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Abstract: enzymes are essential biological catalysts widely utilized in diverse industries such
as pharmaceuticals, food processing, biofuels, and environmental technology due to their high
specificity, efficiency, and eco-friendliness. With increasing global demand, conventional methods of
enzyme extraction have become inadequate, leading to the development of advanced biotechnological
approaches. The aim of this review is to analyze contemporary strategies for enzyme production using
biotechnological methods, evaluate their benefits and limitations, and explore emerging trends aimed
at improving enzyme yield, stability, and industrial applicability. The materials and methods used in this
review involved a comprehensive analysis of scientific publications over the past three years obtained
from international databases, using keywords such as enzyme production, fermentation, recombinant
DNA, and protein engineering. The data were synthesized through critical review of original research,
review articles, and industrial reports. Biotechnological enzyme production predominantly relies on
microbial systems due to their rapid growth, adaptability, and cost-effective fermentation capabilities.
Bacteria, fungi, and yeasts are employed in submerged or solid-state fermentation, offering scalability
and precise process control. Genetically engineered microorganisms, particularly Escherichia coli,
Saccharomyces cerevisiae, and Pichia pastoris, are frequently used as expression hosts, enabling
high-yield production and post-translational modifications. The review highlights the significance of
recombinant DNA technology, emphasizing cloning strategies, vector design, expression optimization,
and fusion proteins for improved purification and secretion. Protein engineering techniques such as
rational design and directed evolution allow the fine-tuning of enzyme properties, enhancing thermal
stability, pH tolerance, and substrate specificity. These advances have had transformative effects on
the pharmaceutical sector, enabling efficient drug synthesis and delivery systems, and supporting
sustainable production practices across industries. Although plant- and animal-derived enzymes retain
specific industrial roles, microbial enzymes remain dominant due to their robustness and efficiency.
Fermentation techniques are central to enzyme production, with submerged fermentation favored
for its automation potential, and solid-state fermentation offering higher concentrations and lower
costs. The integration of synthetic biology, metagenomics, and Al-driven process control is expected
to redefine future enzyme production. In conclusion, biotechnological methods have significantly
enhanced the feasibility, scalability, and sustainability of industrial enzyme production. Continued
innovation in genetic and protein engineering, coupled with process optimization, promises to expand
enzyme applications across emerging industrial sectors.
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Introduction

Enzymes are biological catalysts that
accelerate chemical reactions by lowering the
activation energy without being consumed in the
process. They play critical roles in physiological
processes and industrial applications due to their
specificity, catalytic efficiency, and eco-friendly
nature. Global demand for enzymes continues to
rise, driven by their applications in sectors such
as food technology, pharmaceuticals, detergent
production, biofuels, and environmental reme-
diation. Traditional extraction of enzymes from
natural sources is often costly and inefficient,
prompting the development of advanced
biotechnological methods for enzyme production.

Biotechnology-based strategies, particularly
those employing microbial systems and genetic
engineering, have become the cornerstone of
modern enzyme manufacturing. These methods
enable controlled, scalable, and sustainable
production of enzymes with desired properties.
This article reviews the current biotechnological
approaches for enzyme production, highlighting
traditional and modern techniques, advancements
in strain improvement, and innovations in
process optimization [1].

Aim

The purpose of this review is to analyze
contemporary biotechnological methods for
enzyme production, evaluate their advantages
and limitations, and explore emerging trends that
enhance enzyme yield, stability, and functional
diversity for industrial applications.

Materials and methods

This review is based on an analysis of
scientific literature published over the last
three years, retrieved from databases including
PubMed, Scopus, Web of Science, and Google
Scholar. The methods involved critical review
of original research articles, review papers, and
industrial reports, focusing on microbial sources,
genetic engineering approaches, and bioprocess
optimization techniques.

Review and discussion

The use of enzymes in industrial sectors has
increasedsubstantially duetotheirhighspecificity,
catalytic efficiency, and environmentally friendly
nature. Biotechnological methods, including
fermentation and genetic engineering, have
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made large-scale production of enzymes feasible
and cost-effective. These enzymes are applied
in numerous industries to improve process
efficiency, product quality, and sustainability.
One of these industries is Pharmaceutical.

Biotechnologically produced enzymes have
transformed pharmaceutical manufacturing by
enabling stereospecific reactions, reducing the
need for hazardous chemicals, and increasing
overall process efficiency.

Enzymes, as essential biological catalysts,
can be obtained from a variety of natural sources,
each offering specific advantages, limitations,
and potential applications in industrial
biotechnology. The principal sources for large-
scale enzyme production are microorganisms,
plants, and animals. [3]. The selection of an
appropriate source is guided by factors such as
the physicochemical properties of the desired
enzyme, production cost, scalability, and the
simplicity of downstream purification.

Amongtheavailablesources, microorganisms
are the most extensively exploited for industrial
enzyme production due to their distinct benefits
over plant and animal systems. Bacteria, fungi,
and yeasts are especially preferred because of
their rapid proliferation, adaptability to diverse
environmental conditions, and suitability for
high-yield fermentation processes. Microbial
enzymes are typically produced using submerged
fermentation (SmF) or solid-state fermentation
(SSF), both of which enable precise control of
growth parameters and enhanced enzyme output
[2, 4].

One major advantage of microbial systems is
their cost-effectiveness, as they can be cultivated
on low-cost substrates such as agricultural
residues and industrial waste. Furthermore,
genetic engineering allows for the manipulation
of microbial genomes to improve enzyme yield,
enhance operational stability under extreme
conditions, and modify catalytic characteristics.
This adaptability is particularly beneficial for
industrial processes conducted under high
temperatures, fluctuating pH, or in the presence
of organic solvents.

Bacterial strains, such as those from the
Bacillus genus, are renowned for producing
thermostable amylases and proteases, extensively
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utilized in the detergent and textile industries.
Other genera, including Pseudomonas and
Streptomyces, serve as prolific sources of lipases
and cellulases [5]. Fungal microorganisms,
particularly filamentous fungi like Aspergillus
and Trichoderma, are highly valued for
their ability to secrete substantial amounts
of extracellular enzymes such as cellulases,
xylanases, and pectinases, which are widely used
in food, paper, and biofuel industries.

Yeasts, including Saccharomyces cerevisiae
and Pichia pastoris, are commonly employed
in recombinant DNA technology as expression
systems for heterologous enzyme production.
These eukaryotic hosts provide efficient post-
translational modifications while being amenable
to large-scale fermentation. Collectively,
microbial systems dominate industrial enzyme
biotechnology owing to their sustainability,
scalability, and broad enzymatic diversity.

Plants remain a traditional but important
source of industrial enzymes, where they provide
specific catalytic properties that are difficult
to replace. According to Cowan and Tombs
(2022), examples include amylases derived from
barley that are essential for brewing processes,
papain obtained from papaya latex widely used
as a natural meat tenderizer, and bromelain
from pineapple stems, which demonstrates
notable anti-inflammatory activity and finds
applications in both food technology and
pharmaceutical formulations. Beyond their role
in food technology, plant-derived enzymes are
increasingly significant in the pharmaceutical
industry. They are applied not only as active
pharmaceutical ingredients but also as auxiliary
agents in drug formulation and targeted delivery
systems. Their therapeutic potential-ranging
from anti-inflammatory effects to digestive and
proteolytic functions—underpins the development
of innovative medicines and biopharmaceuticals.
Moreover, advances in biotechnological
production of plant enzymes are improving yield,
stability, and scalability, strengthening their
relevance for pharmaceutical biotechnology and
industrial healthcare solutions [6-9].

Despite these applications, large-scale
production of plant-derived enzymes is
hampered by several constraints, including
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seasonal variability, inconsistent enzyme
yield and activity, and the necessity for labor-
intensive extraction and purification procedures.
While microbial fermentation 1is generally
more efficient, plant enzymes retain relevance
in specialized applications where their specific
catalytic features are indispensable [8].

Animal tissues and organs also serve as
traditional enzyme sources, predominantly in the
medical and pharmaceutical sectors. Enzymes
such as trypsin, chymotrypsin, and lipase—
extracted from the pancreas — are commonly
used in digestive therapies and in peptide drug
synthesis. Another well-known enzyme of
animal origin is rennin (chymosin), obtained
from calf stomachs and employed in cheese
manufacturing [7].

Nonetheless, the industrial use of animal-
derived enzymes has declined considerably due
to ethical concerns, risk of disease transmission,
supply inconsistencies, and elevated production
costs. Furthermore, these enzymes often exhibit
lower stability and specificity relative to their
microbial counterparts, making them less
suitable for industrial-scale use. Nevertheless,
they remain important in niche fields such as
pharmaceuticals and clinical diagnostics.

Fermentation processes are central to modern
enzyme production, leveraging microorganisms
as efficient biological factories. The two most
prominentmethodsare submerged fermentation
(SmF) and solid-state fermentation (SSF), each
differing in substrate type, moisture content, and
operational parameters, all of which influence
productivity and enzyme yield.

SmF involves cultivating microorganisms in
a liquid nutrient medium under strictly controlled
environmental conditions. This method is widely
employed for the production of key industrial
enzymes including amylases, proteases, lipases,
and cellulases, which find extensive application
in food processing, pharmaceuticals, and biofuel
[10, 11].

In SmF, microorganisms—typically bacteria or
fungi—are cultivated in sterile bioreactors supplied
continuously with carbon, nitrogen, minerals, and
essential growth factors. Adequate agitation and
aeration are critical not only for ensuring oxygen
transfer, nutrient distribution, and homogeneity,
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but also for maintaining the stringent process
control required in pharmaceutical manufacturing.
The use of SmF allows real-time monitoring
and adjustment of pH, temperature, and oxygen
levels, making the method highly scalable and
compatible with Good Manufacturing Practice
(GMP) standards and automation frequently
demanded in pharmaceutical enzyme production
for replacement therapy (lactase for lactose
intolerance, pancreatin for enzyme deficiency),
antibiotics synthesized by microorganisms
(Penicillium — penicillin), recombinant proteins
(insulin, interferons, monoclonal antibodies).
(Patel et al., 2023). Furthermore, well-established
downstream purification methods, such as
centrifugation and filtration, are efficiently applied
to recover enzymes with the high purity necessary
for pharmaceutical applications. However, SmF
also presents several challenges, including high
water and energy consumption for aeration and
agitation, and greater susceptibility to microbial
contamination. In addition, enzymes are often
produced in dilute form within large liquid
volumes, requiring additional concentration and
purification steps—processes that are particularly
critical in ensuring the safety, efficacy, and
regulatory compliance of pharmaceutical-grade
enzyme preparations. [9, 12-13].

SSF serves as an alternative method wherein
microorganisms are cultured on moist solid
substrates in the absence of free-flowing water.
Typical substrates include agro-industrial
residues such as wheat bran, rice husk, corn cob,
soybean meal, and sugarcane bagasse, which act
both as nutrient sources and physical supports.

This technique is particularly effective for
cultivating filamentous fungi like Aspergillus,
Penicillium, and Rhizopus, which thrive in low-
moisture conditions and can efficiently penetrate
solid matrices. SSF is especially advantageous
for the production of enzymes such as cellulases,
xylanases, amylases, and proteases used in the
feed, textile, and paper industries [4, 9].

SSF offers several benefits, including low
water usage, higher enzyme concentration, and
reduced production costs due to the utilization
of inexpensive substrates. Nonetheless, the
technique faces challenges in process monitoring
and control, as parameters such as temperature,
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moisture, and oxygen levels may vary unevenly
within the solid matrix. Additionally, limited
scalability and labor-intensive extraction
procedures pose constraints on widespread
industrial adoption [14-16].

The advent of recombinant DNA technology
has transformed enzyme production by
enabling gene manipulation and expression in
heterologous hosts. This strategy significantly
improves enzyme Yyield, functional stability,
and scalability [17-20]. Common expression
hosts include Escherichia coli, Saccharomyces
cerevisiae, and Pichia pastoris, each offering
unique advantages in terms of growth kinetics
and post-translational processing.

Principle of Recombinant Enzyme Pro-
duction. The process begins with isolating or
synthesizing the target gene, which is inserted
into a suitable vector—typically a plasmid—
designed for replication and expression in the
host organism. Advanced cloning techniques
such as Gibson assembly and CRISPR/Cas
systems ensure precise gene insertion. Vectors
contain regulatory elements like promoters,
ribosome-binding sites, and selectable markers
that facilitate effective transcription, translation,
and identification of transformed cells [21].

Gene Cloning and Overexpression. A key
benefit of recombinant technology is the ability
to overexpress the enzyme-coding gene using
inducible promoters, such as the lac promoter in
E. coli or AOX1 in P. pastoris. Codon optimi-
zation further enhances expression efficiency
by aligning gene codons with host preferences,
particularly when expressing genes from
thermophilic organisms in mesophilic hosts [22].

Role of Fusion Proteins and Signal
Peptides. Fusion tags (e.g., His-tag, GST,
MBP) aid in protein solubility, folding, and affi-
nity purification. Signal peptides, such as the
a-mating factor from S. cerevisiae, direct the
recombinant enzyme to the secretory pathway,
facilitating extracellular release and simplifying
purification [23].

Expression Systems and Their
Applications. E. coli is widely used for its rapid
growth and high expression capability but lacks
glycosylation machinery, making it less suitable
for complex eukaryotic enzymes. S. cerevisiae
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and P, pastoris, in contrast, provide efficient post-
translational modifications and are preferred for
secreted or glycosylated enzymes [24].

Protein engineering enables the modification
ofenzyme structures to enhance their performance
under industrial conditions. Given that natural
enzymes are often optimized for physiological
environments, their functionality may be limited
in high-temperature, high-pH, or solvent-rich
processes. Two principal strategies—rational
design and directed evolution—are employed to
overcome these limitations.

This approach relies on detailed structural and
mechanistic knowledge, allowing specific amino
acid substitutions via site-directed mutagenesis.
Structural insights are typically derived from
X-ray crystallography, NMR spectroscopy, or
computational modeling. Modifications may
improve solubility, thermal stability, or alter
substrate specificity. For example, lipases have
been engineered for increased methanol tolerance
in biodiesel synthesis, and cellulases modified
for high-temperature biomass hydrolysis.

However, rational design requires comp-
rehensive knowledge of enzyme structure-
function relationships, which is not always
available, and may yield unpredictable results
due to complex intramolecular interactions.

Directed evolution mimics natural selection
by generating large libraries of mutated genes
and screening for improved variants. Random
mutagenesis techniques such as error-prone PCR
or DNA shuffling introduce genetic diversity.
Promising mutants are iteratively refined through
multiple selection cycles.

This method has yielded enzymes with
enhanced thermal tolerance, solvent resistance,
and catalytic efficiency. Subtilisin proteases
and thermostable polymerases are prominent
industrial examples. Notably, Frances Arnold
received the 2018 Nobel Prize in Chemistry
for pioneering this technique, demonstrating its
transformative potential in tailoring enzymes for
industrial and medical applications.

Conclusions

Biotechnological methods have
fundamentally transformed enzyme production,
offering scalable, efficient, and sustainable
alternatives to traditional extraction techniques.
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The use of microbial systems, particularly
genetically engineered strains such as E. coli,
S. cerevisiae, and P. pastoris, has significantly
increased enzyme yield and allowed for fine-
tuning of catalytic properties. Fermentation
techniques, including submerged and solid-state
fermentation, have enabled precise control over
production parameters and reduced operational
costs. Recombinant DNA technology and
advanced cloning strategies have facilitated
high-level expression of enzymes with improved
stability and specificity. Protein engineering,
through rational design and directed evolution,
has expanded the functional diversity of enzymes
for challenging industrial conditions. While plant
and animal enzymes retain niche applications,
microbial sources dominate due to their
adaptability and productivity. The integration of
synthetic biology, metagenomics, and Al-driven
process optimization is expected to drive further
innovation in this field. Despite some challenges
related to regulatory compliance and production
scalability, biotechnological enzyme production
continues to evolve rapidly.
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Bupo0HuuTBO pepMeHTIB 0i0TEXHOTOTTYHMMHU METOAAMM: OIJISA/Y
Amnacracis 1yo, FOuais Ilnackonic, Oxcana bapua, lNaanna Ko3up,

Ipuna Creunmun, Map'ssna Bacenia

Kagenpa ynpasniHHs Ta eKOHOMIKH (papmMallii 3 TEXHOJIOTIENO JIiKiB, TepHONIbChKUN
HaIllOHANBHUHN MeauuHui yHiBepcuteT imeHi 1. S1. [opGaueBchkoro MiHicTepcTBa OXOpOHU
30poB’s Ykpainu, M. TepHotiias, YKpaiHa.
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Anomauyia: ¢epmenmu € He3amiHHUMU ~ OIONOIYHUMU — KAMANI3AMOPAMU, AKI  WUPOKO
3aCmMOCO8YIOMbCsL 8 PISHUX 2ANY3AX NPOMUCTIO80CMI, 30Kpema y gapmayii, Xapuosii npomMucio8ocnii,
BUPOOHUYMET Dionaiuea ma eKomexHoN02IAX, 3a605KU GUCOKIl cneyugiunocmi, eghekmuenocmi ma
exonoziunocmi. 3i 3pOCMAaHHAM 2100ATbHO20 NORUMY MPAOUYIUHI MEeMOOU OMPUMAHHS (epmeHmie
cmanu HeOOCMamHiMU, Wo 3yMOBULO PO3GUMOK CYUACHUX OI0MeXHON02iuHUX nioxodie. Memoio danoco
02140y € aHaniz CyuyacHux cmpameeii OIOMexXHON02IUHO20 BUPOOHUYMEA (pepmenmis, oyiHKa iXHixX
nepegae i HeOONIKi8, A MAKONC BUBYEHHS HOBIMHIX MEHOeHYIl, CNPAMOBAHUX HA NIOBUUEHHS BUX00Y,
cmaobinbHOCMi ma npomMucioeoi 3acmocoenocmi pepmenmis. Mamepianu ti Memoou 0210y 6a3y8anucs
Ha 8ceDIYHOMY AHANI3] HAYKOBUX NYONIKayili OCMAHHIX MPbOX POKI8, OMPUMAHUX 3 MINCHAPOOHUX 0a3
OQHUX 30 KTIOYOBUMU CTLOBAMU: 8UPOOHUYMBO (hepmenmis, hepmenmayis, pekombinanmua /[HK, 6inkosa
iHoicenepis. [lani Oynu y3aeanbHeHi WIsXoM KpUmMu4HO20 aHarizy OPUSTHATbHUX 00CTI0NCEHD, 02T008UX
cmametl ma 2anyzesux 36imie. biomexnonoeiune upoOHUYMEO (epmenmie nepesacdcHo IPYHMyEMvcs
HA 8UKOPUCTNAHHT MIKPOOP2AHI3MIB, 3A80KU IX WUBUOKOMY POCHY, AOANMUBHOCII MA PeHMAaDelbHOCI
Gepmenmayiiinux npoyecie. baxmepii, epubu ma OpiKHcoHCi BUKOPUCIOBYIOMbCS 8 3AHYPEHIll aOo
meepoogasniil hepmenmayii, wo 3ade3neyye mMacuimabdo8aricms ma MOYHUL KOHMPOIb NPOYecy.
T'enemuyuno mooughikosani mikpoopeanizmu, 30kpema Escherichia coli, Saccharomyces cerevisiae ma
Pichia pastoris, wacmo 8uxopucmogyomscs K eKCHpecitiHi cucmemu, wjo 0ae 3mM02y OmpuMysamu
BUCOKI 8UXO0U (hepMeHmi8 i3 NOCMMPAHCIAYIUHUMY Moouikayiamu. B 021301 niokpeciroemuvcs
3HaueHHs mexHonoeii pexombinanmuoi J{HK, 3 akyenmom nHa cmpamezii KIOHY8AHHS, KOHCMPYKYIIO
8eKMOPIB, ONMUMI3AYito eKxcnpecii ma 6UKOPUCMAHHS 3MUMuX OLIKI6 011 NOKPAUeHHS 04U eHHs Ma
cexpeyii. Memoou 6inko8oi indicenepii, 30kpema payionarbHull OU3atiH i CNPAMOBAHA e8ONI0Yis, 0AlOMb
3M02Y MOHKO HANAUIMOBY8AMU 6IACMUBOCMI (hepmeHmis, nidsuwylodU ix mepmocmaobiibHicmb,
monepaumuicms 0o pH ma cneyughiunicmo 0o cyocmpamy. L[i 0ocsienHenHs cymmeso SNAUHYIU HA
papmayesmuuny 2any3v, 3a6e3neuyiovu egheKmueHUL CUHMe3 NIKAPCbKUX 3aco0is i cucmem 00CmMasKu, a
MAaKoc NIOMpUMYI04y CMauil xapakmep supoonuymea 6 pisHux 2any3ax. Heszeascarouu na nasaenicmo
NPOMUCTIOBUX Hil 015 (hepMeHmi8 POCIUHHO20 MA MEAPUHHO20 NOXOOJICEHHs, MIKpOOHI hepmenmu
3AMUMAIOMbCL OOMIHAHMHUMU 3A805KU C80ill HaOTliHOCcmi ma egpekmuernocmi. Memoou ¢hepmenmayii
€ YeHMPanbHUMU 011 BUPOOHUYMEA (hepmenmia, NPULOMY 3aHypeHa hepmenmayisn € Kpaujor 3a8058Ku
c8oEMY nomenyiany asmomamuzayii, a meepooghazna pepmenmayis NPONoHye Ui KOHYeHmpayii ma
Huoicui eumpamu. [nmeepayis cunmemuunoi 6ionoeii, MmemazeHoMiKU ma YAPAGIiHHI Npoyecamu Ha
OCHOBI WIMYYHO20 THMENeKMmy OYiKY8aHO BU3HAYAMUME MAUOYMHE (hepmMenmamuerHo20 8UPOOHUYMEA.
Omoice, OiOMeXHONO2IYUHI MeMOOU 3HAYHO NIOBUWUIU OOYITLHICIb, MACUMADOBAHICMb I CMAICMb
npoMucio8o2o eupodbnuymea epmenmis. Ilodanvwii innosayii 6 eanysi eememuunoi ma 0OLIKOBOT
iHOKICeHepli pasom 3 ONnmMuMIi3ayicro Npoyecis
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