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Abstract. Dahiru MM, Abdulhamid AA, Abaka AM. 2024. Review: Current perspectives in enzyme applications in medicine, agriculture,
and industries. Asian J Trop Biotechnol 21: 10-25. The conventional use of chemicals worldwide in different industries has significantly
increased, impacting the environment. The need to improve industrial processes led to prospects into enzymes from various sources,
including microbial sources to substitute the toxic chemicals and processes with environmentally friendly processes and biodegradable
waste products. Enzyme applications are notably getting more attention in medicine, agriculture, and industries, including
pharmaceuticals, food, detergents, leather, and cosmetics. They are utilized in these industries to enhance durability of product, shorten
process time, improve efficiency and stability, and properly manage waste. Medicine mainly uses them for diagnostic and treatment
purposes, including proteases and amylases. The pharmaceutical industries explore the specificity of enzymes to bind target substrates,
yielding specific and desired products via reactions, including hydrolysis, acylation, and esterifications. Waste and pathogen treatments,
in addition to soil and plant improvements, are the major applications of enzymes in agriculture, employing pectinases, cellulases, and
xylanases. In the food industry, amylases are used for starch degradation and dough improvement, while proteases are used for juice
beer production clearance. The detergent industry adds enzymes to its formulations, including lipases, proteases, and cellulases, to
improve stain removal by modifying fabric fibers to release dirt and soil particles. Enzymes, including proteases and lipases, are used in
the leather industry for curing, soaking, dehairing, degreasing, and tanning, in addition to waste elimination. In comparison, an
immobilized lipase is utilized in the cosmetic industry to produce retinoids, protein disulfide isomerase, glutathione sulfhydryl oxidase,
and transglutaminase are applied in hair waving. Furthermore, developing the cost-effective technique of enzyme immobilization
technology further promotes the application of enzymes in these endeavors attributed to their stability and recyclability. Thus, there is a
significant improvement in research towards green and eco-friendly applications of enzymes. This review discusses how enzymes have
been successfully deployed and utilized in medicine, agriculture, pharmaceutical, food, detergent, leather, and cosmetics industries.
Enzymes in these industries exhibited beneficial applications, though the recyclability of the enzymes remains challenging for some
endeavors. However, immobilization techniques have been gaining attention which might present a solution to the challenges associated
with enzyme reusability.
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INTRODUCTION

Enzymes, otherwise called biocatalysts, have for
centuries been in use due to their high efficiency and
substrate specificity to yield valuable products for several
uses (Madhavan et al. 2017; Prasad and Roy 2018). The
human body, which comprises cells and tissues, requires a
constant supply of nutrients in food containing both plant
and animal-sourced enzymes. The most important
advantage of enzymes is their chemical and
stereoselectivity during catalysis, in which they catalyze
and convert specific reactions and substrates into products
(Choi et al. 2015; Kaushal et al. 2022). Furthermore, these
specificity covers conditions, including temperature and
pH, attributed to the optimal functional conditions of their
sources, such as microbes (Kaushal et al. 2022); enzyme
specificity is a high requirement in industries that use them.

Enzymes catalysis de novo reactions in the body, vital for
the body's normal functioning, in which food is converted
to energy used for synthesis and degradation (Kaur and
Sekhon 2012). The inherent characteristics of enzymes to
catalyze synthesis, change, or break down molecules are
the main reason why they are exploited by several
industries and partly due to their most environmentally
friendly byproducts (Mata et al. 2010; Huisman and Collier
2013; Kapoor et al. 2017; Madhavan et al. 2017; Sun et al.
2018). Biocatalysts from different sources, including
microbial, plant, and animal, have been used in medicine,
agriculture, and industries to yield products such as wine,
food, and drugs (Gupta et al. 2017; Mariyam et al. 2024).
The growing interest in enzyme applications in industries is
driven by the increased demand for sustainable and eco-
friendly industrial processes (Ranjbari et al. 2019)
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Microbial sources especially bacterial and fungal, are
the most explored enzyme sources due to the diversity in
the optimum conditions to use, ease of production, and
optimization (Okpara 2022). Moreover, these sources can
be engineered to produce efficient enzymes that withstand
harsh conditions, readily on their availability and higher
replication rates (Okpara 2022). Different organisms can
produce isoenzymes that function in different pH and
temperature conditions. These enzymes are utilized in
medicine, agriculture, food, pharmaceutical, cosmetics,
leather, and detergent industries, with  future
biotechnologies promoting their advancements and
utilization in these industries (Okpara 2022). In those
industries, enzymes are crucial in various processes,
especially in food industries, exhibiting their significance,
with notable examples including alpha-amylase, protease,
lipase, pectinase, and glucose oxidase. Moreover, enzymes
from microbial sources offer advantages over animal and
plant sources, including genetic modification (over-
expression of specific genes) and large-scale production via
solid-state and submerged fermentation techniques;
however, many remain unexplored. Protein engineering
provides an avenue to improve and modify enzymes to suit
our needs and overcome the challenges associated with the
naturally available enzymes including instability to harsh
industrial scale conditions (Baweja et al. 2016). These
challenges can be lowered by editing specific residues
within the enzyme structure via mutation to improve the
enzyme's version (Baweja et al. 2016). Moreover,
exploring alternative sources of microbial enzymes from
natural environments or habitats with extremely harsh
conditions offers other alternative methods to obtain
industrial stable enzymes (Baweja et al. 2016).
Furthermore, some techniques are employed to improve the
activities of enzymes and proteins, including rational
redesign and random mutagenesis (Baweja et al. 2016).
The rational redesign requires the knowledge of the
enzyme's mechanism of action and entails reconfiguring
the active site of the known 3D structure of the enzyme that
has been formulated to achieve the desired product. For the
latter, modifications are via direct evolution mimicking the
natural evolutionary process, employing variant generation
molecular techniques such as chemical agents, error-prone
PCR, and repeated oligonucleotide-directed mutagenesis.

Emerging trends show the exploitation of enzyme
immobilization techniques in bioprocessing and catalysis,
reccently gaining attention (Kaushal et al. 2022; Mohidem
et al. 2023). This technique overcomes the challenges
encountered using free enzymes, including instability, poor
shelf-life, and sensitivity to harsh conditions of industrial
processes (Razzaghi et al. 2018; Liu and Dong 2020). Free
enzymes are not immobilized; thus, they are free reaction,
medium, and cheaper than their immobilized counterpart.
However, enzyme recovery for the free enzyme technique
has been reported to be challenging (Ribeiro et al. 2011).
This cost-effective technique allows enzyme recovery from
the reaction mixture, preventing enzyme degradation and
allowing reusability (Mohidem et al. 2023). The
application of these techniques, including adsorption,
entrapment, and cross-linking, improves enzyme

properties, such as stability and reusability (Jesionowski et
al. 2014; Cao et al. 2016; Cipolatti et al. 2016; Mehta et al.
2016; Grigoras 2017; Mohidem et al. 2023). These
methods rely on the nature of the substrate, enzyme
employed, and operating conditions for optimum output
(Chauhan 2014; Mohidem et al. 2023). The advantages,
including high output and efficiency of these techniques,
are considered to identify a suitable one for high product
specificity (Chauhan 2014; Jesionowski et al. 2014).
Furthermore, a comparable catalytic activity was reported
previously for both immobilized and bound enzymes (Ge et
al. 2023). Additionally, immobilized enzymes offer
advantages over free enzymes, including reusability and
stability towards reaction conditions (Somu et al. 2022).

Thus, a perfect eco-friendly substitute for both
conventional catalysis and free enzyme techniques.
Notably, advancement in the immobilized enzyme

technology is the nanocarriers in the form of encapsulated
enzymes further enhancing enzyme reusability and stability
to harsh conditions (Cao et al. 2016; Mehta et al. 2016;
Grigoras 2017; T.sriwong and Matsuda 2022; Aziz and
Abdel-Karim 2023). Moreover, encapsulation is a dose-
release control, leading to extended enzyme use (Aziz and
Abdel-Karim 2023). Although previous studies highlight
the applications of enzymes in different endeavors,
emphasizing their advantages over conventional
techniques, more research gaps open more opportunities to
explore, notably the enzyme immobilization technique,
which has been gaining attention recently. The emergence
of new applications in enzyme technology is reported in the
present study. The present review is focused on the
applications of enzymes in medicine, pharmaceutical,
agriculture, food, detergent, leather, and cosmetics
industries regarding how these enzymes have been utilized
to improve different processes to improve industrial
processes from toxic chemicals and processes to
environmentally friendly processes and biodegradable
waste products.

MEDICINE AND PHARMACEUTICAL
INDUSTRIES

Medical application of enzymes considers enzymes'
therapeutic and diagnostic roles, including alleviating
enzyme deficiencies, improving the immune, detoxifying,
aiding digestion, and detecting some substances in body
fluid levels (Meghwanshi et al. 2020). The use of enzymes
in medicine can be singly or combined with other drugs or
vaccines to work synergistically (Mane and Tale 2015).
Several ailments, such as metabolic and genetic disorders
(fibrosis conditions, ocular pathologies), infectious diseases
with antibiotic-resistant capabilities, cancer, cardiovascular
diseases, and digestive problems, have been reported as
targets of enzyme therapy (Gupta et al. 2017; de la Fuente
et al. 2021). These enzymes are administered due to their
specificity and high affinity, though sometimes they
present challenges, including immune response to their
presence, short life, and difficulty reaching their targets
(Lenders and Brand 2018; de la Fuente et al. 2021). These
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challenges hamper the potential application of enzymes,
which must be improved for effective application in this
endeavor. Although the ELISA technique has been well
implemented in the medical field, emerging techniques
such as microarray have recently gained attention (de la
Fuente et al. 2021). Additionally, angiotensin-converting
enzyme 2 has been studied as a potential option for
COVID-19 therapy (de la Fuente et al. 2021). Typical
examples of enzymes used to treat metabolic disorders
include amylase, lipase, and protease (Mane and Tale
2015). Enzymes play key roles in therapeutic medicine; a
typical example is using RNases in chemotherapy;
antitumor activity of RNase from Bacillus licheniformis
(baliface) has also been reported (Sokurenko et al. 2016).
Moreover, another lysozyme, RNase U, was reported to
exert antiviral activity via selective degradation of viral
RNAand is regarded as a potential anti-HIV drug
candidate (Lee-Huang et al. 1999). A chondroitin sulfate
ABC endolyase chemonucleolysis therapy for cervical and
lumbar intervertebral disc herniation yielded positive
results. It was regarded as a novel approach for many
treatments, attributed to its high nucleus pulposus
specificity (Ishibashi et al. 2019).

Enzymes diagnose different medical conditions,
including diabetes and other health disorders. Typical
examples are glucose oxidase for glucose, urease and
glutamate dehydrogenase for urea, lipase, carboxyl
esterase, glycerol kinase for triglycerides, urate oxidase for
uric acid, creatinase, and sarcosine oxidases for creatinine
(Le Roes-Hill and Prins 2016; Singh et al. 2016). Glucose
oxidase combined with catalase is utilized in test Kits,
notably biosensors, to detect and estimate glucose levels in
biological fluids (Khatami et al. 2022). Cholesterol oxidase
has been implicated in the detection of cholesterol, while
putrescine oxidase is employed for detecting biogenic
amines, such as putrescine, a marker for food spoilage (Le
Roes-Hill and Prins 2016). Enzymes are also utilized as
therapeutic drugs in ailments characterized by enzyme
deficiencies, problems associated with digestion, and
diagnostic procedures, such as ELISA and diabetes test Kits
(Mane and Tale 2015). Another enzyme benefit with
medical applications is proteases with several subclasses
with different uses. Alkaline protease produced by B.
subtilis has some therapeutic properties, such as fibrin
degradation, and is suggested to have future anticancer
potential (Jaouadi et al. 2011). In another study, oral
administration of combined aceclofenac and the proteolytic
enzymes bromelain and papain via supplementation to
patients with lower back pain led to a significant decrease
in alkaline phosphatase and serum creatine with prolonged
beneficial effects (Naeem et al. 2020). Elastoterase
immobilized on bandages has been used for burns and
wound treatments (Palanivel et al. 2013; Harish and
Uppuluri 2018). Tyrosinase is involved in melanogenesis
and the production of L-Dihydroxy phenylalanine (L-
DOPA), a precursor for dopamine synthesis, used for the
management of Parkinson's disease and control of
myocardium neurogenic injury (Zaidi et al. 2014).
Enzymes applied in medicine are the target for removing
cytotoxic substances from circulation, anticoagulants, and

disorders arising from metabolic deficiencies (Kaur and
Sekhon 2012).

Adenosine deaminase (pagadamase), which was the
first enzyme utilized to treat an inherited immune disorder,
acts by cleaving excess molecules of circulating adenosine,
thereby reducing the immune toxicity associated with a
high level of adenosine (Tartibi et al. 2016; Fejerskov et al.
2017). Pagadamase cleaves the enzyme leading to an
increase in the half-life of ADA and decreasing the
immune response due to the bovine origin of the enzyme.
Another enzyme, a-galactosidase, is vital for digestion and
breaks down a-galactoside residues in carbohydrates, with
its absence leading to gastrointestinal disturbances.
However, this enzyme is now supplemented in food to
remedy its absence (Shang et al. 2018). The deficiency of
lysosomal acid lipase is associated with metabolic disease;
Wolman disease has been reported to be remedied via
sebelipase alfa, a recombinant form of the enzyme
(Pastores and Hughes 2020). Other recombinant
replacement therapies include porphobilinogen deaminase,
sacrosidase, and lactase administered for acute intermittent
porphyria (Fontanellas et al. 2016), congenital sucrase-
isomaltase (Puntis and Zamvar 2015), and lactase
deficiencies (Catanzaro et al. 2021), respectively. Chronic
total occlusion characterized by coronary artery blockage
leads to collagen plaque buildup, obstructing blood flow to
the heart. However, catheter administration of type IA
collagenase from Clostridium histolyticum digest the
collagen plagues (Strauss et al. 2003). Moreover,
collagenase is employed in fasciotomy to remove the
fibrotic fascia of the fingers and palm (Degreef 2016).
Furthermore, it is applied in the degradation of fiber
plaques associated with Peyronie’s disease (Randhawa and
Shukla 2019). Tumor cells are linked with increased amino
acid metabolism for survival and proliferation. PEGylated
kynureninase was reported to exhibit anti-tumor activity
via a prolonged depletion of the L-tryptophan metabolite,
kynurenine, which can be readily eliminated. Additionally,
the enzyme reversed the immune-suppressing effect of
interferon-y-inducible indoleamine 2,3-dioxygenase
(Triplett et al. 2018).

Asparaginase, an effective enzyme for managing acute
lymphocytic leukemia, has been reported previously
(Gupta et al. 2017). Asparagine is a normal nonessential
amino acid synthesized in the body; however, tumor cells
are short of the enzyme aspartate-ammonia ligase required
for the synthesis of asparagine (Radadiya et al. 2020; Wang
et al. 2021). Administration of asparaginase doesn't affect
normal cellular concentration but leads to a decrease in the
extracellular concentration of asparagine, preventing its
entry into tumor cells. Hyaluronidase cures heart attack and
increases in activity of enzymes such as aldolase, malic
dehydrogenase, and isomerase due to myocardial infarction
(Chowdhury et al. 2017). Lytic enzymes from isolated
bacteriophages effectively treat drug-resistant strains of
bacteria and remove dead skin from burns (Gurung et al.
2013). Collagenase has also been reported to facilitate the
healing mechanism due to skin burn by removing dead
cells, thus working synergistically with antibiotics (Ostlie
et al. 2012). Lysozyme as an antimicrobial agent has also
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shown potential against HIV (Chan et al. 2006). Extracts
isolated from fungi, consisting of amylase, proteases, and
cellulases, have been applied to prevent dyspepsia and
flatulence as they break down indigestible fiber in food
such as cabbage (Fieker et al. 2011). Nattokinase has been
previously reported to demonstrate beneficial effects in
cardiovascular ailments, including preventive and treatment
effects, and is regarded as an alternative cardiovascular
disease therapy (Chen et al. 2018). Congenital sucrase-
isomaltase associated with the indigestion of sucrose has
been reported to be remedied by the administration of
Saccharomyces cerevisiae B-fructofuranoside
fructohydrolase, otherwise called sacrosidase which aids in
the digestion of sucrose (Lwin et al. 2004; Matta et al.
2018). Phenylketonuria, characterized by the deficiency of
phenylalanine hydroxylase, has been reported to be treated
using phenylalanine ammonia-lyase produced from a
recombinant yeast, which aids in the digestion of
phenylalanine in the gastrointestinal tract (Wallig et al.
2017).

Lysosomal storage diseases present a group of inherited
and rare pathologies associated with either lysosomal
enzyme deficiencies or molecular transport alterations.
Notable examples include Hunter’s syndrome, Fabry’s
disease, and Gaucher’s disease. Iduronate 2-sulfatase,
which catalyzes the breakdown of glycosaminoglycans
dermatan- and heparan-sulfate, is deficient in Hunter’s
syndrome, accumulating metabolites in tissues and organs.
This impairs physical and mental development, which can
be improved by intravenous enzyme administration
(Whiteman and Kimura 2017; Mohamed et al. 2020; Ueda
and Hokugo 2020). Another deficient enzyme associated
with lysosomal storage disease (Fabry’s disease) is the -
galactosidase A, which leads to cellular accumulation of
metabolites, potentially leading to renal and cardiac failures
(Chan and Adam 2018; McCafferty and Scott 2019;
Azevedo et al. 2021). However, intravenous administration
of a-galactosidase A ameliorates symptoms (EI Dib et al.
2016). B-glucocerebrosidase cleaves the p-glucosidic
linkage of glucocerebroside, an intermediate in glycolipid
metabolism. Genetic mutation in the gene for the enzyme
results in a lysosomal disease known as Gaucher’s disease,
characterized by the accumulation of excess
glucocerebrosides (Erdem et al. 2018). In Gaucher’s
disease, the glucocerebrosidase enzyme deficiency leads to
the buildup of lipids in the liver, spleen, and bone marrow
with symptoms including swelling of these tissues, anemia,
and thrombocytopenia. Similarly, exogenous intravenous
injection of the enzyme improves the enzyme level
(Charrow 2009; Shemesh et al. 2015). Additionally,
administration of exogenous a-L-iduronidase, N-
acetylgalactosamine-6-sulfate sulfatase, arylsulfatase B, -
glucuronidase, a-D-mannosidase, tripeptidyl peptidase 1
and acid o-glucosidase presents potential treatment
alternatives for Hurler’s syndrome (Tolar and Orchard
2008; Bie et al. 2013), Morquio syndrome type A (Regier
and Tanpaiboon 2016; Lee et al. 2022), Maroteaux-Lamy
syndrome (Harmatz et al. 2017), Sly syndrome (Harmatz et
al. 2018; Wang et al. 2020), a-mannosidosis (Ceccarini et
al. 2018; Lund et al. 2018), Batten disease (Brudvig and

Weimer 2022) and Pompe’s disease (Kishnani and
Beckemeyer 2014; Bellotti et al. 2020), respectively.

The pharmaceutical industries achieved large-scale
enzyme production via fermentation using bacteria and
fungi strains Escherichia coli, B. subtilis, Aspergillus
oryzae, and A. niger that give high enzyme vyield
(Brahmachari et al. 2016; Yang et al. 2017). The ability of
enzymes to specifically bind to their target substrate and
transform it into a desired useful product is heavily
exploited by pharmaceutical industries (Choi et al. 2015).
The major targets of enzymes in pharmaceutical industries
include hydrolysis, diacylation, acylation, group protection
and deprotections, esterification, and others (Meghwanshi
et al. 2020). In these industries, enzyme application highly
relies on substrate and product specificity, including stereo-
, regio-, and chemo-selectivity (Choi et al. 2015).
Pharmaceutical synthesis often produces undesirable and
environmentally toxic products and harsh process
conditions, including high temperatures, which are
significantly lowered or abolished in enzyme-catalyzed
routes (Choi et al. 2015). Biocatalysts, especially those of
microbial origins, are utilized by these industries due to
their high specificity and affinity for their substrate which
are transformed into specific products under optimum
conditions. Enzyme-catalyzed reaction pathways reduce the
requirement of harsh chemicals to speed up reactions or the
need to apply high temperatures. Thus reducing risk and
improving the safety of the processes (Choi et al. 2015).
Enzymes are utilized to produce important precursors and
intermediates such as amines, alcohols, carbonyl, and
carboxylic acid derivatives required for synthesizing
different pharmaceuticals via various processes (Wu et al.
2021). A novel B-glucosidase obtained from Pseudomonas
lutea combined with S. cerevisiae was reported to
efficiently convert the conversion of cellobiose to ethanol
at 4°C with 91.42% efficiency via simultaneous
saccharification and fermentation. The technique was
considered energy-saving compared to the commercial 3-
glucosidase (Tiwari et al. 2014).

A good example of the application of enzymes in the
pharmaceutical industry is in the manufacture of sitagliptin,
used to treat type Il diabetes. Sitagliptin is a dipeptidyl
peptidase-4 inhibitor that prevents the blood-retinal barrier
increase and inhibits diabetes-induced tight junction
disassembly (Gongalves et al. 2018). Conventionally, this
drug is produced by a rhodium-based catalyst through
hydrogenation of enamine at high pressure to produce
sitagliptin at 97% enantiomeric excess (Sheldon 2011).
However, engineered R-selective transaminase from
Arthrobacter sp. can produce the drug through the
conversion of prositagltiptin ketone to sitagliptin with more
than 99.95% enantiomeric excess (Sheldon 2011).
Furthermore, (R)-3-amino-4-(2,4,5-triflurophenyl) butanoic
acid, an intermediate for the drug synthesis is synthesized
in dual steps initially requiring the conversion of -
ketoester to B-keto acid by Candida rugosa lipase followed
by its subsequent conversion Ilumatobacter coccineus -
Transaminase to its equivalent B-amino acid (Kim et al.
2019). A route was previously proposed for the synthesis of
the neuroactive drug pregabalin, which exerts
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anticonwulsant, pain-killing, and anti-anxiety effects used
to treat epilepsy, anxiety, and social phobia (Martinez et al.
2008; Chen et al. 2011; Marouf 2018). Here, lipolase,
which belongs to the class of lipase, is employed to
synthesize by hydrolyzing selectively and separating the S-
enantiomer intermediate from the R-enantiomer to
pregabalin via decarboxylation (Martinez et al. 2008; Chen
et al. 2011). The conventional route, bisphosphine
rhodium, and nitrilase are employed for the asymmetric
synthesis of (S)-3-cyano-5-methylhexanoate. However,
both routes are neither cost-effective nor eco-friendly
(Hoge et al. 2004; Xie et al. 2006; Zheng et al. 2014). The
new route was reported to be more efficient and cost-
effective than the classic route by increasing product yield
by up to 40-45% with a purity of up to 99.5% and reducing
waste generation by 20% (Zheng et al. 2014).

Alcohols with chirality are important precursors and
intermediates in the pharmaceutical industries, taking
advantage of their chiral moieties for drug synthesis (Prier
and Kosjek 2019; Hollmann et al. 2021). Dulox alcohol,
which is the precursor for the synthesis of the
antidepressant drug Duloxetine, was reported to be
synthesized by alcohol dehydrogenase from Lactobacillus
brevis and EbN1 strain from Aromatoleum aromaticum
(Leuchs and Greiner 2011). A new route was proposed for
(S, S)-reboxetine succinate synthesis used for managing the
late stage of development of fibromyalgia acting as an
antidepressant (Krell et al. 2005; Hayes et al. 2011).
Synthesis of this drug requires acetylation of a diol
intermediate, whereas, in the conventional route, this
process is accompanied by generating unwanted products
due to poor enantioselectivity and inefficiency (Choi et al.
2015). In the new route, lipase B from Candida antarctica
is used, which allows for acetylation of the diol
intermediate with good enantioselectivity, resulting in 99%
yield and 98% regioselectivity and enzyme recovery and
reuse. Thus, a cost-effective route (Hayes et al. 2011).
Xemilofiban which is an antiplatelet agent, is synthesized
via enantioselective acylation of ethyl 3-amino-5-
(trimethylsilyl)-4-pentynoate mediated by E. coli penicillin
G amidohydrolase to yield the S-isomer which act as a

Table 1. Enzymes in medicine and pharmaceutical industries

chiral synthon for xemilofiban synthesis (Topgi et al.
1999). Nanokitanase employed as a cardiovascular drug, is
a bacteria serine protease that demonstrated improved
activity and stability as a therapeutic agent following
modification via site-directed mutagenesis (Weng et al.
2015). Similarly, Harobin, another serine protease,
exhibited improved anti-fibrinolytic and anti-thrombosis
activities following genetic modifications. The mutant was
hypothesized to be a therapeutic candidate for thrombosis
and hypertension due to its high expression and activity
level (Li et al. 2017). Furthermore, Bacillus pumilus serine
alkaline protease employed for harsh conditions due to its
high catalytic activity, thermoactivity, and pH stability
demonstrated a shifted optimum temperature from 65°C to
75°C and increased activity following its genetic mutation
(Jaouadi et al. 2010).

In the conventional synthesis of bicyclic proline, an
intensive process requires an excess of metal-based oxidant
and reductant through 8 reaction steps. The
enantioselective, MAO-catalyzed (monoamine oxidase)
synthesis of the intermediate is an attractive alternative that
might reduce operation time and waste generation (Li et al.
2012b). However, there has been research for the scale-up
of a monoamine oxidase (MAQO)-catalyzed process for
enantiomerically pure desymmetrization of a bicyclic
proline intermediate. This is an important precursor in
synthesizing boceprevir, an NS3 protease inhibitor used to
treat chronic hepatitis C infections (Kjellin et al. 2018).
The MAO-catalyzed method is more convenient and faster,
generating less waste (Li et al. 2012b). The properties of
MAO are improved through a series of protein engineering
through subsequent evolution and mutation. Bisulphate is
added to alleviate its inhibition while capturing the imine
compounds. Significant improvements in MAO activity,
solubility, and thermostability are achieved through protein
engineering via 4 rounds of evolution involving random
mutations and subsequent screening for desired
phenotypes. Adding bisulfate to the MAO-catalyzed
process to capture imine compounds mitigated its
irreversible inhibition (Li et al. 2012b).

Enzymes Applications
Amylase, lipase, and protease Treatment of metabolic disorders (Mane and Tale 2015)
RNases Chemotherapy (antitumor) (Sokurenko et al. 2016)

Glucose oxidase, urease, glutamate
dehydrogenase, lipase, carboxyl esterase,
glycerol kinase, urate oxidase
Proteases, tyrosinase, pagadamase, 3-
glucocerebrosidase, a-galactosidase,
asparginase, hyaluronidase, collagenase
R-selective transaminase

Lipolase

Alcohol dehydrogenase

Lipase B

Monoamine oxidase

Penicillin acylase

Lipase

Leucine dehydrogenase and glucose
dehydrogenase

2022)

Diagnostic purposes (Le Roes-Hill and Prins 2016; Singh et al. 2016; Khatami et al.

Therapeutic purposes (Ostlie et al. 2012; Gurung et al. 2013; Chowdhury et al. 2017;
Fejerskov et al. 2017; Erdem et al. 2018; Shang et al. 2018; Khatami et al. 2022)

Sitagliptin production (Sheldon 2011)

Pregabalin synthesis (Martinez et al. 2008; Marouf 2018)

Duloxetine and statin production (Leuchs and Greiner 2011)

Reboxetine succinate synthesis (Krell et al. 2005; Hayes et al. 2011)
Boceprevir production (Li et al. 2012b)

Penicillin analogs production (Martens and Demain2017)

Sitagliptin, retagliptin, and evogliptin production (Kim et al. 2019)
Boceprevir, atazanavir, and telaprevir production (Li et al. 2014; Patel 2018)
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The human body is designed to prevent humans from
digesting cellulose, which certain foods such as fruits and
vegetables contain, because they lack the enzyme cellulase
as found in other mammals. Microbes such as B.
licheniformis and Trichoderma reesei produce cellulases
sold commercially to blend enzymes under different brands
(Jayasekara and Ratnayake 2019). Penicillin acylase
produced by yeast, bacteria, and fungi breaks penicillin into
6-amino penicillanic acid, offering an advantage over the
conventional method for synthesizing 6-amino penicillanic
acid (Brahmachari et al. 2016). This is faster and more
cost-effective, especially considering the enzyme
immobilization techniques (Brahmachari et al. 2016; Zhang
et al. 2017; Meghwanshi et al. 2020). Penicillin acylase
also catalyzes the condensation of the f-lactam nucleus
with the appropriate D-amino acid while producing other
penicillin  analogs (Martens and Demain 2017).
Furthermore, penicillin acylases were previously reported
to be employed in synthesizing semisynthetic penicillin, a
more stable with better pharmacological properties than
penicillin G and V. Moreover, they are a better alternative
against antibiotic-resistant microbial targets (Grulich et al.
2016). This process is achieved by condensing the B-lactam
nucleus with the suitable D-amino acid. Synthesis of the
carbacephalosporin antibiotic Loracarbef was also reported
via kinetic enantioselective acylation of azetidinone
intermediate catalyzed by penicillin G acylase (Cainelli et
al. 1997). Moreover, Glutaryl-7-ACA hydrolase catalyzes a
key step in synthesizing 7-aminocephalosporanic acid, a
vital intermediate for p-lactam antibiotic synthesis
(Groeger et al. 2017). Lipase from C. rugosa plays a
crucial role in the conversion of B-ketoester to B-keto acid,
which is converted to the corresponding f-amino acid (R)-
3-amino-4-(2,4,5-triflurophenyl) butanoic acid (3-ATfBA)
by o-Transaminase (o-TA) from 1. coccineus. This is a
vital intermediate in the production of sitagliptin,
retagliptin, and evogliptin (Anjibabu et al. 2016; Kim et al.
2019).

Two key enzymes, leucine dehydrogenase, and glucose
dehydrogenase from Exiguobacterium sibiricum and
Bacillus megaterium, respectively, synthesize L-tert-
leucine. L-tert-leucine is the chiral backbone for the
production of antiviral drugs boceprevir, atazanavir, and
telaprevir, which are potent inhibitors of Hepatitis C
genotype 1 protease, HIV protease, and Hepatitis C NS3-
4A serine protease, respectively (Li et al. 2014; Patel
2018). Leucine dehydrogenase converts trimethylpyruvic
acid to L-tert-leucine, while glucose dehydrogenase
regenerates NADH from NAD+ to continue the process.
The intermediates of the hypolipidemic drug statin which is
also employed as a prevention strategy for cardiovascular
diseases are enzymatically synthesized in E. coli host by
alcohol dehydrogenase (KleADH) from Klebsiella oxytoca
and ketoreductase of Acinetobacter calcoaceticus for t-
butyl 6-chloro-(3R,5S)-dihydroxyhexanoate and (3S,5R)-
dihydroxy-6-(benzyloxy) hexanoic acid, ethyl ester,
respectively (Patel 2009, 2018). Table 1 summarizes the
applications of enzymes in the medicine and
pharmaceutical industry.

AGRICULTURE

Enzymes have a very wide range of applications in
agriculture, such as soil and plant improvement, waste
treatment, and treatments against pathogens (Gupta and
Seth 2020; Kumar et al. 2023; Mariyam et al. 2023; Kim et
al. 2024; Kumar et al. 2024). Application of different
cellulase and pectinases is common in agricultural
practices, such as promoting plant growth through
rhizobacteria rather than chemical fertilizers (Asmare 2014;
Mori et al. 2014), thus decreasing fertilizers. Although such
microbes' exact mode of action is not yet understood,
certain fungi species are also used to improve yield
(Jayasekara and Ratnayake 2019). Both fungi and bacteria
used in agriculture can produce cellulase, and possible
synergy is suspected between cellulase and antibiotics
(active against plant pathogens) to improve plant growth
and development (Jayasekara and Rathayake 2019).
Among the cellulolytic microorganisms, there have also
been reports of soil improvement through soil
decomposition and nutrient accessibility. However, as
mentioned earlier, no supporting evidence exists for such a
mechanism.

During animal feed formulation, some enzymes are
added to improve the quality of livestock feed to break
down non-nutritional and harmful feed components (Singh
et al. 2016). A notable example is the enzyme addition to
improve the overall protein quality of feed. Xylanases are
used during feed formulation to improve fiber content and
degrade arabinoxylan, cellulose, and hemicellulose by
hydrolyzing them to easily digestible form. Thus,
improving digestion by both ruminant and non-ruminant
animals (Bhat 2000). Amylases were also previously
reported to be used during animal feed pretreatment to
improve digestibility (Sivaramakrishnan et al. 2006).
Enzymes used in poultry include phytase (used in cereal-
based feed to liberate phosphorus), proteases (degrade
protein in feed), amylases, and gluconases (Selle and
Ravindran 2007; Adrio and Demain 2014). Phytase acts on
phytic acid to liberate phosphorus, an important mineral for
bone formation in growing animals (Selle and Ravindran
2007). This enzyme liberates phosphate in situ, eliminating
the need to add phosphorus as a feed supplement,
subsequently reducing the cost (Jarvie et al. 2015; Scanlon
et al. 2018).

The enzyme keratinase are hydrolase groups that
disrupt keratin's disulfide hydrogen bonds (Kalaikumari et
al. 2019). They are utilized in animal waste treatments,
which constitute plenty of keratins that would have been
left undegraded due to their complexity, leading to
environmental pollution if untreated. This enzyme converts
such waste into simple biodegradable substances (Hossain
et al. 2017). Keratinase is also utilized in the degradation of
feathers from poultry which contains keratin structure
accounting for 5% of the body weight and is a rich source
of proteins for feed and food. Thus, it can be degraded into
feed and food by the keratinolytic process (Lasekan et al.
2013). Although these enzymes directly affect feed, they
are also useful for reducing feed costs and increasing meat
yield (Adrio and Demain 2014). The application of
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enzyme-immobilized carrier nanomaterials and agro-waste
was recently reported to show promising results with a
potential for exploration attributed to their reusability,
stability, and improved enzyme activity (Mohidem et al.
2023). Moreover, previous studies showed improved
enzyme activities and recyclability using agro-waste
carriers, including rice husk and onion skins (Ganonyan et
al. 2021; Spennato et al. 2021; Khataminezhad et al. 2023).
In another study, different enzymes were reported
employed in  bioremediation processes, including
dehydrogenase, oxygenase, esterase, and laccase (Cirino
and Arnold 2002; Park et al. 2006; Bhatt et al. 2021).
Sobucki et al. (2021) reported the implication of soil
enzymes in the ecosystem's normal function, including soil
mineralization, plant decomposition, and nutrient cycling.
These enzymes include cellulase, protease, phosphatases,
and arylsulfatase, contributing to carbon, nitrogen, and
phosphorus cycles to maintain soil ecology (Sobucki et al.
2021). The agricultural applications of enzymes are
summarized in Table 2.

FOOD INDUSTRY

Enzyme use in the food industry has been on the rise for
centuries due to the ease of use and the inherent
characteristics of enzymes that make them specific
regarding product yield. Key applications in the food
industries include protease, amylase, lipases, and
glucanases. Globally, enzymes are employed in different
food industries, including dairy, brewery, meat, baking,
juice and beverages, vegetable processing, dietary
supplements, oils, and fats (Robinson 2015). Alpha-
amylase is used in the baking industry to improve the
quality of bread and degrade the starch in wheat flour into
small dextrins to improve the activity of yeast during
dough fermentation (Singh and Kumar 2019). Another
significant application of a-amylase is beer and fruit juices
clarification and the pretreatment of animal feed to improve
fiber digestibility (Singh and Kumar 2019). During beer
production, amylases hydrolyze starch into smaller
particles easily fermented by S. cerevisiae to produce beer
and for clarification (Okpara 2022). The qualities of acidic
proteases, including stability and activity around acidic pH,
are exploited in manufacturing digestive aids, soy sauce,
and seasonings (Razzaq et al. 2019). Furthermore, these
proteases are crucial in manufacturing beer and fruit juices
for clearing the mixtures (Zhang et al. 2010). Alkaline
protease immobilized on mesoporous silica and
mesoporous ZSM-5 zeolite materials was reported to
increase the catalytic properties of the enzyme (Kumari et
al. 2015). Moreover, the technique presented a novel
bioprocess approach for milk coagulation to produce
cheese. Gluten-reduced beer was previously produced from
chitosan cross-linked immobilized A. niger prolyl
endopeptidase, exhibiting improved thermal stability with
comparable activity to the free enzyme. The result revealed
a decreased gluten level from 65 mg/kg to 15 mg/kg after
10 hours of treatment (Benucci et al. 2020). In another
study, fungal amylase covalently immobilized on a

chitosan-containing cellulose exhibited improved resistance
to pH inactivation and increased thermal stability up to
350% in addition to an augmented stability of the enzyme
compared to its native counterpart. Moreover, the enzyme
for the hydrolysis of barley malt demonstrated an increased
product yield by a factor of 1.5 (Raspopova and
Krasnoshtanova 2016).

In the beverage industry, amylases are employed to
hydrolyze polysaccharides in raw juice to improve juice
extraction, clarification, and yield (Sivaramakrishnan et al.
2006). Lipase and xylanase improve dough stability and
conditioning, while glucose oxidase and lipoxygenase
achieve dough strengthening and whitening. Aspartame is a
popular artificial sweetener synthesized from L-aspartic
acid, which itself is synthesized by adding ammonia to
fumarate by aspartase. L-aspartate-o-decarboxylase is
utilized to produce L-aspartic acid, a precursor for the
synthesis of B-alanine through decarboxylation (Qian et al.
2018). Food industries exploit the acyl groups, transferring
the ability of lipases from esters to other nucleophiles to
give end products flavors and aromas (S& et al. 2017).
Lipases are continuously utilized in baking industries in the
manufacture of bread, where aeration is a requirement that
contributes to the quality of the end product. Egg whites
are used during baking, which affects the dough by
reducing dough quality; lipases are employed to hydrolyze
the lipids in the egg whites to improve quality and act as a
preservative to the finished product (Okpara 2022); here,
phospholipases that degrade phospholipids in flour with a
low tendency to generate off-flavors are used. In another
study, Rhodothermus marinus extremophile lipase
covalently immobilized on chitosan was employed to
synthesize aroma ester methyl acetate with potential
application to improve food flavors (Memarpoor-Yazdi et
al. 2017). Moreover, the enzyme's catalytic activity was
retained; up to 78.6% of the initial activity for up to 60
minutes post-incubation at 70°C and pH 8.5 with
67% recovery of the immobilized enzyme compared to the
free enzyme (22%). Additionally, the enzyme showed
stability to high temperatures and organic solvent with

potential application for organic synthesis in harsh

industrial conditions.

Table 2. Agricultural applications of enzymes

Enzymes Applications

Cellulase Promoting plant growth (Jayasekara and
Ratnayake 2019)

Xylanases Feed formulation (Bhat 2000;
Sivaramakrishnan et al. 2006)

Keratinase Poultry waste degradation and feed

hydrolases formulation (Hossain et al. 2017)

Phytases Feed formulation of cereal-based feed to
liberate phosphorus (Selle and Ravindran
2007; Adrio and Demain 2014)

Proteases Protein degradation in feed formulation

Amylases Feed pretreatment to improve digestibility
(Sivaramakrishnan et al. 2006)

Dehydrogenase, Bioremediation processes (Cirino and Arnold

oxygenase, and  2002; Park et al. 2006; Bhatt et al. 2021)

esterase
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Table 3. Enzymes in food industries

Enzymes Applications

Alpha-amylase

Lipase and xylanase
Glucose oxidase and lipoxygenase
Aspartase

Lipases

Laccase

Glucoamylase
Proteases
B-galactosidase

Papain

Pectinases

Cellulase and xylanases
Naringinase

Pepsin and renin
Transglutaminase
Catalases

Bread, juice, and beer production (Singh and Kumar 2019)

Dough stability and strengthening (Qian et al. 2018)

Dough whitening (Qian et al. 2018)

Synthesis of aspartame (Qian et al. 2018)

Flavoring (Sa et al. 2017) and preservation (Okpara 2022)
Discoloration, stabilization, and flavoring (Singh and Kumar 2019)
Dough stalling and appearance and beer production (Okpara 2022)
Flavoring and cheese production (Allegrini et al. 2017)

Probiotic production (Panesar et al. 2013; Fernandez-Lucas et al. 2017)
Protein hydrolysates production (Elavarasan and Shamasundar 2016)
Color and aroma improvement in beverages (Karlund et al. 2014)
Fruit juice extraction (Garg et al. 2016)

Debittering agent (Gallage et al. 2014)

Cheese production (Qureshi et al. 2015)

Milk protein polymerization (Okpara 2022)

Preservative (Rocker et al. 2016)

Another application of phospholipases is seen in cake
baking, where there is the stabilization of bubbles on egg
yolk lipids within the batter due to the availability of a
bubble-batter interface created by the monoacylglycerols
(Borrelli and Trono 2015). Laccase is applied in
discoloration, haze, wine stabilization, baking, and
flavoring during food processing (Singh and Kumar 2019).
During baking, laccase oxidizes and improves the dough's
and baked products' strength, enhancing crumb structure
and increasing softness and volume. Glucose oxidase is
employed during production to produce D-glucono-o-
lactone, an additive that improves color development,
flavor, and texture and acts as a preservative (Khurshid et
al. 2011). Glucose oxidase also increases bread size during
baking (Ge et al. 2020). In wine production, it is added to
decrease the alcohol level in wine (Rocker et al. 2016).
Glucoamylase is another enzyme of microbial origin used
for dough stalling in the baking industry to improve the
quality and appearance of bread (Okpara 2022).
Additionally, this enzyme is employed in beer production
to produce light beer via addition to the wort during
fermentation (Blanco et al. 2014).

Proteases have a broad operational temperature (10-
80°C), which favors their applications in the processing of
cheese and dairy products and enhances the quality of
bread, baked goods, and crackers (Singh and Kumar 2019).
A typical example is aminopeptidases, which significantly
improve the flavor of fermented milk products. Proteases
are also applied during cheddar production to lower the
time for cheese aging by accelerating flavor modifications
via the enzymatic breakdown of proteins (Allegrini et al.
2017). Microbial alkaline protease is used in synthesizing
highly nutritive protein hydrolysate preparation used in
food preparation for infants, drug production, and
fortification of soft drinks and juice (Métyan et al. 2013;
Singh et al. 2016). Probiotics beneficial to the gut's health
by stimulating bacteria growth can also be enzymatically
produced in the form of non-digestible dietary
supplements. A typical example is galactooligosaccharides,
which are used as a low-calorie sweetener and are
synthesized via simultaneous transgalactosylation and

hydrolysis of lactose by B-galactosidase (Panesar et al.
2013; Fernandez-Lucas et al. 2017). Moreover, p-
Galactosidase finds its use in the dairy industry, exhibiting
significant activity improvement of up to 99% in the
enzyme immobilization technique with  potential
application in lactose hydrolysis in milk or whey (Panesar
et al. 2010). In another study, g-galactosidase immobilized
on silica/chitosan support exhibited high stability with
potential dairy industry application (Ricardi et al. 2018).
Moreover, operational stability was observed after 200
hours of continuous use on a fixed-bed reactor with up to
90% activity. The proteolytic enzyme papain from papaya
has been identified as a key enzyme in fish industries,
minimizing pollution by converting the waste from these
industries to protein hydrolysates employed as flavor
enhancers and food supplements (Elavarasan and
Shamasundar 2016). Proteases are utilized for the
hydrolysis of protein hydrolysates into free amino acids to
synthesize antioxidants against the autoxidation of linoleic
acid (Gomez-Guillén et al. 2011).

In the beverage industry, pectinase preparations
decrease maceration time by enzymatically breaking pectin
and bringing about quick dissolution, improved aroma,
color, and product (Karlund et al. 2014). During juice
processing, cellulases, pectinases, and amylases soften
fruits by hydrolyzing cellulose and hydrocellulose found in
fruits and vegetables to improve the procedures. Thus
enhancing yield and cost-effectiveness (Garg et al. 2016).
The main sources of cellulase for industries are made up of
cellulase  from fungi and bacteria, including
A. niger, T. reesei, and B. licheniformis (Yadav et al.
2020). Cellulase and pectinase enhance juice yield, cloud
stability, and texture. During debittering, enzymes such as
Naringinase and lemonade degrade bitter substances in
citrus juice (Bhardwaj et al. 2019). Esterases are another
class of enzymes employed to synthesize ferulic acid, the
precursor of vanillic acid used to improve flavor and taste
in the beverage industry (Gallage et al. 2014). The
beverage industries also utilize xylanases to hydrolyze
hemicellulose and improve juice extraction, clarification,
and yield (Bhardwaj et al. 2019). In another study,
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pectinases immobilized on polyvinyl alcohol gel were
tested for fruit juice clarification. The immobilized enzyme
demonstrated stability to low pH with 20% initial activity
retention after eight cycles of reuse, decreasing the
turbidity of apple juice up to 80% after 3 cycles (Cerreti et
al. 2017). Laccases from fungal sources are employed in
the brewery industry to remove haze from beer and wine
via phenol oxidation improving the appearance and acting
as a preservative by removing oxygen from beer (Okpara
2022). In juice making, laccases clarify and increase yield
(Yin et al. 2017). Pectinases mainly produced by fungi are
employed in the cocoa industry to increase yield, improve
flavor and aroma, and decrease processing time at the
curing stage of wet processing (Oumer 2017; Okpara
2022). Additionally, pectinases are employed in coffee
production to remove the mucilage layer of the cocoa beans
(Oumer 2017), while in tea production, they are used to
remove pectin from the leaves to enhance fermentation
time (Suhaimi et al. 2021). In baking, enzymes improve the
text, color, softness, and appearance of crumbs and
increase shelf life. These enzymes are used for the
product's consistency; a typical example is amylase, which
softens the dough and enhances shelf life (Singh et al.
2016).

Another key enzyme in the baking industry is xylanase,
which is employed to hydrolyze arabinoxylan in wheat to
solubilize and make it extractable thereby improving the
qualities of the dough (Courtin and Delcour 2002).
Additionally, a recombinant form of this enzyme produced
by Pichia pastoris was reported to decrease the sugar
content of bread (de Queiroz Brito Cunha et al. 2018).
Glucoamylases are used in breaking down maltose for
utilization during fermentation, leading to a rise in the
dough for bakeries and the production of ethanol in beer or
wine (Raveendran et al. 2018). Laccases are used to cross-
link milk proteins in skimmed milk, thus improving the
quality of the yogurt (Struch et al. 2016). These enzymes
are also used to produce soy sauce and light beer.
Probiotics are not digestible, hence their usage in
enhancing the bacteria growth in the gut (Choi et al. 2015).
Lipase enhances the flavor and shelf-life extension of
bakery products (Adrio and Demain 2014). In another
study, lipase immobilized on a-lactalbumin nanotube
carriers remarkably increased the enzyme's activity (by up
to 68%) and catalytic efficiency and promoted free fatty
acids and flavor release (Guan et al. 2021). Enzymes are
employed in the dairy industry to enhance the organoleptic
properties (flavor, aroma, and texture) and yield increase.
Diary enzymes, including lactases, lipases, proteases, and
catalases, produce cheese, milk, and yogurt (Qureshi et al.
2015). Milk coagulation is achieved during cheese
production by combining pepsin and chymosin, known as
rennet. Proteases are also used to produce cheese and
decrease allergic reactions to milk. People who are unable
to take milk due to lactose intolerance can now take milk
due to the use of lactase, which breaks down lactose, thus
promoting the digestibility and sweetness of milk (Qureshi
et al. 2015). Transglutaminase from bacterial sources
(Okpara 2022) is another vital enzyme of the dairy industry
that is added to polymerize milk proteins to improve the

quality of some dairy products (Kieliszek and Misiewicz
2014). Catalases act as a preservative that removes
peroxide and oxygen from milk, wine, and other food
products to prevent rancidity, thereby acting as a
preservative (Rocker et al. 2016). Table 3 summarizes the
enzymes utilized in the food industry.

DETERGENT INDUSTRIES

The enzymes used in the detergent industry are on the
rise due to their stain-removal ability. Fabrics made up of
cotton are cleaned with cellulases by modifying the fibers
within the fabric to remove dirt and soil particles within the
fabric, thus brightening and softening it (Jayasekara and
Ratnayake 2019). A recent advance has shown the use of
different enzyme formulations to increase cleaning
efficiency. A typical example is the combination of lipase,
cellulase, protease, and amylase used to clean blood, fats,
lipids, and carbohydrates from surgical equipment
(Jayasekara and Ratnayake 2019). Alkaline yeast lipases
are preferable in a cold wash than those from bacteria and
molds due to their suitability for lower temperatures, hence,
being used as components of detergents. Moreover,
applying enzyme immobilization techniques significantly
improves the yield of the efficiency and catalytic effect of
the enzyme formulations in detergents. Immobilized serine
protease, esperase retained its catalytic activity following
20 minutes of incubation in anionic and non-ionic
surfactants, while the free enzyme lost 50% of its activity
(Vasconcelos et al. 2006). The immobilized enzyme
exhibited a superior stain removal effect from cotton than
the free enzyme, with no recorded damage to wool. In
addition, Bacillussp. NPST-AK15 alkaline  protease
immobilized on hollow core-mesoporous shell silica
nanospheres retained its catalytic efficiency for twelve
consecutive reaction cycles. Although the catalytic
temperature of both the immobilized and free enzyme
remained at 60°C, an insignificant pH change from 10.5 to
11.0 was observed for the immobilized enzyme with a 1.5-
fold increase in substrate affinity and enhanced organic
solvent stabilities (Ibrahim et al. 2016).

The nature of lipids makes fatty stains difficult to
remove from fabrics and glassware. These stains might
easily be removed at high temperatures; however, washing
at a lower temperature is favored. Lipases in laundry and
dishwashing detergents remove fatty stains such as butter,
margarine, fats, fat-containing sauces, salad oil, soups,
human sebum, or certain cosmetics. Several thermostable
lipases have been successfully used as detergent additives
(Naganthran et al. 2017; Tang et al. 2017). Lipase isolated
from Bacillus methylotrophicus was previously reported to
show thermostability at a broad pH range, making it a good
alternative for the detergent industry for the removal of
grease, oil, and other oily stains (Sharma et al. 2017).
Mannans are frequently used as thickening agents or
stabilizers in ice cream, chocolate, ketchup, and personal
care products. Mannan-containing soils also easily adsorb
to the cellulose fibers of cotton fabrics by hydrogen bonds
and are difficult to remove. Mannanases are specifically
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supplemented with detergent to remove mannan-based dirt
from clothes (Chauhan et al. 2012). Pectinases in
detergents break the pectin backbone in pectin-based stains
caused by fruits, vegetables, sauces, jams, and jellies for
easy removal from fabrics during a wash. Thus, pectin-
based stains and pectinase detergents are used (Sarmiento
2015). In another study, lipase immobilized on woolen
fabric demonstrated enhanced oily stain removal after
staining with olive oil after 24 hours of room temperature
storage. Furthermore, an 80% activity was retained
following storage of the immobilized woolen fabric for
more than 80 days in pH 8.5 of tris buffer in a refrigerator
(An et al. 2014). Similarly, lipase immobilized on
arylamine glass beads showed promising results in oil stain
removal without considerable activity loss after 100 cycles
(Sharma et al. 2008).

The specificity of the enzymatic effect reduces damage
to fabrics and surfaces notably associated with chemically
synthesized detergent (Singh et al. 2016). A typical
example is dishwashing detergents, often containing
varying degrees of amylase and lipase intended to remove
starch food deposits and fats and oils, respectively (Li et al.
2012a; Sarmiento 2015). Laceyella sacchari TSI-2 ao-
amylase immobilized on diethylaminoethyl cellulose via
glutaraldehyde crosslinking showed high operation
stability, increased shelf-life, and improved solvent
stability, exhibiting high efficiency in removing starch
stains from cotton (Shukla and Singh 2016). Although the
pH optima remains intact, the temperature optima and
thermal stability changed from 60 to 70°C, while the pH
stability of the immobilized enzyme changed from 6 to 7.

LEATHER AND COSMETICS INDUSTRIES

In the leather industry, challenges include preparing the
leather and eliminating waste. The conventional leather
processing method entails using toxic chemicals,
generating and releasing pollutants with significant
environmental effects, including total solids accumulation
in water bodies and oxygen deprivation (Kanagaraj et al.
2020). These challenges can be lowered by applying
enzymes that offer an eco-friendly, efficient, and cost-
effective alternative. Enzymes are used to enhance the
quality of the leather and also minimize waste (Adrio and
Demain 2014). Enzymes facilitate procedures and enhance
leather quality at different stages in leather processing,
such as curing, soaking, liming, dehairing, bating, pickling,
degreasing, and tanning (Mojsov 2011). These enzymes
include alkaline proteases, neutral proteases, and lipases.
Proteases, lipases, and amylases are used in the dehairing
process to preserve the hair, which is a challenging step in
leather preparation. This excludes the conventional use of
chemicals like amines and limes (De Souza and Gutterres
2012). Therefore, to make leather soft during soaking,
alkaline  proteases eliminate nonfibrillar  proteins
(composed of aggregated protein structures that don’t form
fibrils) from leather (Singh et al. 2016). Different enzymes
are being investigated for their application in leather
processing, such as the soaking step, including

chondroitinases, hyaluronidases, phospholipases, amidases,
and lignocellulases (Kanagaraj 2009). In the conventional
method, the dehairing process entails using lime sulfide,
leading to sulfide contamination. However, enzyme
technology employs proteases, which eliminate this
dehairing problem. Ugbede et al. (2023) reported the
dehairing process of animal skin using B. subtilis and A.
flavus proteases in a medium containing hair, feathers, and
agro-waste. Moreover, both enzymes exhibited 71.5% and
94.8% recovery with 1.5 and 2.0 fold purifications,
respectively. Moujehed et al. (2022) reported a chemical-
free alternative for degreasing sheep skins using Yarrowia
lipolytica LIP2 lipase. Here, 6 mg of lipase/kg of raw skin
was used for the degreasing in 15 minutes at pH 8 and
30°C, vyielding superior quality leather compared to the
chemically treated.

Enzymes are also utilized in the cosmetic industry. An
example is using an immobilized enzyme technique applied
to lipase to synthesize retinoid's water-soluble derivative,
used in skin care products (Gurung et al. 2013). The use of
superoxide dismutase in sunscreen cream, mouthwash, and
toothpaste as free radical scavengers was previously
reported (Li et al. 2012a). Damages such as those caused
by microbes are minimized by superoxide dismutase.
Protein disulfide isomerase, glutathione sulfhydryl oxidase,
and transglutaminase are applied in hair-waving (De Souza
and Gutterres 2012). In another study,
Marasmiellus palmivorus VE111 laccase produced after
hydrolysis and alcoholic fermentation in a medium of
lignocellulosic residues of Araucaria angustifolia degraded
almost 33% of melanin in 8 hours, using vanillin mediator
(Polesso et al. 2022). It demonstrates potential eco-friendly
applications for producing anti-hyperpigmentation skin
care products. A combined laccase and natural phenol
redox mediators cocktail effectively degraded eumelanin
from Sepia officinalis, offering an alternative to traditional
skin whitening agents (Gigli et al. 2022). Moreover, the
combined cocktail demonstrated a synergistic effect and
degrading eumelanin sub-units better than single-mediator
counterparts. In another study, cetstearyl stearate, a widely
employed substance in the cosmetic and hygiene personal
industry, was enzymatically synthesized via esterification
of stearic acid and cetostearyl alcohol with high conversion
values of 99% (Holz et al. 2018). Moreover, the optimum
reaction condition was 75°C, 1:1.5 acid to alcohol molar
ratio, 600 mmHg vacuum, and 760 rpm agitation. At the
same time, the final product characterization showed
acidity index, iodine index, hydroxyl index, and
saponification index values of 0.6mg KOHg?, 0% of
iodine absorbed/g of the sample, 17.06 mg KOH.g?l,
133.68 mg KOH g?, respectively. The C. antarctica, lipase
B, was used to synthesize amphiphilic fatty amides from
linoleic acid and salicylic acid in a solvent-free process at
65°C and reduced pressure (50 mbar) with high conversion
rates, up to 95% via aminolysis reactions (Mouad et al.
2016). Furthermore, adjusting the enzyme concentration
showed an increased yield of fatty amide 3 from 30% to
88%. Thus, this result demonstrates that a solvent-free
enzymatic synthesis is an attractive method for producing
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fatty amides with potential applications in the cosmetic
industry.

CONCLUDING REMARKS

Conventional industrial processes employ chemicals for
production, leading to increased environmental toxic waste
accumulation, inefficiency, and high cost. The application
of enzymes presents a link for transformation into eco-
friendly industrialization, minimizing the environmental
impact and providing efficient and cost-effective
techniques. Although using enzymes offers a better
alternative to conventional methods, there are also
shortcomings associated with enzymes, including short life,
instability to harsh industrial bio-processing conditions,
and reusability. However, biotechnology technology
advancement presents opportunities to overcome these
shortcomings via genetic engineering and enzyme
immobilization technology. The use of enzymes on a
commercial scale is applied in different endeavors,
encompassing medicine, agriculture, and industries, to
improve efficiency and sustainability processes. This
brings about processes under mild conditions with lesser
energy requirements due to the environmentally friendly
and biodegradable nature of enzymes and their byproducts.
Thus, enzymes will continuously be employed in industries
due to their low cost and safety for both individuals and the
environment, leading to higher performance and improved
production processes with lower environmental influence.

ACKNOWLEDGEMENTS

The authors express their gratitude to the Departments
of Pharmaceutical Technology and Science Laboratory
Technology, Adamawa State Polytechnic, Nigeria for
institutional support.

REFERENCES
Adrio JL, Demain AL. 2014. Microbial enzymes: tools for
biotechnological processes. Biomolecules 4: 117-139. DOI:

10.3390/biom4010117.

Allegrini A, Astegno A, La Verde V, Dominici P. 2017. Characterization
of CS lyase from Lactobacillus delbrueckii subsp. bulgaricus ATCC
BAA-365 and its potential role in food flavour applications. J
Biochem 161: 349-360. DOI: 10.1093/jb/mvw079.

An JD, Patterson DA, Mcneil S, Hossain MM. 2014. Immobilization of
lipase on woolen fabrics: Enhanced effectiveness in stain removal.
Biotechnol Progr 30: 806-817. DOI: 10.1002/btpr.1912.

Anjibabu R, Boggu JMR, Shekhar P, Reddy BVS. 2016. Stereoselective
synthesis of dipeptidyl peptidase-4 (DPP-4) inhibitor,(R)-sitagliptin.
Chem Select 1: 5445-5447. DOI: 10.1002/slct.201600605.

Asmare B. 2014. Biotechnological advances for animal nutrition and feed
improvement. World J Agric Res 2: 115-118. DOI: 10.12691/wjar-2-
3-5.

Azevedo O, Cordeiro F, Gago MF, Miltenberger-Miltenyi G, Ferreira C,
Sousa N, Cunha D. 2021. Fabry disease and the heart: A
comprehensive review. Intl J Mol Sci 22: 4434. DOL:
10.3390/ijms22094434.

Aziz S, Abdel-Karim A. 2023. Dual-functional ultrafiltration biocatalytic
membrane containing laccase/nanoparticle for removal of pollutants:

A review. Environ Nanotechnol Monit Manag 20: 100852. DOI:
10.1016/j.enmm.2023.100852.

Baweja M, Nain L, Kawarabayasi Y, Shukla P. 2016. Current
technological improvements in enzymes toward their biotechnological
applications. Front Microbiol 7 965. DOl:
10.3389/fmich.2016.00965.

Bellotti AS, Andreoli L, Ronchi D, Bresolin N, Comi GP, Corti S. 2020.
Molecular approaches for the treatment of Pompe disease. Mol
Neurobiol 57: 1259-1280. DOI: 10.1007/s12035-019-01820-5.

Benucci I, Caso MC, Bavaro T, Masci S, Kersiene M, Esti M. 2020.
Prolyl endopeptidase from Aspergillus niger immobilized on a food-
grade carrier for the production of gluten-reduced beer. Food Control
110: 106987. DOI: 10.1016/j.foodcont.2019.106987.

Bhardwaj N, Kumar B, Verma P. 2019. A detailed overview of xylanases:
An emerging biomolecule for current and future prospective.
Bioresour Bioprocess 6: 40. DOI: 10.1186/s40643-019-0276-2.

Bhat MK. 2000. Cellulases and related enzymes in biotechnology.
Biotechnol Adv 18: 355-383. DOI: 10.1016/s0734-9750(00)00041-0.

Bhatt P, Gangola S, Joshi C, Chaudhary P, Kumar G, Bhandari G, Kumar
S, Joshi S, Kumar A, Bhandari NS, Tewari S. 2021. Recent
advancements and mechanism of microbial enzymes in sustainable
agriculture. In: Bhatt P, Gangola S, Udayanga D, Kumar G (eds).
Microbial Technology for Sustainable Environment. Springer,
Singapore. DOI: 10.1007/978-981-16-3840-4_15.

Bie H, Yin J, He X, Kermode AR, Goddard-Borger ED, Withers SG,
James MNG. 2013. Insights into mucopolysaccharidosis | from the
structure and action of a-L-iduronidase. Nat Chem Biol 9: 739-745.
DOI: 10.1038/nchembio.1357.

Blanco CA, Caballero I, Barrios R, Rojas A. 2014. Innovations in the
brewing industry: Light beer. Intl J Food Sci Nutr 65: 655-660. DOI:
10.3109/09637486.2014.893285.

Borrelli GM, Trono D. 2015. Recombinant lipases and phospholipases
and their use as biocatalysts for industrial applications. Intl J Mol Sci
16: 20774-20840. DOI: 10.3390/ijms160920774.

Brahmachari G, Demain AL, Adrio JL. 2016. Biotechnology of Microbial
Enzymes: Production, Biocatalysis and Industrial Applications.
Academic Press, London, UK. DOI: 10.1016/C2015-0-00048-X.

Brudvig JJ, Weimer JM. 2022. On the cusp of cures: Breakthroughs in
Batten disease research. Curr Opin Neurobiol 72: 48-54. DOI:
10.1016/j.conb.2021.08.003.

Cainelli G, Giacomini D, Galletti P, Dacol M. 1997. Penicillin G acylase
mediated synthesis of the enantiopure (S)-3-amino-azetidin-2-one.
Tetrahedron: Asymmetry 8: 3231-3235. DOI: 10.1016/S0957-
4166(97)00405-9.

Cao S, Xu P, MaY, Yao X, Yao Y, Zong M, Li X, Lou W. 2016. Recent
advances in immobilized enzymes on nanocarriers. Chin J Catal 37:
1814-1823. DOI: 10.1016/S1872-2067(16)62528-7.

Catanzaro R, Sciuto M, Marotta F. 2021. Lactose intolerance: An update
on its pathogenesis, diagnosis, and treatment. Nutr Res 89: 23-34.
DOI: 10.1016/j.nutres.2021.02.003.

Ceccarini MR, Codini M, Conte C, Patria F, Cataldi S, Bertelli M, Albi E,
Beccari T. 2018. Alpha-mannosidosis: Therapeutic strategies. Intl J
Mol Sci 19: 1500. DOI: 10.3390/ijms19051500.

Cerreti M, MarkoSova K, Esti M, Rosenberg M, Rebro§ M. 2017.
Immobilisation of pectinases into PVVA gel for fruit juice application.
Intl J Food Sci Technol 52: 531-539. DOI: 10.1111/ijfs.13309.

Chan B, Adam DN. 2018. A Review of Fabry Disease. Skin Ther Lett 23:
4-6.

Chan DI, Prenner EJ, Vogel HJ. 2006. Tryptophan-and arginine-rich
antimicrobial peptides: structures and mechanisms of action. Biochim
Biophys Acta 1758: 1184-1202. DOLl:
10.1016/j.bbamem.2006.04.006.

Charrow J. 2009. Enzyme replacement therapy for Gaucher disease.
Expert Opin Biol Ther 9: 121-131. DOl
10.1517/14712590802573395.

Chauhan GS. 2014. Evaluation of nanogels as supports for enzyme
immobilization. Polym Intl 63: 1889-1894. DOI: 10.1002/pi.4734.
Chauhan PS, Puri N, Sharma P, Gupta N. 2012. Mannanases: Microbial
sources, production, properties and potential biotechnological
applications. Appl Microbiol Biotechnol 93: 1817-1830. DOI:

10.1007/s00253-012-3887-5.

Chen H, Mcgowan EM, Ren N, Lal S, Nassif N, Shad-Kaneez F, Qu X,
Lin Y. 2018. Nattokinase: A promising alternative in prevention and
treatment of cardiovascular diseases. Biomark Insights 13:
1177271918785130. DOI: 10.1177/1177271918785130.


https://doi.org/10.1093/jb/mvw079
https://doi.org/10.1002/btpr.1912
https://doi.org/10.1002/slct.201600605
http://dx.doi.org/10.12691/wjar-2-3-5
http://dx.doi.org/10.12691/wjar-2-3-5
https://doi.org/10.3390/ijms22094434
https://doi.org/10.1016/j.enmm.2023.100852
https://doi.org/10.3389/fmicb.2016.00965
https://doi.org/10.1007/s12035-019-01820-5
https://doi.org/10.1016/j.foodcont.2019.106987
https://doi.org/10.1186/s40643-019-0276-2
https://doi.org/10.1016/s0734-9750(00)00041-0
https://doi.org/10.1007/978-981-16-3840-4_15
https://doi.org/10.3109/09637486.2014.893285
https://doi.org/10.1016/j.conb.2021.08.003
https://doi.org/10.1016/S0957-4166(97)00405-9
https://doi.org/10.1016/S0957-4166(97)00405-9
https://doi.org/10.1016/j.nutres.2021.02.003
https://doi.org/10.3390/ijms19051500
https://doi.org/10.1016/j.bbamem.2006.04.006
https://doi.org/10.1517/14712590802573395
https://doi.org/10.1002/pi.4734
https://doi.org/10.1007/s00253-012-3887-5

DAHIRU et al. — Enzymes in medicine, agriculture, and industries 21

Chen YS, Li X, Cheng RN, Zhao SY. 2011. Recent development in the
synthesis of pregabalin. Chin J Org Chem 31: 1582-1594.

Choi JM, Han SS, Kim HS. 2015. Industrial applications of enzyme
biocatalysis: Current status and future aspects. Biotechnol Adv 33:
1443-1454. DOI: 10.1016/j.biotechadv.2015.02.014.

Chowdhury B, Xiang B, Liu M, Hemming R, Dolinsky VW, Triggs-Raine
B. 2017. Hyaluronidase 2 deficiency causes increased mesenchymal
cells, congenital heart defects, and heart failure. Circ Cardiovasc
Genet 10: €001598. DOI: 10.1161/circgenetics.116.001598.

Cipolatti EP, Valério A, Henriqgues RO, Moritz DE, Ninow JL, Freire
DMG, Manoel EA, Fernandez-Lafuente R, De Oliveira D. 2016.
Nanomaterials for biocatalyst immobilization-state of the art and
future  trends. RSC Adv 6. 104675-104692. DOl
10.1039/C6RA22047A.

Cirino PC, Arnold FH. 2002. Protein engineering of oxygenases for
biocatalysis. Curr Opin Chem Biol 6 (2): 130-135. DOI:
10.1016/s1367-5931(02)00305-8.

Courtin CM, Delcour JA. 2002. Arabinoxylans and endoxylanases in
wheat flour bread-making. J Cereal Sci 35: 225-243. DOI:
10.1006/jcrs.2001.0433.

de La Fuente M, Lombardero L, Gémez-Gonzalez A, Solari C, Angulo-
Barturen 1, Acera A, Vecino E, Astigarraga E, Barreda-Gémez G.
2021. Enzyme therapy: Current challenges and future perspectives.
Intl J Mol Sci 22: 9181. DOI: 10.3390/ijms22179181.

de Queiroz Brito Cunha CC, Gama AR, Cintra LC, Bataus LAM, Ulhoa
CJ. 2018. Improvement of bread making quality by supplementation
with a recombinant xylanase produced by Pichia pastoris. PLoS One
13: €0192996. DOI: 10.1371/journal.pone.0192996.

de Souza FR, Gutterres M. 2012. Application of enzymes in leather
processing: a comparison between chemical and coenzymatic
processes. Braz J Chem Eng 29: 473-482. DOI: 10.1590/S0104-
66322012000300004.

Degreef 1. 2016. Collagenase treatment in Dupuytren contractures: A
review of the current state versus future needs. Rheumatol Ther 3: 43-
51. DOI: 10.1007/s40744-016-0027-1.

El Dib R, Gomaa H, Carvalho RP, Camargo SE, Bazan R, Barretti P,
Barreto FC. 2016. Enzyme replacement therapy for Anderson-Fabry
disease. Cochrane Database Syst Rev 7: CD006663. DOI:
10.1002/14651858.cd006663.pub4.

Elavarasan K, Shamasundar BA. 2016. Effect of oven drying and freeze
drying on the antioxidant and functional properties of protein
hydrolysates derived from freshwater fish (Cirrhinus mrigala) using
papain enzyme. J Food Sci Technol 53: 1303-1311. DOI:
10.1007/s13197-015-2084-9.

Erdem N, Buran T, Berber I, Aydogdu I. 2018. Enzyme replacement
therapy in a gaucher family. J Natl Med Assoc 110: 330-333. DOI:
10.1016/j.jnma.2017.06.013.

Fejerskov B, Olesen MTJ, Zelikin AN. 2017. Substrate mediated enzyme
prodrug therapy. Adv Drug Del Rev 118: 24-34. DOL:
10.1016/j.addr.2017.04.013.

Fernadndez-Lucas J, Castafieda D, Hormigo D. 2017. New trends for a
classical enzyme: Papain, a biotechnological success story in the food
industry. Trends Food Sci Technol 68: 91-101. DOI:
10.1016/j.tifs.2017.08.017.

Fieker A, Philpott J, Armand M. 2011. Enzyme replacement therapy for
pancreatic insufficiency: present and future. Clin Exp Gastroenterol 4:
55-73. DOI: 10.2147/ceg.s17634.

Fontanellas A, Avila MA, Berraondo P. 2016. Emerging therapies for
acute intermittent porphyria. Expert Rev Mol Med 18: el7. DOI:
10.1017/erm.2016.18.

Gallage NJ, Hansen EH, Kannangara R Olsen CE, Motawia MS,
Jorgensen K, Holme I, Hebelstrup K, Grisoni M, Mgller BL. 2014.
Vanillin formation from ferulic acid in Vanilla planifolia is catalysed
by a single enzyme. Nat Commun 5: 4037. DOL:
10.1038/ncomms5037.

Ganonyan N, Bar G, Gvishi R, Avnir D. 2021. Gradual hydrophobization
of silica aerogel for controlled drug release. RSC Adv 11: 7824-7838.
DOI: 10.1039/D1RA00671A.

Garg G, Singh A, Kaur A, Singh R, Kaur J, Mahajan R. 2016. Microbial
pectinases: an ecofriendly tool of nature for industries. 3 Biotech 6
(1): 47. DOI: 10.1007/s13205-016-0371-4.

Ge H, Liu X, Yuan H, Zhang G. 2023. Biomimetic one-pot preparation of
surface biofunctionalized silica-coated magnetic composites for dual
enzyme oriented immobilization without pre-purification. Enzyme
Microb Technol 164: 110169. DOLl:
10.1016/j.enzmictec.2022.110169.

Ge J, Jiang X, Liu W, Wang Y, Huang H, Bai Y, Su X, Yao B, Luo H.
2020. Characterization, stability improvement, and bread baking
applications of a novel cold-adapted glucose oxidase from
Cladosporium neopsychrotolerans SL16. Food Chem 310: 125970.
DOI: 10.1016/j.foodchem.2019.125970.

Gigli V, Piccinino D, Avitabile D, Antiochia R, Capecchi E, Saladino R.
2022. Laccase mediator cocktail system as a sustainable skin
whitening agent for deep eumelanin decolorization. Intl J Mol Sci 23:
6238. DOI: 10.3390/ijms23116238.

Gomez-Guillén MC, Giménez B, L6pez-Caballero MEA, Montero MP.
2011. Functional and bioactive properties of collagen and gelatin
from alternative sources: A review. Food Hydrocoll 25: 1813-1827.
DOI: 10.1016/j.foodhyd.2011.02.007.

Gongalves A, Almeida L, Silva AP, Fontes-Ribeiro C, Ambrésio AF,
Cristovédo A, Fernandes R. 2018. The dipeptidyl peptidase-4 (DPP-4)
inhibitor sitagliptin ameliorates retinal endothelial cell dysfunction
triggered by inflammation. Biomed Pharmacother 102: 833-838. DOI:
10.1016/j.biopha.2018.03.144.

Grigoras AG. 2017. Catalase immobilization—A review. Biochem Eng J
117: 1-20. DOI: 10.1016/j.bej.2016.10.021.

Groeger H, Pieper M, Koenig B, Bayer T, Schleich H. 2017. Industrial
landmarks in the development of sustainable production processes for
the B-lactam antibiotic key intermediate 7-aminocephalosporanic acid
(7-ACA). Sustain Chem Pharm 5: 72-79. DOl:
10.1016/j.scp.2016.08.001.

Grulich M, Brezovsky JStépanek V, Palyzova A, MareSova H, Zahradnik
J, Kyslikova E, Kyslik P. 2016. In-silico driven engineering of
enantioselectivity of a penicillin G acylase towards active
pharmaceutical ingredients. J Mol Catal B: Enzym 133: S53-S59.
DOI: 10.1016/J.MOLCATB.2016.11.014.

Guan T, Liu B, Wang R, Huang Y, Luo J, Li Y. 2021. The enhanced fatty
acids flavor release for low-fat cheeses by carrier immobilized lipases
on O/W Pickering emulsions. Food Hydrocoll 116: 106651. DOI:
10.1016/j.foodhyd.2021.106651.

Gupta P, Seth CS. 2020. Interactive role of exogenous 24 Epibrassinolide
and endogenous NO in Brassica juncea L. under salinity stress:
Evidence for NR-dependent NO biosynthesis. Nitric Oxide 97: 33-47.
DOI: 10.1016/j.niox.2020.01.014.

Gupta S, Smith T, Banaszak A, Boeckl J. 2017. Graphene quantum dots
electrochemistry and sensitive electrocatalytic glucose sensor
development. Nanomaterials 7: 301. DOI: 10.3390nan07100301.

Gurung N, Ray S, Bose S, Rai V. 2013. A broader view: Microbial
enzymes and their relevance in industries, medicine, and beyond.
Biomed Res Intl 2013: 3291212013. DOI: 10.1155/2013/329121.

Harish BS, Uppuluri KB. 2018. Microbial serine protease inhibitors and
their therapeutic applications. Intl J Biol Macromol 107: 1373-1387.
DOI: 10.1016/j.ijbiomac.2017.09.115.

Harmatz P, Hendriksz CJ, Lampe C, Mcgill JJ, Parini R, Ledo-Teles E,
Valayannopoulos V, Cole TJ, Matousek R, Graham S. 2017. The
effect of galsulfase enzyme replacement therapy on the growth of
patients ~ with  mucopolysaccharidosis VI  (Maroteaux-Lamy
syndrome). Mol Genet Metab 122: 107-112. DOIL:
10.1016/j.ymgme.2017.03.008.

Harmatz P, Whitley CB, Wang RY, Bauer M, Song W, Haller C, Kakkis
E. 2018. A novel Blind Start study design to investigate vestronidase
alfa for mucopolysaccharidosis VII, an ultra-rare genetic disease. Mol
Genet Metab 123: 488-494. DOI: 10.1016/j.ymgme.2018.02.006.

Hayes ST, Assaf G, Checksfield G, Cheung C, Critcher D, Harris L,
Howard R, Mathew S, Regius C, Scotney G. 2011. Commercial
synthesis of (S, S)-reboxetine succinate: a journey to find the cheapest
commercial chemistry for manufacture. Org Process Res Dev 15:
1305-1314. DOI: 10.1021/0p200181f.

Hoge G, Wu HP, Kissel WS, Pflum DA, Greene DJ, Bao J. 2004. Highly
selective asymmetric hydrogenation using a three hindered quadrant
bisphosphine rhodium catalyst. J Am Chem Soc 126: 5966-5967.
DOI: 10.1021/ja048496y.

Hollmann F, Opperman DJ, Paul CE. 2021. Biocatalytic reduction
reactions from a chemist's perspective. Angew Chem Intl Ed 60:
5644-5665. DOI: 10.1002/anie.202001876.

Holz JCP, Pereira GN, Oliveira JV, Lerin LA, de Oliveira D. 2018.
Enzyme-catalyzed production of emollient cetostearyl stearate using
different immobilized commercial lipases under vacuum system.
Biocatal Agric Biotechnol 15; 229-234. DOl:
10.1016/j.bcab.2018.06.012.

Hossain M, Sultana F, Islam S. 2017. Plant Growth-Promoting Fungi
(PGPF): Phytostimulation and induced systemic resistance. In: Singh


https://doi.org/10.1016/j.biotechadv.2015.02.014
https://doi.org/10.1161/circgenetics.116.001598
https://doi.org/10.1039/C6RA22047A
https://doi.org/10.1006/jcrs.2001.0433
https://doi.org/10.1371/journal.pone.0192996
https://doi.org/10.1590/S0104-66322012000300004
https://doi.org/10.1590/S0104-66322012000300004
https://doi.org/10.1002/14651858.cd006663.pub4
https://doi.org/10.1002/14651858.cd006663.pub4
https://doi.org/10.1007/s13197-015-2084-9
https://doi.org/10.1007/s13197-015-2084-9
https://doi.org/10.1016/j.jnma.2017.06.013
https://doi.org/10.1016/j.jnma.2017.06.013
https://doi.org/10.1016/j.addr.2017.04.013
https://doi.org/10.1016/j.addr.2017.04.013
https://doi.org/10.1016/j.tifs.2017.08.017
https://doi.org/10.1016/j.tifs.2017.08.017
https://doi.org/10.2147/ceg.s17634
https://doi.org/10.1017/erm.2016.18
https://doi.org/10.1017/erm.2016.18
https://doi.org/10.1038/ncomms5037
https://doi.org/10.1038/ncomms5037
https://doi.org/10.1039/D1RA00671A
https://doi.org/10.1016/j.enzmictec.2022.110169
https://doi.org/10.1016/j.enzmictec.2022.110169
https://doi.org/10.1016/j.foodchem.2019.125970
https://doi.org/10.1016/j.foodhyd.2011.02.007
https://doi.org/10.1016/j.biopha.2018.03.144
https://doi.org/10.1016/j.biopha.2018.03.144
https://doi.org/10.1016/j.bej.2016.10.021
http://dx.doi.org/10.1016/j.scp.2016.08.001
http://dx.doi.org/10.1016/j.scp.2016.08.001
https://doi.org/10.1016/J.MOLCATB.2016.11.014
https://doi.org/10.1016/j.foodhyd.2021.106651
https://doi.org/10.1016/j.foodhyd.2021.106651
https://doi.org/10.1016/j.niox.2020.01.014
https://doi.org/10.3390%2Fnano7100301
https://doi.org/10.1155/2013/329121
https://doi.org/10.1016/j.ijbiomac.2017.09.115
https://doi.org/10.1016/j.ymgme.2017.03.008
https://doi.org/10.1016/j.ymgme.2017.03.008
https://doi.org/10.1016/j.ymgme.2018.02.006
http://dx.doi.org/10.1021/op200181f
https://doi.org/10.1021/ja048496y
https://doi.org/10.1002/anie.202001876

22 ASIAN J TROP BIOTECHNOL 21 (1): 10-25, June 2024

DP, Singh HB, Prabha R (eds). Plant-Microbe Interactions in Agro-
Ecological Perspectives. Springer, Singapore. DOI: 10.1007/978-981-
10-6593-4_6.

Huisman GW, Collier SJ. 2013. On the development of new biocatalytic
processes for practical pharmaceutical synthesis. Curr Opin Chem
Biol 17: 284-292. DOI: 10.1016/j.cbpa.2013.01.017.

lbrahim AS, Al-Salamah AA, El-Toni AM, Almaary KS, El-Tayeb MA,
Elbadawi YB, Antranikian G. 2016. Enhancement of alkaline
protease activity and stability via covalent immobilization onto
hollow core-mesoporous shell silica nanospheres. Intl J Mol Sci 17:
184. DOI: 10.3390/ijms17020184.

Ishibashi K, Ilwai H, Koga H. 2019. Chemonucleolysis with chondroitin
sulfate ABC endolyase as a novel minimally invasive treatment for
patients with lumbar intervertebral disc herniation. J Spine Surg 5:
$115-S121. DOI: 10.21037/js5.2019.04.24.

Jaouadi B, Abdelmalek B, Jaouadi NZ, Bejar S. 2011. The bioengineering
and industrial applications of bacterial alkaline proteases: The case of
SAPB and KERAB. In: Carpi A (eds). Progress in Molecular and
Environmental Bioengineering - From Analysis and Modeling to
Technology Applications. INTECH Open Access Publisher, London,
UK. DOI: 10.5772/23850.

Jaouadi B, Aghajari N, Haser R, Bejar S. 2010. Enhancement of the
thermostability and the catalytic efficiency of Bacillus pumilus CBS
protease by site-directed mutagenesis. Biochimie 92: 360-369. DOI:
10.1016/j.biochi.2010.01.008.

Jarvie HP, Sharpley AN, Flaten D, Kleinman PJA, Jenkins A, Simmons T.
2015. The pivotal role of phosphorus in a resilient water-energy—food
security nexus. J Environ Qual 44: 1049-1062. DOI:
10.2134/jeq2015.01.0030.

Jayasekara S, Ratnayake R. 2019. Microbial Cellulases: An overview and
applications. In: Pascual AR, Martin MEE (eds). Cellulose.
IntechOpen, London, UK. DOI: 10.5772/intechopen.84531.

Jesionowski T, Zdarta J, Krajewska B. 2014. Enzyme immobilization by
adsorption: A review. Adsorption 20: 801-821. DOI: 10.1007/s10450-
014-9623-y.

Kalaikumari SS, Vennila T, Monika V, Chandraraj K, Gunasekaran P,
Rajendhran J. 2019. Bioutilization of poultry feather for keratinase
production and its application in leather industry. J Clean Prod 208:
44-53. DOI: 10.1016/j.jclepro.2018.10.076.

Kanagaraj J, Panda RC, Kumar V. 2020. Trends and advancements in
sustainable leather processing: Future directions and challenges—A
review. J  Environ Chem Eng 8 104379. DOl
10.1016/j.jece.2020.104379.

Kanagaraj J. 2009. Cleaner leather processing by using enzymes: A
review. Adv Biotech 9: 13-18.

Kapoor S, Rafiq A, Sharma S. 2017. Protein engineering and its
applications in food industry. Crit Rev Food Sci Nutr 57: 2321-2329.
DOI: 10.1080/10408398.2014.1000481.

Karlund A, Moor U, Sandell M, Karjalainen RO. 2014. The impact of
harvesting, storage and processing factors on health-promoting
phytochemicals in berries and fruits. Processes 2: 596-624. DOI:
10.3390/pr2030596.

Kaur R, Sekhon BS. 2012. Enzymes as drugs: An overview. J Pharm Educ
Res 3: 29-41.

Kaushal J, Singh G, Arya SK. 2022. Emerging trends and future
prospective in enzyme technology. In: Kuddus M, Aguilar CN (eds).
Value-Addition in Food Products and Processing Through Enzyme
Technology. Academic Press, London, UK. DOI: 10.1016/B978-0-
323-89929-1.00036-6.

Khatami SH, Vakili O, Ahmadi N, Soltani Fard E, Mousavi P, Khalvati B,
Maleksabet A, Savardashtaki A, Taheri-Anganeh M, Movahedpour
A. 2022. Glucose oxidase: Applications, sources, and recombinant
production. Biotechnol Appl Biochem 69: 939-950. DOI:
10.1002/bab.2165.

Khataminezhad ES, Hajihassan Z, Astaraei FR. 2023. Magnetically
purification/immobilization of poly histidine-tagged proteins by
PEGylated magnetic graphene oxide nanocomposites. Protein Expr
Purif 207: 106264. DOI: 10.1016/j.pep.2023.106264.

Khurshid S, Kashmiri MA, Quershi Z, Ahmad, W. 2011. Optimization of
glucose oxidase production by Aspergillus niger. Afr J Biotechnol 10:
1674-1678. DOI: 10.5897/AJB08.100.

Kieliszek M, Misiewicz A. 2014. Microbial transglutaminase and its
application in the food industry. A review. Folia Microbiol 59: 241-
250. DOI: 10.1007/s12223-013-0287-x.

Kim DY, Patel SKS, Rasool K, Lone N, Bhatia SK, Seth CS, Ghodake
GS. 2024. Bioinspired silver nanoparticle-based nanocomposites for

effective control of plant pathogens: A review. Sci Total Environ 908:
168318. DOI: 10.1016/j.scitotenv.2023.168318.

Kim GH, Jeon H, Khobragade TP, Patil MD, Sung S, Yoon S, Won Y,
Choi IS, Yun H. 2019. Enzymatic synthesis of sitagliptin intermediate
using a novel o-transaminase. Enzyme Microb Technol 120: 52-60.
DOI: 10.1016/j.enzmictec.2018.10.003.

Kishnani PS, Beckemeyer AA. 2014. New therapeutic approaches for
Pompe disease: enzyme replacement therapy and beyond. Pediatr
Endocrinol Rev 12: 114-124.

Kjellin M, Wesslén T, Lofblad E, Lennerstrand J, Lannergérd A. 2018.
The effect of the first-generation HCV-protease inhibitors boceprevir
and telaprevir and the relation to baseline NS3 resistance mutations in
genotype 1: Experience from a small Swedish cohort. Ups J Med Sci
123: 50-56. DOI: 10.1080/03009734.2018.1441928.

Krell HV, Leuchter AF, Cook IA, Abrams M. 2005. Evaluation of
reboxetine, a noradrenergic antidepressant, for the treatment of
fibromyalgia and chronic low back pain. Psychosomatics 46: 379-
384. DOI: 10.1176/appi.psy.46.5.379.

Kumar D, Dhankher OP, Tripathi RD, Seth CS. 2023. Titanium dioxide
nanoparticles  potentially  regulate the  mechanism(s) for
photosynthetic  attributes, genotoxicity, antioxidants defense
machinery, and phytochelatins synthesis in relation to hexavalent
chromium toxicity in Helianthus annuus L. J Hazard Mater 454:
131418. DOI: 10.1016/j.jhazmat.2023.131418.

Kumar D, Singh R, Upadhyay SK, Verma KK, Tripathi RM, Liu H,
Dhankher OP, Tripathi RD, Sahi SV, Seth CS. 2024. Review on

interactions between nanomaterials and phytohormones: Novel
perspectives and opportunities for mitigating environmental
challenges. Plant Sci 340: 111964. DOLl:

10.1016/j.plantsci.2023.111964.

Kumari A, Kaur B, Srivastava R, Sangwan RS. 2015. Isolation and
immobilization of alkaline protease on mesoporous silica and
mesoporous ZSM-5 zeolite materials for improved catalytic
properties.  Biochem  Biophys Rep 2: 108-114. DOI:
10.1016/j.bbrep.2015.05.009.

Lasekan A, Bakar FA, Hashim D. 2013. Potential of chicken by-products
as sources of useful biological resources. Waste Manag 33: 552-565.
DOI: 10.1016/j.wasman.2012.08.001.

Le Roes-Hill M, Prins A. 2016. Biotechnological potential of oxidative
enzymes from Actinobacteria. In: Dhanasekaran D, Jiang Y (eds).
Actinobacteria-Basics and Biotechnological Applications.
IntechOpen, London, UK. DOI: 10.5772/61321.

Lee CL, Chuang CK, Syu YM, Chiu HC, Tu YR, Lo YT, Chang YH, Lin
HY, Lin SP. 2022. Efficacy of intravenous elosulfase alfa for
mucopolysaccharidosis type IVA: A Systematic review and meta-
analysis. J Pers Med 12: 1338. DOI: 10.3390/jpm12081338.

Lee-Huang S, Huang PL, Sun Y, Huang PL, Kung HF, Blithe DL, Chen
HC. 1999. Lysozyme and RNases as anti-HIV components in $-core
preparations of human chorionic gonadotropin. Proc Natl Acad Sci
96: 2678-2681. DOI: 10.1073/pnas.96.6.2678 .

Lenders M, Brand E. 2018. Effects of enzyme replacement therapy and
antidrug antibodies in patients with Fabry disease. J Am Soc Nephrol
29: 2265. DOI: 10.1681/asn.2018030329.

Leuchs S, Greiner L. 2011. Alcohol dehydrogenase from Lactobacillus
brevis: A versatile robust catalyst for enantioselective
transformations. Chem Biochem Eng Q 25: 267-281.

Li J, Pan J, Zhang J, Xu JH. 2014. Stereoselective synthesis of I-tert-
leucine by a newly cloned leucine dehydrogenase from
Exiguobacterium sibiricum. J Mol Catal B: Enzym 105: 11-17. DOI:
10.1016/j.molcath.2014.03.010.

Li S, Yang X, Yang S, Zhu M, Wang X. 2012a. Technology prospecting
on enzymes: application, marketing and engineering. Comput Struct
Biotechnol J 2: €201209017. DOI: 10.5936/csbj.201209017.

Li T, Liang J, Ambrogelly A, Brennan T, Gloor G, Huisman G, Lalonde J,
Lekhal A, Mijts B, Muley S. 2012b. Efficient, chemoenzymatic
process for manufacture of the boceprevir bicyclic [3.1. 0] proline
intermediate based on amine oxidase-catalyzed desymmetrization. J
Am Chem Soc 134: 6467-6472. DOI: 10.1021/ja3010495.

Li Z, Chen X, Guo S, Zhang H, Dong H, Wu G, Hong A, Gu J. 2017.
Engineering of Harobin for enhanced fibrinolytic activity obtained by
random and site-directed mutagenesis. Protein Expr Purif 129: 162-
172. DOI: 10.1016/j.pep.2015.09.010.

Liu DM, Dong C. 2020. Recent advances in nano-carrier immobilized
enzymes and their applications. Process Biochem 92: 464-475. DOI:
10.1016/j.prochio.2020.02.005.


http://dx.doi.org/10.1007/978-981-10-6593-4_6
http://dx.doi.org/10.1007/978-981-10-6593-4_6
https://doi.org/10.1016/j.cbpa.2013.01.017
https://doi.org/10.3390/ijms17020184
http://dx.doi.org/10.5772/23850
https://doi.org/10.1016/j.biochi.2010.01.008
https://doi.org/10.1016/j.biochi.2010.01.008
https://doi.org/10.2134/jeq2015.01.0030
https://doi.org/10.2134/jeq2015.01.0030
http://dx.doi.org/10.5772/intechopen.84531
https://doi.org/10.1007/s10450-014-9623-y
https://doi.org/10.1007/s10450-014-9623-y
http://dx.doi.org/10.1016/j.jclepro.2018.10.076
http://dx.doi.org/10.1016/j.jece.2020.104379
http://dx.doi.org/10.1016/j.jece.2020.104379
https://doi.org/10.1080/10408398.2014.1000481
https://doi.org/10.3390/pr2030596
https://doi.org/10.3390/pr2030596
https://doi.org/10.1016/B978-0-323-89929-1.00036-6
https://doi.org/10.1016/B978-0-323-89929-1.00036-6
https://doi.org/10.1002/bab.2165
https://doi.org/10.1002/bab.2165
https://doi.org/10.1016/j.pep.2023.106264
https://doi.org/10.1007/s12223-013-0287-x
https://doi.org/10.1016/j.scitotenv.2023.168318
https://doi.org/10.1016/j.enzmictec.2018.10.003
http://dx.doi.org/10.1176/appi.psy.46.5.379
https://doi.org/10.1016/j.jhazmat.2023.131418
https://doi.org/10.1016/j.plantsci.2023.111964
https://doi.org/10.1016/j.plantsci.2023.111964
https://doi.org/10.1016/j.bbrep.2015.05.009
https://doi.org/10.1016/j.bbrep.2015.05.009
https://doi.org/10.1016/j.wasman.2012.08.001
http://dx.doi.org/10.5772/61321
https://doi.org/10.1681/asn.2018030329
https://doi.org/10.1021/ja3010495
https://doi.org/10.1016/j.pep.2015.09.010
https://doi.org/10.1016/j.procbio.2020.02.005
https://doi.org/10.1016/j.procbio.2020.02.005

DAHIRU et al. — Enzymes in medicine, agriculture, and industries 23

Lund AM, Borgwardt L, Cattaneo F, Ardigo D, Geraci S, Gil-Campos M,
De Meirleir L, Laroche C, Dolhem P, Cole D. 2018. Comprehensive
long-term efficacy and safety of recombinant human alpha-
mannosidase (velmanase alfa) treatment in patients with alpha-
mannosidosis. J Inherit Metab Dis 41: 1225-1233. DOIl:
10.1007/s10545-018-0175-2.

Lwin A, Orvisky E, Goker-Alpan O, Lamarca ME, Sidransky E. 2004.
Glucocerebrosidase mutations in subjects with parkinsonism. Mol
Genet Metab 81: 70-73. DOI: 10.1016/j.ymgme.2003.11.004.

Madhavan A, Sindhu R, Binod P, Sukumaran RK, Pandey A. 2017.
Strategies for design of improved biocatalysts for industrial
applications.  Bioresour ~ Technol  245: 1304-1313. DOI:
10.1016/j.biortech.2017.05.031.

Mane P, Tale V. 2015. Overview of microbial therapeutic enzymes. Intl J
Curr Microbiol Appl Sci 4: 17-26.

Mariyam S, Bhardwaj R, Khan NA, Sahi SV, Seth CS. 2023. Review on
nitric oxide at the forefront of rapid systemic signaling in mitigation
of salinity stress in plants: Crosstalk with calcium and hydrogen
peroxide. Plant Sci 336: 111835. DOl:
10.1016/j.plantsci.2023.111835.

Mariyam S, Upadhyay SK, Chakraborty K, Verma KK, Duhan JS,
Muneer S, Meena M, Sharma RK, Ghodake G, Seth CS. 2024.
Nanotechnology, a frontier in agricultural science, a novel approach
in abiotic stress management and convergence with new age
medicine-A review. Sci Total Environ 912: 169097. DOI:
10.1016/j.scitotenv.2023.169097.

Marouf HM. 2018. Effect of pregabalin premedication on emergence
agitation in children after sevoflurane anesthesia: A randomized
controlled  study. Anesth Essays Res 12: 31. DOL:
10.4103/aer.aer_223 17.

Martens E, Demain AL. 2017. An overview of the industrial aspects of
antibiotic discovery. In: Kurtbdke | (eds). Microbial Resources: From
Functional Existence in Nature to Applications. Academic Press,
London. DOI: 10.1016/B978-0-12-804765-1.00007-2.

Martinez CA, Hu S, Dumond Y, Tao J, Kelleher P, Tully L. 2008.
Development of a chemoenzymatic manufacturing process for
pregabalin.  Org Process Res Dev 12: 392-398. DOI:
10.1021/0p7002248.

Mata TM, Martins AA, Caetano NS. 2010. Microalgae for biodiesel
production and other applications: A review. Renew Sustain Energy
Rev 14: 217-232. DOI: 10.1016/j.rser.2009.07.020.

Matta MC, Vairo F, Torres LC, Schwartz |. 2018. Could enzyme
replacement therapy promote immune tolerance in Gaucher disease
type 1? Blood Cells Mol Dis 68: 200-202. DOI:
10.1016/j.bcmd.2016.10.016.

Mccafferty EH, Scott LJ. 2019. Migalastat: A review in Fabry disease.
Drugs 79: 543-554. DOI: 10.1007/s40265-019-01090-4.

Meghwanshi GK, Kaur N, Verma S, Dabi NK, Vashishtha A, Charan PD,
Purohit P, Bhandari HS, Bhojak N, Kumar R. 2020. Enzymes for
pharmaceutical and therapeutic applications. Biotechnol Appl
Biochem 67: 586-601. DOI: 10.1002/bab.1919.

Mehta J, Bhardwaj N, Bhardwaj SK, Kim KH, Deep A. 2016. Recent
advances in enzyme immobilization techniques: Metal-organic
frameworks as novel substrates. Coord Chem Rev 322: 30-40. DOI:
10.1016/J.CCR.2016.05.007.

Memarpoor-Yazdi M, Karbalaei-Heidari HR, Khajeh K. 2017. Production
of the renewable extremophile lipase: Valuable biocatalyst with
potential usage in food industry. Food Bioprod Process 102: 153-166.
DOI: 10.1016/j.tbp.2016.12.015.

Mohamed S, He QQ, Singh AA, Ferro V. 2020. Mucopolysaccharidosis
type Il (Hunter syndrome): Clinical and biochemical aspects of the
disease and approaches to its diagnosis and treatment. Adv Carbohydr
Chem Biochem 77: 71-117. DOI: 10.1016/bs.acch.2019.09.001.

Mohidem NA, Mohamad M, Rashid MU, Norizan MN, Hamzah F, Mat
HB. 2023. Recent advances in enzyme immobilisation strategies: An
overview of techniques and composite carriers. J Compos Sci 7: 488.
DOI: 10.3390/jcs7120488.

Mojsov K. 2011. Application of enzymes in the textile industry: A review.
11 Intl Congr Eng Ecol Mater Process Ind 2011: 230-239.

Mori T, Kamei I, Hirai H, Kondo R. 2014. Identification of novel glycosyl
hydrolases with cellulolytic activity against crystalline cellulose from
metagenomic libraries constructed from bacterial enrichment cultures.
Springerplus 3: 365. DOI: 10.1186/2193-1801-3-365.

Métyan JA, Téth F, Tézsér J. 2013. Research applications of proteolytic
enzymes in molecular biology. Biomolecules 3: 923-942. DOI:
10.3390/biom3040923.

Mouad AM, Taupin D, Lehr L, Yvergnaux F, Porto ALM. 2016.
Aminolysis of linoleic and salicylic acid derivatives with Candida
antarctica lipase B: A solvent-free process to obtain amphiphilic
amides for cosmetic application. J Mol Catal B: Enzym 126: 64-68.
DOI: 10.1016/j.molcatbh.2016.01.002.

Moujehed E, Zarai Z, Khemir H, Miled N, Bchir MS, Gablin C,
Bessueille F, Bonhommé A, Leonard D, Carriere F. 2022. Cleaner
degreasing of sheepskins by the Yarrowia lipolytica LIP2 lipase as a
chemical-free alternative in the leather industry. Colloids Surf B.
Biointerfaces 211: 112292. DOI: 10.1016/j.colsurfb.2021.112292.

Naeem H, Naqvi SNUH, Perveen R, Ishaque F, Bano R, Abrar H, Arsalan
A, Malik N. 2020. Efficiency of proteolytic enzymes in treating
lumbar spine osteoarthritis (low back pain) patients and its effects on
liver and kidney enzymes. Pak J Pharm Sci 33: 371-378.

Naganthran A, Masomian M, Rahman RNZRA, Ali MSM, Nooh HM.
2017. Improving the efficiency of new automatic dishwashing
detergent formulation by addition of thermostable lipase, protease and
amylase. Molecules 22: 1577. DOI: 10.3390/molecules22091577.

Okpara MO. 2022. Microbial enzymes and their applications in food
industry: A mini-review. Adv Enzyme Res 10: 23-47. DOL:
10.4236/aer.2022.101002.

Ostlie DJ, Juang D, Aguayo P, Pettiford-Cunningham JP, Erkmann EA,
Rash DE, Sharp SW, Sharp RJ, Peter SDS. 2012. Topical silver
sulfadiazine vs collagenase ointment for the treatment of partial
thickness burns in children: a prospective randomized trial. J Pediatr
Surg 47: 1204-1207. DOI: 10.1016/j.jpedsurg.2012.03.028.

Oumer OJ. 2017. Pectinase: substrate, production and their
biotechnological applications. Intl J Environ Agric Biotech 2: 1007-
1014. DOI: dx.doi.org/10.22161/ijeab/2.3.1.

Palanivel P, Ashokkumar L, Balagurunathan R. 2013. Production,
purification and fibrinolytic characterization of alkaline protease from
extremophilic soil fungi. Intl J Pharm Biol Sci 4: 101-110.

Panesar PS, Kumari S, Panesar R. 2010. Potential Applications of
Immobilized B-Galactosidase in Food Processing Industries. Enzyme
Res 2010: 473137. DOI: 10.4061/2010/473137.

Panesar PS, Kumari S, Panesar R. 2013. Biotechnological approaches for
the production of prebiotics and their potential applications. Crit Rev
Biotechnol 33: 345-364. DOI: 10.3109/07388551.2012.709482.

Park JW, Park BK, Kim JE. 2006. Remediation of Soil Contaminated with
2,4-Dichlorophenol by Treatment of Minced Shepherd’s Purse Roots.
Arch Environ Contam Toxicol 50: 191-195. DOI: 10.1007/s00244-
004-0119-8.

Pastores GM, Hughes DA. 2020. Lysosomal acid lipase deficiency:
therapeutic options. Drug Des Dev Ther 14: 591-601. DOI:
10.2147/dddt.s149264.

Patel JM. 2009. Biocatalytic synthesis of atorvastatin intermediates. J Mol
Catal B: Enzym 61: 123-128. DOI: 10.1016/j.molcatb.2009.07.004.
Patel RN. 2018. Biocatalysis for synthesis of pharmaceuticals. Biorg Med

Chem 26: 1252-1274. DOI: 10.1016/j.bmc.2017.05.023.

Polesso CB, Fontana RC, Costa C, Fernandes B, Matama T, Cavaco-Paulo
AM, Rencoret J, Gutiérrez A, Schneider WDH, Camassola M. 2022.
Transforming second-generation ethanol production waste into
sustainable enzymatic cosmetic inputs. Ind Crop Prod 188: 115658.
DOI: 10.1016/j.indcrop.2022.115658.

Prasad S, Roy I. 2018. Converting enzymes into tools of industrial
importance.  Recent Pat  Biotechnol 12: 33-56. DOI:
10.2174/1872208311666170612113303.

Prier CK, Kosjek B. 2019. Recent preparative applications of redox
enzymes. Curr  Opin  Chem Biol 49: 105-112. DOl
10.1016/j.cbpa.2018.11.011.

Puntis JWL, Zamvar V. 2015. Congenital sucrase—isomaltase deficiency:
Diagnostic challenges and response to enzyme replacement therapy.
Arch Dis Child 100: 869-871. DOI: 10.1136/archdischild-2015-
308388.

Qian Y, Liu J, Song W, Chen X, Luo Q, Liu L. 2018. Production of
B-alanine from fumaric acid using a dual-enzyme cascade. Chem Cat
Chem 10: 4984-4991. DOI: 10.1002/cctc.201801050.

Qureshi MA, Khare AK, Pervez A, Uprit S. 2015. Enzymes used in dairy
industries. Intl J Appl Res 1: 523-527.

Radadiya A, Zhu W, Coricello A, Alcaro S, Richards NGJ. 2020.
Improving the treatment of acute lymphoblastic leukemia.
Biochemistry 59: 3193-3200. DOI: 10.1021/Facs.biochem.0c00354.

Randhawa K, Shukla CJ. 2019. Non-invasive treatment in the
management of Peyronie’s disease. Ther Adv Urol 11:
1756287218823671. DOI: 10.1177/1756287218823671.


https://doi.org/10.1007/s10545-018-0175-2
https://doi.org/10.1007/s10545-018-0175-2
https://doi.org/10.1016/j.ymgme.2003.11.004
https://doi.org/10.1016/j.plantsci.2023.111835
https://doi.org/10.1016/j.plantsci.2023.111835
https://doi.org/10.1016/j.scitotenv.2023.169097
https://doi.org/10.1016/j.scitotenv.2023.169097
https://doi.org/10.4103/aer.aer_223_17
https://doi.org/10.4103/aer.aer_223_17
https://doi.org/10.1021/op7002248
https://doi.org/10.1021/op7002248
https://doi.org/10.1016/j.rser.2009.07.020
https://doi.org/10.1016/j.bcmd.2016.10.016
https://doi.org/10.1016/j.bcmd.2016.10.016
https://doi.org/10.1007/s40265-019-01090-4
https://doi.org/10.1002/bab.1919
https://doi.org/10.1016/J.CCR.2016.05.007
https://doi.org/10.1016/J.CCR.2016.05.007
https://doi.org/10.1016/j.fbp.2016.12.015
https://doi.org/10.1016/bs.accb.2019.09.001
https://doi.org/10.3390/jcs7120488
https://doi.org/10.3390%2Fbiom3040923
https://doi.org/10.3390%2Fbiom3040923
https://doi.org/10.1016/j.colsurfb.2021.112292
https://doi.org/10.3390/molecules22091577
http://dx.doi.org/10.4236/aer.2022.101002
http://dx.doi.org/10.4236/aer.2022.101002
https://doi.org/10.1016/j.jpedsurg.2012.03.028
http://dx.doi.org/10.22161/ijeab/2.3.1
https://doi.org/10.4061/2010/473137
https://doi.org/10.3109/07388551.2012.709482
https://doi.org/10.2147/dddt.s149264
https://doi.org/10.2147/dddt.s149264
https://doi.org/10.1016/j.molcatb.2009.07.004
https://doi.org/10.1016/j.bmc.2017.05.023
https://doi.org/10.1016/j.indcrop.2022.115658
https://doi.org/10.2174/1872208311666170612113303
https://doi.org/10.2174/1872208311666170612113303
https://doi.org/10.1016/j.cbpa.2018.11.011
https://doi.org/10.1016/j.cbpa.2018.11.011
https://doi.org/10.1136/archdischild-2015-308388
https://doi.org/10.1136/archdischild-2015-308388
https://doi.org/10.1002/cctc.201801050
https://doi.org/10.1021%2Facs.biochem.0c00354
https://doi.org/10.1177%2F1756287218823671

24 ASIAN J TROP BIOTECHNOL 21 (1): 10-25, June 2024

Ranjbari N, Razzaghi M, Fernandez-Lafuente R, Shojaei F, Satari M,
Homaei A. 2019. Improved features of a highly stable protease from
Penaeus vannamei by immobilization on glutaraldehyde activated
graphene oxide nanosheets. Intl J Biol Macromol 130: 564-572. DOI:
10.1016/j.ijbiomac.2019.02.163.

Raspopova EA, Krasnoshtanova AA. 2016. Characterizing the properties
and evaluating the efficiency of biocatalysts based on immobilized
fungal amylase. Catal Ind 8: 75-80. DOl
10.1134/52070050416010104.

Raveendran S, Parameswaran B, Ummalyma SB, Abraham A, Mathew
AK, Madhavan A, Rebello S, Pandey A. 2018. Applications of
microbial enzymes in food industry. Food Technol Biotechnol 56: 16-
30. DOI: 10.17113/fth.56.01.18.5491.

Razzaghi M, Homaei A, Mosaddegh E. 2018. Penaeus vannamei protease
stabilizing process of ZnS nanoparticles. Intl J Biol Macromol 112:
509-515. DOI: 10.1016/j.ijbiomac.2018.01.173.

Razzag A, Shamsi S, Ali A, Ali Q, Sajjad M, Malik A, Ashraf M. 2019.
Microbial proteases applications. Front Bioeng Biotechnol 7: 110.
DOI: 10.3389/fhioe.2019.00110.

Regier DS, Tanpaiboon P. 2016. Role of elosulfase alfa in
mucopolysaccharidosis IVA. Appl Clin Genet 9: 67-74. DOIL:
10.2147/TACG.S69080.

Ribeiro BD, Castro AMD, Coelho MAZ, Freire DMG. 2011. Production
and use of lipases in bioenergy: a review from the feedstocks to
biodiesel  production. Enzyme Res 2011: 615803. DOI:
10.4061/2011/615803.

Ricardi NC, de Menezes EW, Valmir Benvenutti E, da Natividade
Schoffer J, Hackenhaar CR, Hertz PF, Costa TMH. 2018. Highly
stable novel silica/chitosan  support for  B-galactosidase
immobilization for application in dairy technology. Food Chem 246:
343-350. DOI: 10.1016/j.foodchem.2017.11.026.

Robinson PK. 2015. Enzymes: Principles and biotechnological
applications. Essays Biochem 59: 1-41. DOI: 10.1042/bse0590001.
Rdcker J, Schmitt M, Pasch L, Ebert K, Grossmann M. 2016. The use of
glucose oxidase and catalase for the enzymatic reduction of the
potential ethanol content in wine. Food Chem 210: 660-670. DOI:

10.1016/j.foodchem.2016.04.093.

S& AGA, de Meneses AC, de Araljo PHH, de Oliveira D. 2017. A review
on enzymatic synthesis of aromatic esters used as flavor ingredients
for food, cosmetics and pharmaceuticals industries. Trends Food Sci
Technol 69: 95-105. DOI: 10.1016/j.tifs.2017.1009.00495-00105.

Sarmiento C. 2015. Cold and hot extremozymes: Industrial relevance and
current trends. Front Bioeng Biotechnol 3: 148. DOI:
10.3389/fbioe.2015.00148.

Scanlon MG, Henrich AW, Whitaker JR. 2018. Factors affecting enzyme
activity in food processing. In: Yada RY (eds). Proteins in Food
Processing. Woodhead  Publishing, Duxford, UK. DOI:
10.1016/B978-0-08-100722-8.00014-0.

Selle PH, Ravindran V. 2007. Microbial phytase in poultry nutrition.
Anim Feed Sci Technol 135: 1-41. DOl
10.1016/j.anifeedsci.2006.06.010.

Shang QH, Ma XK, Li M, Zhang LH, Hu JX, Piao XS. 2018. Effects of a-
galactosidase supplementation on nutrient digestibility, growth
performance, intestinal morphology and digestive enzyme activities in
weaned piglets. Anim Feed Sci Technol 236: 48-56. DOI:
10.1016/j.anifeedsci.2017.11.008.

Sharma M, Kumar V, Pundir CS. 2008. Immobilization of porcine
pancreas lipase onto free and affixed arylamine glass beads and its
application in removal of oil stains. Indian J Biotechnol 7: 328-332.

Sharma P, Sharma N, Pathania S, Handa S. 2017. Purification and
characterization of lipase by Bacillus methylotrophicus PS3 under
submerged fermentation and its application in detergent industry. J
Genet Eng Biotechnol 15: 369-377. DOI: 10.1016/j.jgeb.2017.06.007.

Sheldon RA. 2011. Cross-linked enzyme aggregates as industrial
biocatalysts. Org Process Res Dev 15: 213-223. DOI:
10.1021/0p100289f.

Shemesh E, Deroma L, Bembi B, Deegan P, Hollak C, Weinreb NJ, Cox
TM. 2015. Enzyme replacement and substrate reduction therapy for
Gaucher disease. Cochrane Database Syst Rev 2013: CD010324.
DOI: 10.1002/14651858.cd010324.pub?2.

Shukla RJ, Singh SP. 2016. Structural and catalytic properties of
immobilized a-amylase from Laceyella sacchari TSI-2. Intl J Biol
Macromol 85: 208-216. DOI: 10.1016/j.ijbiomac.2015.12.079.

Singh P, Kumar S. 2019. Microbial enzyme in food biotechnology. In:
Kuddus M (eds). Enzymes in Food Biotechnology. Academic Press,
London, UK. DOI: 10.1016/B978-0-08-100722-8.00014-0.

Singh R, Kumar M, Mittal A, Mehta PK. 2016. Microbial enzymes:
Industrial progress in 21st century. 3 Biotech 6: 174. DOI:
10.1007/s13205-016-0485-8.

Sivaramakrishnan S, Gangadharan D, Nampoothiri KM, Soccol CR,
Pandey A. 2006. a-Amylases from microbial sources—an overview on
recent developments. Food Technol Biotechnol 44: 173-184.

Sobucki L, Ramos RF, Meireles LA, Antoniolli ZI, Jacques RJS. 2021.
Contribution of enzymes to soil quality and the evolution of research
in Brazil. Rev Bras Cienc Solo 45: e0210109. DOI:
10.36783/18069657rbcs20210109 .

Sokurenko Y, Nadyrova A, Ulyanova V, llinskaya O. 2016. Extracellular
ribonuclease from Bacillus licheniformis (Balifase), a new member of
the N1/T1 RNase superfamily. Biomed Res Intl 2016: 4239375. DOI:
10.1155/2016/4239375.

Somu P Narayanasamy S, Gomez LA, Rajendran S, Lee YR,
Balakrishnan D. 2022. Immobilization of enzymes for
bioremediation: A future remedial and mitigating strategy. Environ
Res 212: 113411. DOI: 10.1016/j.envres.2022.113411.

Spennato M, Todea A, Corici L, Asaro F, Cefarin N, Savonitto G,
Deganutti C, Gardossi L. 2021. Turning biomass into functional
composite materials: Rice husk for fully renewable immobilized
biocatalysts. EFB Bioecon J 1: 100008. DOl:
10.1016/j.bioeco.2021.100008.

Strauss BH, Goldman L, Qiang B, Nili N, Segev A, Butany J, Sparkes JD,
Jackson ZS, Eskandarian MR, Virmani R. 2003. Collagenase plaque
digestion for facilitating guide wire crossing in chronic total
occlusions. Circulation 108: 1259-1262. DOl:
10.1161/01.cir.0000086320.24172.a1.

Struch M, Krahe NK, Linke D, Mokoonlall A, Hinrichs J, Berger RG.
2016. Dose dependent effects of a milk ion tolerant laccase on
yoghurt gel structure. LWT - Food Sci Technol 65: 1144-1152. DOI:
10.1016/j.Iwt.2015.10.004.

Suhaimi H, Dailin DJ, Malek RA, Hanapi SZ, Ambehabati KK, Keat HC,
Prakasham S, Elsayed EA, Misson M, Enshasy HE. 2021. Fungal
pectinases: Production and applications in food industries. In: Dai X,
Sharma M, Chen J (eds). Fungi in Sustainable Food Production.
Springer, Cham. DOI: dx.doi.org/10.1007/978-3-030-64406-2_6.

Sun H, Zhang H, Ang EL, Zhao H. 2018. Biocatalysis for the synthesis of
pharmaceuticals and pharmaceutical intermediates. Biorg Med Chem
26: 1275-1284. DOI: 10.1016/j.bmc.2017.06.043.

T.Sriwong K, Matsuda T. 2022. Recent advances in enzyme
immobilization utilizing nanotechnology for biocatalysis. Org Process
Res Dev 26: 1857-1877. DOI: 10.1021/acs.oprd.1c00404.

Tang L, Xia Y, Wu X, Chen X, Zhang X, Li H. 2017. Screening and
characterization of a novel thermostable lipase with detergent-
additive potential from the metagenomic library of a mangrove soil.
Gene 625: 64-71. DOI: 10.1016/j.gene.2017.04.046.

Tartibi HM, Hershfield MS, Bahna SL. 2016. A 24-year enzyme
replacement therapy in an adenosine-deaminase-deficient patient.
Pediatrics 137: €20152169. DOI: 10.1542/peds.2015-2169.

Tiwari R, Singh S, Shukla P, Nain L. 2014. Novel cold temperature active
B-glucosidase from Pseudomonas Ilutea BG8 suitable for
simultaneous saccharification and fermentation. RSC Adv 4: 58108-
58115. DOI: 10.1039/C4RA09784J.

Tolar J, Orchard PJ. 2008. a-L-iduronidase therapy for
mucopolysaccharidosis type I. Biol: Targets Ther 2: 743-751. DOI:
10.2147/btt.s3180.

Topgi RS, Ng JS, Landis B, Wang P, Behling JR. 1999. Use of enzyme
penicillin acylase in selective amidation/amide hydrolysis to resolve
ethyl 3-amino-4-pentynoate isomers. Biorg Med Chem 7: 2221-2229.
DOI: 10.1016/s0968-0896(99)00155-8.

Triplett TA, Garrison KC, Marshall N, Donkor M, Blazeck J, Lamb C,
Qergez A, Dekker JD, Tanno Y, Lu WC. 2018. Reversal of
indoleamine 2, 3-dioxygenase—mediated cancer immune suppression
by systemic kynurenine depletion with a therapeutic enzyme. Nat
Biotechnol 36: 758-764. DOI: 10.1038/nbt.4180.

Ueda K, Hokugo J. 2020. Safety and efficacy of idursulfase in the
treatment of mucopolysaccharidosis Il (Hunter syndrome): a post-
marketing study in Japan. Expert Opin Drug Saf 19: 891-901. DOI:
10.1080/14740338.2020.1751120.

Ugbede AS, Abioye OP, Aransiola SA, Oyewole OA, Maddela NR,
Prasad R. 2023. Production, optimization and partial purification of
bacterial and fungal proteases for animal skin dehairing: A
sustainable development in leather-making process. Bioresour
Technol Rep 24: 101632. DOI: 10.1016/j.biteb.2023.101632.


https://doi.org/10.1016/j.ijbiomac.2019.02.163
https://doi.org/10.1016/j.ijbiomac.2019.02.163
https://doi.org/10.1134/S2070050416010104
https://doi.org/10.1134/S2070050416010104
https://doi.org/10.17113%2Fftb.56.01.18.5491
https://doi.org/10.1016/j.ijbiomac.2018.01.173
https://doi.org/10.3389%2Ffbioe.2019.00110
https://doi.org/10.2147%2FTACG.S69080
https://doi.org/10.2147%2FTACG.S69080
https://doi.org/10.4061/2011/615803
https://doi.org/10.4061/2011/615803
https://doi.org/10.1016/j.foodchem.2017.11.026
https://doi.org/10.1016/j.foodchem.2016.04.093
https://doi.org/10.1016/j.foodchem.2016.04.093
https://doi.org/10.1016/j.tifs.2017.1009.00495-00105
https://doi.org/10.3389/fbioe.2015.00148
https://doi.org/10.3389/fbioe.2015.00148
https://doi.org/10.1016/B978-0-08-100722-8.00014-0
https://doi.org/10.1016/B978-0-08-100722-8.00014-0
https://doi.org/10.1016/j.anifeedsci.2017.11.008
https://doi.org/10.1016/j.anifeedsci.2017.11.008
https://doi.org/10.1016/j.jgeb.2017.06.007
https://doi.org/10.1021/op100289f
https://doi.org/10.1021/op100289f
https://doi.org/10.1002/14651858.cd010324.pub2
https://doi.org/10.1016/j.ijbiomac.2015.12.079
https://doi.org/10.1007/s13205-016-0485-8
https://doi.org/10.1007/s13205-016-0485-8
http://dx.doi.org/10.36783/18069657rbcs20210109
http://dx.doi.org/10.36783/18069657rbcs20210109
https://doi.org/10.1016/j.envres.2022.113411
https://doi.org/10.1016/j.bioeco.2021.100008
https://doi.org/10.1016/j.bioeco.2021.100008
https://doi.org/10.1161/01.cir.0000086320.24172.a1
https://doi.org/10.1161/01.cir.0000086320.24172.a1
https://doi.org/10.1016/j.lwt.2015.10.004
https://doi.org/10.1016/j.lwt.2015.10.004
http://dx.doi.org/10.1007/978-3-030-64406-2_6
https://doi.org/10.1016/j.bmc.2017.06.043
https://doi.org/10.1021/acs.oprd.1c00404
https://doi.org/10.1016/j.gene.2017.04.046
https://doi.org/10.1542/peds.2015-2169
http://dx.doi.org/10.1039/C4RA09784J
https://doi.org/10.2147%2Fbtt.s3180
https://doi.org/10.2147%2Fbtt.s3180
https://doi.org/10.1016/s0968-0896(99)00155-8
https://doi.org/10.1038/nbt.4180
https://doi.org/10.1080/14740338.2020.1751120
https://doi.org/10.1080/14740338.2020.1751120
https://doi.org/10.1016/j.biteb.2023.101632

DAHIRU et al. — Enzymes in medicine, agriculture, and industries 25

Vasconcelos A, Silva CISM, Schroeder M, Guebitz GM, Cavaco-Paulo A.
2006. Detergent formulations for wool domestic washings containing
immobilized enzymes. Biotechnol Lett 28: 725-731. DOI:
10.1007/510529-006-9050-6.

Wallig MA, Bolon B, Haschek WM, Rousseaux CG. 2017. Fundamentals
of Toxicologic Pathology, Academic Press, London, UK. DOI:
10.1016/C2015-0-02486-8.

Wang RY, da Silva Franco JF, Lopez-Valdez J, Martins E, Sutton VR,
Whitley CB, Zhang L, Cimms T, Marsden D, Jurecka A. 2020. The
long-term safety and efficacy of vestronidase alfa, rhGUS enzyme
replacement therapy, in subjects with mucopolysaccharidosis VII.
Mol Genet Metab 129: 219-227. DOI: 10.1016/j.ymgme.2020.01.003.

Wang Z, Xie Q, Zhou H, zZhang M, Shen J, Ju D. 2021. Amino acid
degrading enzymes and autophagy in cancer therapy. Front
Pharmacol 11: 582587. DOI: 10.3389/fphar.2020.582587.

Weng M, Deng X, Bao W, Zhu L, Wu J, Cai Y, Jia Y, Zheng Z, Zou G.
2015. Improving the activity of the subtilis in nattokinase by site-
directed mutagenesis and molecular dynamics simulation. Biochem
Biophys Res Commun 465: 580-586. DOl:
10.1016/j.bbrc.2015.08.063.

Whiteman DAH, Kimura A. 2017. Development of idursulfase therapy for
mucopolysaccharidosis type Il (Hunter syndrome): The past, the
present and the future. Drug Des Dev Ther 11: 2467-2480. DOI:
10.2147/DDDT.S139601.

Wu S, Snajdrova R, Moore JC, Baldenius K, Bornscheuer UT. 2021.
Biocatalysis: Enzymatic Synthesis for Industrial Applications. Angew
Chem Intl Ed 60: 88-119. DOI: 10.1002/anie.202006648.

Xie Z, Feng J, Garcia E, Bernett M, Yazbeck D, Tao J. 2006. Cloning and
optimization of a nitrilase for the synthesis of (3S)-3-cyano-5-methyl
hexanoic acid. J Mol Catal B: Enzym 41: 75-80. DOIL:
10.1016/J.MOLCATB.2006.04.010.

Yadav A, Ali AAM, Ingawale M, Raychaudhuri S, Gantayet LM, Pandit
A. 2020. Enhanced co-production of pectinase, cellulase and xylanase
enzymes from Bacillus subtilis ABDRO1 upon ultrasonic irradiation.
Process Biochem 92: 197-201. DOI: 10.1016/j.prochio.2020.01.011.

Yang H, Li J, Du G, Liu L. 2017. Microbial production and molecular
engineering of industrial enzymes: Challenges and strategies. In:
Brahmachari G (eds). Biotechnology of Microbial Enzymes.
Academic Press, London, UK. DOI: 10.1016/B978-0-12-803725-
6.00006-6.

Yin L, Ye J, Kuang S, Guan Y, You R. 2017. Induction, purification, and
characterization of a thermo and pH stable laccase from Abortiporus
biennis J2 and its application on the clarification of litchi juice. Biosci
Biotechnol Biochem 81: 1033-1040. DOl:
10.1080/09168451.2017.1279850.

Zaidi KU, Ali AS, Ali SA, Naaz . 2014. Microbial tyrosinases: promising
enzymes for pharmaceutical, food bioprocessing, and environmental
industry. Biochem  Res Intl  2014:  854687. DOI:
10.1155/2014/854687.

Zhang B, Wang J, Chen J, Zhang H, Yin D, Zhang Q. 2017. Magnetic
mesoporous microspheres modified with hyperbranched amine for the
immobilization of penicillin G acylase. Biochem Eng J 127: 43-52.
DOI: 10.1016/j.bej.2017.07.011.

Zhang G, Wang H, Zhang X, Ng T. 2010. Helvellisin, a novel alkaline
protease from the wild ascomycete mushroom Helvella lacunosa. J
Biosci Bioeng, 109: 20-24. DOI: 10.1016/j.jbiosc.2009.06.022.

Zheng RC, Zheng YG, Li AP, Li XJ. 2014. Enantioselective synthesis of
(S)-3-cyano-5-methylhexanoic acid by a high DMSO concentration
tolerable Arthrobacter sp. ZJB-09277. Biochem Eng J 83: 97-103.
DOI: 10.1016/j.bej.2013.12.009.


https://doi.org/10.1007/s10529-006-9050-6
https://doi.org/10.1007/s10529-006-9050-6
https://doi.org/10.1016/j.ymgme.2020.01.003
https://doi.org/10.3389/fphar.2020.582587
https://doi.org/10.1016/j.bbrc.2015.08.063
https://doi.org/10.1016/j.bbrc.2015.08.063
https://doi.org/10.2147%2FDDDT.S139601
https://doi.org/10.2147%2FDDDT.S139601
https://doi.org/10.1002/anie.202006648
https://doi.org/10.1016/J.MOLCATB.2006.04.010
https://doi.org/10.1016/J.MOLCATB.2006.04.010
http://dx.doi.org/10.1016/j.procbio.2020.01.011
https://doi.org/10.1016/B978-0-12-803725-6.00006-6
https://doi.org/10.1016/B978-0-12-803725-6.00006-6
https://doi.org/10.1080/09168451.2017.1279850
https://doi.org/10.1080/09168451.2017.1279850
http://dx.doi.org/10.1016/j.bej.2017.07.011
https://doi.org/10.1016/j.jbiosc.2009.06.022
http://dx.doi.org/10.1016/j.bej.2013.12.009

