one molecule 
to another Lipoxidases Dehydrogenases Glucose oxidase

Transferase EC2 They catalyze the transfer of groups of atoms from one molecule to 
another Aminotransferase Transaminase

Hydrolase EC3 Hydrolysis reactions involve the cleavage of substrates by water Lactase Proteases Trypsin

Lyase EC4 Catalyze the addition of groups to double bonds or the formation of 
double bonds via the removal of groups Pectate lyases Decarboxylase Hydratases

Isomerase EC5 Catalyze the transfer of groups from one position to another on the 
same molecule Topoisomerase Glucose isomerase

Ligase EC6 They catalyze the joining of two molecules to form a new bond Glutathione synthase Aminoacyl tRNA 
synthetase

Translocases EC 7 Catalyze the movement of ions or molecules across membranes or their 
separation within membranes

Ubiquinone reductase ATP synthase Ascorbate 
ferrireductase

Figure 2: Mechanism of lipase-catalyzed kinetic 
resolution [42].

Industrial Applications
Industrial asymmetric synthesis can now be solved practically 

with biocatalysis. It is used in fine chemicals, agrochemicals, 
flavour and fragrance, medicines and cosmetics. In many fine 
chemicals, agrochemicals and medicines, chiral alcohols are 
significant structural and functional motifs [42]. Chiral hydroxyl-
containing building blocks are essential intermediates of several 
APIs of potential drugs in the pharmaceutical industry [43]. The 
lack of metal-based catalysts, mild conditions, stereocontrol in the 
synthesis and a smaller environmental impact are the clear reasons 
why biocatalysis is so popular for obtaining chiral alcohols. In 
the agricultural and pharmaceutical industries, chiral amines are 
crucial. Over 90% of the most popular small molecule medications 
on the market now or those that have just received approval are 
either amines or derivatives of amines. The majority of them are 
chiral and chiral amine compounds make up around 30% of crop 
protection actives. Thus, there is a particular emphasis on optically 
pure amines in biocatalysis [44]. The chemical, food, material and 
pharmaceutical industries all make extensive use of carboxylic 
acids. The industrial synthesis of high-value (chiral) carboxylic 
acids is the best application for biocatalysis. Biocatalysis has 
demonstrated promise for the generation of bulk carboxylic acids 
at the laboratory scale, thanks to recent developments in directed 
evolution and enzyme cascades [45].
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Common organic compounds that are typically created by 
chemical reactions are aldehydes and ketones. The customer’s 
demand for “all-natural production” in terms of flavours and 
perfumes, as well as the high regioselectivity to create ketoses, 
are some benefits that biocatalytic processes may offer. Generally 
speaking, the two primary methods for producing aldehydes and 
ketones efficiently are alcohol oxidation by dehydrogenases or 
oxidases [46] and C-C bond formation by aldolases or lyases [47]. 
Due to their greater yields, improved crystallisation, salt breaking 
and ease of reusing the chiral auxiliary, enzymes are already used 
in the manufacture of around two thirds of chiral compounds on 
an industrial scale [48,49]. A variety of chiral medications, such as 

atorvastatin (Lipitor), rosuvastatin (Crestor), sitagliptin (Januvia) 
and montelukast (Singulair) are made by biocatalyzed processes. 
Although the use of enzymes has been receiving more attention 
for the organic synthesis of high-value products, including 
pharmaceuticals, flavours and fragrances, vitamins, fine chemicals 
and some commodities, industrial biocatalysis is still an exception 
rather than the rule [48,50]. Enzymes or cells are used by companies 
like Avecia, Basf, Evonik, DSM, Dow Pharma and Lonza to chirally 
synthesise their compounds [48,51]. Additionally, Evonik uses 
immobilised lipases to produce cosmetic agents, speciality esters 
and fragrance compounds [48,52-54] (Table 2 & Figure 3).

Table 2: Industrial applications of enzyme catalysis [54].

Sector Enzymes Applications

Pharmaceuticals Nitrile hydratase, transaminase, monoamine oxidase, 
lipase, penicillin acylase

Synthesis of intermediates for the production of active 
pharmaceuticals ingredients

Food processing Trypsin, amylase, glucose isomerase, papain, pectinase Conversion of starch to glucose, production of prebiotics, debittering 
of fruit juice

Detergent Protease, lipase, amylase, cellulase Stain removal, removal of fats and oils, color retention

Biofuels Lipase, cellulase, xylanase Production of fatty acid methyl esters, decomposition of 
lignocellulotic material for bioethanol production

Paper and pulp Lipase, cellulase, xylanase Removal of lignin for improved bleaching, improvement in fiber 
properties

Figure 3: Enzymatic (biocatalytic) synthesis of sitagliptin [55].

Enzyme Engineering and Directed Evolution
Directed evolution and protein engineering are becoming 

crucial tools for overcoming the limits of natural enzymes. If used as 
therapeutic agents, enzymes must be both safe and effective in order 

to produce the anticipated clinical benefit [55]. Making a library of 
target enzyme mutants is the first stage in any enzyme evolution 
campaign [56]. It is hoped that a good solution will be found in the 
sequence space sampled by these mutants, which will be revealed 
by the screening procedure [56]. A new age in the therapeutic 
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sector began with the development of protein engineering and 
recombinant technology, which can address all of these issues 
to some degree [55]. For maximum efficacy, protein therapy 
enzymes with high specificity and potency need to be delivered 
precisely at the nanoscale. As a result, the drug delivery medium, 
including drug carriers and moieties for targeted distribution, 
rapidly changed in less than ten years [55,57]. Through amino acid 
sequence modifications, Sudhir et al. [58] produced glutaminase 
free L-asparaginase from Bacillus licheniformis to enhance its 
half-life and thermal characteristics. Based on hydrophobicity, 
electrostatic potential and sequence matching with previously 
modified asparaginases, four amino acid residues were chosen for 
mutagenesis [55,58]. In comparison to the natural type protein, the 
mutant D103V exhibited a three-fold longer half-life and greater 
resistance to heat. With a Vmax of 2778.9mol min-1 and a Km value 
of 0.42mM, the mutant also demonstrated enhanced substrate 
affinity. Patel et al. [59] used molecular dynamics and genetic 
algorithms to create an E. coli enzyme that is resistant to lysosomal 
proteases.

A protein engineering technique called “directed evolution” 

imitates the course of natural evolution to modify proteins in 
ways that the user specifies [55]. This lab procedure focusses on 
particular molecular characteristics and operates at the molecular 
level [55]. Kotzia and Labrou developed a library of variations by 
applying a staggered extension technique to the L-asparaginase 
genes from E. carotovora and E. chrysanthemi [60]. A thermostable 
variant with a single point mutation at position 133, where the 
negatively charged amino acid aspartate was swapped out for 
alanine, was chosen and discovered from the screened members. 
The mutant exhibited superior thermal characteristics, such as Tm 
and half-life, in comparison to the wild enzyme [55]. A cluster of 
variations for screening can be created by randomly introducing 
mutations in a gene sequence, taking advantage of the limitations of 
DNA repair systems and polymerases [55]. A variety of techniques 
were used to generate random mutant libraries, such as chemical 
mutagens, utilising the altered strains (E. coli XL1red) and error-
prone PCR. The random mutation of B. subtilis’s L-asparaginase II 
resulted in variants with better characteristics, according to Feng 
et al. [61]. Enhancing substrate scope, thermostability, tolerance to 
organic solvents and enantioselectivity are the objectives of all of 
these [62] (Figure 4).

Figure 4: Flowchart illustrating the development of industrial biocatalytic processes [63].

Challenges and Future Directions
The adaptation of pre-existing enzymes for industrial, research 

and medical applications has greatly benefited society [63,64]. 
Even though biocatalysis is already relevant in industry, there are 
still issues. Due to restrictions on substrate specificity, activity, 
pH, temperature and solvent stability, pre-existing enzymes are 
frequently not the best for industrial applications [65,66]. Since 
enzymes may function at low pressures and temperatures, they 

are frequently denatured when exposed to environments that are 
outside of their typical range [67]. Even tiny concentrations of 
organic solvents can denature a variety of enzymes [67]. One of 
the difficulties is predicting how the scale-up from laboratory-scale 
fermentations to industrial-scale ones would affect the production 
of recombinant proteins and another is the inability to cultivate a 
large number of microorganisms in the lab [68]. Although examples 
of biocatalysis-based bulk chemical and polymer manufacturing 
are relatively uncommon, they present a wealth of opportunities for 
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green chemistry [12]. The production of biomacromolecules and 
antibody-drug conjugates are two examples of the new modalities 
that biocatalysis can help the biopharmaceutical industries create 
more effectively and selectively [12]. Looking ahead, a number 
of important developments and scientific trends are expected to 
significantly accelerate the discovery, development and use of 
biocatalysts [12]. First, de novo design [68,69] and/or directed 
evolution [70] are being used to rapidly increase the range of 
chemical, novel biocatalytic reactions.

Better selection techniques for finding appropriate biocatalysts 
from the wealth of protein primary sequence information presently 
available in databanks will be made possible by increasingly potent 
computational tools, which will also enable better de novo design. 

Advances in computational methods to predict the protein structure 
from sequences through artificial intelligence [71] and subsequent 
prediction of function and physicochemical properties will provide 
access to biocatalysts that are finely tuned to the requirements of 
a desired target reaction and/or product [72]. These tools must 
be combined with the development of novel biocatalytic cascade 
processes in order to optimise synthetic utility. Desktop DNA 
printing, cell-free protein expression, enzyme immobilisation and 
analysis are just a few of the individual steps in the development of 
biocatalysts that can already be automated at the implementation 
stage. This suggests that within the next ten years, individual 
laboratories may be able to purchase “fully automated biocatalytic 
synthesisers” [12,73] (Table 3).

Table 3: Challenges in biocatalysis and solutions [73].

Problem Statements Solutions

Enzymes are expensive, not all are available Recombinant expression in a suitable (microbial) host, either in- house or with specialized enzyme 
producer company, immobilization to facilitate re-use and cost reduction

Enzymes are unstable Enzyme engineering via rational design or directed evolution, immobilization to enhance stability

Dependency on expensive cofactors For NADH, NADPH and more recently also for ATP efficient recycling systems are available and 
demonstrated on industrial scale

Development time is too long Use of interdisciplinary teams to plan best chemical route to allow for integrated enzyme engineering 
and process development

Process development and down- stream 
processing are difficult Numerous examples and concepts for bioreaction engineering available

Conclusion
Asymmetric synthesis is being revolutionised by biocatalysis, 

which makes precise, environmentally benign and scalable reactions 
possible. The sector is quickly overcoming past constraints thanks 
to advancements in enzyme discovery, engineering and process 
integration. Biocatalysis will be essential to the next generation 
of environmentally friendly chemical production as the nexus of 
biotechnology, automation and artificial intelligence continues to 
develop.
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