Current Research in Microbial Sciences 7 (2024) 100281

Contents lists available at ScienceDirect

Current Research in Microbial Sciences

o %

ELSEVIER

journal homepage: www.sciencedirect.com/journal/current-research-in-microbial-sciences

Check for

Graphing the Green route: Enzymatic hydrolysis in | e
sustainable decomposition

Rajat Singh ™', Rajul Jain "', Priyanka Soni , Sergio de los Santos-Villalobos 4
Sourav Chattaraj , Deblina Roy ', Debasis Mitra® ", Ashish Gaur®

& Department of Biotechnology, Graphic Era (Deemed to be University), Dehradun, 248002, Uttarakhand India

Y Department of Zoology, Dayalbagh Educational Institute (DEI), Agra, 282005, New Delhi, India

¢ Department of Psychology, Gurukula Kangri (Deemed to be University), Haridwar, Uttarakhand, India

4 Instituto Tecnoldgico de Sonora, 5 de febrero 818 sur, 85000, Ciudad Obregon, Sonora, Mexico

€ Centre for Industrial Biotechnology Research, School of Pharmaceutical Sciences, Siksha ‘O’ Anusandhan (Deemed to be University), Bhubaneswar, 751 003, Odisha,
India

f Department of Agronomy, Bidhan Chandra Krishi Viswavidyalaya, Nadia, West Bengal, 741252, India

8 Department of Microbiology, Graphic Era (Deemed to be University), Dehradun, 248002, Uttarakhand India

ABSTRACT

This graphical review article explores how sustainable decomposition contributes to environmental sustainability in waste management with a focus on enzymatic
hydrolysis. Methods such as composting and anaerobic digestion efficiently break down organic waste and reduce landfill use and greenhouse gas emissions, while
producing valuable resources such as compost and biogas. In particular, enzymatic hydrolysis offers advantages over chemical methods because it operates under
mild conditions, targets specific substrates precisely, and yields purer products with fewer side reactions. Its renewable and biodegradable nature aligns with sus-
tainability goals, making it suitable for waste decomposition, biorefining, and resource recovery. Enzymatic waste conversion reduces waste and pollution, conserves
natural resources, and supports circular economy. Various ongoing studies have aimed to enhance the efficiency and environmental benefits of enzymatic hydrolysis,
enabling innovative waste-to-value solutions that address environmental, economic, and social challenges. This article emphasizes the importance of its timely
examination of enzymatic hydrolysis as a prominent method for sustainable waste decomposition, stressing its environmental, economic, and societal benefits. It
distinguishes itself through its extensive analysis of chemical methods, its emphasis on the circular economy, and its delineation of future research directions and the
need for interdisciplinary collaboration to advance this innovative technology.

Introduction Various enzymes substrates are used in enzymatic hydrolysis such as

B-Glucosidases which hydrolyze cellobiose into two glucose molecules,

Sustainable decomposition efficiently manages organic waste and
minimizes harm to the environment. It breaks down organic waste and
reduces landfill use and greenhouse gas emissions (Yatoo et al., 2024).
Composting and anaerobic digestion convert organic waste into useful
resources such as compost and biogas. These processes engage com-
munities in waste reduction efforts. Integrating sustainable decomposi-
tion into waste management achieves environmental, economic, and
social benefits (Sharma et al., 2024). This will build a sustainable future.
Hydrolysis can play an important role in waste decomposition and
management, offering pathways towards a more sustainable future
(Srivastava et al., 2023). Hydrolysis promotes resource recovery,
renewable energy generation, and environmental protection by various
means (Fig. 1).

* Corresponding authors.

Exoglucanases (CBH — Cellobiohydrolases) acts on the ends of the cel-
lulose chains to release cellobiose units, Laccase catalyzes the oxidation
of phenolic compounds in lignin, Exopeptidases cleave peptide bonds at
the ends of protein chains, either from the amino end (aminopeptidases)
or the carboxyl end (carboxypeptidases) (Gonzalez-Gonzalez and
Miranda-Lopez, 2022). The enzymatic hydrolysis is the most significant
step in modern biotechnology, given green chemistry, researchers has
made efforts to develop new strategies for improving enzymatic hy-
drolysis efficiency. Hydrotropic treatment also improves the reactivity
of substrates such as miscanthus and oat hulls and has been shown to
notably increase the reducing sugar yields in studies (Denisova et al.,
2016). Moreover, chemoenzymatic deracemization of secondary
benzylic acetates have been developed with high selectivities and
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conversions in non-conventional media. In addition, its highlight about
the significance of enzymatic hydrolysis in biochemical biomass con-
version, focusing on its advantages like mild conditions, high sugar
yields and specificity which are indispensable for the economic pro-
duction of fermentable sugars from lignocellulosic biomass (Yuan et al.,
2020). Waste recycling using enzymatic hydrolysis is a green and sus-
tainable process in degrading various organic materials. This practice
breaks down complex molecules through the use of enzymes, which
leads to the degradation of hazardous chemicals within the environ-
ment. It was found that enzyme-mediated bioremediation as a cheap and
effective technology can be able to sufficiently degrade harmful chem-
icals within the environment by introduction of genetic engineering and
immobilization techniques. Optimization of the reaction media and
supporting materials (e.g., using ionic liquids (ILs)) can boost the
enzyme functions notably in the recyclable reuse ability, increased re-
action rates and better stability especially on lipase-catalyzed
(Toshiyuki, 2023).

This graphical review addresses a critical need in the field of envi-
ronmental sustainability by examining how enzymatic hydrolysis, a
specific method of sustainable decomposition, can significantly enhance
waste management practices. The urgency to find more efficient and
eco-friendly waste treatment solutions stems from increasing global
waste production and the detrimental environmental impacts of con-
ventional waste disposal methods, such as landfilling and incineration.

Unmatched advantages of enzymatic hydrolysis against chemical
methods

Enzymatic hydrolysis offers unmatched advantages over chemical
methods (Amezcua-Allieri et al., 2017, Jain et al., 2023). Enzymes
operate under mild conditions, thus minimizing energy consumption
and reducing environmental harm (Kleekayai et al., 2024). Enzymes
target specific substrates with high precision, resulting in efficient re-
actions (Barbosa et al., 2019; Yi et al., 2022; Zhang and Zheng, 2022).
This reduces the need for extensive purification. Enzymatic hydrolysis
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yields a higher product purity and minimizes side reactions (Rojo et al.,
2023). Enzymes are renewable and biodegradable, and are aligned with
sustainability goals. Enzymatic hydrolysis is superior for waste decom-
position, biorefining, and sustainable resource recovery (Zaaba and
Jaafar, 2020; Chook et al., 2023; Siddiqui, and Dahiya, 2022). In addi-
tion, enzymatic hydrolysis often results in purer products with fewer
side reactions, thereby improving the overall efficiency (Li et al., 2020;
Xin et al., 2024). Finally, enzymes are renewable and biodegradable,
aligning with sustainability goals and reducing the impact of waste
treatment. Therefore, the efficiency, selectivity, and environmental
benefits of enzymatic hydrolysis make it a superior choice for many
applications including waste breakdown, biorefining, and sustainable
resource recovery (Fig. 2).

Circular economy refers to the process of using waste from one in-
dustry as a raw material for another. It is based on the sustainable
development principle of "reduce, recycle, reuse, recovery, and restore"
which transforms the traditional linear model of the economy (make-
use-throw) into a much more efficient circular model. To be more pre-
cise, the production of high-value goods through the recycling of bio-
waste might be the future solution to realising the goal of a bio-based
circular economy (Rojas et al., 2022). Enzymatic waste conversion
aligns with these 5Rs of the circular economy by reducing greenhouse
gases and landfill waste; recycling waste into useful bioproducts like
bioenergy, biopesticide, bioethanol, etc.; maximizing the reuse of
different resources; recovering the efficiency of the resources and
restoring natural resources. Enzymatic conversion also fosters the eco-
nomic benefits, and promotes innovation in technology (Chakraborty
et al., 2023).

Significant lignocellulosic wastes are produced during the brewing
process, including barley straw and brewer’s discarded grains.
Gonzalez-Garcia et al. (2018) designed a biorefinery system that used
these residues to produce xylooligosaccharides (XOS) and bio-ethanol.
The environmental effect was assessed using Life Cycle Assessment
(LCA), with an emphasis on mass and energy balances. The five sections
of the biorefinery system were fermentation, XOS purification,
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Fig. 1. Enzymatic hydrolysis: pathway to sustainable green economy.
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Fig. 2. Advantages with the application of enzymatic hydrolysis over chemical hydrolysis.

autohydrolysis pretreatment, reconditioning/storage, and bio-ethanol
purification. Two environmental hotspots were found using LCA: the
generation of steam for autohydrolysis and the creation of enzymes for
saccharification/fermentation. The environmental effects of heating
with wood chips as opposed to natural gas were decreased by 44% to
72%. To preserve non-renewable resources and avoid future material
shortages, alternative manufacturing methods that make use of trash are
essential. It is feasible to separate biowaste for fermentation. Study
conducted by Molina-Penate et al. (2023) proposed a solid-state
fermentation technique to valorize the leftover solids from biowaste
following enzymatic hydrolysis. Two anaerobic digestion digestates
were tested in a 22 L bioreactor to counteract an acidic pH and promote
Bacillus thuringiensis growth. The finished product included insecticidal
proteins and 4 x 108 spores per gram. This process uses every material
from the hydrolysis of biowaste in a sustainable manner.

Enzymatic waste conversion: a path to environmental
sustainability

Enzymes convert organic waste into valuable products, thereby
reducing landfill waste and pollution (Sharma et al., 2021). They effi-
ciently break down complex compounds under mild conditions, save
energy, and minimize harmful by-products (Zahedifar et al., 2021). This
method addresses waste management issues and helps conserve natural
resources by extracting valuable components. Enzymatic waste con-
version supports a circular economy and treats waste as a resource for
sustainability (Hawrot-Paw and Stanczuk., 2022). Various ongoing
studies have aimed to reduce environmental impacts and create eco-
nomic opportunities through innovative waste-to-value solutions. The
industrial sector for the enzymatic production of biofuels, food and
beverages, textiles, and pharmaceuticals is experiencing rapid growth
due to the increasing demand for sustainable solutions. Enzymatic

hydrolysis is an effective method for converting biomass into biofuels,
while enzymes are used to improve product quality sustainably in food
processing and textiles. In the pharmaceutical industry, enzymes are
used to streamline drug synthesis, reducing costs and environmental
impact. Ongoing innovations in enzyme engineering aim to broaden
applications and address challenges such as cost and scalability, with
continued research focused on sustainable industrial practices (Fig. 3).

Industrial set up, cost analysis and global prospect for using
enzymes

Industrial facilities for enzymatic waste treatment, such as bio-
reactors, are essential for optimizing the efficiency and scalability of
enzymatic hydrolysis (Shokrkar et al., 2018). These bioreactors are
designed to maintain optimal conditions for enzyme activity, such as
controlled temperature, pH, and substrate concentrations. They facili-
tate both continuous and batch processing of substantial amounts of
organic waste, ensuring a consistent and efficient transformation into
valuable products (Olivieri et al., 2021). Modern bioreactor designs
incorporate automated monitoring and control systems to sustain ideal
reaction conditions and improve enzyme stability (Mitra and Murthy,
2022). Additionally, bioreactors can be integrated with downstream
processing units to separate and purify the resulting hydrolysate,
enhancing the overall efficiency and sustainability of waste treatment.
Their adaptability allows for the customization of enzyme mixtures to
target specific types of organic waste, expanding the application of
enzymatic hydrolysis across various industrial sectors. Therefore, bio-
reactors play a critical role in implementing enzymatic technologies in
large-scale waste management and resource recovery initiatives,
contributing to the advancement of a circular economy (Kumar and
Verma, 2021).

The enzymes market in waste management is expected to grow due
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Fig. 3. Enzymatic hydrolysis based waste conversion for sustainable environment.

to rising environmental regulations and a growing focus on sustain-
ability. Enzymatic hydrolysis, which offers benefits over chemical
methods, is driving demand for enzymes in biorefining and resource
recovery (Bilal et al., 2019). Future forecasts indicate further market
expansion as ongoing research enhances enzyme performance, stability,
and scalability. This positions enzymatic technologies as crucial to
advancing waste treatment practices and supporting circular economy
initiatives. Patent US 9388088 B2 introduces methods and formulations
designed to process organic waste, extracting valuable nutrients from
both plant and animal sources (Jeffrey et al., 2008). The approach uti-
lizes enzymatic treatment under precise conditions to break down the
organic material, resulting in a nutrient-rich liquid extract. This patent
stands out by focusing on enzymatic digestion specifically for converting
fresh organic waste into beneficial forms, distinguishing it from other
patents that address different types of waste or disposal techniques. For
instance, Patent WO2019168811A1 (Gregg et al., 2019) explores the
creation of enzymes capable of breaking down polymers like poly-
ethylene terephthalate (PET), while Patent WO 01/32588 A1l (Pohjola,
1999) discusses the formulation of compost accelerators where enzymes
play a critical role. Each patent addresses distinct aspects of waste
processing and enzyme applications in their respective fields.

The global market for enzyme sales related to sustainable waste
management and decomposition is dominated by several key players,
including Novozymes® (combined with Chr. Hansen to become Novo-
nesis), DuPont Industrial Biosciences (now part of IFF), and BASF®.
Novozymes leads with a diverse portfolio of enzymes tailored for waste
management, biorefining, and other industrial applications (Norus,
2004). DuPont Industrial Biosciences offers innovative enzyme solutions
that enhance waste conversion processes and promote sustainability.
BASF® focuses on enzymes that improve efficiency in waste treatment
and resource recovery. These companies invest heavily in research and
development to optimize enzyme performance, stability, and scalability,
driving advancements in enzymatic hydrolysis and supporting the
transition to a circular economy. Their efforts are crucial in addressing
global environmental challenges by providing efficient, sustainable so-
lutions for organic waste decomposition.

Conducting a cost analysis of enzyme-assisted green technology at
the technical level involves examining various factors that affect the

overall expense and economic feasibility of the process (Climent Barba
et al., 2022). Key aspects to consider include the cost of enzyme pro-
duction, which can be high due to the need for specialized fermentation
facilities, raw materials, and purification steps. The stability and reus-
ability of enzymes are also critical, as enzymes that degrade rapidly or
cannot be reused frequently increase operational costs (Wiltschi et al.,
2020). Optimizing the process is essential to ensure that enzymes
function efficiently under industrial conditions, reducing energy con-
sumption and maximizing yield (Singh et al., 2017). The high specificity
of enzymes can lower the need for extensive downstream purification,
thus potentially reducing costs (Robinson, 2015). However, achieving
scalability remains a significant challenge, as efficiencies observed in
laboratory settings may not directly translate to industrial-scale opera-
tions. Investments in research and development to enhance enzyme
performance, along with the integration of enzymatic processes into
existing waste management systems, are crucial for cost-effectiveness.
While initial expenses may be substantial, long-term benefits such as
decreased environmental impact, lower energy requirements, and
improved waste conversion rates contribute to the economic viability of
enzyme-assisted green technologies (Matsakas et al., 2017).

Challenges and future directions in enzymatic hydrolysis for
waste sustainability

There are several challenges in the use of enzymatic hydrolysis for
waste sustainability. Optimizing enzymatic reactions to accelerate waste
conversion is a major hurdle. Ensuring enzyme stability under different
environmental conditions and scalability for industrial use are other
concerns. Development of new enzyme systems with broader substrate
specificity is necessary to increase the base of enzyme hydrolysis in
various fields. Heterogeneity, impurities, acidity, water content in waste
particularly fats, oils, and greases (FOG) and high raw material waste,
underutilization, increasing by-products are another major challenge.
Enzymatic hydrolysis faces challenges due to high enzyme loads (Baena
et al., 2022; Zulfigar and Ahmad, 2022). Despite these challenges, the
future of enzymatic hydrolysis for waste sustainability appears to be
promising. Continued research efforts are aimed at enhancing enzyme
performance, exploring novel enzyme sources, and improving process
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integration for seamless waste treatment. Collaboration among scien-
tists, engineers, and policymakers is required. Future directions include
advancing enzyme engineering and optimizing the process parameters.
Integrating enzymatic technologies into waste management infrastruc-
ture is crucial as it has the potential to revolutionize waste treatment
practices. Implementing intensified processing technologies for enzy-
matic hydrolysis, enzymatic treatment for high-value product conver-
sion and aim for less chemical-intensive pretreatments for sustainability
could be the future directions (Vera et al., 2022). Technical challenges
with high-solids enzymatic hydrolysis of insoluble lignocellulosic ma-
terials appear to be associated with the decreased free water content (da
Silva et al., 2020). Enzymatic hydrolysis is a limiting step in the
manufacture of biofuels; the practicality of producing biofuels from
biomass is limited by the high cost of enzymes, the generation of
enzymatic activity inhibitors, and fermentation microorganisms (Pino
et al., 2018).
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