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ABSTRACT

Agri-food waste reduction is a huge priority for many nations including India to develop a
resilient food ecosystem. The unavoidable agri-food waste is becoming a major threat to our
efforts to alleviate global hunger along with safeguarding socio-economic and environmental
interests. On contrary, such waste exhibits immense potential to be repurposed for industrial
bioprocessing that could contribute to circular bioeconomy. It is critical to understand ways
how we can utilize non-edible waste in generating value-added products via advanced
transformation strategies that lead to a more sustainable and prosperous future. The present
work thus demonstrates a viable ‘waste-to-feed’ strategy for valorizing agri-food waste using
‘nanobiocatalyst’ with potential benefits. Sugarcane bagasse and potato-peel waste were
considered the model representatives of waste from agriculture and food—processing sectors,
respectively. The work is broadly classified into three major sections; (i) developing a facile
pre-treatment approach for agri-food waste, (ii) fabrication of individual nanobiocatalytic
systems involving cellulase and a-amylase enzymes onto halloysite nanotubes (HNTS) as
immobilizing template, and (iii) nanobiocatalyst-assisted valorization of agri-food waste to
value-added products such as glucose, fructose syrup, and other hydrolysates. These products
were employed as medium-alternative for industrial bioprocessing, fermentation and bio-

cementation applications.

Developing an eco-friendly and facile pre-treatment process is essential for effective
bioprocessing of lignocellulosic biomass. A two-step pretreatment approach was developed
in this study, employing a solid acid catalyst, i.e., sulfonic acid functionalized magnetic
halloysite nanotubes. Acid-functionalized magnetic halloysite nanotubes (MHNTS) were
fabricated via mercaptosilane grafting and subsequent oxidation. The solid acid catalyst
treatment followed by dilute alkaline treatment of sugarcane bagasse resulted in a more
effective removal of hemicellulose (75.27%) and lignin (60.02%) contents from the biomass.
The catalyst was easily recoverable using a magnet and could be reused over five consecutive
cycles. The presence of high xylose (18.76 g/L) and low concentrations of inhibitory products
in wash liquids indicated the effectiveness of the pretreatment approach employed. Sugarcane
bagasse after solid-acid catalyst pre-treatments was more amenable towards enzymatic
hydrolysis resulting in 60.32% cellulose saccharification and increased glucose yield/g

biomass. A 2.63-fold higher ethanol production was achieved using pre-treated
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sugarcane bagasse than its raw form, validating the effectiveness of the pre-treatment

approach.

A quest for efficient biotransformation of cellulosic material into sustainable biochemical
products for recent biotechnological interventions is currently under way. Herein, the
fabrication of nanobiocatalyst (NBC) employing halloysite nanotubes (HNTS) as a template
for immobilizing cellulase enzyme was attempted, which catalyzed the hydrolysis of
cellulose into glucose. Magnetic character was imported to HNTs by in situ anchoring of iron
oxide nanoparticles, onto which cellulase was immobilized using aminosilane surface
functional chemistry. Characterization studies revealed nanobiocatalyst to be extremely stable
during heterogeneous catalysis without compromising their catalytic activity. The
optimization of process parameters yielded ~93.5% activity of cellulase with high enzyme
loading (111.6 mg/g support) after immobilization. Immobilized cellulase displayed superior
stability at elevated temperatures (>60°C) and storage capability compared with their free
forms. The NBC even retained ~68.2% of its original activity after seven consecutive uses
with a minimum vyield of 25.4 mg glucose/g cellulose and was 100% recoverable using a
magnet. Displaying a high ionic-liquid tolerance ability is concurrent with superior catalytic
potential against CMC and extracted cellulose (pretreated sugarcane bagasse), and achieving
~50.2% saccharification and 0.56 g glucose/g cellulose within 48 h of continuous operation
establishes the commercial viability of using cellulase-immobilized HNTs for efficient
cellulose hydrolysis. The glucose stream produced using pretreated sugarcane bagasse was
further converted into fructose syrup employing a packed bed reactor with immobilized
glucose isomerase. The parameters involved in isomerization reaction were optimized and a
high glucose conversion (48.9%) into fructose was achieved. Overall, the nanobiocatalyst-
assisted valorization of pretreated sugarcane bagasse for producing a clean glucose stream

and fructose syrup was established.

The concept of ‘nanobiocatalysis’ creates exciting opportunities for improving enzyme
performance via immobilization onto nanomaterials. A nanobiocatalyst consisting of
magnetic halloysite nanotube (MHNT)/a-amylase was evaluated to transform food
processing waste into an active fermentation medium formulation for low-cost bioprocessing.
A high loading of a-amylase (185.5 mg (g of support)™!) was achieved on the surface of
MHNTSs through polydopamine functionalization. We validated the establishment of an
enzyme-support system retaining >89% catalytic activity (27332 IU (g of support)™?) with
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improved enzyme handling (>99.1% recovery) and reusability (>56% activity, 10 cycles).
MHNTSs remarkably improved the enzyme kinetics and thermodynamic characteristics along
with operational and storage stabilities and mitigated the likely inhibitory effects of
cellulose/metal ions as contaminants. In addition to facilitating a continuous production of
reducing sugars from the extracted starch over 72 h, the nanobiocatalyst was equally effective
in preparing a nutritive food waste hydrolysate as a fermentable medium substitute for batch
culturing of E. coli and a single-cell protein (A. niger). The commercial relevance of waste
hydrolysate was also investigated to promote calcite precipitation via Bacillus sp. induced
biocementation. We evidenced that nanobiocatalyst-assisted “starch depolymerization”
released more nutritional components into the hydrolysate suspension, easily accessible to

growing microbial cultures.

Summarizing all, the natural abundance and low cost of support material (halloysite
nanotubes), simple functionalization procedures, and excellent immobilization capability of
our system warrants huge potential to be adopted for immobilizing other bio macromolecules
beyond enzymes. The successful implementation of the current strategy at an industrial scale
will also open new dimensions for transforming other agri-food wastes into biochemical

products of commercial relevance.
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Chapter 1

Introduction




1.1 Scientific Background

“We cannot solve our problems with the same thinking we used when we created them.”
— Albert Einstein, Physicist

The generation of agri-food waste is inevitable. Be it land, processing activities,
logistics/distribution, retail stores, restaurants, and even at home, edible food is discarded at
every stage of the supply chain. The United Nations Environment Programme’s food waste
index report-2021 estimated that about 17% of global food production is wasted every year
where a major proportion (45-60%) of food waste occurs at farm (postharvest operations) and
industrial (manufacturing, processing) level alone (UNEP 2021). Intergovernmental bodies
like Food and Agriculture Organization (FAO), World Food Programme, and World Health
Organization are constantly enforcing nations to adopt suitable policies and strategic
guidelines/frameworks and implement them in respective states to reduce food waste (FAO
2011). Strict implementation of food waste reduction policy however seems politically
impractical to many nations as it may lead to an increase in food pricing, which eventually
affects country’s economy and to a larger extent, government credentials (Sinha and Tripathi
2021). Fortunately, India has taken a decisive step to reduce food wastage by introducing the
compulsory food waste reduction bill-2018 in Rajya Sabha (The Compulsory Food Waste
Reduction Bill 2018). The bill ambitiously targets to achieve 50% food waste reduction in
supermarkets, food manufacturers, and food redistribution centers by 2030 adopting effective
recovery, reuse, and recycling strategies. The growing problem of waste management
however, calls for newer interventions to handle it with environmental and socioeconomic
benefits (Makov et al. 2020).

The existing technologies for agri-food waste management mostly end up in landfills and
incinerators, similar to other solid waste-disposal mechanisms. Converting them either as
animal feed via recycling or biofertilizers through composting makes it at least more
sustainable. However, the exploration of agri-food waste (AFW) for the generation of
biochemical products has captured scientific attention in recent times (Kawaguchi et al. 2016;
Patel et al. 2016; Carmona-Cabello et al. 2018; Bolaji et al. 2021; Sharma et al. 2021; Lee et
al. 2022). The key factors driving this shift are increasing demand for renewable resources
and the issues related to agri-food waste management (Carmona-Cabello et al. 2018). On
other hand, utilizing edible feedstock in industrial sectors unreasonably escalates our burden

and competition to fulfill food demand of the ever-growing population. Hence, it is desirable
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to lessen our reliance on edible feedstock for industrial bioprocessing and emphasize its
substitution with non-edible portion of agri-food waste. This is certainly a revolutionary step
for a country like India to become self-sufficient to the extent possible, which is
economically prudent, as well as socioeconomically sensible (Usmani et al. 2021; Klein et
al. 2022).

On a global scale, a lack in technological breakthroughs has made policymakers completely
ignorant of the inherent richness of agri-food waste to produce value-added products. For
example, the sugarcane processing plants in India generate about 100 million tonnes of
sugarcane bagasse annually (Konde et al. 2021). While 50% of sugarcane bagasse is
inherently utilized as the source of heat and power to run sugar industries, the remaining is
either disposed of directly or sent to thermal plants. After extracting soluble sugars, the
bagasse still possesses many vital ingredients, which can strategically be valorized to produce
various metabolites, biochemicals and enzymes through fermentation processes contributing
to a circular economy (Singh et al. 2022). Similarly, potato peel waste, generated during food
processing is merely utilized either as animal feed or low-value fertilizer despite having
inherent potential to be transformed into valuable bio-products (Soltaninejad et al. 2022). An
improper disposal of agri-food wastes marks negative impact on environment since it alone
accounts for an estimated 4.4 billion metric tons of carbon dioxide emissions each year
(Makanjuola et al. 2020b). Environmental problems like pollution of natural water bodies,
toxicity to aquatic life, inferior soil quality and phytotoxicity are other major concerns. In
contrast, the abundant agri-food waste can be harnessed as a low cost and ideal substrate for
producing value-added products (Osorio et al. 2021). Developing effective valorization
strategies may provide enormous opportunities for grossing additional revenues, while
ensuring regional food security (Bhat 2017; Ben-Othman et al. 2020b; Panzella et al. 2020;
Habashy et al. 2021). In this regard, advanced bio-based processing of waste biomass has
emerged as a greener, more viable, and sustainable approach to manage and effectively

valorize agri-food waste (Medina-Morales et al. 2021; Kumar et al. 2022).

Recent studies cite some exciting opportunities in utilizing agri-food waste to manufacture
fortified foods, active pharmaceutical ingredients, and biodegradable packaging due to its
diverse biochemical composition (Arshadi et al. 2016; Sun et al. 2018; Ben-Othman et al.
2020b; Torres-Valenzuela et al. 2020; Osorio et al. 2021; Saadoun et al. 2021). A few studies

also witnessed the importance of polysaccharides content available in sugarcane bagasse and
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potato peel waste, which must be utilized as an energy source for industrial fermentation and
bioprocessing (Papaioannou et al. 2022). Without exception, transforming polysaccharides
like, cellulose, hemicellulose, and starch into monosaccharides is a crucial step for valorizing
such agri-food wastes (Kumar et al. 2021a). The inherent, recalcitrant nature of
lignocellulosic biomass however limits its widespread utilization (Fitzgerald 2017; Niju and
Swathika 2019; Dey et al. 2021a; Talan et al. 2021; Agarwal et al. 2022). The presence of
lignin covering polysaccharide components, lignin carbohydrate complexes, and high
cellulose crystallinity confer such recalcitrant properties in sugarcane bagasse. An alteration
in structure assembly of the biomass is an essential step to make them bioprocessing-friendly
(Arshadi et al. 2016). Selecting an appropriate pretreatment approach that could effectively
solubilize hemicellulose components, minimizes lignin content and exposes the cellulose
component is desired (Campo et al. 2006; Peguero et al. 2021). Additionally, pretreatments
strategies offers a higher surface area and porosity to the biomass promoting enzyme-led

digestion of its cellulose components (Torgbo et al. 2021).

A variety of pretreatments for lignocellulosic biomass have been explored in past (Zabed et
al. 2019; Mankar et al. 2021). The conventional pretreatment involving physical and
chemical approaches are energy-intensive and often discharge hazardous chemicals in
environmental bodies (Tu and Hallett 2019). Furthermore, the formation of byproducts
during pretreatment demands an additional purification step, increasing the overall cost
(Mankar et al. 2021). On the other hand, biological approaches require longer time period
(Sharma et al. 2019a). Furthermore, the recovery of catalyst (chemical or biological) used in
these pretreatment processes is considerably hard. The economic and environmental concerns
regarding prerequisite treatment steps before biomass bioprocessing undermine the
commercial utilization of agri-food waste. The scientific community is consistently seeking
reusable, eco-friendly, and proficient pretreatment approaches. One such pretreatment
strategy using solid acid catalysts has demonstrated promising results (Tian et al. 2021,
Xiong et al. 2021; Zhou et al. 2021).

Solid acid catalysts are considered as green alternatives to liquid acid catalysts in variety of
applications (Liu et al. 2018b; Zeng and Pan 2022). Solid acid catalysts have been reported
for high selectivity and admirable hemicellulose removal capability with minimal formation
of inhibitory product(s) (Qi et al. 2019; Wang et al. 2022a). Solid acid catalysts though come
with limitations viz. complex synthetic procedures, poor acid activity, and operational
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stability. Some limitations can be minimized by selecting an appropriate support material
with high surface area, amenable to undergo acid functionalization and subsequent superior
catalytic (acidic) activity. Silica and carbon-based, solid acid catalysts have been studied
extensively owing to their high catalytic activity (Gawande et al. 2014; Konwar et al. 2019;
Liu et al. 2020). However, the separation capabilities of these solid acid catalysts are still
lacking, a critical drawback for their practical application. The introduction of a segregative
component such as magnetic nanoparticles could result in superior reusability of the solid
acid catalyst. Considering the added advantages scientists have developed magnetic solid acid
catalysts (Gardy et al. 2018; Chen et al. 2019; Wang et al. 2019b; Munyentwali et al.
2022).Further assessment of novel magnetic solid acid catalysts could provide cost-efficient

substitution for concurrent lignocellulosic pretreatment approaches.

After pretreatment, the hydrolysis of polysaccharide components is an essential step for
generating biochemical products. Enzyme-led hydrolysis of biomass into monomeric
fermentable sugars has been widely accepted as a viable and eco-friendly approach (Sheldon
and Woodley 2018; Intasian et al. 2021). The types of enzyme used in hydrolysis process
depend on the composition of the agri-food waste used. For instance, cellulose is a major
chemical component of lignocellulosic biomass, which provides structural stability and
protection from external factors. It is the most abundant biopolymer on earth, composed of
the linear chains of B (1-4) linked glucose monomers. This non-edible biopolymer is widely
used in veterinary foods, paper making, construction, and textile industries. Owing to its easy
availability at low prices and non-edible nature, cellulose can be established as a preferred
substrate in bioprocessing industry to produce biochemical products instead of edible
feedstock. The high cellulose content present in lignocellulosic waste biomass has immense
potential for producing fermentable sugars through enzymatic hydrolysis. The hydrolytic
enzyme, cellulase plays an important role to convert insoluble cellulose into soluble
fermentable sugar, i.e., glucose. Cellulase includes three enzymes endoglucanase,
cellobiohydrolase, and B-glucosidase, which synergistically operate to degrade cellulose
(Payne et al. 2015). The sugars stream produced via cellulase-driven catalysis can be
subsequently used into range of biochemical products using enzymatic or fermentation

approaches.

Starch is another natural biopolymer, composed of glucose monomer units interlinked via

alpha-glycosidic bonds. It is a common substrate while producing many biochemical products
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especially biofuels (Marques et al. 2018). Being easily digestible than cellulose, starch rich
edible feedstock often competes with food demand. The starch-rich waste and by-products in
food processing sector are generated in large quantities and thus can be exploited as cheaply
available substrate in industrial fermentation (Dutta et al. 2022). Hydrolysis and subsequent
fermentation of starch component is a globally preferred bioprocessing method for starch-rich
waste such as, potato peel waste. Alpha-amylase is an endoglucanase enzyme that catalyzes
hydrolysis of endo a-(1,4) glycosidic bonds, resulting in the formation of dextrin,
maltodextrin, maltose and glucose as the hydrolyzed products (Pinto et al. 2020). The wide
scale potential applications of these products into industrial sector such as foods, health,
textile, chemical and engineering results in immense growth in starch based bioprocessing

sector.

Enzyme-led bioprocessing has numerous benefits as they are bestowed with exceptional
substrate/product specificity and capacity undergoing transformation in mild reaction
conditions. However, a high production cost, extreme-sensitivity towards harsh processing
conditions and reusability are main obstacles that largely impeded the commercial relevance
of enzymes. Recent advancements in enzyme immobilization has been quite effective in
overcome these limitations (Liu et al. 2018a; Zdarta et al. 2018; Bilal et al. 2019). The
heterogeneous nature of immobilized enzymes allows their easy recovery from the reaction
mixture, continuous-flow processing and adaptability to existing bioreactor designs that could
be readily implemented in industrial processes (DiCosimo et al. 2013). Concomitantly, use of
nanoscale support matrices for immobilizing enzymes has provided new impetus to the field
of biocatalysis (Aditya et al. 2018; Roy et al. 2021; Guisan et al. 2022). Nanomaterials
adorned with high surface area/volume and minimal mass transfer limitations impart enough
robustness to immobilized enzymes and exhibit enhanced stability and activity than their
colloidal form (Mohammadi et al. 2022; Sriwong and Matsuda 2022). Such enzyme-
nanostructure system is termed as 'nanobiocatalyst’ (NBC). The nanobiocatalysts have
numerous advantages over classical biocatalysts especially in bioprocessing sector, such as
higher catalytic efficiency over other traditional materials, greater surface reaction activity,
strong adsorption ability, and thermal stability (Rai et al. 2019; Najeeb et al. 2021; Razzaghi
et al. 2021; Reshmy et al. 2021).

Several nanostructures such as silica, carbon nanotubes, graphene, iron oxide, zinc-oxide

nanoparticles, and mesoporous materials have been used as matrices for enzyme
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immobilization (Bilal et al. 2020; Gkantzou et al. 2021). Despite huge success in developing
a nanobiocatalyst, the quest for generating an economically benign and easily modifiable
support material is still underway. The cost of nanomaterial synthesis, complex
functionalization procedure, and providing a compatible environment for enzyme-substrate
interaction remain the key challenges to establish a compatible design for industrial
relevance. In recent years, naturally occurring clay materials have emerged as a substitute to
conventional nanomaterials for enzyme immobilization owing to their natural abundance, low
cost, diverse functional sites and an extremely large specific-surface area (Almeida et al.
2022). Halloysite nanotubes (HNTSs) is one such material with distinctive features (Yuan et
al. 2015). The high surface area of halloysite nanotubes allows high enzyme loading while its
curved surface eliminates the likely possibilities of steric hindrance which could affect its
catalytic activity. The unique site-dependent surface chemistry of HNT enables easy
functionalization based on the intended application (Massaro et al. 2020). A high
biocompatibility and low cytotoxicity of HNTs also make it amenable for biotechnological
applications, specifically while immobilizing macromolecules, including proteins and
enzymes (Tully et al. 2016). The separation feature on HNTs can be easily induced by
loading magnetic nanoparticles on its surface. The exploration of functionalized magnetic
halloysite nanotube for enzyme immobilization in recent past has resulted in development of
competent nanobiocatalysts for various applications with excellent stability and catalytic
activity (Kadam et al. 2018; Katana et al. 2019; Kadam et al. 2020b; Zhu et al. 2021; Kim et
al. 2022b). The inherent characteristics of magnetic halloysite nanotubes are equally
employable to develop a solid acid catalyst. Though a few recent studies reported the acidic
functionalization of HNTSs (Silva et al. 2018; Mahajan and Gupta 2020; Kumar et al. 2021b;
Gupta et al. 2022b; Xiang et al. 2022), its relevance for valorizing agri-food waste has not
been attempted. The development of HNTs-based solid acid catalyst for biomass
pretreatments would pave paths for establishing a more economical, reusable and eco-

friendly catalysts for feasible bioprocessing.

1.2 Scope of Work and Objectives

Based on above discussion, it is imperative that an increased demand for bio-chemical
products and depleting non-renewable resources calls a shift of our reliance from edible
feedstock to non-edible feedstock. The environmental issues related to improper disposal of

agri-food waste would further escalate the efforts made in this field. The study thus aimed to
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establish nanobiocatalytic system as a tool for effectively transforming agri-food waste into
biochemical products having greater utility and economic relevance. As a prerequisite, the
solid-acid catalysis was employed during pretreatments of lignocellulosic biomass. Two
independent nanobiocatalysts, comprising cellulase and a-amylase were immobilized onto
magnetic halloysite nanotubes and subsequently used for converting the non-edible, agro-
food waste (i.e., sugarcane bagasse and potato peel waste) into value-added biochemical
products. The fundamental questions that were critically addressed in the current research

work are;

Research Question-1: Is it possible to convert a non-edible agri-food material into edible

bioproducts for human consumption?

Research Question-2: Does transforming agri-food wastes into value-added biochemicals
products via nano-biocatalysis is a feasible strategy that could be implemented at industrial
scale. Despite several odds and numerous advantages, it is equally important to witness as
how these transformations can be tested at lab scale studies, which would broad our horizon

to implement into pilot scale production.

Research Question-3: Can we develop a more eco-friendly yet economical strategy for

biomass treatments?

Research Question-4: Does immobilizing cellulase and a-amylase onto halloysite nanotubes
will be effective in preserving or enhancing their catalytic activities as compared to their free

counterparts?

The questions mentioned above, coupled with extensive survey of the literature available

followed by logical extrapolation may lead to the following objectives;

1. Development of a facile pretreatment method for efficient conversion of agri-food

waste into hydrolysates.

2. Synthesis and characterization of halloysite nanotubes-based nanomaterials for

immobilization of enzymes.

3. Evaluation of the kinetic parameters and optimization of process conditions for value-

added products.
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1.3 Organization of the Thesis

The doctoral research work in the current thesis is systematically organized in five chapters.

Chapter-1 addresses the scientific background and key challenges associated with agri-food
waste management, industry-adaptable strategies and their implications on sustainability and
the environment. A comprehensive discussion on emerging need of agri-food waste
utilization and their possible transformation into bio-based products via enzyme-led
bioprocessing, associated limitations and potential solutions are also presented.
Nanotechnological interventions to further argument the process effectiveness at various

stages in bioprocessing are elaborated.

Chapter-2 describes the current state-of-art literature review, starting with socio-
environmental impact of agri-food wastes and generation of value-added products via
bioprocessing. The conventional and concurrent pretreatment methodologies employed in
industries are summarized in brief. The shortcomings of the process-flow employed,
contemporary utilization of 'immobilized enzyme' and the limitations faced are evaluated
through the lens of time. Recent advancements made in the concerned domains are
mentioned. Latest nanotechnological progresses facilitating the process with eco-friendly
attributes are also elaborated. The importance of naturally occurring halloysite nanotubes in
currently investigated fields i.e., development of solid acid catalyst and the nanobiocatalysts
are summarized by collating research studies in last five years.

Chapter-3 describes all materials and methods employed for synthesis and optimization of
magnetic halloysite nanotubes, fabrication of solid acid catalyst, optimization of sugarcane
bagasse pretreatment, production of biochemical product viz. bioethanol. The surface-
functionalization protocols adopted for making magnetic halloysite nanotubes, the
optimization process of enzyme immobilization, evaluation of catalytic process parameters of

synthesized nanobiocatalyst(s) and their industrial applications are presented in detail.

Chapter-4 entails the results obtained using the methods described in Chapter-3, their

scientific explanations, plausible mechanisms, and their futuristic implications.

Chapter-5 describes the key outcomes and important conclusions drawn from the current
research work along with concurrent challenges and recommendations for future research.

Finally, a bibliography is included at the end of thesis.
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Chapter 2
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Modern life we relish revolves around thousands of products varying from baby feed to fuel
used in rockets for space exploration. The primary step towards creation of these products
involves the conversion of available “raw materials” into chemical blocks. These chemicals
are then utilised as precursors by industrial sector such as pharmaceutical, personal care
industry, food industry, and agrochemical industry etc. to generate commercial products for
consumer’s use. The widely employed strategy for primary conversion step is chemical
processing. Fossil fuels (coal, natural gas, and petroleum) are used as raw materials in the
chemical processing and transformation is carried out using chemical catalysts or procedures.
The critical drawback associated with chemical processing includes harsh conditions
requirement, by-product formations etc. The chemical processing of non-renewable fossil
fuels is one of the key sources of environmental pollution. On the other hand, bioprocessing
approach utilises renewable biomass as raw material and biological catalysts
(microorganisms, animal cells, plants cells or enzymes) are employed for their transformation
into chemical products. Bioprocesses offer numerous advantages over chemical processing
such as mild reaction conditions, specificity for products and substrates, efficient conversion,
and by-products produced can be further used in other applications. The rapid depletion of
fossil fuels and increasing green processing demand are driving forces behind shift from
chemical processing to bioprocessing in industrial sectors. This shift leads to deviation from
corrosive chemical substances and reduced greenhouse gas emission during industrial

processing.

Although the bioprocessing sector is reasonably small as compared to the chemical
processing sector, but the industrial engagement of this benign and greener approach is
expanding swiftly. Considering the current trends, the global market size of bioprocessing
technology is forecasted to be worth 46 billion USD by 2028. Edible feedstock has been
widely used as precursors for bioprocessing sector; however, this competes with feed and
food stocks. Continuously increasing human population and respective food demand calls for
sustainable and renewable substitute of edible feedstock. To eliminate the negative
environmental impacts of non-renewable resources and to attain food security, scientific
community is continuously exploring other renewable resources as precursors for
bioprocessing. The emerging circular bio-economy concept focuses on the efficient
utilization and recycling of waste materials with renewable potential. Non-edible waste

materials are explored as precursors for production of different biochemical products.
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2.1 Agri-Food Waste (AFW)

The global population has quadrupled over the course of the 20" century and according to the
recent trends, is expected to cross nine-billion mark by 2050 (FAO 2009). The apparent food
demand has resulted in intensification of agricultural activities and food processing
industries. The agri-food waste (AFW), produced throughout the food chain cycle during
harvest, processing, and post-consumption has also increased reasonably (Figure 2.1). The
worldwide waste generated from agricultural practices alone is estimated to be 140 Gt per
year (Dtie 2009). Whereas, around 1.3-1.6 billion tons of food product is wasted annually
during production chain or in the distribution and consumption sector (Esteban and Ladero
2018). The magnitude of the total waste generated can be visualised by the mere fact that this
waste accounts for more than one-quarter of the global agricultural production (Amicarelli
and Bux 2020). The dedicated utilization techniques for these wastes are limited, where some
portions of the crop residues are used as organic substrate to improve soli quality and for
mulching. Generation of heat by combustion is yet another common utilization along with
consumption as cattle feed, however a large chunk is incinerated or disposed directly in
landfills.

Spillage/rotting during Unconsumed/surplus food
transportation or storage products

Crop Residue Chopping /peeling/washing
for food product preparation

Figure 2.1 Agri-food wastes generated throughout the farm to fork cycle.

The current waste management practices of agri-food waste have considerable economic and
environmental implications: air pollution, waste of valuable resources (land, water etc.), soil
contamination and greenhouse gas emissions (Bhatia et al. 2018). For instance, dumping in
landfills acquire approximately 1.4 billion hectares of land along with surface and

groundwater resources equivalent to 250 km?® (Amicarelli et al. 2021). Direct dumping into
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landfills also results in release of about 4.4 billion metric tons of carbon dioxide each year
(Makanjuola et al. 2020a), which is almost 6% of the global CO, emissions (Amicarelli et al.
2021). The highly biodegradable nature of the content present makes AFW an easily
accessible substrate for microorganism growth, resulting in proliferation of pathogenic
bacteria and fungi (Ng et al. 2020). The AFW in native form has low economic value, with
incurred disposal costs and environmental issues (Kassim et al. 2022). Development of
sustainable waste management strategies for agri-food waste is a major challenge faced by

humanity in current time.

Agri-food wastes contain a wide range of macro and micro nutrients such as carbohydrates,
proteins, polyphenolic compounds, etc. (Matei et al. 2021). The most common class of
organic content present in agri-food waste are carbohydrates (Polysaccharides-cellulose,
hemicellulose, starch, pectins and their oligo-saccharides, monosaccharides etc.). The amount
of carbohydrates although fluctuates considerably with geographical location, a table
demonstrating the approximate carbohydrate content is compiled based on recently published
articles (Table 2.1).

Table 2.1 Compositions of common agri-food wastes.

Agri-food waste Carbohydrate Lignin Protein Ash Reference (s)

Wheat straw 69.7 10.8 34 6.5 Froese and Sparling (2021)

Rice straw 53.9 10.34 331 16.15 Ambatkar et al. (2021)

Barley straw 81.4 6.7 4.4 - Feng et al. (2019)

Rye straw 78.4 14.2 7.1 - Molaverdi et al. (2019)

Oat straw 65.1 - 4.3 - Sethy et al. (2015)

Flax straw 64 15 6 - Zykova et al. (2021)

Corn stover 58.9 18.5 - 5 Zhao et al. (2018)

Cotton stalk 68 30 - 6.68  Guptaetal. (2020)

Sunflower Stalk 46.33 18.34 - 2.36 de Souza et al. (2020)

Wheat husk 54 16 6 6 Hysek et al. (2018)

Rice husk 53.6 22.34 - 13.87 Kumar et al. (2010)

Cocoa pod husk 38.9 28 10 8.4 Lu et al. (2018)

Coffee husk 53.6 23.2 - 1.4 Collazo-Bigliardi et al.
(2018)

Sugarcane bagasse 74.6 23.85 - 246  Avilaetal. (2018)

Orange peel 80.06 1.2 6.6 3.3 Kute et al. (2020); Tsouko
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et al. (2020)

Banana peel 60.2 2.9 8.1 9.8 Karthikeyan and Sivakumar
(2010); Tibolla et al. (2018)

Cassava peel 66.6 12.30 5.50 4.5 Papathoti et al. (2021);
Acheampong et al. (2022)

Pineapple peel 52.33 17.8 3.70 487  Zakaria et al. (2021);
Dahunsi et al. (2022)

Potato peel 56.21 - 14.64 6.42  Silluetal. (2022)

Onion skin 51.6 - 5.3 - Piechowiak et al. (2020)

Soybean hulls 47.1 13.1 94 - Bittencourt et al. (2021)

2.2 Value-added Products from Agri-Food Waste

The biodegradable organic composition of AFW along with abundance offers a possibility of
utilizing them as cheap, sustainable and renewable resources for bioconversion into different
value-added products. Developing novel strategies for production of value added
biochemicals from agri-food waste would offer advantages such as sustainable waste
management, generation of additional economic value and most importantly lower
dependence on edible feedstock thus guarantying food security (McNutt and He 2019). The
circular bio-economy relies on utilization of these AFW as feedstock in bio-refinery which
can lead to the production of a wide range of intermediate bio-chemicals used in food,
cosmetics, materials, biopolymers, and biofuels industries. This approach provides an
opportunity to convert waste into product with higher economic value while keeping the
carbon in its organic form, thus avoiding the emission of CO2 (Ben-Othman et al. 2020a). The
specific aim of this approach is to yield highest possible value product, while generating least
processing waste and environmental issues (Bhavya and Hebbar 2019). The most common
utilization of AFW as an energy source provides the lowest economic value, while adding
significant burden on the environment. Highest value can be generated by utilizing AFW for
production of biochemical products used in fuel, feed, food, cosmetic and pharmaceutical
sectors (Berbel and Posadillo 2018; Yang et al. 2021).

The agri-food biomass can be utilized for production of different value-added biomolecules
and platform chemicals. Biomolecules such as phytochemicals (phenolic compounds,
flavonoids, carotene etc.) and natural biopolymers (cellulose, chitin, pectin, starch, xylan etc.)
can be extracted directly from agri-food waste instead of synthesizing those using petroleum-

based chemicals. A wide range of biological methods have been explored till date for
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effective extraction of these molecules, including microorganism assisted extraction and
enzyme-assisted extraction. Platform chemicals are basically building block chemicals that
can be converted into wide range of products or commodities. They are produced through
transformation of carbohydrate component present in the agri-food waste. Commonly
produced platform chemicals are lactic acid, glycerol, furanics, ethanol, and xylitol.
Biotechnological techniques such as anaerobic digestion, fermentation and composting have
been studied widely for transformation of agri-food waste into value added biochemical
products since they results in maximum utilization of biomass and least amount of waste
generation (Kover et al. 2021). The low energy/water requirements and cost are added
advantages (Hadj Saadoun et al. 2021). Enzymatic routes have also been explored for the
production of these platform chemicals. Enzymatic hydrolysis of agri-food waste results in
higher release of biomolecule products including antioxidants, protein hydrolysates,
pigments, oligosaccharides, sugars, growth-promoting substrates, etc. (Torres-Ledn et al.
2021). Integrated bio-refinery approach which uses different conversion technologies in
combinations is currently being explored globally to produce value added products from agri-
food waste. For effective bioprocessing transformation of agri-food waste into value added
chemicals, soluble fermentable sugars are obtained by enzymatic hydrolysis, followed by
fermentation to produce target chemicals. Following are the few classes of products produced

from agri-food waste through bioprocessing techniques:

2.2.1 Bioactive Compounds

The different bioactive compounds (phenolic compounds, flavonoids compounds, tannins
etc.) present in agri-food waste can be extracted from biomass using bioprocessing approach
(Premjit et al. 2021). Solid-state fermentation, submerged fermentation, and enzyme assisted
extraction methods are commonly used to extract bioactive compounds from waste biomass.
These products have excellent antioxidant, anti-inflammatory, and antibacterial properties,
which can be utilised in food and pharmaceutical industries (Mata et al. 2018; Rivero-Cruz et
al. 2020). The current research worldwide focuses to improve the production capability along
with making the process more economical for industrial scale (Sodhi et al. 2022). Various
agri food waste including apple pomace, grape seeds, mango seeds, citrus peels have been
used to obtain a range of bioactive compounds. Gallic acid, ferulic acid, quercetin,
gallotannins, ellagic acid, limonene, chlorogenic acid, caffeic acid, neochlorogenic acid,
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rutin, quercetin 3-acetyl- glucosideand, and y-linoleic acid are some of the bioactive

compounds produced from the agri-food waste.

2.2.2 Biopolymers

Several bacterial and fungal microorganisms have been explored for production of different
biopolymers from agri-food waste as substrate. Cellulose, chitosan, collagen, pullulan, xylan,
xanthan gum, are key biopolymers produced (Gautam et al. 2022). These biopolymers are
used directly in industries like food and beverage, and biomedical industry, owing to their
biocompatible and biodegradable nature (Moradali and Rehm 2020; Jethani and Hebbart
2021; Russo et al. 2021). Furthermore, the polysaccharides biopolymers obtained can be
converted into sugars via enzymatic hydrolysis, and subsequently into platform chemicals via

fermentation.

2.2.3 Single Cell Protein

The increasing demand of protein rich supplements/food items has been observed throughout
the globe, considering the vital role of protein in human diet. The high cost and limited
availability of protein sources gravely affects the accessibility of protein rich foods to ever
increasing population. The protein availability can be enhanced by using novel
techniques/resources for protein production. Single cell protein is a protein rich microbial
biomass generated using algae, yeast, fungi or bacterial strains, which can be used as
substitute of agricultural protein for animal or human consumption (Dey et al. 2021b). The
microbial production of protein has distinctive advantages over conventional methods such
as, high protein content, shorter growth cycles, and continuous production ability. The
selection of microbial strain is based on their ability to grow on different raw materials
(Matassa et al. 2016). The reduction in the cost of final product is a vital aspect for dealing
with the problems related to protein scarcity, which can be achieved using agri-food waste as
substrate for microorganisms’ growth. Agri-food wastes such as corn stover, orange peel,

potato peel waste etc. have been used in the past for single cell protein production.

2.2.4 Organic Acids

Organic acids are defined as organic compounds with acidic characteristics. Organic acid
contains one or more carboxylic acid groups and can be easily attached to various functional

moieties. Organic acids such as lactic, 3-hydroxy propionic, acetic, succinic, citric, butyric,
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and oxalic acid have considerable applications in food, pharmaceutical and chemical
industries (Panda et al. 2019). These acids either can be used individually as monomer units
or in polymeric form compounds. Enzymatic hydrolysis and fermentation of agri-food waste
has been explored for the production of these organic acids, which serves two purpose,
reduction in the cost and recycling of the waste otherwise resulting in environmental threats
(Costa et al. 2020). Agri-food wastes such as potato pomace, tomato pomace, wheat straw,
sugarcane bagasse, kimchi cabbage, pineapple waste etc. have been used for organic acid
production.

2.2.5 Pigments

The food industry relies heavily on use of additives for enhancing the colour and texture of
the final product. The consumption of bio-derived food grade colour pigments is preferred
over synthetic dyes, considering the associated impact on human health and environment.
(Sen et al. 2019). Various microorganisms have been used for production of a wide range of
pigments including carotenoids, prodigiosin, flavins, violacein, anthraquinones etc. The high
growth rate of these microorganisms’ matches well with the industrial production required.
Utilization of agri-food waste can make the production both environmentally benign and cost
effective (Panesar et al. 2015). The associated characteristics such as antioxidant activity, of
these bio-derived pigments also results in overall improvement in nutritional profile of the
food product. The broad colour spectrum exhibited by microbial pigments present them as
potential substitute for synthetic dyes used in textile industry for colouring fabrics (Kumar et
al. 2015). The medicinal properties of microbial pigments can be utilized in different
pharmacological formulations. Microbial pigments demonstrating antioxidant, de-
pigmentation and photoprotection potential are also used in cosmetic industry (Tuli et al.
2015). The low cost, sustainable and greener production of these pigments would reduce the
overall adverse impact generated by the industries using chemically synthesised additives or

dyes.

2.2.6 Biosurfactants

Biosurfactants are yet another class of bioproducts with immense industrial potential
attributed to their biodegradable and highly selective nature (Ahamed and Prasad 2021).
Bioprocessing approaches utilising agri-food waste have been explored for production of

different biosurfactants such as surfactin, lauric acid ester, rhamnolipid, glycoprotein,
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lipopeptide, glycolipopeptide, glycolipid, sophorolipid etc. Biosurfactants are used in food
industry, medical, cosmetics soaps, cleansing products, petroleum process chain and
bioremediation (Verma et al. 2020; Markande et al. 2021).

2.2.7 Enzymes

Enzymes are eco-friendly substitute of different chemical catalysts with high selectivity, high
product formation, and can operate at ambient reaction conditions. Considering the features,
enzymes are considered critical components for futuristic sustainable development and are
currently consumed by various industries like pharmaceuticals, detergents, dairy products,
agriculture products, and oil chemistry. The raw material makes up about 30% of the total
production cost of enzymes (Ravindran and Jaiswal 2016). The increasing demand of these
biocatalysts in coming future is foreseen, hence new and sustainable approaches for enzyme
production are being investigated to bring down the overall cost of the enzyme production.
The utilisation of agri-food waste as substrate for enzyme production would certainly help in
cutting the production cost. Commercially important enzymes such as cellulases, pectinases,
laccases, xylanases, proteases, o-galactosidases and lipases have been produced via

bioprocessing of agri-food waste.

2.2.8 Biofuels

Considering the current global energy demands and depleting non-renewable resources
scientists are exploring alternative renewable resources for production of energy sources. One
of the leading research areas for agri-food waste valorization is production of second-
generation biofuels. Biofuels can be produced in different states such as solid fuels (firewood,
wood chips, and wood pallets), liquid fuels (bioethanol, biodiesel, bio-oil, and butanol) and
gaseous fuels (biogas and syngas) (Salehi Jouzani et al. 2020). Bioprocessing route for
production of liquid and gaseous fuels is preferred as compared to physicochemical method
owing to its eco-friendly nature, high conversion rate, operation at ambient conditions, and
energy efficient nature (Paul et al. 2021). Bioethanol is most common biofuel and is produced
via fermentation process using microorganism able to transform sugars into ethanol. One of
the commonly used fermentation approaches is simultaneous saccharification and
fermentation (SSF), where enzymatic hydrolysis of polysaccharide content and fermentation
is carried out in a single step to obtain bioethanol. Another approach relies on sequential

enzymatic hydrolysis and fermentation steps also known as separate hydrolysis and
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fermentation (SHF). Butanol is another promising biofuel with excellent characteristic such
as high heat of combustion, and less volatility. Butanol can be mixed with gasolines in higher
percentage which can be used to fuel different motor engines without any modification.
Anaerobic biological fermentation also known as ABE fermentation (Acetone—butanol—
ethanol fermentation) of agri-food waste using Clostridia genus is widely employed method
for butanol production. ABE fermentation converts sugars into acetone-butanol-ethanol in

ratio of 3:6:1, respectively.

Biodiesel is produced via transesterification reaction, where fatty acids react with alcohol and
form alkyl esters in presence of a catalyst. Biodiesel can be obtained from agri-food wastes
via using oleaginous microorganism, resulting in production of lipids also known as
microbial oil (single cell oil) which is then transformed into biofuels. Biogases are produced
via biomethanation of organic content under oxygen depleted conditions. Biogases can be
produced via anaerobic digestion of agri-food waste, which results in production of a gas
mixture consisting methane, carbon-dioxide as major part, and hydrogen sulfide, ammonia,
hydrogen and carbon monoxide in trace amounts. Biohydrogen can also be produced from
agro-waste by microbial action, which is used as fuel in combustion engines. The biomass
remained after the digestion can be used as organic manure in different applications.
Hydrogen, bioethanol, and biodiesel have been produced from agri-food waste using different
bioprocessing methods (Gong et al. 2021). Some of the value-added products are mentioned
in Table 2.2, along with bioprocessing approach, current market value and agri-food waste
employed.
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Table 2.2 A comprehensive analysis of value-added biochemical products derived from agri-food waste.

Product Bioprocessing approach ~ Value (USD/kQ) Agri-food waste used Industrial use Reference
Bioactive Fermentation, AP, APP, KP, LP, MS, Food, Bakery, Pharmaceutical, i
compounds Enzyme assisted extraction 23-25 PFP, PP, RB, SCG Cosmetic Ben-Othman et al. (20200)
Aroma . AP, CB, CH, MP, SCB, Food, Chemical, :
compounds Fermentation i TP, WB Pharmaceutical, Cosmetic Hadj Saadoun et al. (2021)
. BP, CB, PPW, RB, RS, . . .
Soluble sugars Hydrolysis 0.9-5 SCB. SCG. WB. WS Food, Chemical, Fuel Gutierrez-Macias et al. (2015)
. . Food, Textile, Detergent,
Lactic acid Enzymatic hydrc_)ly5|s and 1.3-1.8 CB, CS, PPW, RB, SCB, Paper, Pharmaceutical, Dedenaro et al. (2016)
fermentation SCG, WB, )
Cosmetic
Enzymatic hydrolysis and AP, BP, CP, GP PP, SCB Detergent, Electroplating,
Citric acid ; 1-1.6 R ' ’ Leather, Gonzalez-Garcia et al. (2019)
fermentation wB . .
Pharmaceutical, Cosmetic
. . Food and beverages,
Succinic acid Enzymatic hydr(_)ly5|s and 121-176 BP, CB, CH, PPW, SCB, Pharmaceuticals, Polymers,  Morone et al. (2019)
fermentation TP, WB . :
Paints, Cosmetics
AP, BP, CH, CP, GP, LP, Food and beverage,
Enzymes Fermentation 20-98 MP, PP, PPW, RB, RS, Pharmaceutical, Detergent, Arya et al. (2022)
WB, WS Dairy, Textile
e AP, BP, CB, CH, PPW Heat generation, Electricity -
3 ] I Il Il ) ] ]
Methane Anaerobic digestion 0.106/m RS, SCB. SCG, TP. WS Transportation Tamburini et al. (2020)
- . AP, APP, BP, CB, CH, :
Ethanol Enzymatic hydrolysis and 0.38 RB, RS, SCB, SCG, WB, Pe”o'e“”;ége'ﬁ?éﬁa" POWEr  Avodele et al. (2020)

fermentation WS,

*AP=Apple pomace; APP=Apricot pomace; BP=Banana peels; CB=Cassava bagasse; CH=Coffee husks; CP=Citrus peels; GP=Grape pomace; KP=Kiwifruit

pomace; LP=Lime peel; MP=Mango peel; MS=Mango seed, PFP=Passion fruit peel; PP=Pomegranate peels; PPW=Potato peel waste; RB=Rice bran;

RS=Rice straw; SCB=Sugarcane bagasse; SCG=Spent coffee grounds; TP=Tomato peel/pomace; WB=Wheat bran; WS=Wheat straw.
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One of the key challenges of agri-food waste conversion into value-added biochemical
products is their low bioconversion rate. The lignin-carbohydrate complexes are indigestible
using most bioprocessing approaches, adversely affecting the affordability and sustainability
of bioprocess route. Hence, effective methods to destroy the lignin-carbohydrate complexes
thus making the carbohydrate content more accessible for enzymatic hydrolysis are essential
for utilizing the agri-waste. Pretreatment has been used as an effective approach for utilising

the full potential of lignocellulosic biomass.

2.3 Recalcitrance nature of Lignocellulosic Biomass

The unique physico-chemical features such as hardly accessible carbohydrate component,
crystallinity of cellulose, and presence of lignin and hemicellulose impedes the efficient
enzymatic hydrolysis of lignocellulosic biomass (Yoshida et al. 2008). The factors affecting
the accessibility carbohydrate component for hydrolytic enzyme can be classified in two

categories, chemical factors and physical factors.

2.3.1 Chemical Factors

Cellulose, the most abundant polysaccharide in lignocellulosic biomass, is made up of 1,4—f-
d-glucopyranose units (Sharma et al. 2019a). Cellulose fibrils are present in form of closely
packed linear microfibrils linked by B(1—4) glycosidic bonds in lignocellulosic biomass
(Robak and Balcerek 2018). The location of cellulose makes it hard to access directly, as
cellulose is embedded inmatrix formed by hemicellulose and lignin. Cellulose content has
been directly linked with the hydrolysis yield. Moreover, the characteristic properties of
cellulose such as size, crystallinity, degree of and polymerization have prominent impact on

the hydrolysis, which is discussed in later part.

Hemicellulose, a heterogeneous group of biopolymer is second major abundant constituent of
lignocellulose biomass after cellulose (Chandel et al. 2018). Owing to its amorphous structure
and nominal physical strength, hemicellulose can be easily hydrolysed into hexoses and
pentose sugars (monosaccharides) by hemicellulases enzymes (Isikgor and Becer 2015).
Presence of hemicellulose limits the accessibility of cellulose, removal of hemicellulose has
resulted in superior hydrolysis of cellulose content (de Oliveira Santos et al. 2018).
Hemicellulose removal results in higher porosity and the accessible surface area available for

enzyme interactions with substrate i.e., cellulose (Kruyeniski et al. 2019). The presence of
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acetyl groups on the surface of hemicellulose also inhibit the catalytic activity of cellulase by
interfering with catalytic domains of enzyme and restraining the formation of enzyme-
substrate complexes (Pan et al. 2006; Zhao et al. 2012).

Lignin content has been widely associated with limiting the rate of enzymatic
saccharification, as it forms a protective barrier around cellulose (Chang and Holtzapple
2000). Enzyme adsorption on the biomass surface is the initiation step for the of hydrolysis
process, lignin covering the digestible parts of the biomass thus become the major factor.
Additionally, cellulase adsorption on lignin is also reported to inhibit the catalytic activity of
cellulase enzyme (Berlin et al. 2006). During pretreatment process the redistribution or
removal of lignin occurs which provide more space for the enzyme to interact with the
substrate directly (Raud et al. 2016; Dos Santos et al. 2019). The presence of lignin as well as
the topographical features of the biomass has prevailing effect on the saccharification of the

cellulosic content (Ju et al. 2013).

The interaction between basic constituents of lignocellulosic biomass i.e., cellulose,
hemicellulose and lignin also plays a major role in recalcitrance nature of biomass (Zoghlami
and Paés 2019). Polysaccharides cellulose and hemicellulose are attached together by
hydrogen bonds, which are comparatively easy to break. On the other hand, hemicellulose
and lignin are linked with stronger covalent bonds resulting in lignin-carbohydrate complex
(Giummarella et al. 2019). These interactions provide basic strength and protective stealth to
the biomass from external attacks. The basic aim of the pretreatment approaches is to
diminish the compact biomass structure by breaking these interactions so that cellulose is

easily available for enzymatic hydrolysis.

2.3.2 Physical Factors

Overall crystallinity of the lignocellulosic biomass influences the hydrolysis efficiency.
Lignocellulosic biomasses with highly crystalline cellulose content are hard to hydrolyze,
whereas presence of amorphous cellulose has been linked with higher hydrolysis yields using
cellulase enzymes (Hall et al. 2010). Highly crystalline cellulose fibers are interlinked in
close proximity by non-covalent bonds, and are almost 3-30 folds less hydrolysed as
compared to the amorphous cellulose content (Zhao et al. 2012). However an exact relation
has not yet been proven as there are studies, stating that there is less impact of crystallinity as
compared to other factors (Meng et al. 2017; Zhang et al. 2018). Degree of polymerization
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has been linked with presence of hemicellulose and lignin on cellulose fibres, strength of
fibres, accessible surface area, and pore size (Zhang and Lynd 2005). The pretreatment
process and hydrolysis both have been observed to result in in decreased degree of

polymerization (Thielemans et al. 2022).

The accessible surface area of lignocellulosic biomass also has significant impact on the
hydrolysis yield. The accessible surface area is directly related to porosity characteristics of
biomass such as specific surface area (SSA) and pore volume (Liu et al. 2015). Reducing the
biomass size has been associated with increased pore volume and high accessible surface
area, subsequently resulting in higher hydrolysis (Torr et al. 2016). The high accessible
surface area facilitates the hydrolytic enzyme and substrate interactions. Specific surface area
is commonly used to determine the area available for enzyme interactions (Zhang et al. 2018;
Lu et al. 2019). Along with surface area, overall accessible volume also affects the enzymatic
hydrolysis of lignocellulosic biomass (Jeoh et al. 2007). Pore size of biomass structure is used
to determine the accessible volume, biomass with pore size larger than the cellulase enzyme
size are easily hydrolysed (Meng et al. 2013; Peciulyte et al. 2015). Recently, it was observed
that interaction of enzyme with substrate is also biomass species dependant, where some
biomasses were easily hydrolysed even at comparatively smaller pore size while others were
not (Herbaut et al. 2018). On the other hand, studies have also been reported where no direct
linkage between pore size and hydrolysis efficiency was found, however lignin and
hemicellulose content were major reason behind limited hydrolysis (Vaidya et al. 2016; de
Oliveira Santos et al. 2018).

Overall, it is a well-established fact that pretreatment of biomass facilitates higher enzymatic
hydrolysis. The pretreatment step aims at altering the structural characteristics of the biomass
along with chemical composition so that components (lignin and hemicellulose) limiting the
cellulose hydrolysis can be removed and cellulose is easily accessible for the hydrolytic

enzyme (cellulase) (Agbor et al. 2011).

2.4 Pretreatment Approaches

Pretreatment of lignocellulosic biomass before subjecting it to bioprocessing has significant
influence on valorization effectiveness. The pretreatment process results in removal of rigid
chemical content, reduction of biomass size, increase in available surface area, porosity and

effective facile interaction of enzyme and substrate. A wide range of methods have been
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examined for lignocellulosic biomass pretreatment in the past including, physical, chemical,
hybrid physico-chemical, and biological pretreatments. For industrial scale applications the
pretreatment method should be simple, effective in eliminating the factors limiting the
enzymatic hydrolysis, economical, and must avoid production of inhibitory by-products. The
advantages and limitations of major pretreatment methods used are summarized in Table 2.3.

The following are the commonly employed pretreatment methods.

2.4.1 Physical Pretreatment

Physical methods are one of the widely employed approaches for biomass pretreatment.
Physical pretreatment brings along changes in biomass structural factors such as size,
crystallinity, surface area and porosity via mechanical, thermal or electromagnetic routes.
Different physical pretreatment methods include extrusion, ultrasound, irradiation, milling
and grinding, and thermal have been investigated for lignocellulosic biomass pretreatment.
Extrusion, milling and grinding methods reduces the size of lignocellulosic biomass resulting
in higher available surface for enzymatic interaction. While microwave and ultrasound
pretreatment methods disrupt the biomass structure by formation of small cavitation bubbles
thus increasing the accessibility of cellulose for the hydrolysing enzymes. Thermal treatment
on other hand increases the solubility of hemicellulose and lignin and improves
biodegradability. The high cost of instruments, and intensive energy requirements are the
critical drawbacks of physical pretreatment methods despite their excellent pretreatment
efficiency. The energy demand varies from 3 to 55 kWh/t depending upon the pretreatment

approach selected and substrate type (Bhagwat et al. 2015).

2.4.2 Chemical Pretreatment

Oxidizing agents, acids, alkaline and other chemical catalysts are used in chemical
pretreatment of biomass, to break down lignin and hemicellulose content (Kaur et al. 2020).
The efficiency of chemical methods largely depends on type of chemical catalyst used and
can be broadly divided in four major categories, acid, alkaline, oxidation, and ionic liquid
pretreatment. Acidic catalysts mainly attack the hemicellulose content, hydrolyze it and
expose the cellulose content for further processing. Alkali catalysts are responsible for the
degradation of side chains of esters, glycosides and removal of lignin content, resulting in

structural disorder of lignocellulosic biomass.
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Oxidation and ionic liquid are based on the degradation of the lignin component, and
reducing the crystallinity of cellulose content. The requirement of corrosion resistant
equipments, use of environmentally hazardous chemicals, production of inhibitory by
products, and complicated recovery of chemical catalysts are some of the key limitations.

2.4.3 Physicochemical Pretreatment

The physicochemical pretreatment methods are combinations of physical parameters like
temperature, pressure, sonication with chemical catalysts (Kumar et al. 2021a). Steam
explosion, oragnosolv, hot water and ammonia-based pretreatments are part of
physicochemical pretreatment methods. The physicochemical methods provide distinctive
features such as improving the overall digestibility of biomass along with superior recovery
of lignin, which further can be used for different applications. The reusability of chemical
catalysts used and formation of inhibitory products during pretreatment still restrict their wide

spread applications.

2.4.4 Biological Pretreatment

Biological pretreatment methods utilize the biological cells or molecules to remove
hemicellulose and lignin content, while leaving the cellulose content intact. The selection of
appropriate microbial catalyst is the most critical step for this pretreatment approach (Sindhu
et al. 2016). White rot, soft rot and brown rot fungi are most commonly used microbial
catalyst for the degradation of hemicellulose and lignin. The low energy requirement, mild
operation conditions, avoidance of corrosive chemicals presents this as eco-friendly
pretreatment approach, which is preferred over physical and chemical pretreatment
approaches (Kumar et al. 2021a). However, the long pretreatment time required owing to the

slow activity of microbial catalysts hampers the industrial scale utilization of this method.

Considering the crucial advantages and drawbacks of the commonly used methods, chemical
pretreatments combined with high temperature/pressure conditions are considered adequate
for industrial scale biomass pretreatment, due to their homogeneous catalysis nature, and
reaction efficiency. These methods work well with diluted acid and alkaline catalysts, thus
minimizing the overall cost and environmental impacts. However, difficulty in product
separation, catalyst recycling, production of by-products, and requirement of corrosion

resistant equipment are major drawbacks limiting their wide scale applications.
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Table 2.3 Critical analysis of various pretreatment approaches for biomass pretreatment.

Pretreatment

Method Advantages Drawbacks
approach
v" Low cost e Energy-intensive process
v’ Better control over the process e Limited enzymatic digestibility
Extrusion v' No sugar degradation products « Not appropriate for all biomass samples
v" Decreased biomass moisture content
v' High continuous throughput
v Reduced particle size e High cost
- - v" High available surface area e Energy-intensive process
Physical Milling and grinding v" Decreased degree of polymerization Y P
and crystallinity of biomass
v' Effective disruption of biomass e High cost
Ultrasound structure e Require specific vessels and facilities
v Delignification
v' Faster process ¢ High energy demand
Irradiation v’ Improved enzymatic hydrolysis e Special equipment is required
e Inhibitory/toxic by-product formation
v" Higher hemicellulose solubility e Corrosive, hazardous chemicals
. v’ High sugar recovery e Inhibitor formation
Acid v" Superior cellulose accessibility e Neutralization required
o Difficult catalyst recycling
v" Cleaved lignin-carbohydrate complex e Phenolic by-products
Chemical v Increased accessible surface area e High cost of alkaline catalyst
Alkaline v' Decreased crystallinity and degree of 4 Long resident time
polymerization e Large amount of water required for washing
e Modification in lignin structure
v Efficient removal of lignin e High cost of chemicals
Oxidation v" Low energy demand e Alkaline condition required

v Improved cellulose digestibility

24 |Review of Literature



lonic-liquid

v Low crystallinity of cellulose
v" High accessible surface area
v" Superior recovery of lignin

High cost of chemicals

Additional process required for recovery of solubilized
polysaccharide content

Toxicity of ionic liquid remained towards downstream
processing

Steam explosion

v Large pores and highly accessible
cellulose

v Hemicellulose degradation and lignin
transformation

v" Cost effective

Require expensive reactor system

Inhibitory compound formation
Uncontrolled disruption of biomass structure
Large amount of water required for washing

v" Superior lignin and hemicellulose High cost of chemicals
Oragnosolv remov_al _ Requ!res high_pressure equipment_
Physicochemical v Easy lignin recovery Inhibitory/toxic compound formation
Difficult solvent recovery cycle
v' Cost effective Degradation of monosaccharide sugars
Hot water v’ High accessible surface area Addition drying process required

v" Low inhibitory compounds formation

Energy intensive

Ammonia based

v Increased accessible surface area
v" Low inhibitory compound formation

High cost of ammonia and its recycling
Less hemicellulose solubilisation
Not appropriate for biomass with high lignin content

Biological

v" Economical and eco-friendly

v No corrosion chemical required

v' Low energy requirement

v’ Effective on all type of biomass
samples

Time consuming
Very few microorganisms are known
Recovery issues
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A lot of scientific resources have been devoted in the quest for efficient catalysts, carrying the
advantageous capabilities of homogenous chemical catalysts while dealing with the
associated shortcomings. The use of solids having acidic capacities commonly known as
solid acid catalysts has been explored in the recent past for effective pretreatment and
hydrolysis of biomass. These heterogeneous catalysts are easy to separate from the reaction

mixture, hence resolve the crucial issue of reusability.

2.4.5 Solid Acid Catalysts

Solid acid catalysts, basically defined as solids capable of donating protons or accepting
electrons during catalytic reaction, have been investigated widely in the recent past as a
potential substitute for the chemical catalysts (Gupta and Paul 2014; Korner et al. 2018).
Acidic moieties present on the surface of solid acid catalysts acts as catalytic domains. The
high specific activity, selectivity, ease in recovery, and minimal environmental discharge are
some of the key advantages of these heterogeneous solid acid catalysts (Guo et al. 2012). The
acidic strength, number of acidic sites on surface and nature of solid support are the major
aspect considered for classification of solid acid catalysts. Solid acid catalysts can be broadly
categorized in two classes based on the acidic moieties present on their surfaces, Brgnsted-
type and Lewis-type (Chouhan and Sarma 2011). A wide range of solid acid catalysts based
on different support materials have been used for esterification, dehydration, and
pretreatment of lignocellulosic biomass (Guo et al. 2012; Gupta and Paul 2014; Schwiderski
et al. 2014).

Zeolites, metal oxide, resins, heteropoly compounds, and carbonaceous materials have been
used for the synthesis of solid acid catalysts. Acidic functionalization has been employed to
produce Brgnsted-type and Lewis-type solid acid catalysts. The limitation associated with
these macro materials such as nominal inherent acidic activity, limited surface area for acidic
functionalization, and deactivation of acidic moieties in presence of water restricts their wider
applications. Materials with higher surface area and easy recovery procedure are preferred
over these conventional materials for use as support for fabrication and utilization as solid
acid catalysts. Nanomaterials owing to their unique physiochemical features have been
extensively explored for their acidic functionalization and engagement as nano solid acid
catalyst for biomass pretreatment and hydrolysis (Pena Duque 2009; Feng and Fang 2013;
Ingle et al. 2019).
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Sulfonic acid and carboxylic acid functionalization are most commonly used strategy for
preparing nano solid acid catalyst. Magnetic nanoparticles are preferred due to their easy
recovery process. Wang et al. (2012) investigated perfluoroalkylsulfonic (PFS), and
alkylsulfonic (AS) acid functionalized magnetic nanoparticles for pretreatment of wheat
straw. The pretreatment reactions were carried out at 80 and 160 °C for 24 and 2 h,
respectively. Highest hemicellulose solubilisation was observed using PFS at 160 °C (2 h),
yielding 46.3% oligosaccharides while AS resulted in production of 45% oligosaccharides.
The hemicellulose conversion was recorded at 66.3% and 61% under the mentioned
condition. The high hemicellulose removal in case of PFS was attributed to the higher acidic
power of perfluorosulfonic acids as compared to sulfuric acid. It was concluded that the acid-
functionalized nanoparticles hydrolysed hemicellulose polysaccharide into oligomer forms.
The easy recovery and reusability of these solid acid catalysts was also reported. Similarly,
Propyl-sulfonic acid functionalized cobalt iron oxide nanoparticles have also been
investigated for pretreatment of corn stover, and complete hydrolysis into glucose was
achieved at 200 °C (Pefia et al. 2014). Iron oxide nanoparticles (Fe.Oz) functionalized with
SO4* consisting both Lewis and Brgnsted acidity was used for hydrolysis of hemicellulose
content from wheat straw (Zhong et al. 2015). The selectivity towards hemicellulose
hydrolysis with hydrolysis yield of 63.5% was evident from this study as cellulose and lignin

content were intact after the hydrolysis reaction.

Alkylsulfonic acid and butylcarboxylic acid functionalized magnetite nanoparticles were
evaluated for sugarcane bagasse pretreatment (Ingle et al. 2020a; Ingle et al. 2020b). The
pretreatment reaction was carried out at 120 °C with 15 psi pressure for 15 min using a
conventional autoclave. A concentration depending impact of both solid acid catalysts was
observed, an increase in pretreatment efficiency was evident with increasing the
concentration of solid acid catalysts. The highest investigated concentration (500 mg/g
sugarcane bagasse) of alkylsulfonic acid and butylcarboxylic acid functionalized
nanoparticles resulted in liberation of 18.83 g/L and 18.67 g/L xylose, respectively. The
obtained xylose yield was higher than that recorded in case of homogeneous acid
pretreatment (15.40 g/L). Both solid acid catalysts demonstrated reusability up to total three
cycles of sugarcane bagasse pretreatment with slight decrease in pretreatment efficiency. The
decrease was ascribed to the loss of acidic groups present at surface of magnetic
nanoparticles. The observed results demonstrated the potency of the acid-functionalized

nanoparticles (solid acid catalyst) as economical and eco-friendly technology for effective
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pretreatment of lignocellulosic biomass. In another report, alkylsulfonic acid, butylcarboxylic
acid and sulfonic acid functionalized magnetic nanoparticles were investigated for their
cellobiose hydrolysis capacity (Ingle et al. 2020c). Under optimum conditions 74.8%
cellobiose conversion was reported using sulfonic acid functionalized magnetic nanoparticles,
the conversion efficiency however reduced to 49.8% when the solid acid catalyst was reused
for second cycle. Solid acid catalyst containing alkylsulfonic acid demonstrated almost
similar hydrolysis capacity, while butylcarboxylic acid had the minimum hydrolysis capacity.
Sulfonic acid functionalized carbon based materials have also been explored for cellobiose
hydrolysis (Carlier and Hermans 2020). Activated coal, nanotubes, nanofibers, and graphene
nanoplatelets were investigated and highest cellulose conversion of 84% was obtained using
SOsH/RGO solid acid catalyst, with 95% selectivity.

The overall acidity of the nano solid acid catalyst is the major factor affecting the hydrolysis
potential, as for hemicellulose hydrolysis break down the C-O bonds interactions between
adjacent sugar molecules is essential (Dhepe and Sahu 2010). On the other hand, B-1,4-
glycosidic bond breakage is vital for cellulose hydrolysis, which requires comparatively
higher acidic strength (Huang and Fu 2013). Development of nanomaterials based solid acid
catalysts based for hemicellulose hydrolysis has received significant attention in the recent
times. The nominal productions of inhibitory by-products as compared to homogeneous acid
catalysts provide an environmentally critical edge to the heterogeneous nano solid acid
catalysts (Ingle et al. 2020b). The combination with dilute alkaline pretreatment could be a
feasible approach to remove the lignin components, and producing pretreated lignocellulosic

biomass for enzymatic hydrolysis.

2.5 Enzymatic Hydrolysis

Hydrolysis of polysaccharide content into monosaccharide fermentable sugar is an important
step for production of biochemical products from agri-food waste. Enzymatic hydrolysis is
preferred due to its substrate/product specificity, minimal bio-product formation, high
product yield and mild operation conditions. Cellulase enzyme with endoglucanase,
exoglucanase or cellobiohydrolases and B-glucosidase activity has been widely employed to
hydrolyze cellulosic biomass into glucose. Through a multi-step hydrolytic reaction,
endoglucanases and cellobiohydrolases synergistically initiate the hydrolysis of cellulose
chains into short intermediates i.e., short celluloligosaccharides and cellobiose, which
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eventually get transformed into glucose units by the action of B-glucosidase enzyme (Figure
2.2). Similarly, a-amylase is commonly used for production of hydrolysate products from
starch rich waste biomass. Enzyme a-amylase hydrolyzes internal a-1,4 glycosidic bonds
present in the starch polysaccharide and liberates small-chain dextrins, low-molecular-weight
products such as glucose, maltose, and maltodextrin units (Figure 2.3). The interesting fact
about the starch-amylase reaction is that size of a-amylase (3-4 nm) is almost 3000 times
smaller than the substrate (25 um) (Payan et al. 1980). These hydrolytic enzymes have been
used extensively in industries, such as food and beverages, cosmetics, pharmaceuticals, and

chemical detergents, for greener and efficient catalytic reactions.
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Figure 2.2 Cellulose conversion into glucose via cellulase mediated hydrolysis.
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Despite the aforementioned benefits, the catalytic transformation of polysaccharides
(cellulose and starch) using enzymes (cellulase and a-amylase) still exists in naive stages and
faces key challenges for implementation in the bioprocessing sector. Particularly, the use of
free enzymes (i.e., colloidal form) exhibit many limitations, viz., high production cost, low
recovery of biocatalyst from the reaction mixture, and extremely low stability of enzymes
after every use, eventually making this approach non-sustainable over longer runs.
Additionally, large quantities of enzymes are required to produce significant amount of
fermentable sugar thus influencing the production cost of bio-chemical product. Considering
the usefulness of enzymes to attain the ever-increasing demand of industrial bio-based

products, modulation in enzyme properties is an essential step for industrial applications.
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Figure 2.3 Various products formed during a-amylase mediated starch hydrolysis.

Different approaches such as additive approach, chemical modification, protein engineering,

and immobilization have been investigated for improvement in enzyme properties (Figure
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2.4). Additive approach and chemical modifications are based on alteration of catalytic
reaction system and change in enzymatic surface residues or substrate modifications to
provide feasible microenvironment for enzyme substrate interaction. The genetic level
modifications resulting in overall superior functional properties of enzyme are dealt in
protein/enzyme engineering. Enzyme immobilization, deals with attachment of catalyst to a
solid support insoluble in the reaction mixture. Additive approach relies on the fact that
changing the compositions of reaction mixture has significant impact on the properties of
enzymes specifically on catalytic efficiency and selectivity (Liang et al. 2017). Various
additives such as organic bases, crown ethers, salts, surfactants, and organic solvents have
been reported to improve the overall properties of enzymes, and stabilize the enzyme in a
non-aqueous solvent system (Tufion and Moliner 2016). However, the additives have
different impact on different enzymes, and there is no general method to predict the impact as

this strategy goes by hit and trial approach (Osbon and Kumar 2019).
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Figure 2.4 Methods commonly used for modification of enzyme properties.

Chemical modification on the other hand, focuses on the impact of different chemicals
directly on the enzyme rather than reaction conditions (DeSantis and Jones 1999). Cross-
linking with glutaraldehyde, covalent conjugation with polymer polyethylene glycol (PEG),
are some of the commonly employed methods, resulting in modification of reactive side
chains, introduction of a cofactor, or enhancement of the enzyme stability. Protein
engineering basically involve change in genetic structure with help of recombinant DNA
technology, computational tools, and modern bioengineering (Woodley 2013). The genetic

changes induce variation in primary protein structure, which results in stabilization of
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enzyme, broadening of substrate range, and production of high value products. Protein
engineering is a laborious procedure and requires deep rooted knowledge of genetic methods

and technology.

The enzyme properties modifications using these methods have resulted in superior catalytic
efficiency, stability under organic solvents, broad substrate range etc. however the cost and
time required for employing these methods, and reusability aspect of produced enzyme limit
their application at industrial scale as of now. With technological advances and growing use
of prediction models these methods are certainly going to have a long-lasting impact on the
bioprocessing sector. The current requirements of industrial sector can be dealt with a method
providing more robustness to the naturally peculiar biocatalyst and instil reuse capability.
Enzyme immobilization has immerged as a promising approach to deliver industrial

biocatalysts with superior properties (Gongalves et al. 2019).

2.6 Enzyme Immobilization

Enzyme immobilization is defined as a technical process where “enzymes are physically
confined or fixed to or within a solid support” creating a heterogeneous immobilized enzyme
system. The major components are enzyme, mode of attachment and support matrix, where
latter two plays crucial role for the catalytic activity and stability of the enzyme immobilized.
The attachment could be weak physical adsorption and ionic linkage to stable covalent
linkages, which results in alteration of catalytic activity of enzyme in reaction mixture. While
the selection of support dictates the protection from environmental factors and provides

stability to the immobilized enzyme.

2.6.1 Immobilization Strategies

The choices of the immobilization strategy significantly affect the catalytic activity and
applications of immobilized enzyme. On the other hand, the overall cost of the process is also
affected by the immobilization strategy, as the reusability of the immobilized enzyme system
strongly depends on the immobilization strategy. Additionally, rigidity/stability of the protein
structure and capability to protect enzyme from inhibitor compounds as well as generating
microenvironment for enzyme-substrate interaction also depend on the immobilization
technique employed. Immobilization strategies can be classified as adsorption,

encapsulation/entrapment, cross linked enzyme aggregates and covalent binding.
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Adsorption is the simplest technique used for enzyme immobilization, where enzyme
molecules solution is incubated with a support matrix for a fixed period of contact time.
Enzyme molecules attach to the surface of the support by van der Waals forces, ionic
interactions or hydrogen bonding (Jesionowski et al. 2014). The interaction between enzyme
and support are rather weak and does not change the native structure of the immobilized
enzyme, results in retaining high catalytic activity. Enzyme-carrier affinity is the most critical
aspect of adsorption immobilization, which must be there to obtain immobilized enzymes.
The weaker bonds present can be easily cleaved due to change in physiological conditions
which result in desorption of enzyme from support matrix. Owing to the weak interaction
support matrix is not able to protect the enzyme from external factors such as change in pH,
temperature or presence of inhibitory moieties. Another critical issue is the non-specific
adsorption, which might impact the overall catalytic activity of immobilized enzyme.

Encapsulation process involves the entrapment of enzyme in a polymer matrix, which is
permeable for substrate and product. The encapsulation provides protective barrier for
enzyme from external environmental parameters. Generally, entrapment matrices are
synthesised during the immobilization process, hence the compatibility of the support with
enzyme becomes a key aspect while selecting the polymer matrix (Cao 2006). Cross linking
is the combination of covalent binding and entrapment, where chemical crosslinker are used
to covalently attach enzyme molecules to each other. Crosslinker such as glutaraldehyde and
bisisodiacetamide are commonly employed. Degree of crosslinking is key influential factor

for the retained enzyme activity in immobilized form.

Covalent binding is the most commonly used immobilization strategy, where enzyme
molecules are covalently attached to insoluble support matrix. The strong binding restricts the
leaching of immobilized enzyme from the support matrix during catalytic reaction. The close
and strong binding between support and enzyme, also govern the thermal stability to the
immobilized form of enzyme. The attachment of the enzyme on support surface facilitates the
interaction between enzyme and substrate, providing more space for substrate and product
movement. However, the strong binding limits the free movement of enzyme molecules thus
affecting their catalytic activity. The advantages and limited associated with different
immobilization strategy or mode of attachments are listed in Table 2.4. Covalent binding is
the preferred immobilization strategy for enzyme immobilization, owing to the advantages
offered, and a wide range of support materials have been explored till date for the same.
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Table 2.4 Key aspects of immobilization techniques.

Immobilization strategy Mode of attachment

Advantages

Limitations

Weak bonds
(van der Waals forces, ionic
interactions, hydrogen bonding)

Adsorption

v Simple process

v' Cheaper

v' High retained catalytic activity

v No conformational change in
enzyme

Desorption (leakage) during reaction
Low stability

Very limited reusability
Non-specific adsorption might occur

Encapsulation and Physical confinement

v' High retrained activity
v’ Protection from environmental
variation

Limited enzyme loading

Entrapment v Easy separation from reaction ~ ° Cn2yme leakage
v Allow substrate and product e Limitations on mass transfer
movement
v Simple process Lo .
_ Covalent bond between enzyme/cross- v* Strong biocatalyst binding ° Activesite alteratlo_n .

Cross-linking linker v’ Leakage prevention o Loss of enzyme activity
v High stability e Diffusion limitations
v’ Strong biocatalyst binding
¥’ Superior stability e Limited enzyme mobilit

Covalent Covalent binding between enzyme and  v" Improved enzyme-substrate y y

insoluble support matrix surface

contact
v’ Leakage prevention
v" A range of support can be used

May result in loss of enzyme activity
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2.6.2 Support Materials

The catalytic performances of immobilized enzymes are gravely affected by the materials
used for enzyme attachment, generally called as carrier or support matrix. The intrinsic
characteristics of the support are critically important for this purpose and must be fully
explored before immobilization process. The inert nature of support material specifically
towards enzyme is a must; it should not interact with enzyme catalytic sites in any way
possible. Mechanically and thermally stable supports are preferred, as they can be used under
harsh reaction conditions, without being degraded. This feature results in production of
highly robust immobilized enzyme, which can be used in a wide range of pH and
temperature. Along with these high surface area and specific surface chemistry that allows
high enzyme loading while preventing the inhibition caused by produced product are vital for
biotechnological applications of immobilized enzymes. Scale-up for industrial level
production is obviously targeted hence, cheap and wide availability of the support material
must be ensured for superior industrial feasibility. It is apparent that one support material can
not possess all the features required; hence selection of appropriate support material must be
done with extreme caution. Moreover, the economic cost of modifications steps if required
must be considered, as it would affect the cost effectiveness of the final product. The support
materials can be classified in two categories according to the chemical compositions, organic
and inorganic supports.

Organic Supports

Naturally occurring and synthetic organic materials specifically biopolymers have been
widely explored for enzyme immobilization. The unique properties of biopolymers such as
biocompatibility, high affinity to proteins, and biodegradability make them an suitable
support for enzyme immobilization while retaining high catalytic activities (Krajewska
2004). Moreover, the availability of a wide variety of functional moieties (hydroxyl, amine,
carbonyl etc.) allows easy modification/functionalization. Carbohydrates are the most
abundant biopolymer available for enzyme immobilization (Elnashar 2011). The renewable
nature and abundance of these biopolymers present them as an ideal immobilization support
for industrial application (Bilal and Igbal 2019). Chitosan, chitin, collagen, cellulose,
carrageenan, alginate, agarose, gelatin, starch, and pectin have been employed for

immobilization of various enzymes. Although the associated advantages make them excellent
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support for enzyme immobilization, however the low stability in presence of organic solvents

and possibility of microbial attack limit their large-scale industrial applications.

Synthetic polymer has also been used for enzyme immobilization, owing to the distinctive
advantage where number of monomer units to form a polymer can be selected as per user’s
requirement (Maksym et al. 2017). The stability, mechanical strength, and porosity along
with the reactive chemical moieties of the formed polymer can be easily manipulated by this
feature. The present functional moieties such as carbonyl, carboxyl, hydroxyl, epoxy, and
amine groups can be used for functionalization of polymer surface or directly for enzyme
binding via adsorption or covalent binding. Moreover, the length of the support-enzyme
spacers can also be influenced, where long spacers provide higher conformational flexibility
to immobilized enzyme and short spacer help in protecting enzyme from thermal inactivation
and leaching during reaction (Cantone et al. 2013). A range of polymers including ion
exchange resins/polymers, polyvinyl chloride, polyvinyl alcohol, methacrylated/fumaric acid-
modified epoxy, polyaniline, polyamide, polystyrene, polyurethane, and polypropylene have
been used for enzyme immobilization. Despite all the advantages, the industrial level
applications of synthetic polymers are restricted due to the cost and longer time period

required for polymer synthesis and functionalization.

Inorganic Supports

Inorganic materials have been investigated for enzyme immobilization owing to the inherent
properties. Inorganic materials have brilliant thermal and mechanical strength, along with
excellent microbial resistance. Additionally, the in-built porosity and rigid nature of inorganic
materials is added advantage, although organic materials can also be customised to induce
porosity, however the sensitivity towards environmental conditions (pH, temperature) limit
their usefulness. The porous nature of inorganic materials is hardly influenced by pH or
temperature, hence guarantees consistent surface for the immobilized enzymes. Furthermore,
the recent advances in material chemistry have opened up new ways for effective
functionalization of inorganic materials. A wide range of inorganic materials have been

explored for the enzyme immobilization as discussed below.

Silica and silica based materials are the most studied inorganic materials for enzyme
immobilization, basically due to the high surface area (300-1500 m?/g) they possess
(Hartmann and Kostrov 2013). The high surface area enables high enzyme loading during
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immobilization process and reduced diffusional limitations in subsequent applications.
Functionalization of silica materials is also easily attainable due to the presence of reactive
functional group on the surface. Pore size, surface chemistry, particles size and morphology
are some of the factors affecting the immobilization efficiency on silica materials (Hartmann
and Kostrov 2013). Inorganic oxides are another class of inorganic materials which
demonstrate inertness, high thermal and mechanical stability, and good sorption capacity.
Furthermore, the hydroxy! groups abundance at surface governs them their highly hydrophilic
nature, which helps in attaining appropriate functionalization and high enzyme loading.
Carbon based materials have also been studied for enzyme immobilization. The porous
structure of activated carbons, and charcoals has high available surface area (up to 1000
m?/g), which along with pore of various sizes assist the immobilization of enzyme molecules.
Adsorption of biocatalysts on the surface is the key immobilization strategy used in case of
carbon-based material, owing to the presence of functional groups and high adsorption

capacity.

Ceramic materials based on nitrides, oxides, alumniosilcates and carbides have also been
employed for enzyme immobilization. The formation of these ceramic involve additive
components which have significant impact on the features such as rigidity, porosity, and
mechanical resistance of final product (Kujawa et al. 2021). The presence of these additives
can readily be utilized for enzyme immobilization, without the requirement of any
functionalization process. Furthermore, the porous structure availability preserves the
catalytic activity of immobilized enzyme and provides an opportunity for continuous
operations. Different forms of ceramic materials such as membranes, foams, and beads have
been investigated for enzyme immobilization (Kujawa et al. 2021). The changes in reaction
conditions such as pH and temperature have no influence on the physical or chemical

characteristics of ceramic support, presenting it feasible for industrial applications.

Zeolites are employed as ideal support materials for enzyme immobilization, due to their
varying pore structures, thermal stability, low cost, easily modifiable structure and
biocompatibility (Zhang et al. 2021). The inherent catalytic activities of zeolites helps in
preserving the catalytic activity of enzymes and in some case even enhance it. The
improvement in stability of enzyme immobilized on zeolites under varying pH and thermal

conditions along with reusability potential has been observed in the past. Only the external
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surface of the zeolites can be employed for enzyme immobilization via adsorption, deposition

or covalent binding. Entrapment has also been achieved in some cases recently.

According to the requirements of industrial process, researchers have been continuously
seeking for support materials with unique physicochemical properties. Attributed to the
advances made in area of nanotechnology, the application area of nano-scale materials has
expanded in different area such as material science, microelectronics, chemistry
environmental science and biotechnology (Liu and Dong 2020). A diverse range of
nanoscaffolds such as particles, wires, tubes, rods, sheets and fibers are available nowadays
for biotechnology, immunosensing and biomedical areas (Califano et al. 2018; Hasan and
Pandey 2021; Chakraborty et al 2022). Nanomaterial as support for biocatalysts provides
high surface area, low mass-transfer limitation and easy particle mobility. Owing to their
chemical properties, nanomaterials can be furnished with suitable functional groups without
disturbing their precise properties. The functionalization enables the ease of immobilization
along with improvement in the biocompatibility of support. Considering the relevance to the
current work, the enzyme immobilized on nanomaterials is discussed as a separate section

below.

2.7 Nanobiocatalysts

The whole enzyme immobilized nanostructure system is termed as a nanobiocatalyst (NBC),
where the inherent properties of nanomaterials and enzymes synergistically work under
practically relevant conditions. The attachment of biocatalysts i.e., enzymes onto
nanomaterials, and subsequent investigation of stability, selectivity, chemical/thermal
kinetics are process involved nanobiocatalysis approach. An appropriately functionalized
nanomaterial could enhance the enzyme stability and provide a microenvironment for
enzyme-substrate interaction, thus resulting in maximum catalytic efficiency. The properties
and functions of the nanobiocatalyst can be influenced by, selecting appropriate nanomaterial
(size/shape, aspect ratio), introducing specific functionalities on the nanomaterial support,
and enhancing the mechanical and thermal stability. Nanomaterials with different shape and

size have been investigated in the recent past for formation of nanobiocatalysts.

Owing to the distinctive advantages associated such as large-scale production and presence of
functional groups polymeric nanostructures have been widely used for fabrication of

nanobiocatalysts. Nanoparticles, nanofibers, nanogels and nanocrystals are some of the
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geometric shapes of polymer nanomaterials used for fabrication of nanobiocatalysts. Physical
adsorption (nanofibers), encapsulation (nanogels) and covalent binding (nanoparticles) are
the commonly employed immobilization strategies for nanobiocatalyst formation.
Immobilization of enzymes onto mesoporous silica nanoparticles results in formation of
nanobiocatalyst. The easily modifiable surface properties (pore geometry, functional groups,
ionic charge) of mesoporous nanoparticles can be used to increase the enzyme loading.
Adsorption in the porous structure and covalent binding using the functional groups are the
key immobilization methods for attaching enzyme to the silica nanostructures. Carbon
nanomaterials nanobiocatalysts have been explored due to the inert and biocompatible nature
of carbon nanomaterials. Graphene, single and multiwalled carbon nanotubes (CNTs), and
nanodiamond are most commonly used carbon nanomaterials for enzyme immobilization.
The naturally adsorptive nature of these nanomaterials can be directly used for enzyme
adsorption without chemical modifications. Different functionalization procedures have been
developed in the recent past to improve the enzyme loading and subsequent stability. The
immobilization of cellulase and a-amylase on different nanomaterials is collated in Table 2.5
and 2.6. Despite the advantages industrial scale utilization of nanobiocatalysts is limited by
the cost intensive nanomaterial synthesis and functionalization procedures. The quest for

economic support material for immobilization of industrial enzymes is still on-going.
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Table 2.5 Various nanomaterials utilized for cellulase immobilization and associated advantage offered.

Support material Immobilization

Key outcomes

Reference

_ e Enzyme loading 233 mg/g
(FesO4@Si0@p(NIPAM- Covalent «  Superior thermal and storage stability Han et al. (2018a)
co-GMA)) e Increased substrate affinity
e Retained 65.6% catalytic activity after six reuse cycles
Fe30s-NH@4-arm-PEG- Enzyme loading 132 mg/g
NH, Covalent Enhanced catalytic activity Han et al. (2018b)
Superior operational and storage stability
Magnetic Poly (ionic Enzyme loading 106.1 mg/g o
liquid) Support Covalent Superior storage stability up to 25 days Hosseini et al. (2018)
Retained 60% activity after six reuse cycles
Chitosan and alginate Superior pH and thermal stability
Entrapment High hydrolysis of pretreated sugarcane bagasse Saha et al. (2019)

beads

Retained 50% activity after five reuse cycles

PEG hydrogel and sodium
polyacrylate on low
density polyethylene film

Entrapment and covalent

82% and 20% increase in catalytic activity
Retained 93%activity after ten reuse cycles
89% of filter paper activity after six cycles

Wang et al. (2019c)

Chitosan modified

Retained 78.1% catalytic activity

Fez04/graphene oxide Covalent Increased substrate affinity Asar et al. (2020)
nanocomposite Retained 49% activity after eight reuse cycles
. - Enzyme loading ~70 mg/
ernl_<led silica Adsorption Hyd)ﬁogen bond%ng was%hge key force for adsorption Costantini et al. (2020)
nanoparticles (WSNs) . . 4
Retained >70% activity after five reuse cycles
Magnetic Enhanced thermal stability
Fe203/Fe3s04@Si02-CHO Covalent Catalytic stability in range of temperature and pH Huang et al. (2020)
nanocomposites Retained 71% activity after five reuse cycles
Core-Shell Magnetic Gold Covalent Immobilization efficiency 84% Poorakbar et al. (2020)
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Nanoparticles

Superior pH and thermal stability
Retained 27.61% activity after five reuse cycles

Immobilization efficiency 65.55%

Iron oxide nanoparticles Covalent « Retained 50.34% activity after four reuse cycles Kaur et al. (2021)
o : e Enzyme loading 167 mg/g
Functlonallzed_ magnetic Covalent e Superior pH and thermal stability Marifio et al. (2021)
nanoparticles i L .
e Retained 73% activity after six reuse cycles
Copper ions loaded FezOs- e Enzyme loading 33.1 mg/g, activity 154U/g
iminodiacetic acid Covalent e Retained 75% activity after 28 days storage time Ozyilmaz et al. (2021)
nanoparticles e Retained 93% activity after six reuse cycles
e Enzyme loading 140 mg/g, activity 44 FPU/g
Magnetic graphene oxide Covalent e Retained >66% activity after ten reuse cycles Paz-Cedeno et al. (2021)
e Turnover frequency for CMC hydrolysis 0.4020
e Immobilization efficiency 86% Vijayalakshmi et al
Iron oxide nanoparticles Covalent e Superior storage stability for 1440 h (2021) '
e Retained 60% activity after five reuse cycles
Nanoscale Hybrid e Immobilization efficiency 96%
Polyaniline/Cationic Adsorption e Retained 90% activity after four weeks storage time Zarei et al. (2021)
Hydrogel e Retained 73% activity after nine reuse cycles
. e Specific activity 25.3 umol/min/mg
Chlt?]ssr?(;ggféiclieEE3O4 Covalent e Increased substrate affinity Javid et al. (2022)
e Retained 51.5% activity after three reuse cycles
. e Enzyme loading 100 mg/g
W(l_nkled Mesoporous Adsorption e Retained 83% activity after nine reuse cycles Pota et al. (2022)
silica nanoparticles . .
e Retained 89% activity at 70 °C
. . e Immobilization efficiency 93.4% .
Nickel nanoparticles Covalent « Retained 76% activity afi/e r ten reuse cycles Rashid et al. (2022)
Magnetized multiwall e Immobilization efficiency 95%
carbon nanotubes (m- Adsorption e Superior pH and thermal stability Yasmin et al. (2022)
o

MWCNTS)

Retained >50% activity after five reuse cycles
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Table 2.6 Improvement in intrinsic properties of a-amylase via fabrication of nanobiocatalyst on various nano supports.

Support material

Immobilization

Key outcomes

Reference

Naringin functionalized
magnetic nanoparticles

lonic interactions

Enzyme loading ~20 pg/mg
Retained 50% activity after ten reaction cycles
Retain 64% activity after six weeks

Defaei et al. (2018)

i e Enzyme loading ~9 mg/g
Chltosanlvcl: Ic\)fgsed Fes0s Covalent e Retained 66% activity after 20 days storage time Dhavale et al. (2018)
e Retained 79% activity after 20 reuse cycles
Chitosan-montmorillonite e Immobilization efficiency 86%
nanocomposite beads Covalent e Retained 95% activity after 40 days storage time Mardani et al. (2018)
e Retained 47% activity after five reuse cycles
e Immobilization efficiency 75%
POIpr;;%EOﬁ]%ES/tE%O“' lonic interactions e Retained 80%eactivity after ten reuse cycles Mohamed et al. (2018)
e Increased substrate affinity
Polvacrvlamide-aranhene e Immobilization efficiency 97.5%
o>)</i - )r/1anocomgpo§i t6s Entrapment e Increased substrate affinity Mulko et al. (2019)
e Retained 99.32%activity after five reuse cycles
Chitosan-magnetic . e Immobilization yield 81.6%
nanoparticles Adsorption and covalent e Superior storage (86.4%, 40 days) and thermal stability Anhmed et al. (2020)
e Improved pH stability :
Magnetic chitosan Adsorption and covalent e Enhanced temperature stability at high temperature (leggg)and Mohanan
e Retained 60% activity after 90 days of storage
ili i ici 0,
Polycaprolactone-grafted | . Imm_oblllzat;on ef_flc_:lency 61_/0 i ot
magnetic nanoparticles Covalent ¢ Retained 60% activity after five reuse cycles Defaei et al. (2020)
e Retained 57% activity after 120 days storage time
. . e Enhanced pH resistance capability
Chltosannt])?cs;cljeps)olymerlc Entrapment e High stability and reusability Kolesnyk et al. (2020)
e Reusability up to ten cycles
Modified Na-sepiolite Adsorption e Enzyme loading 9.1 mg/g, activity 2.28 U/mg Mortazavi and Aghaei
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Resistance for pH and temperature change
Superior thermal stability

Retained 66.7% activity after 30 days storage
Retained 44.2% activity after ten reuse cycles

(2020)

nanoparticles

Enzyme loading 102.9 mg/g for FesO4

Magnetic Nanoparticles

Electrostatic interaction
and covalent

Immobilization efficiency 68%, activity 40%
Retained 92% activity after three-month storage time
Retained 82% activity after 15 reuse cycles

Salem et al. (2021)

Immobilization efficiency 93.95%

Lysine functionalized Cross-linked enzyme e Improved pH and thermal stability Torabizadeh and
magnetic nanoparticles aggregates e Increased substrate affinity Montazeri (2020)
. . I e Immobilization efficiency 84%
Hydroxyapza;[gi-decorated Adsoi:]riggr;t?gg SIOﬂIC e Excellent storage stability (69% after 8 week) Almulaiky et al. (2021)
e Retained 70% activity after ten reuse cycles
i . e Enzyme loading 77.58 pg/mg
ﬁ;\ggi?{;g}g: Covalent e Enhanced half-life at higher temperature Desai et al. (2021)
e Retained 50% activity after 11 reuse cycles
Zn0 and Fe304 Adsorption : Enzyme loading 100.8 mg/g for ZnO Dhugosz et al. (2021)
o
[ ]
[ ]
[ ]
[ ]

PAMAM dendrimer-
modified magnetic
chitosan

Adsorption and covalent

Retrained 46 and 72%activity for adsorption and covalent
methods after ten reuse cycles

Retrained 38 and 56% activity for adsorption and
covalent methods after six-month storage time

Unniganapathi and
Mohanan
Puzhavoorparambil
(2021)

Cellulose derivatives

Covalent and hydrophobic

interactions

Covalent immobilization was more effective
Retained 30% activity after seven reuse cycles
Retained 50% activity after 24 days storage time

Verma and Raghav
(2021)

Cloisite 30B

Adsorption and covalent

Immobilization efficiency 93.7%, activity 90.2%
Retained 83.5% activity after 30 days storage time
Retained 79.7% activity after ten reuse cycles

Aghaei et al. (2022)

Zinc sulfide-chitosan
hybrid nanoparticles

Covalent

Enhanced pH and thermal stability
Retained 95% activity after 30 days storage time

Bahri et al. (2022)
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2.7.1 Halloysite Nanotubes

Falling in line with greener development strategies, the utilization of naturally occurring
nano-scale materials instead of chemically synthesized nano-scale materials have been
investigated for various application areas. Halloysite, a dioctahedral 1:1 clay mineral of the
kaolin group predominantly occurs in tubular structure, also known as halloysite nanotube.
The two mineral layers (tetrahedral silica oxide and octahedral alumina oxide) wrap around
each other in 1:1 to form a tubular structure under natural conditions (Singh 1996). Kaolinite
and halloysite both are almost similar, only difference is the presence of intercalated
monolayer of water molecules between alumina-silica unit layers (Figure 2.5). The general
chemical formula of halloysite nanotubes is Al2(OH)4Si20s-nH20, where n=2, represent the
hydrated form of halloysite (halloysite-10 A), and n=0 represent the dehydrated halloysite
(halloysite-7 A). The dehydrated form of halloysite nanotubes can be obtained by mild
heating or vacuum suction of hydrated halloysite (Joussein et al. 2005). Large deposits of
halloysite are found in different parts of the word such as USA, Australia, New Zealand,
China, Canada and Turkey. Halloysite nanotubes offer several distinctive advantages over
synthetic nanotubes (carbon nanotubes) such as low price ($4 per kg as compared to $500 per
kg), and abundant global supply (tons per year), which facilitates the scaling up of intended
application (Lvov et al. 2008). Due to their natural occurrence, the morphological
characteristics of the halloysite nanotubes vary significantly according to their site of origin
(Joussein et al. 2005; Cavallaro et al. 2018).

Layer A
Interlayer Space
Layer B

-
6~
) \ Aluminol Surface (Inner)

Halloysite Nanotube

© Aluminium atom ( silicon atom . Oxygenatom (_ Hydrogen atom ‘ OH group

Figure 2.5 Halloysite nanotube structural components (Reprinted with permission from
Tharmavaram et al. (2018). Copyright (2018) Elsevier).
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The length of halloysite nanotubes commonly fall in range 600-900 nm, with outer diameter
30 to 190 nm, and inner diameter ranges from 10 to 100 nm. The specific surface area of
halloysite nanotubes is reported to be 50-60 m?/g, with pore volume ranging from 0.06-0.25
cm?®/g, much higher than the chemical analogous i.e., kaolinite (Setter and Segal 2020). The
high specific surface area and pore volume are attributed to the pores present in halloysite
nanotubes, such as hollow mesoscopic lumen, voids formed during agglomerations, and
mesopores formed during dehydration process (Joussein et al. 2005; Yuan et al. 2015). The
presence of two layer containing different functional moieties governs a dual chemistry
characteristic to halloysite nanotubes where outer surface is negatively-charged (silica
surface) and inner lumen is positively charged (alumina surface) (Veerabadran et al. 2007).
The overall characteristic zeta potential of halloysite nanotubes is around -30 mV in pH range
4-8 (Setter and Segal 2020). Along with impact on overall zeta potential, the change in pH
also affects the dispersion behaviour of halloysite nanotubes, where under acidic conditions
halloysite dispersion results in agglomeration. On the other hand, halloysite suspension under
alkaline pH is stable owing to the van der Waals interaction between the negatively charged
halloysite nanotubes (Yuan et al. 2015). Along with aforementioned characteristic the low
cytotoxicity and highly biocompatible nature of halloysite nanotubes also encourage their
application in biotechnological areas (Setter and Segal 2020). Halloysite nanotubes have
excellent mechanical properties, although not comparable with carbon nanotubes (Lvov et al.
2008). The diameter of halloysite nanotubes have been reported as a major factor in the
mechanical properties, as larger diameters are associated with lower elastic modulus
(Lecouvet et al. 2013). While smaller diameter are linked with higher elastic modulus, which
can be attributed to the fact that halloysite nanotubes with smaller diameter has a lower
density of structural defects and surface tension effect (Yuan et al. 2015).

Functionalization/Modifications of Halloysite Nanotubes

The unique site-dependent aluminosilicate chemistry where the reactivity of external, internal
and interlayer surfaces of halloysite nanotubes are different, offers immense possibilities for
surface modifications. Physical modifications and chemical modifications are two commonly
employed modification approaches, which induce alteration in physicochemical
characteristics of the halloysite nanotubes such as hydrophilicity, solubility, reactivity and
biotoxicity (Yuan et al. 2015). The internal and internal surfaces composed of Al-OH groups

have high chemical activity and can be easily modified using different methods. However,
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the utilization of these surfaces for enzyme immobilization is not beneficial, as internal lumen
has permeability and substrate/product flow issue, while the interlayer area limits the extent
of enzyme immobilization. The external surface of halloysite is mainly made up of siloxane
(Si-O-Si) groups with miniscule aluminol (Al-OH) and silanol (Si-OH) groups present on the
edge of external surface. The low chemical reactivity of siloxane groups eliminates the
possibility of direct organic compound grafting; however, the negative charge presents the
possibility for adsorption of cations. Polymers poly(ethyleneimine), poly(allylamine)
hydrochloride, chitosan, pectin, and polydopamine have been used for surface modifications
via monolayer formation or layer by layer assembly for various applications. The selection of
polymer is based on the specific property such as thermal, mechanical, electrical, or
functional moieties, one want to modify (Tharmavaram et al. 2018). Mechanochemical
approach has also been investigated where halloysite nanotubes are mixed with the modifying
agent to obtain halloysite covered with the modifying agent (Chang et al. 2011). Alkali
treatment has also been used for introducing hydroxyl group on the outer surface, and
decreasing the halloysite wall thickness thus increasing the lumen size (Zeng et al. 2014).
Organic compounds such as surfactants have also been employed for halloysite nanotubes
surface modifications. Cationic surfactants can directly be functionalized on negatively

charged external halloysite nanotube surface.

Organosilanes have been widely employed for surface modifications of different materials
due to the simple reaction procedures and low toxicity. Organosilane functionalization has
been explored for halloysite nanotube external surface modification as an excellent coupling
agent between halloysite nanotube and guest molecule (Massaro et al. 2017; Tharmavaram et
al. 2018). Alkoxy group present in organosilanes, are released due to hydrolysis reaction in
presence of water, resulting in generation of free silane groups. Condensation of these silane
group results in formation of silanol groups, which via hydrogen bonding gets attached to the
surface of halloysite nanotubes. The organosilane grafting is generally carried out in presence
of non-polar solvents or solvents with low-vapour pressure. The availability of surface
hydroxyl group is a limiting factor for organosilane functionalization of halloysite nanotubes,
which can be easily enhanced by removing impurities or via acidic/alkali treatments (Sun et
al. 2015). Organosilane such as 3-aminopropyltriethoxysilane,
mercaptopropyltriethoxysilane, N-(2-aminoethyl)-3-(trimethoxysilyl) propylamine, and 3-
chloropropyltrimethoxysilane have been functionalized on halloysite nanotubes (Massaro et
al. 2017).
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Attributed to their unique physicochemical attributes, halloysite nanotubes have excellent
adsorption capabilities. The negatively charged surface facilitates the adsorption of metal ions
which can then be transformed into nanoparticles via already established methods. Second
approach is utilizing the organosilane modified halloysite nanotubes for attachment of
previously synthesised nanoparticles (Tharmavaram et al. 2018). Numerous metal and metal
oxide nanoparticles such as gold, silver, ruthenium, cobalt oxide, iron oxide and titanium
oxide nanoparticles have been attached to halloysite nanotubes for imparting antibacterial,

conductive, or catalytic activities.

Halloysite Nanotubes based Nanobiocatalyst

The adsorption capability of halloysite nanotube has been exploited for direct enzyme
immobilization on halloysite nanotubes. For instance, enzymes like alkaline phosphatase,
lipase and B- galactosidase has been immobilized on halloysite nanotubes via adsorption
(Pietraszek et al. 2019; Mohammadi et al. 2020; Tizchang et al. 2021). The leaching of
enzyme can be controlled by entrapping the enzyme immobilized halloysite nanotubes into
polymer matrix such as polyvinyl alcohol/alginate hydrogel and cellulose nanocrystals
(Mohammadi et al. 2020; Tizchang et al. 2021). Surface modified halloysite nanotubes such
as are widely used support matrix for enzyme immobilization. Chitosan functionalised
halloysite nanotubes have been used for immobilization of chloroperoxidase and laccase
enzyme via electrostatic interactions or covalent immobilization (Fan et al. 2018; Kadam et
al. 2018; Kim et al. 2018; Kadam et al. 2020a; Hiurmuzlu et al. 2021; Tharmavaram et al.
2021; Wang et al. 2022b). Superoxide dismutase, B-lactamase, and peroxidase have been
immobilized on polymer such as protamine sulfate polyelectrolyte (PSP), poly(ethylene
imine), and polydopamine grafted halloysite nanotubes (Katana et al. 2019; Rouster et al.
2019; Ren et al. 2022). Organosilane functionalized halloysite nanotubes have been
employed for immobilization of aminoacylase, chloroperoxidase, endoinulinase, and protease
enzymes via covalent linkage (Kotodziejczak-Radzimska and Jesionowski 2019; Zhu et al.
2021; Kim et al. 2022b; Singh and Singh 2022a, b, ¢). Magnetic nanoparticles anchored
halloysite nanotubes i.e., magnetic halloysite nanotubes have also been used for enzyme
immobilization via functionalization such as chitosan and aminosilane grafting (Kadam et al.
2018; Kim et al. 2018; Kadam et al. 2020c; Zhu et al. 2021; Kim et al. 2022b) (Table 2.7).
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Table 2.7 Halloysite nanotube based nanobiocatalysts.

Support

Enzyme

Immobilization

Key outcomes

Reference

Chitosan modified

Chloroperoxidase

Electrostatic

Enzyme loading 18.3 mg/g,
Retained activity 93.3 %
Enhanced thermal stability

Fan et al. (2018)

[}
[ ]
halloysite nanotubes interaction ° -
y e Increased substrate affinity
e Retained 62.2% activity after eight reuse cycles
Chitosan-functionalized *  Enzyme loading 92.74 mg/g
. . 0
supermagnetic halloysite Laccase Covalent * R?tamEd activity 92% - Kadam et al.
nanotubes e Higher pH, temperature, and storage stabilities (2018)
e Retained 51% activity after 11 reuse cycles
Chitosan functionalized : Egtza)l/irr?ee dlgggiﬂ? 9;;2?{3
super magnetic halloysite Laccase Covalent e Y 95270 . . Kim et al. (2018)
nanotubes ¢ Significant anti-proliferation potential against
HepG2, H460 Hela, and AGS cells
Protamine sulfate Superoxide _ e Antioxidants in heterogeneous samples Katana et al
polyelectrolyte-Halloysite dismutase Adsorption (2019)
nanotube
: Enzyme loading 176-178 mg/g Kotodziejczak-
Amino-, epoxy- and ° . . - :
carbonyl- fuﬁctignalized Aminoacylase Adsorption e Superior chemical and thermal stability Radzimska and
halloysite nanotubes e Retained 50% activity after five reuse cycles ge3|0”)0WSk|
2019
. e Immobilization efficiency 27% .
Halloysite nanotubes prﬁn !sl:)ﬂ;rt]:se Adsorption e Enzyme loading 0.135 mg/mg E’Zlgtlrgizek etal.
e Enhanced pH and thermal stability
Poly (ethylene imine)- o Enzyme loading _~_100mg/g support
Halloysite nanotube B-lactamase Encapsulation * Sgperlor pH'stabl!lt_y Rouster et al.
assembly e High catalytic activity as compared to enzyme (2019)
directly adsorbed on films
Tannic acid functionalized Laccase Covalent e Enzyme loading 197.7 mg/g Zhang et al.
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halloysite nanotubes e Retained activity 55.4% (2019a)
e Superior pH and thermal stability
e Retained 70% activity after 30 days storage time
e Retained >60% activity after nine reuse cycles
[ ]
Thiolated chitosan loaded o Eggirr?eedlzggi/r;?ylf;ogzg/g' Kadam et al
super-magnetic halloysite Laccase Covalent - '
nanotubes e Improved thermal, storage, and pH stabilities (2020a)
e Retained 61% activity after 15 reuse cycles
Chitosan-Grafted Halloysite * Enzy_me Ioad_mg 100'120 mg/g
Nanotubes-FesOq Laccase Covalent o Rt_etalned activity 95.13% N Kadam et al.
Composite e Higher pH, temperature, and storage stabilities (2020c)
e Retained 59.88% activity after ten reuse cycles
e Enzyme loading 0.38 ug/g
Halloysite nanotube in Lipase Adsorption e Retained activity 121.43% Mohammadi et
hydrogel e Superior pH and thermal stability al. (2020)
e Retained 67.7% activity after 30 days storage time
e Immobilization efficiency 94% Hirmiizlii et al
Chitosan/halloysite beads Laccase Covalent e Retained 56% activity after 59 days storage time (2021) '
e Retained 49% activity after 15 reuse cycles
. . e Immobilization efficiency 83.4%
ngl?Z?/ZiIng]\T:r?gtﬂtl)zzd Laccase Covalent o Incre_ased substrate_affinity _ ;’Iha(l;rgza\ll)a ram et
o Retained >95% activity after five reuse cycles
e Immobilization efficiency 89.5%
Halloysite nanotube- e Catalytic activity 0.384 U/mg Tizchang et al
cellulose nar_locrystals B-galactosidase Adsorption e Superior thermal stability (2021) '
matrix o Retained 75.8% activity after 60 days storage time
e Retained ~76% activity after 12 reuse cycles
i - . e Enzyme loading 90.18 mg/g
Amégﬁggﬂéfﬁsnr;i%getlc Chloroperoxidase Covalent e Superior thermal stability Zhu et al. (2021)
e Stable in presence of different organic solvents
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Increased substrate affinity
Retained 92.20% activity after ten reuse cycles

Magnetic halloysite

Effective immobilization

Budhiraja et al.

nanotubes Lipase Covalent o SL_Jperior reusa'bility_ pptential up to ten cycles (2022)
e Higher catalytic efficiency
Aminosilane functionalized e Enzyme loading 59.56 mg/g Kim et al
supermagnetic halloysite Protease Covalent e Retained activity 87% (2022a) '
nanotubes o Excellent anti-biofilm activities
e Immobilization efficiency 97.1% Monteiro et al
Halloysite nanotubes Lipase lonic adsorption e Retained activity 83.81 U/g (2022) '
e 8.91-fold increase in half-life at 90 °C
Dopamine-modified e Enzyme loading 250.8 mg/g
halloysite nanotubes porous Peroxidase Covalent e Superior pH and thermal stability Ren et al. (2022)
microspheres e Retained 57.6% activity after six reuse cycles
e Immobilization efficiency 67.15%
Aminopropyltriethoxysilane ¢ Retained activity 57.20% Singh and Singh
Functionalized Halloysite Endoinulinase Covalent e Wide range pH and temperature tolerance (2022a)
nanotubes e 13-fold increase in half-life of enzyme
e Retained ~50% activity after three reuse cycles
e Immobilization efficiency 82.45%
Glutarald_ehyde modified Endoinulinase Covalent o Retained activity 65.77% Singh and Singh
halloysite nanotubes e High affinity towards inulin than stachyose (2022b)
o Retained 100% activity after eight reuse cycles
- . e Immobilization efficiency 89.61% . .
Hetero-modified halloysite Endoinulinase Covalent e Retained activity 70.65%y Singh and Singh
nanotubes . (2022c)
e Wide range pH and temperature tolerance
: L : e Enzyme loading 60.10 mg/g
Cﬂgﬁgigig?gr:%?jggsd Laccase coC\aC:Z?]:pt:;ggi-ng o Retained 48.56% acti\{ity after 2_8 days storage time \(/;/gggbe)t al.
o Retained 44.24%activity after eight reuse cycles
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Chapter 3

Materials and Methods




3.1 Collection and Processing of Sugarcane Bagasse and Potato Peel Waste

Sugarcane bagasse (SCB) was procured from a local juice vendor in Patiala, Punjab, India
(30.3398° N, 76.3869° E). Sugarcane bagasse was initially sun-dried for one-day and washed
with hot water to remove dirt and other impurities. The semi-dried SCB was chopped into 40-
50 mm pieces and dried in a hot air oven at 60 °C till achieves a constant weight. Dried SCB
was milled using a blender and sieved to uniform particle sizes below 4 mm. Powdered SCB
was refluxed in a soxhlet apparatus with a mixture of toluene: ethanol (2:1, v/v) for 6 h. The
dewaxed SCB was further refluxed using deionized water for 30 min. The dewaxed sample

was then oven dried at 60 °C and stored in air tight bags at room temperature (25 °C).

Potato peels were obtained from local restaurant in Patiala, Punjab and were initially washed
with deionized water to remove surface dust particles. The peels were dried in an oven below
50 °C and were grinded to <0.5 mm particle size using blender. The powdered potato peel

waste (PPW) was then stored in an airtight storage container at room temperature until use.

3.2 Synthesis of Magnetic Halloysite Nanotubes (MHNTYS)

0.5 g halloysite nanotubes powder (Sigma Aldrich, USA) was added to a 100 mL deionized
water. The suspension was placed in an ultrasonic bath (PCI analytics-9L), operated at 333
KHz for 5 min followed by 1 h stirring. A binary mixture of FeCl3.6H.O and FeCl..4H,0O
(Sigma Aldrich, USA) having molar ratios 2:1 was introduced into the halloysite nanotubes
(HNTSs) suspension under vigorous stirring at 60 °C with nitrogen purging. The final pH of
the suspension was kept in range of 9-10 adding ammonia solution (25% v/v) drop-wise. The
appearance of black colour indicated the successful synthesis of magnetic nanoparticles. The
mixture was further aged at 60 °C for 4 h and washed thrice with deionized water until the
final pH of the suspension reached 7. The material was recovered from the reaction mixture
using a magnet (Neodymium N42, surface gauss 2980). The extracted material was dried at
60 °C for 24 h, and kept in zip lock air tight bags till further use. The magnetic halloysite
nanotubes will be referred as ‘MHNTSs’ in subsequent studies. For the preparation of solid
acid catalyst, an initial amount of Fe precursor was varied to achieve different loading of
magnetic nanoparticles onto MHNTS surface. The initial amounts of the precursors used for
MHNTSs synthesis are listed in Table 3.1.

51| Materials and Methods



Table 3.1 Preparation of magnetic halloysite nanotubes varying the amount of HNTs and Fe

precursor.
Sample  HNTs FeCls.6H20 FeCl2.4H20 Total Fe precursor
name (mg) (mg) (mg) (mg)
1:0.1 500 36.56 13.44 50
1:0.2 500 73.12 26.88 100
1:04 500 146.24 53.76 200
1:0.8 500 292.48 107.52 400
1:1 500 365.60 134.40 500
1:2 500 731.19 268.81 1000

3.3 Pretreatment of Sugarcane Bagasse

Solid acid catalyst assisted pretreatment of sugarcane bagasse was performed. The following
procedures were used for fabrication of solid acid catalyst and pretreatment of sugarcane

bagasse.

3.3.1 Synthesis of Sulfonic Acid-Functionalized MHNTSs as Solid Acid Catalyst

A previously reported method (Kumar et al. 2021b) was adopted for modifying MHNTS
surface with desired modifications. In brief, MHNTSs and 3-mercaptopropyl(trimethoxy)silane
(Sigma Aldrich, USA) in 1:1 ratio were suspended in a 50 mL toluene and refluxed for 24 h.
The magnetic product at the end of refluxing was washed with toluene to remove any loosely
bound molecules. The as obtained mercapto functionalized MHNTS was dried at 60 °C for 24
h and designated as “MHNTs-SH”. For the oxidization of mercapto groups, 1 g mercapto
functionalized MHNTs was introduced into a solution containing 30% H>O> (50 mL) and
conc. H2SO4 (0.1 mL). The reaction mixture was stirred for two days. After required
duration, the magnetic material was separated using a magnet, washed thrice with deionized
water till the suspension attains neutral pH. The sulfonic acid functionalized MHNTSs powder
was dried at 60 °C for 24 h and termed as ‘MHNTs-SOzH’.

3.3.2 Pretreatment Reactions

1 g of dewaxed SCB was incubated in 100 mL screw cap flask with varying amount (0.1-0.5
g) of sulfonic acid-functionalized MHNTSs in 10 mL distilled water. The flasks were then
autoclaved (121 °C, 15 psi) for 15 min. The soluble fractions were isolated form the reaction
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mixture via centrifugation (3000 rpm, 5 min) and kept for estimating xylose and inhibitory
by-products. To the solid fraction left containing insoluble biomass and MHNTs-SOzH, a 200
mL distilled water was added and the solid acid catalyst (MHNTs-SOsH) were recovered
magnetically. The solid biomass was filtered and dried overnight at 60 °C. The dried biomass
(10% wl/v solid loading) was further treated with 0.1% NaOH under identical reaction
conditions. The treated mixture was filtered to obtain soluble fraction which was used for
analysing the inhibitory by-products. The solid insoluble fraction was dried at 60 °C
overnight and packed in air tight plastic bags either for compositional analysis or further use.

3.4 Characterisation of Sugarcane Bagasse

The weight of dried biomass before and after pretreatment was used to calculate pretreatment
yield using the following equation:

Weight after pretreatment (mg) y
Weight before pretreatment (mg)

Pretreatment yield (%) = 100 Eq. 3.1

3.4.1 Compositional Analysis

The compositional analysis of raw and pretreated SCB samples was done according to the
laboratory analytical procedures (LAPs) developed by National Renewable Energy
Laboratory, US, Department of Energy for the standard biomass analyses and also mentioned
by Sluiter et al. (2008). In brief, a 300 mg biomass (both raw and pretreated samples) was
introduced to a 3 mL sulfuric acid solution (72%) in separate containers and stirred for 1 min.
The containers were then incubated for 60 min in a water bath at 30 °C for initiating the
hydrolysis. After completion of the hydrolysis period, 84 mL deionized water was added
bringing the acid concentration to 4% and the suspension was subsequently autoclaved (121
°C, 15 psi) for 60 min. The mixture obtained was filtered, where the filtrate was used for
estimating soluble sugars and acid soluble lignin while the residue material was used to

determine acid insoluble lignin.

The liquid hydrolysate samples were filtered through 0.22 pm syringe filters for sugar
estimation. Polysaccharide contents (cellulose and hemicellulose) in raw and pretreated SCB
samples were calculated from the amount of monosaccharaides present in the hydrolysates.
Glucose, mannose, xylose and arabinose were determined by high performance liquid
chromatography (Waters 515, Waters, USA) equipped with refractive index detector (Waters,

2414) with an amino column (250x4.6 mm, 5 micron) at 35 °C using water/acetonitrile
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(87/13) as mobile phase at a flow rate of 1 mL/min. High purity standards of D (+) glucose,

D (+) mannose, D (+) xylose, and L (+) arabinose were used to construct the standard curve.

The calculations for cellulose recovery and hemicellulose removal were done using the

following formula:

Cellulose in pretreated biomass (mg)
Cellulose in raw biomass (mg)

Hl' Hz

Cellulose recovery (%) = x100 Eqg. 3.2

Hemicellulose removal (%) = %100 Eqg. 3.3

1
Where, Hi is hemicellulose in raw biomass (mg), and Hz is hemicellulose in pretreated

biomass (mg).

Acid soluble lignin (ASL) was determined by measuring the optical density of filtrates at 240
nm using a UV-Vis spectrophotometer (UV-2600, Shimadzu Corp., Japan). The samples
were diluted to the absorbance range of 0.7-1.0 using sulphuric acid (4%, v/v) which also
served as the blank. The acid soluble lignin content of the biomass was calculated based on
the Beer—Lambert law using formula:

ASL (%) = A V

exW, x L

%100 Eq. 3.4

Where Abs,. is the absorbance of the solution at 240 nm; V is the total volume of the
solution; ¢ is the absorptivity of biomass at specific wavelength (25 L/g-cm); Wi is the weight

of sugarcane bagasse sample; L is the light path length.

For estimation of acid insoluble lignin (AIL), the residual obtained after filtration was
transferred to a crucible, and dried at 105 °C until constant weight was achieved. The crucible
along with the dried residue were weighed and placed in a furnace at 575 °C for 24 h.
Subsequently the weight was determined to calculate the acid insoluble lignin using the
following equation:

AIL (%) = %XIOO Eq. 3.5

Where, Wt is the weight of sample after furnace step; Wi is the weight of sugarcane bagasse

sample.

Total lignin and lignin removal (%) were calculated using the following equations:
Total lignin (%) = Acid insoluble lignin (AIL) + Acid soluble lignin (ASL) Eqg. 3.6
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Lignin removal (%) = %xloo Eq. 3.7

1
Where, L; is total lignin in raw biomass (mg), and L. is total lignin in pretreated biomass

(mg).

The reuse potential of solid acid catalyst was also determined. The recovered solid acid
catalyst (MHNTs-SOsH) was washed thrice with deionized water and dried at 60 °C for 24 h.
The dried solid acid catalyst was used for the pretreatment of fresh sugarcane bagasse over 5
consecutive cycles. The reuse capability was assessed by estimating the xylose produced after

each cycle.

3.4.2 Material Characterization

Fourier Transform Infrared (FTIR) Spectroscopy Analysis

The variations in the chemical composition and functional moieties of raw sugarcane bagasse
after pretreatment were examined using Fourier transform infrared (FTIR) spectroscopy
(Cary 630 FTIR, Agilent Technologies, USA). Raw and pretreated biomass samples were
mixed with dried KBr in ratio 1:100 (w/w), and pellets were made using hydraulic press.
Spectra were recorded from 4000 cm™ to 400 cm™ at 25 °C with 32 scans at a spectral

resolution of 4 cm™2.

X-ray Diffraction (XRD) Analysis
The crystallinity of raw and pretreated SCB samples were determined using X-ray
diffractometer, (PANalytical X-pert Pro, The Netherlands). The X-ray diffraction with A (Cu
Koi) = 1.5406 A and A (Cu Kaz) = 1.5444 A was operated at 45 kV voltage and 40 mA
current. The relative diffracting intensity was recorded in the scanning angle rang of 20 = 5—
45° at the scanning speed of 2° per min. The crystallinity index (Crl) of biomass samples
were determined from the XRD data and calculated using the following equation (Segal et al.
1959):

Crl (%) = Mxloo Eq. 3.8

002

Where, loo2 is max diffraction intensity of the crystalline portion of the biomass (cellulose)
around 26=21-23°, and lam is the diffraction intensity of amorphous region (hemicellulose,

and lignin) around 26=16-18°.
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Scanning Electron Microscopy (SEM) Analysis

Any changes in morphological features of sugarcane bagasse samples after pretreatment were
observed using SEM (JSM-6510LV, JEOL, Japan) operated at an acceleration voltage of 15
kV. The samples were initially coated through gold sputtering and then placed on an

aluminium stub with carbon tape for the scanning.

3.5 The Analysis of Inhibitory by-products

The wash liquid fractions obtained after pretreatment steps were used for the estimation of
inhibitory by-products. Total phenolic contents in different wash liquids were determined by
Folin-Ciocalteu assay using gallic acid as the standard and were expressed as gallic acid
equivalents (g GAE/L) (Kupina et al. 2018). In brief, 1 mL wash liquid was diluted using 15
mL deionised water and 1 mL Folin-Ciocalteu reagent. The solution was mixed properly and
3 mL sodium carbonate solution (20% w/v) was added. The suspension was then incubated at
30 °C for 120 min, and optical density was measured at 765 nm using a UV-Vis
spectrophotometer. Total carboxylic acid content (acetic acid, formic acid, levunic acid etc.)
of wash liquids was determined using a titration method (llanidis et al. 2021b). For this, 3-4
drops of phenolphthalein indicator were added into the liquid samples (5 mL) and the
resultant solution was titrated against 200 mM aqueous solution of sodium hydroxide. The
wash liquids were filtered using 0.22 um syringe filters, and analysed using HPLC system
equipped with a C18 column and diode-array detector to determine furans derivatives
(furfural and hydroxymethylfurfural) concentrations. The mobile phase used was an aqueous
solution of methanol and water (4:6) with flow rate of 1 mL/min, and column temperature
was set at 35 °C. The standard curves of pure furfural and hydroxymethylfurfural (HMF)

were used for quantification.

3.6 Enzymatic Hydrolysis, Glucose Estimation and Saccharification

Enzymatic Hydrolysis of Sugarcane Bagasse

The raw and pretreated sugarcane bagasse samples were subjected to enzymatic hydrolysis
using cellulase from Aspergillus niger (Sigma Aldrich, USA). The hydrolysis experiments
were performed in 250 mL Erlenmeyer flasks containing 100 mL citrate buffer (0.05 M,
pH=5) and 1, 2.5, and 5 g dried biomass to achieve 1, 2.5, and 5% w/v substrate loading,
respectively. The flasks were agitated at an orbital shaker (150 rpm, 50 °C), and cellulase (20
IU/g substrate) was introduced. Aliquots were withdrawn after 6, 12, 24 and 48 h, and heated
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for 5 min at 90 °C for inactivation of cellulase enzyme. The aliquots were then filtered

through 0.22 um syringe filters, and analyzed for the amount of glucose produced.

Glucose Estimation

The glucose produced after hydrolysis was estimated using the dinitrosalicyclic acid (DNSA)
method (Miller 1959). Briefly, 3 mL DNSA reagent was added to 1 mL aliquot and placed in
a boiling water bath for 15 min. The solution was allowed to cool down to room temperature
and the absorbance was recorded at 540 nm. A standard curve of glucose was used for
quantification of glucose in the samples.

Cellulose Saccharification
Cellulose saccharification (%) was calculated using the following equation:
W, x0.89
Saccharification (%) = %xlOO Eq. 3.9

Where, Wy is weight of glucose produced; the factor 0.89 was used to convert polysaccharide
to monosaccharide accounting for water uptake during hydrolysis; W is weight of cellulose

in the biomass.

3.7 Microbial Fermentation and Ethanol Production

The hydrolysates produced using raw and pretreated sugarcane bagasse samples were tested
as substrate for bioethanol production using Saccharomyces cerevisiae (MTCC170). For
inoculum preparation, lyophilised yeast culture was activated using YPD medium, composed
of yeast extract (1%), peptone (2%) and dextrose (2%) and incubated under agitation for 24 h
(30 °C, 200 rpm). The cell count of actively growing S. cerevisiae was measured using

haemocytometer, corresponding to 300 x 10° cells/mL.

Microbial fermentation (working volume 100 mL) was done in pre-sterilized Erlenmeyer
flasks with screw caps. The earlier obtained hydrolysate was transferred to Erlenmeyer flasks,
supplemented with yeast extract (0.5%), KH2PO4 (0.2%), MgSOa4 (0.1%) and pH 5.6. A 5%
(v/v) of S. cerevisiae as inoculum was added to individual flasks for fermentation. The flasks
were incubated in an orbital shaker (30 °C, 150 rpm) for 72 h. During fermentation, aliquots
were periodically collected after 24, 48 and 72 h, to quantity the ethanol content.
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Ethanol produced during fermentation process was estimated by chromic acid method
(Caputi et al. 1968) after distilling the aliquots withdrawn at different time intervals.
Distillate (0.5 mL) was mixed with 25 mL potassium dichromate and the solution was
incubated in water bath at 80 °C for 15 min. After cooling, the optical density was measured

at 600 nm. Ethanol/water (v/v) was used to prepare the standard curve for ethanol estimation.

3.8 Fabrication of Cellulase Nanobiocatalyst (cellulase-MHNTS)

For cellulase immobilization the surface-functionalized MHNTS were generated in two steps.
First, amine-modified MHNTs prepared through aminosilane grafting were exposed to

glutaraldehyde activation for coupling enzymes (cellulase).

3.8.1 Synthesis of Amino-Functionalized MHNTS

Amino-functionalization of magnetic halloysite nanotubes (MHNTs) was done using an
established protocol with slight modifications (Agnihotri et al. 2013). In brief, 2 mL APTES
((3-aminopropyl) triethoxysilane) was added into 98 mL solution of absolute ethanol and
acetic acid (5: 3 v/v), stirred vigorously at 60 °C for 15 min. One gram of magnetic halloysite
nanotubes were then introduced into the solution under inert atmosphere, followed by
sonication for 20 min and stirring at 60 °C for 2 h. The condensation of siloxane bonds was
carried out by heating the mixture solution at 120 °C for 60 min. Resultant amine-modified
MHNTSs were separated using magnet, washed thoroughly with ethanol/acetic acid solution to

remove the excess organosilane (APTES) and were finally dried overnight at 60 °C.

3.8.2 Glutaraldehyde Activation on Amine-modified MHNTS

Glutaraldehyde (10 mL, 2.5% v/v) solution was prepared by diluting the commercial
glutaraldehyde (25%) in citrate buffer (0.1 M, pH 5). The amino-modified MHNTSs were
incubated in prepared glutaraldehyde solution, and left for shaking at 120 rpm for 24 h. The
resultant glutaraldehyde activated MHNTS were separated from the solution using a magnet
and washed several times using citrate buffer to remove the loosely bounded glutaraldehyde

molecules.

3.8.3 Optimization of Cellulase Immobilization

Cellulase immobilization optimization was done by screening the critical parameters involved

in immobilizations process using single factor study, followed by employing the screened
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parameters and their corresponding range in RSM for high loading of cellulase onto magnetic
halloysite nanotube-based support matrix. Cellulase immobilization was performed by
incubating an appropriate amount of glutaraldehyde-activated amine-modified MHNTS, and
cellulase in a buffer solution of appropriate pH (0.1 M, citrate buffer for pH range 4-5, and

phosphate buffer for pH 6) under shaking conditions (120 rpm) for 6 h.

Single Factor Study

The three key parameters involved in the immobilization reaction process i.e., amount of
support matrix, concentration of cellulase enzyme, and pH of the reaction solution, were
investigated by varying one factor while keeping other two factors constant. The amount of
glutaraldehyde activated amine modified MHNTS as support matrix was investigated in the
range 5-40 mg. The impact of loaded enzyme on corresponding activity was studied
separately for better understanding of the complex interaction of densely packed enzyme and
activity. The concentration of cellulase enzyme was varied from 0.5 mg/mL to 2.5 mg/mL.
The examined range of solution pH was 4-6. Enzyme loading (%) was evaluated for all the
reactions and range of individual parameter resulting in high cellulase loading were selected

for further optimization.

Response Surface Methodology (RSM)

Design Expert tool (version 6.0.8, Stat-Ease Inc., Minneapolis, USA) was used for
experiment designs and statistical analysis. Response Surface Methodology (RSM) is a
widely acceptable method for the optimization of system dealing with three or more than
three variables (Gunst 1996). The correlation between independent process parameters
(support amount, cellulase concentration and pH) and response (cellulase loading%) was
determined using a three level, three factor Box-Behnken design (BBD) of response surface
methodology (RSM). The optimization for cellulase immobilization were performed by
employing varied amount of support (20-30 mg), cellulase concentration (1.25-1.75 mg/mL)
prepared in citrate buffer, maintained at varied pH (4.5-5.5). The effective range of
parameters obtained from single factor study was coded as -1 (low level), O (central point or
middle level), and 1 (high level). The factors and their levels studied for cellulase loading

onto magnetic matrix are presented in Table 3.2.
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Table 3.2 Levels and ranges of independent variables in Box—Behnken experiment design.

Independent variable Symbol Coded variable level
Low Centre High
-1 0 +1
Support amount (mg) A 20 25 30
Cellulase conc. (mg/mL) B 1.25 1.5 1.75
Solution pH C 4.5 5.0 5.5

The Box-Behnken design (BBD), gave total 13 combinations of independent variables with
five replicates at the centre point (total 17 experiments) (Table 3.3). Experiments were
performed in triplicates and obtained cellulase loading (%) results for were filled in the
experimental table as actual response. Based on the response filled, the quadratic model was

suggested for the adequate modelling of the experimental data.

Cellulase loading (%) was represented as a second order polynomial equation to express the
effect of different variables:

Y = o+ fiXi+Y BiXe+Y LiXiX| Eqg. 3.10
Where Y= Cellulase loading (%), Xi and Xj = independent variables which affect Y. The
regression coefficient was defined as Po for the intercept, Bi for linear, Bii for quadratic and fj;

for cross product terms.

Table 3.3 RSM based Box-Behnken experimental design for independent variables and their

corresponding response (Cellulase Loading (%)) for cellulase immobilization.

RUN Supportamount  Cellulase conc. Solution Loading (%0)
(mg) (mg/mL) pH Actual Predicted
1 25.00 1.25 5.50 72.82 72.04
2 25.00 1.50 5.00 79.82 78.14
3 20.00 1.50 4.50 77.35 76.38
4 25.00 1.25 4.50 70.31 70.34
5 25.00 1.50 5.00 78.64 78.14
6 20.00 1.50 5.50 72.38 72.19
7 25.00 1.50 5.00 77.97 78.14
8 25.00 1.75 4.50 67.78 68.57
9 20.00 1.25 5.00 74.83 75.81
10 25.00 1.50 5.00 78.02 78.14
11 25.00 1.75 5.50 65.68 65.71
12 25.00 1.50 5.00 76.27 78.14
13 30.00 1.50 5.50 80.48 81.45
14 30.00 1.25 5.00 79.87 79.68
15 20.00 1.75 5.00 69.78 69.97
16 30.00 1.50 4.50 78.24 78.43
17 30.00 1.75 5.00 78.39 77.42
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The generated model was evaluated using analysis of variance (ANOVA) for adequacy of
model. ANOVA is a statistical diagnostic tool to estimate the performance of tested
experiments, by taking into account p-value, lack of fit, multiple correlation coefficients (R?)
and adjusting coefficient of determination (R2-adj). The designed model was simplified by
eliminating parameters or their combinations that were not regarded as statistically significant
by the analysis of variance (ANOVA). The model was then validated by performing

experiments at the optimum variable conditions for high cellulase loading (%).

Optimal Immobilization Condition

The immobilization reaction was carried out at optimized conditions obtained using BBD of
RSM in brief, 20 mg of MHNTSs were introduced in 1.44 mg/mL cellulase suspension (citrate
buffer, 4.8 pH) and were shaken (120 rpm) continuously at 4 °C for 6 h. The cellulase
immobilized MHNTSs (cellulase-MHNTS) were separated from the reaction mixture with the
help of a magnet followed by washing using the same buffer to remove unbound cellulase
enzyme. The cellulase-MHNTSs were then stored in citrate buffer (0.1 M, pH 5) at 4 °C till
further use. Residual enzyme concentration in the supernatant was used to determine the

extent of enzyme loading.

3.9 Enzyme Loading, Activity and Release Profile

Enzyme Loading
The concentration of enzyme remained in the suspension after immobilization process, was
analyzed using Bradford assay (Bradford 1976). Briefly, 5 mL of Bradford reagent was added
to 1 mL suspension solution. After 3 minutes, the absorbance of the solution was measured at
595 nm, and protein concentration was determined using a standard curve of bovine serum
albumin. Enzyme loading (%) was calculated using the following equation:

C,-C

0

Enzyme loading (%)= x100 Eqg. 3.11

The enzyme loading (mg/g) on support matrix was calculated using the following expression:

Enzyme loading (mg/g)= %xmo Eq. 3.12

Where Co and C are initial and final concentration of enzyme in suspension, V is solution

volume in mL, and W is the weight of support used in g.
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Cellulase Activity

Endoglucanase activity of cellulase enzyme was determined according to the standard
procedure of IUPAC using carboxymethyl cellulose (CMC) as substrate (Hosseini et al.
2018). The cellulase enzyme (0.5 mL) was incubated with 1.5 mL CMC substrate (1 wt%)
prepared in citrate buffer (0.1 M, pH=5) at 50 °C for 1 h. The reaction after incubation was
stopped by putting the enzyme reaction flask in a boiling water bath for 10 min. The solution
was centrifuged (5000 rpm, 5 minutes), and supernatant was used to calculate the amount of
reducing sugar liberated by DNSA method as described earlier. One international unit (1U) of
enzyme activity is defined as the amount of cellulase that hydrolyses CMC to produce 1 umol
of glucose per minute under standard assay conditions. The catalytic activities of both free
and immobilized enzymes carrying equivalent units (2.43 1U) were determined under

identical set of experimental conditions.

Release Profile

The effectiveness of immobilization approach was assessed by means of enzyme
leached/released from its immobilized state. For release profile, 20 mg cellulase-MHNTSs was
stirred vigorously (250 rpm) in 10 mL citrate buffer, at 50 °C for 48 h. Aliquots were taken at
predefined intervals and the amount of cellulase released was calculated using Bradford assay

as explained previously.

3.10 Impact of Process Parameters on Cellulase Activity

The impact of varying process parameters i.e., pH and reaction temperature, storage time on
the catalytic activity of free and immobilized cellulase was investigated. The optimum
reaction conditions obtained from this study were used for further processing of
nanobiocatalyst (cellulase-MHNTS).

Impact of pH

To assess the influence of solution pH on the catalytic potential of free and immobilized
cellulase, a wide pH ranges from pH 3 to pH 7 was examined. Equivalent units of both forms
of cellulase (6.07 IU) were incubated separately with 50 mL substrate (CMC, 1wt%) in
different pH buffers (0.1 M citrate buffer for pH range 3-5, 0.1 M phosphate buffer for pH 6-
7), at 50 °C for 30 min. After the incubation period, the catalytic activities of individual

samples were determined by reducing sugar estimation using DNSA method described
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earlier. The individual highest catalytic activities for both forms were considered 100%, and

activities at other pH points were calculated relative to this.

Impact of Temperature

Temperature profile of cellulase (both free and immobilized) was evaluated to determine the
temperature well suited for high catalytic activity and deviation in catalytic activity with
change in temperature. Free and immobilized forms (6.07 1U of both) were incubated with 50
mL CMC (1wt%, pH 5) in temperature range 30-70 °C for 30 min. The reducing sugar
liberated at different temperatures was calculated as per the protocol described earlier.
Highest activity obtained was considered 100% and activities at other temperatures were

expressed relative to it.

Impact of Storage Time

The extent of time till cellulase enzyme can retain significant amount of its initial catalytic
activity was determined by incubating both forms of cellulase in citrate buffer (0.1 M, pH 5)
at 4 °C for 20 days. Aliquots were taken at specific interval of time and the activity assays
were carried out as per the protocol described earlier. The initial activity (day one) was
considered 100%, and activities on subsequent days were measure relatively.

3.11 Reusability of Cellulase Nanobiocatalyst

The nanobiocatalyst (cellulase-MHNTS) was assessed for its reuse capacity for seven
repetitive cycles of CMC hydrolysis. Briefly, immobilized cellulase containing 6.07 1U was
introduced in 50 mL CMC solution (1 wt%, pH 5) for 6 h at 50 °C under continuous stirring
at 120 rpm. After 6 h, nanobiocatalyst (NBC) was retrieved using a magnet from the solution,
and the solution was used for estimation of released glucose using DNSA method. The NBC
was washed twice with citrate buffer (0.1 M, pH 5) and then introduced into fresh CMC
solution under conditions similar to first cycle. The activity obtained in first cycle was
denoted as 100%, and activities during the following cycles were expressed as relative
activity. Equivalent units of free enzyme were also incubated under similar conditions for 42

h to assess the impact of immobilization on overall glucose production.
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3.12 Kinetics and Thermodynamic Parameters of Free and Immobilized Cellulase

To determine the changes in catalytic activity and stability after immobilization, kinetic and
thermodynamic parameters of both free and immobilized cellulase were calculated using the

following methods;

Kinetic Parameters

The initial product formation rate for both free and immobilized cellulase were determined by
varying the substrate concentrations while keeping the enzyme load constant. The obtained
initial product formation rate (V) and substrate concentrations (S) were used to plot
Lineweaver—Burk plot (or double reciprocal plot) plots for free and immobilized cellulase.
Kinetic parameters i.e., km, Vmax Were then obtained from non-linear regression fitting.

Catalytic efficiencies (Vmax/km) for both free and immobilized cellulase were also calculated.

Thermodynamic Parameters

Thermodynamic parameters were estimated by thermal irreversible inactivation of free and
immobilized cellulase at different temperatures. In brief, both form of cellulase were
incubated in citrate buffer (0.1 M pH 5) at various temperatures i.e., 50 °C, 60°C and 70°C
for 6 h. Aliquots were taken after 1, 2, 3, 4, 5, and 6 h, cooled on ice for 30 minutes, and
mixed with CMC substrate at 50°C for cellulase catalytic activity assay, as described in
section 3.10.7. The activity before incubation at higher temperatures was calculated and
considered 100%, residual activity was calculated relative compared to this.

Residual activities with time were fitted to first order plot and stability of cellulase under
different temperatures was expressed as deactivation constant (kq), and half-life (ti),

calculated as follows:

m[ﬂ Kt Eq. 3.3

0693

V2 —
kd

Where A is residual activity at time t, Ao is activity at the start, t is the time (h).

t Eq. 3.14

Decimal reduction time (D), which is defined as the time at which initial activity is reduced
by 90 %:
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_ In(10)
=T

D Eq. 3.15

The impact of temperature on cellulase was also correlated through deactivation rate constant

using Arrhenius equation:
—Ink, =5{£}—InA Eq. 3.16
RLT

Where Eg is the activation energy for thermal denaturation (KJ/mol), A is residual activity, R

is the universal gas constant (8.314 J/mol-K), and T absolute temperature (K).

Based on the transition energy state model, the Eyring equation correlates enzyme catalysis
with temperature. The change in Gibbs free energy (AG), enthalpy (AH), and entropy (AS)
for thermal denaturation of cellulase were calculated as follows:

AG =-RTIn hk, Eq. 3.17
KT

AH=E,—RT Eg.3.18

AS=AH__I_AG Eq. 3.19

Where Eq is the activation energy for thermal denaturation (KJ/mol), R is the universal gas
constant (8.314 J/mol/K), T is the absolute temperature (K), kq is the deactivation rate
constant (h™%), h is the Planck constant (6.626x107%* J-s) and kg is the Boltzmann’s constant,
(1.381x1072 J/K).

3.13 Impact of lonic Liquid on Cellulase Inactivation

lonic liquids are commonly used for pretreatment and dissolution of cellulose, hence the
impact of 1-butyl-3-methylimidazolium chloride ([omim][CI] as model ionic liquid, on
catalytic activity of free and immobilized cellulase was investigated. Equivalent units (6.07
IU) of both free and immobilized cellulase were incubated for 3 h with different
concentrations of [bmim][CI] (5%, 10%, 20%, 30% v/v) maintained at pH 5 using citrate
buffer. After incubation the catalytic activity of both forms were evaluated using two
substrates, CMC and pretreated sugarcane bagasse. The activity in absence of ionic liquid

was considered 100%, other activities were expressed relatively.
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3.14 Cellulose Saccharification Capability

To demonstrate, the practical applicability immobilized cellulase (nanobiocatalyst) was tested
for cellulose saccharification. The impact of change in the substrate was also examined, using
two different substrates CMC and pretreated sugarcane bagasse. Nanobiocatalyst carrying
12.14 1U of cellulase was incubated in 100 mL substrate (1%, w/v) for 48 h at 50 °C with
continuous shaking (120 rpm). The reaction using free cellulase under identical condition as
control was also performed. Aliquots were taken at different intervals and glucose amount
produced was assessed using glucose assay kit and the cellulose saccharification (%) was
calculated using the following equation:

Sugar (g) x0.89
Cellulose (g)

Saccharification (%) = x100% Eqg. 3.20

3.15 Continuous Production of High Fructose Syrup

The continuous-flow transformation glucose into fructose was performed in a packed bed
reactor (Figure 3.1). The reactor 15 cm x 1 cm (HxD) was used in vertically inverted form
where the substrate was pumped upwards using a peristaltic pump. Water from a hot water
bath was circulated in outside the reactor walls to control reaction temperature (70 °C) of

whole system.

Figure 3.1 Photographic image of (a) Double jacketed reactor packed with immobilized

glucose isomerase, and (b) Real-time setup for glucose conversion.
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The bed volume of the reactor was 11.78 mL, and a total of 2.1 g immobilized glucose
isomerase (Sigma-Aldrich, >350 U/g) was packed inside the reactor. Void volume of the
packed reactor was found to be 5.23 mL. The substrate solution, augmented with 10 mM
Mg?* and 1 mM Co?* was pumped into the packed reactor. Fructose produced was estimated
using fructose assay Kit. Parameters affecting the conversion (%) were optimised using single

factor study and response surface methodology (RSM).

Single Factor Study

The impact of flow rate (0.1-1 mL/min), pH of the reaction (7-9), and temperature of the
reaction (50-70 °C) on glucose to fructose conversion (%) were studied using the packed bed
reactor. The effective range of individual process parameters resulting in the highest
conversion (%) was assessed by varying one factor while keeping the other two factors
constant. The range obtained was used for further optimization using RSM.

Experimental Design, Optimization and Statistical Analyses

The combinational impact of independent process parameters on the final outcome can be
statistically gauged using RSM. Experiment design and statistical analysis was performed by
Design Expert tool (version 6.0.8, Stat-Ease Inc., Minneapolis, USA). Three factors on three
levels-based Box-Behnken design (BBD) of response surface methodology (RSM) was
employed using independent variable ranges i.e., flow rate (0.1-0.4 mL/min), pH (8-9), and
temperature (57.5-62.5 °C). Glucose to fructose conversion (%) was taken as response. The
factors and their levels studied for cellulase loading onto magnetic matrix are presented in
Table 3.4.

Table 3.4 Levels and ranges of independent variables in Box—Behnken statistical experiment

design.
Independent variable Symbol Coded variable level
Low Centre High
-1 0 +1
Flow rate (mL/min) A 0.1 0.25 0.4
pH B 8 8.5 9
Temperature (°C) C 57.5 60 62.5

Table 3.5 shows the experimental design and the response data obtained from the 17 trial runs

including 12 factorial points and 5 replicates at the center point.
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Table 3.5 RSM based Box-Behnken experimental design for independent variables and their
corresponding response (conversion (%)) for high fructose syrup production using a packed

bed reactor.

Conversion (%)
Actual Predicted

RUN Flow rate (mL/min) pH Temperature (°C)

1 0.25 8 57.5 40.12 40.02
2 0.25 9 57.5 40.64 40.70
3 0.1 8 60 46.55 46.67
4 0.25 8.5 60 46.52 46.46
5 0.4 8 60 41.16 41.20
6 0.25 8.5 60 46.12 46.46
7 0.4 9 60 42.37 42.25
8 0.4 8.5 62.5 42.83 42.85
9 0.1 8.5 62.5 47.24 47.18
10 0.25 8.5 60 46.75 46.46
11 0.1 8.5 57.5 46.81 46.79
12 0.25 8.5 60 46.22 46.46
13 0.4 8.5 57.5 40.42 40.48
14 0.1 9 60 47.49 47.45
15 0.25 9 62.5 42.21 42.31
16 0.25 8.5 60 46.68 46.46
17 0.25 8 62.5 41.23 41.17

Based on the response, the quadratic model was suggested for the adequate modelling of the
experimental data. Conversion (%) from glucose to fructose was represented as a second
order polynomial equation to express the effect of different variables:

Y = o+ 2 BiXi+2 LiX?+2 BiXiX| Eqg. 3.21
Where Y= Conversion (%) , Xi and Xj = independent variables which affect Y. The
regression coefficient was defined as Po for the intercept, PBi for linear, Bii for quadratic and ij

for cross product terms.

The statistical significance and other relevant parameters such as lack of fit, multiple
correlation coefficients (R?), and adjusting coefficient of determination (R?-adj) of tested
parameters and their interactions were assessed by analysis of variance (ANOVA). Contour
and 3D plots were extracted to understand the relationship and interactions of independent
variables with the response (conversion %). The software-proposed values of process
parameters for maximum conversion (%) were used to conduct experiments using packed bed
reactor. The obtained conversions (%) at different combinations were then compared with
predicted values by the model to validate the model ability for this experiment.
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Optimal Conversion Condition

The optimum reaction conditions for highest glucose conversion (%) generated by the model
was 0.11 mL/min flow rate, 8.43 pH and 60.52 °C temperature. Isomerisation reaction was
carried out on the mentioned parameters and the obtained results were compared with the
result predicted by the model.

3.16 Fabrication of a-amylase Nanobiocatalyst

For a-amylase immobilization the surface-functionalized MHNTs were generated via

dopamine functionalization.

3.16.1 Dopamine Functionalization of Magnetic Halloysite Nanotubes (MHNTS)

Magnetic halloysite nanotubes were functionalized with dopamine as reported earlier (Chao
et al. 2013) with slight modifications. In brief, 300 mg MHNTs were dispersed in 50 mL
Tris-HCI buffer (0.05 M, pH 8.5) and sonicated for 60 min. Dopamine hydrochloride (0.3
mg) was then introduced into MHNTS solution and the mixture was kept in an orbital shaker
for 6 h to obtain polydopamine-coated MHNTS. The solid was separated using a magnet and
repeatedly washed with Tris-HCI buffer until the filtrate became colourless and transparent.

The obtained powder was dried overnight at 40 °C and denoted as d-MHNTS.

3.16.2 Optimization of a-amylase Immobilization

For immobilizing a-amylase, the factors influencing enzyme loading (%) were initially
screened using single factor studies to find the effective range. The factors and their range
demonstrate critical impact on the extent of a-amylase loading onto d-MHNTs. The
parameters were then optimised using Box Behnken design of response surface methodology

to obtain the most suitable reaction conditions for high a-amylase loading.

Single Factor Studies

Four parameters which might have impact on enzyme loading namely, amount of d-MHNTSs,
amount of a-amylase, pH of immobilization process, and temperature were investigated.
Single factor studies were carried out to assess their effective range, by varying a single
parameter value while keeping other reaction parameters constant. The ranges of individual
parameters were as follows: d-MHNTs amount (20-100 mg), a-amylase amount (10-50 mg),
pH (5.5-7.5) and temperature (20-50 °C).
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Response Surface Methodology (RSM)

Experiment design and statistical analysis were employed to determine reaction parameters
imposing direct/indirect impact on the outcome i.e., enzyme loading using “Design Expert”
(version 6.0.8, Stat-Ease Inc, Minneapolis, USA). Box-Behnken design (BBD) of response
surface methodology (RSM) was employed to design the set of experiments. Based on single
factor studies, three parameters, i.e., d-MHNTs amount (mg), temperature (°C), and a-
amylase load (mg) were used to determine optimum reaction condition. The factor level was
coded as -1 (low), O (central point), and +1 (high) for all three parameters, as shown in Table
3.6.

Table 3.6 Levels and ranges of independent variables in Box—Behnken statistical experiment

design.
Independent variable Symbol Coded variable level
Low Centre High
-1 0 +1
d-MHNTSs (mg) A 50 60 70
Temperature (°C) B 30 35 40
a-amylase (mg) C 10 15 20

Seventeen sets of experiments were designed using “Design Expert” software. All the
experiments were conducted in triplicates and average values were filled in the response
column (Table 3.7). The statistical significance and other relevant parameters such as lack of
fit, multiple correlation coefficients (R?), and adjusting coefficient of determination (R?-adj)

of tested parameters and their interactions were assessed by analysis of variance (ANOVA).

The response generated by model i.e., a-amylase loading (%) as a function of studied
variables, was represented in the form of a second-order polynomials equations:

Y = Lo+ fiXi+2 BiX2+2 BiXiX| Eqg. 3.22
Where Y= a-amylase loading (%), Xi and X; = independent variables which affect Y. The
regression coefficient was defined as Po for the intercept, Bi for linear, Bii for quadratic and ij

for cross product terms.
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Table 3.7 Box-Behnken experimental design for variables and their corresponding response

(% loading) for a-amylase immobilization onto d-MHNTSs.

RUN d-MHNTSs Temperature a-amylase Loading (%)
(mg) (°C) (mg) Actual Predicted
1 60.00 35.00 15.00 66.27 66.32
2 70.00 40.00 15.00 67.19 66.56
3 60.00 40.00 10.00 70.72 70.47
4 70.00 30.00 15.00 62.88 62.98
5 60.00 30.00 10.00 67.04 66.07
6 50.00 40.00 15.00 63.29 63.19
7 60.00 40.00 20.00 61.07 62.04
8 60.00 35.00 15.00 65.92 66.32
9 50.00 30.00 15.00 56.18 56.80
10 60.00 35.00 15.00 67.11 66.32
11 60.00 30.00 20.00 56.24 56.49
12 70.00 35.00 20.00 59.19 58.84
13 50.00 35.00 10.00 62.72 63.07
14 60.00 35.00 15.00 66.83 66.32
15 60.00 35.00 15.00 65.49 66.32
16 50.00 35.00 20.00 55.02 54.15
17 70.00 35.00 10.00 67.06 67.93

The model was used to obtain theoretical reaction conditions, optimum for high a-amylase
loading (%) and experiments were performed on suggested reaction conditions to gauge the
efficiency of the model.

Optimal Immobilization Condition

Based on BBD-lead experiments design, the optimized reaction conditions for immobilizing
a-amylase were as follows; 62.48 mg d-MHNTs were homogeneously dispersed in 20 mL
phosphate buffer (0.05 M, pH 6.5), and 17.91 mg a-amylase (165 1U/mg) was introduced into
the solution. The solution was left in a shaker (40 °C) for immobilization reaction to proceed.
The enzyme-loaded d-MHNTSs were magnetically recovered and washed with buffer solution
to remove loosely bound enzymes. The obtained a-amylase immobilized d-MHNTSs were
stored at 4 °C till further use.

3.17 Enzyme loading, Activity and Leaching

Enzyme Loading
The extent of a-amylase loading onto d-MHNTs was calculated by measuring the
concentration of a-amylase that remained in the suspension after removing immobilized a-

amylase using the Bradford assay as described earlier.
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a-amylase Activity

The amylolytic activity of a-amylase was determined through the production of reducing
sugars using starch (1% w/v) as the substrate. Fresh stocks of starch and a-amylase were
prepared in phosphate buffer (0.05 M, pH 6.5) and incubated at 40 °C for reaction initiation.
Aliquots were withdrawn after required intervals, and the amount of reducing sugars was
quantified using the dinitrosalicylic acid (DNSA) method. One unit (IU) of enzyme activity is
defined as the amount of enzyme required to liberate one pmol of reducing sugar per minute
under standard conditions. Free and immobilized a-amylase possessing equivalent units of a-
amylase were exposed to identical reaction conditions to determine the retained catalytic

activity. The activity of the free enzyme was considered 100%.

Leaching

The ‘efficiency’ of immobilization in terms of enzyme leachability was evaluated by
suspending 100 mg nanobiocatalyst (d-MHNTs/a-amylase) in a 10 mL phosphate buffer
(0.05 M, pH 6.5) supplemented either with 1.0 M NaCl or 1.0% (v/v) Triton X-100 as
separate studies. The incubation period was 12 h at room temperature (25° C) under orbital
shaking (250 rpm). Afterward, the nanobiocatalyst was carefully removed using a magnet
(Neodymium N42, surface gauss 2980) and protein concentration in the supernatant was
determined using Bradford’s method. The protein present as supernatant would be the
leached enzyme desorbed from the surface, whose proportion (%) relative to the total

immobilized enzyme was estimated.

3.18 Impact of Process Parameters on a-amylase Activity

The optimum reaction condition for catalytic activity of immobilized a-amylase was
determined by conducting experiment on varying process parameters (pH, temperature and
storage time). The attained results were compared with free a-amylase to collect information

regarding any variation in catalytic activity at different reaction conditions.

Impact of pH

To determine the optimum operational pH of free enzyme and the nanobiocatalyst (d-
MHNTs/a-amylase), similar units (300 1U) were introduced to different buffers (pH 4.5-8.0)
under identical conditions (6 h, 40 °C). The catalytic activities of individual samples were
determined as described earlier. The optimum (highest) activity obtained was considered
100%, and activities at other points were calculative relative to it.
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Impact of Temperature

The optimal operational temperature was determined by incubating both forms of enzyme
(300 IU, each) at different temperatures (30-60 °C); pH 6.5. The catalytic activities were
determined for each sample, considering the highest activity as 100%. The relative activities
at other temperatures were calculated for individual samples (free and immobilized o-

amylase).

Impact of Storage Time

The storage potential of NBC and free a-amylase (300 IU, each) was evaluated by storing
them over 30 days in phosphate buffer (0.05 M, pH 6.5) at 4 °C. Aliquots were withdrawn
periodically to determine the relative catalytic activity, considering the enzyme activity on
first day as 100%.

3.19 Reusability of a-amylase Nanobiocatalyst

To determine the reuse potential of nanobiocatalyst, 10 mg nanobiocatalyst was incubated
with 100 mL starch (1% w/v) solution for 3 h at 50 °C. After every cycle, the nanobiocatalyst
was separated, washed with buffer solution, and reintroduced into fresh starch solution. After
separation of nanobiocatalyst the activity was determined by measuring the reducing sugars
liberated. The activity of first cycle was considered 100%, and activities of other cycles were
calculated relative to it. Equivalent units of free enzyme were also incubated under similar
conditions for 30 h to assess the difference in reducing sugar production under similar

reaction conditions.

3.20 Kinetics and Thermodynamic Parameters of Free and Immobilized a-amylase

The respective variation in Kkinetic parameters associated with catalytic activity and
thermodynamic parameters representing the thermal stability were estimated using the

following methods.

Kinetic Parameters

The rate of product formation was determined by varying substrate concentrations (1-10
mg/mL) with free and immobilized a-amylase. The kinetic parameters were calculated using
the Lineweaver-Burk plot. The kinetic reaction parameters (km, Vmax) of a-amylase before

and after immobilization were compared.
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Thermodynamic Parameters

Thermodynamic parameters of free and immobilized o-amylase were assessed by
determining their catalytic activity at different temperatures. In brief, both forms (300 1U
each) were incubated at temperatures (40, 50 and 60 °C), and aliquots were withdrawn after
specific time intervals for analyzing the catalytic activity. The aliquots were mixed with
starch (1% w/v) at 40°C for a-amylase catalytic activity assay. The thermodynamic

parameters were determined as described earlier.

3.21 Influence of Metal Ions and Cellulose as Contaminants on a-amylase Activity

The catalytic activity of free and immobilized a-amylase in the presence of cellulose was
assessed under identical conditions. In brief, equivalent units (300 IU) were incubated to
starch (10 mL, 1% w/v) solutions comprising a serial concentration of cellulose (0-1% w/v).
For evaluating the impact of metal ions, equivalent units of both forms were incubated
separately with 5mM metal ions (Ca*?, Fe*2, K*, Zn*2, Mg*?, Cu*?, Na*) for 30 minutes.
Subsequently, starch (1% wi/v) was introduced into the enzyme-metal ion solution, and
catalytic activities were determined. In the absence of contaminants (cellulose/metal-ions),
the catalytic activity was considered as 100% and other activities were expressed relatively.
Protein structure of a-amylase from SWISS-MODEL repository was accessed for illustrating

the interaction between different metal ions and protein structure of a-amylase.

3.22 Potential Application of a-amylase Nanobiocatalyst for Potato Peel Waste

Valorization

The developed nanobiocatalyst was tested for different application related to industrial sector
including continuous production of reducing sugar stream, development of a hydrolysate
medium for growth of various microorganisms, subsequent utilisation for production of

single cell protein and in biocementation application.

3.22.1 Continuous Hydrolysis of Starch extracted from Potato Peel Waste

Starch extraction from Potato Peel Waste

Powdered PPW (20 g) was introduced in 100 mL distilled water and kept for 24 h with mild
stirring (200 rpm). The formed slurry was allowed to stand for 1 h and the supernatant was
decanted leaving all water insoluble particles as sediments. The sediment was resuspended in

distilled water while the suspension was allowed to settle for next 1 h. The wet cake obtained
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after decanting supernatant was dried overnight at 50 °C, subsequently crushed to fine
powder, weighed and denoted as the extracted starch. Aliquots were drawn from PPW
solution at different time intervals to determine starch yield as dry weight.

Dry weight of white powder (mg)

Extraction yield (mg/g)= Dry weight of PPW (q)

Eq. 3.23

The starch recovery (%) was determined by comparing the starch composition of white

powder extracted with the original PPW.

Starch present in white powder (g)

Starch recovery (%)= -
Starch present in PPW (g)

Eq. 3.24

Compositional Analysis

The moisture content of potato peel waste was determined by gravimetric method based on
oven drying. In brief, 5 g powdered potato peel waste was dried at 105 °C to a constant
weight, the weight before and after were recorded and moisture (%) was calculated as
follows:

Wo-Ws

+-W1

Moisture (%) = { }xloo Eqg. 3.25

Where W1 is the weight of empty crucible, W is the weight of the crucible and sample, and

Wt is the constant weight of crucible and sample after drying at 105 °C.

The ash content was determined by ignition of powdered potato peel waste at 550 °C as per
AOAC method (Horwitz 2010). In brief, the sample obtained after moisture content analysis
(dried to constant weight at 105 °C) were placed in muffle furnace at 550 °C overnight. The
weight was recorded after cooling the crucible containing sample in a desiccator. The

following equation was used for the estimation of ash (%):
W;
Ash (%) = —x100 Eqg. 3.26
Wi
Where W; is the weight of residue and crucible after incineration at 550 °C, and Wrs is the

constant weight of crucible and sample after drying at 105 °C.

The fiber in potato peel waste sample was determined using AOAC standard method
(Horwitz 2010). Briefly, 1 g moisture free powdered potato peel waste was mixed in 200 mL
sulphuric acid (1.25%), and incubated in boiling water bath for 30 min. The digested sample

was filtered, and residue was washed to remove remaining acids. Washed residue was then
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dried in an oven at 105 °C until constant weight. The dried residue was then shifted to a
muffle furnace at 550 °C for 6 h. The crucible containing incinerated residue was cooled in a

desiccator and weighed. The fiber in the potato peel waste was calculated using the equation:
Fiber (%) = %xloo Eq. 3.27
W1

Where W is the weight after incineration at 550 °C, and W1 is the initial moisture free

weight.

Total carbohydrates were estimated using standard colorimetric method (Dubois et al. 1956).
Briefly, 2 mL of clear aqueous solution of the carbohydrates extracted from PPW was mixed
with 0.05 mL phenol (80%). Afterwards, 5 mL concentrated sulfuric acid was introduced into
the solution, and then incubated at 30 °C for 15 min. The optical densities of the yellow-
orange-coloured samples were measured at 490 nm. Total reducing sugars were estimated
using dinitrosalicylic acid (DNSA) method discussed earlier (Miller 1959). The protein
amount was determined using Lowry’s method (Lowry 1951). In brief, 0.2 mL of protein
sample extracted from potato peel waste was mixed with 4.8 mL analytical reagent and
incubated at room temperature (25 °C) for 10 min. Afterwards, 0.2 mL of Folin-Ciocalteau
reagent was added and the solution was incubated at room temperature (25 °C) for 30 min,
followed by absorbance measurement at 750 nm. Bovine serum albumin was used to plot

standard curve.

Continuous Hydrolysis Assessment

Nanobiocatalyst was evaluated for the continuous hydrolysis of the starch extracted from
potato peel waste. In brief, the substrate solution was prepared by adding 1 g of extracted
starch into 90 mL phosphate buffer (0.05 M, pH 6.5) and was kept at 70 °C for 15 min. The
starch suspension and the nanobiocatalyst (10 mg in 10 mL phosphate buffer) were incubated
separately at operating temperature (50 °C). After achieving the temperature, both
suspensions were mixed and kept under continuous stirring for 72 h (120 rpm, 50 °C).

Aliquots were drawn at a defined interval and analyzed to reduce sugar production.

3.22.2 Development of Hydrolysate Broth Medium from Potato Peel Waste

An attempt was made for nanobiocatalyst-assisted conversion of potato peel waste (PPW)
into a microbial growth medium. To prepare a liquid broth, potato peel waste (5 g) was mixed

in phosphate buffer under stirring for 24 h (120 rpm, 50 °C). The suspension was then
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filtered, and the clear filtrate was used directly as a growth medium, as PPW medium.
Similarly, another growth medium was prepared from the nanobiocatalyst-treated potato peel
waste. For this, 5 g potato peel waste was suspended in 100 mL phosphate buffer onto which
100 mg nanobiocatalyst was introduced and kept at stirring for 24 h (120 rpm, 50 °C).
Afterward, the nanobiocatalyst was recovered using a magnet, and the final suspension was

designated as PPWngc medium.

Protein content in the formulated media (PPW and PPWngc) was estimated through Lowry’s
method (Lowry 1951). Total carbohydrates were determined using colorimetric method of
Dubois (Dubois et al. 1956). Reducing sugars in broth media (PPW and PPWngc) were
quantified using a spectrophotometric method, proposed by Miller (Miller 1959).

Bacterial Growth Analysis

For bacterial growth the pH of the PPW and PPWngc media were adjusted to 7, and were
autoclaved (121 °C, 15 min). Agar (2% w/v) was used as a solidifying agent for bacterial
culture plating. Commercially available nutrient broth/nutrient agar (NM) was employed as a
reference for bacterial culture. Escherichia coli were employed as the representative bacterial
species for evaluating the potential of nanobiocatalyst to transform PPW into a growth
medium for bacterial growth. Non-pathogenic strain of E. coli MTCC 739 (ATCC 10536)
was procured from Microbial Type Culture Collection and Gene Bank, CSIR-IMTECH,

Chandigarh (India) and was used after repeated sub culturing, as per specifications.

E. coli culture was maintained on agar plate that was kept at 4 °C. A 1 mL inoculum of
overnight grown culture was inoculated into sterilised 50 mL of broth (PPW medium,
PPWngec medium and nutrient broth) in a 250 mL Erlenmeyer flask and incubated at 37 °C
with shaking at 150 rpm. The growths of bacterial culture in broths were gauged by
measuring the optical density at 600 nm, at different time intervals. Specific growth rate

(umax) Was determined in the exponential phase, as follows:

Alog Asoonm Eq 3.28
At

Mmax =
Where Agoonm is the absorbance of bacterial samples at 600 nm, and At represents the time
span.
The bacterial growth on the solidified medium was assessed, by spreading appropriate

dilution (100 pL). For serial dilutions sterile saline was used.
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Single Cell Protein Production

For fungal growth the pH of PPW and PPWngc media was adjusted to 5 and autoclaved (121
°C, 15 min). Commercially available potato dextrose broth (PDB) was employed as a
reference medium for fungal culture. Aspergillus niger was employed as the representative
fungal species for evaluating fungal growth and the production of single cell protein. Non-
pathogenic strain of A. niger MTCC 282 (ATCC 6275) was procured from Microbial Type
Culture Collection and Gene Bank, CSIR-IMTECH, Chandigarh (India) and was used after
repeated sub culturing, as per specifications. For A. niger, inoculum was prepared by
inoculating discrete colonies into 50 mL broth from a well grown culture on potato dextrose
agar plates and incubated for 5 days. The broth medium (PPW, PPWngec and PDB) in each
flask was inoculated with 1 mL of A. niger inoculum (108 spores/mL). The media were kept
on orbital shaker (150 rpm, 28+2 °C) for 8 days. After required period of incubation, dry
weight (DW) was determined by filtering cultures followed by drying at 90 °C until constant
weight was achieved. Protein content of dried fungal biomass was estimated through Lowry’s
method (Lowry 1951). Total carbohydrates were determined using colorimetric method
(Dubois et al. 1956). For nucleic acid quantification, spectroscopic method was followed.

Biocementation Application

The industrial potential of PPWnesc media was evaluated and compared with the
commercially available nutrient broth (NB) for growing calcifying bacteria Bacillus sp. CT5
in biocementation applications. The bacterial culture was grown in autoclaved PPWngc broth
and a blend formulation of PPWngc:NB, i.e., 75:25, 50:50, 25:75, 0:100% v/v. For
precipitation of calcium carbonate (bio cement), the growth media were augmented with
filter-sterilized urea (2% wi/v) and CaCl> (25 mM) and were incubated at 37 °C under shaking
conditions (120 rpm). Calcium carbonate (CaCOs3) precipitation under different growth media
was also evaluated by growing bacteria for 96 h. The CaCO3 content was determined by the
EDTA titration method (APHA 1989).

3.23 Statistical analysis

All the experiments were performed in triplicates and the data is represented as mean *
standard deviation. The results were analyzed using ANOVA followed by Tukey’s post hoc
test (p<0.05). Statistical analysis was performed using Graph Pad Prism 7 software and p<

0.05 was considered significant.
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Chapter 4

Results and Discussion




4.1 Magnetic Halloysite Nanotubes (MHNTYS)

A schematic representation for in-situ synthesis of iron oxide nanoparticles (IONPs) onto
halloysite nanotubes (HNTSs) surface via a simple chemical co-precipitation method is shown
in Figure 4.1. A homogenous suspension of HNTs was prepared by ultrasonic treatment and
stirring under inert atmosphere. The change in colour of HNTSs suspension from whitish to
light yellow following addition of iron precursors indicated successful dissolution of iron
precursors into their ionic forms (Fe?*/Fe**). A unique surface chemistry of halloysite
nanotubes with negatively charged surface facilitated the adsorption of iron ions (Fe?*/Fe)
onto the outer surface. The drop-wise addition of ammonia solution turned the colour of
suspension from light to dark brown, and finally to black. The appearance of black colour
indicated successful synthesis of magnetic nanoparticles. The high available surface area of
halloysite nanotubes was anticipated to assist the uniform loading of IONPs. However, the
extent of uniformity could not be predicted by mere theoretical characteristics. To assess
uniform and efficient loading of iron oxide nanoparticles, various initial amount of iron

precursors were scrutinized.
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Figure 4.1 Schematic representation of in-situ synthesis of iron oxide nanoparticles onto the

halloysite nanotube surface.
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4.1.1 Characterisation of Magnetic Halloysite Nanotubes (MHNTS)

The chemical and structural properties of bare HNTs and synthesised MHNTS were evaluated
by FTIR analysis over the range of 4000—400 cm* as shown in Figure 4.2(a). The double
absorption bands at 3701 and 3623 cm™ in pristine HNTs were related to stretching vibrations
of hydroxyl groups at the surface of HNTSs, whereas peak at 911 cm lwas due to the O-H
deformation of inner hydroxyl groups (Luo et al. 2010). The appearance of a band around
1637 cm™* was attributed to bending vibrations of adsorbed water (Zhong et al. 2014). A peak
at 1032 cm™ was assigned to in-plane stretching vibration of Si—-O, while band at 752 cm™
correspond to Si—O perpendicular stretching in HNTs (Kang et al. 2017). The Si—O and Al-O
stretching bands were presented at 535 and 467 cm ™2, respectively (Tierrablanca et al. 2010).
The characteristic peaks of iron oxide nanoparticles in MHNTs were analysed. Fe-O
stretching vibrations around 580 cm™ were apparently overlapped by bending vibrations of
Si—O. No significant changes were induced in the backbone structure of HNTSs after
immobilizing IONPs onto their surface. This validates a successful integration of magnetic
character onto a non-magnetic material, i.e., HNTs and has been quantified in later section.

The variations in iron precursor on backbone crystallinity of HNTs were examined through
XRD analyses (Figure 4.2b). The diffraction peaks in MHNTSs sample with 20 value of 12.06,
20.25 and 24.9 are attributed to 001, 020 and 002 planes of halloysite (JCPDS Card No. 29-
1487), respectively (Lun et al. 2014). The dehydrated state and nanotubular structure of
halloysite were evident from the presence of 001 plane at 12.06° with basal spacing of 0.724
nm. The absence of a sharp peak at ~8.7° can be ascribed to hydrated status of halloysite (10
A form) (Levis and Deasy 2002; Zhang et al. 2013; Kumar-Krishnan et al. 2016). The
dehydrated state was also evident from the presence of 002 basal plane at 24.9° (Barman et
al. 2020). The data aligned well to the fact that halloysite were procured in dried powder
form. The emergence of new diffraction peaks (20) in MHNTSs at 30.43°, 35.64°, 43.28°,
57.33°, and 62.97° fully complied with the characteristic data of magnetite phase (JCPDS
Card No. 01-075-0449). The peaks were attributed to 220, 311, 400, 511 and 440 basal planes
of Fe3O4 nanoparticles, indicating the successful anchoring of magnetite nanoparticles on the
surface of HNTs (Xie et al. 2011; Kadam et al. 2017).With increase in the amount of initial
Fe precursor, peak intensities concomitantly increased. This confirms the gradual increase in
loaded magnetite nanoparticles. The characteristic peaks of halloysite were retained in all
MHNTs samples even after loading IONPs. This is consistent with FTIR results. A subtle
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change in HNTs from white to brown and eventually black was evident from the

photographic images in Figure 4.2 (c).
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Figure 4.2 (a) FTIR, (b) XRD analyses, and (c) photographic image of bare HNTs and
synthesised MHNTSs sample after varying the amount of iron precursor.
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Bare HNTs and MHNTSs samples were analysed using field emission-scanning electron
microscopy to compare their topographical characteristics (Figure 4.3). The micrograph of
HNTs demonstrated cylindrical shaped tubes along with open end lumens and smooth outer
surface (Figure 4.3a). An increase in roughness of surface and appearance of patches in
MHNTs samples indicated successful attachment of iron oxide nanoparticles in clustered
forms. In MHNTs having HNTs:Fe precursor (1:0.1), iron oxide (FesOs) nanoparticles
exhibited random and uncontrolled distribution due to high surface area available for iron
ions to adhere (Figure 4.3b). MHNTSs synthesised using HNTs:Fe precursor (1:1) showed the
best uniformity (Figure 4.3c-f). Increasing the amount beyond this resulted in agglomeration
of IONPs onto the surface of HNTs as clearly visible in Figure 4.3(g). Elemental mapping of
bare halloysite nanotube indicated the presence of Al and Si element, whereas no Fe element
was detected. A consistent increase in Fe element explained a higher loading of IONPs on
HNTSs surface. The appearance of Al and Si in all samples validated the intact nature of

HNTs which corroborates well with FTIR and XRD analyses.

Considering these observations and based on our earlier findings, it is recommended to
choose a uniform surface of MHNTS for utilizing their high surface area. Also, an appropriate
loading of IONPs is essential to ensure recovery of MHNTs from the reaction mixture.
Hence, MHNTSs synthesized using HNTs:Fe precursor (1:1) was selected as the best suited

immobilization template for enzymes, as shown in further studies.

4.2 Sulfonic acid-Functionalized MHNTS as Solid Acid Catalyst

Acid functionalized materials are well suited for catalytic applications including the pre-
treatment strategies of biomass (Qi et al. 2018; Qi et al. 2019; Xu et al. 2019; Testa and La
Parola 2021). The benefits offered by these solid acid catalysts viz. better control on reaction,
easy recovery and reusability have gained tremendous attention in recent times. Further,
nanomaterials-derived solid acid catalysts offer superior surface area for anchoring acids
moieties, which results in improved catalytic activity (Testa and La Parola 2021). Halloysite
nanotubes have exposed silanol groups on outer surface which present them as silica-analogs
(Yuan et al. 2015). The outer surface of halloysite can be covalently modified using a wide
range of organic compounds, specifically organosilanes due to their superior affinity (Yuan et
al. 2008; Massaro et al. 2017; El-Soad et al. 2020). Various functionalities can be
incorporated using appropriate modification of organosilane terminal groups (Tharmavaram
et al. 2018).
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Figure 4.3 FE-SEM micrographs and elemental mapping of (a) bare HNTs and (b-g) MHNTSs
synthesised using various ratios of HNTs:Fe precursor (b) 1:0.1 (c) 1:0.2 (d) 1:0.4 (e) 1:0.8
(f) 1:1 and (g) 1:2 . Red, green and yellow signifies the intensity distribution of aluminium

(Al), silicon (Si) and iron (Fe) elements over the scanned area.
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For this purpose, the sulfonic acid functionalization of MHNTSs was carried out via thiol
group grafting and subsequent oxidation as shown in the Figure 4.4. Here, grafting of
mercaptosilane groups onto MHNTs was carried out by refluxing them with 3-
mercaptopropyl(trimethoxy)silane (MPTMS) in presence of toluene. The mecapto/thiol
groups were then oxidized into sulfonic acid groups at room temperature in the presence of
hydrogen peroxide. The as obtained sulfonic acid functionalised MHNTs (MHNTs-SOzH)
were easily separated from the reaction mixture using a magnet. The MHNTs-SOsH will be
used as solid acid catalyst for the pretreatment of sugarcane bagasse.

Magnetic halloysite Thiol functionalised Sulfonic acid functionalised
nanotubes magnetic halloysite magnetic halloysite
(MHNTSs) nanotubes (MHNTs-SH) nanotubes (MHNTs-SO4H)

Figure 4.4 Surface functionalization steps for grafting sulfonic acid moieties on magnetic

halloysite nanotubes to form a solid-acid catalyst.

4.2.1 Material Characterization of Solid Acid Catalyst

Synthesized solid acid catalyst was systematically investigated for physiochemical
characteristics i.e., surface chemistry, microstructure and magnetization capability. FTIR
spectrum of both MHNTs and MHNT-SOsH demonstrated hydroxyl group peaks (3696,
3626, 1634, and 913 cm™) and Si-O stretching vibrations (1040, 752 and 535 cm™) which are
the characteristic of halloysite nanotubes (Figure 4.5a). Peaks of —-SOsH group were reported
in the range 1000-1200 cm™, specifically O=S=0 asymmetric and symmetric stretching
modes, which coincided with the vibration bands due to the existence of Si-O-Si groups in
HNTs (Wang et al. 2019a).

Further, bending vibrations of SO-H bond of sulfonic acid groups overlapped with O-H

deformation peak of HNTs. However, the sulfonic-acid functionalization was also evident
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through the presence of peaks ~1400 cm™ region, ascribed to stretching vibration of S=O
groups (Zhou et al. 2014). The emergence of peaks associated with methylene stretching at
2922 and 2857 cm™ confirmed the attachment of propyl group with HNTs (Kumar et al.
2021b). In another study, variation in crystal structures of MHNTS before and after sulfonic-
acid functionalization were analysed using XRD (Figure 4.5b). The characteristic peaks of
halloysite nanotube and FesOs nanoparticles were present in both the forms. This indicates

that no change occurred in MHNTS crystallinity after acid functionalization.
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Figure 4.5 (a) FTIR, (b) XRD, and (c) Magnetic hysteresis loops analysis of MHNTSs and
sulfonic acid functionalized magnetic halloysite nanotubes (MHNTs-SOsH).

The magnetic behaviour of the MHNTs and synthesised solid acid catalyst was also
investigated by vibrating sample magnetometer. The magnetization saturation values
calculated from magnetic hysteresis loop were 39.42 and 30.86 emu/g for MHNTs and

MHNTs-SO3zH, respectively (Figure 4.5c). A decrease in magnetic saturation value after
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acidic functionalization was attributed to the attachment of non-magnetic silane layers during
surface modification. Nonetheless, a high magnetic saturation value with negligible
coercivity and remanence was an indicative of super-paramagnetic behaviour of MHNTSs-
SOsH. This would render easy separation and fast recovery from working vessels after the

reaction.

Solid acid catalyst was analyzed for any morphological or topographical changes on HNTs
using field emission-scanning electron microscopy (Figure 4.6a). The presence of intact
HNTs and IONPs was clearly visible from the micrograph signifying no impact on the
morphological attributes of halloysite nanotubes and nanoparticles. The observations of FE-
SEM were in good corroboration with FTIR, XRD and VSM analyses. Overall, the
functionalization of sulfonic acid groups on the magnetic halloysite nanotube and its
capability to be separated from any reaction solution could be manifested by the
characterisation studies of solid acid catalyst. The Energy dispersive X-Ray (EDX) spectra of
MHNTs-SOsH demonstrated the presence of S element, validating the sulfonic acid
functionalization of MHNTSs (Figure 4.6b). The compositional analysis revealed the 0.62 wt%
loading of element S. The acidity of synthesised solid acid catalyst was found to be 0.38

mmol H*/g.
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Figure 4.6 (a) FE-SEM micrograph of solid acid catalyst (MHNTs-SOsH) displaying intact
structure of magnetic halloysite nanotube, and (b) EDX analysis of MHNTs-SOzH.

4.3 Pretreatment of Sugarcane Bagasse using Solid Acid Catalyst

Sugarcane bagasse pretreatment was performed using a two-step procedure. First step

involves primary treatment of sugarcane bagasse with solid acid catalyst followed by a
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secondary treatment using diluted alkaline solution. The capability of solid acid catalyst was
evaluated by engaging different amount of MHNTs-SOsH (0.1 to 0.5 g) for treatment of 1 g
sugarcane bagasse, while keeping the same alkaline treatment conditions for all the samples.

4.3.1 Biophysical Characterisation of Biomass

The raw and pretreated sugarcane bagasse samples were subjected to FTIR spectroscopic
analysis (Figure 4.7a). A broad appeared at 3414 cm™ in both untreated and pre-treated
sugarcane bagasse samples belongs to O-H stretching of intermolecular hydrogen bonds of
cellulose-l. The adsorption peak at 2903 cm™ corresponds to asymmetric and symmetric
vibrations (C-H stretching) due to cellulose. The peak at 1734 cm™ was attributed to C=0
bonds of acetyl and ester linkages existing in hemicellulose content (Laluce et al. 2019). The
presence of absorption bands at 1632, 1604 and 1512 cm™ were associated with C=C
stretching of aromatic rings found in lignin (Singh 2020). Additionally, the peak at 1248 cm™*
indicated the presence of C—O out of plane stretching due to aryl groups in lignin. A multiple
adsorption peaks at 1426, 1374 and 1326 cm™ were the result of CH. bending, C-H
deformation and O-H bending in cellulose, respectively. A vivid absorption bands at 1054
cm occurred due to C-OH stretch of carboxylic acid group present in cellulose (Singh
2020). The existence of cellulose was further confirmed due to absorption at 899 cm, which

is a characteristic peak of B-glycosidic linkages between glucose units (Laluce et al. 2019).

In case of pre-treated biomass samples, reduction in peak intensity of hemicellulose and
lignin were observed. A reduced peak of C=0 bonds in pre-treated samples indicated an
effective hydrolysis of the hemicellulose component of sugarcane bagasse by the solid acid
catalyst. Peak intensity, ascribed to lignin component was also drastically reduced validating
the successful delignification through sequential dilute alkaline pretreatment process. In
biomass samples treated with <0.3 g solid acid catalyst, peak reduction was comparatively
lower as compared to the samples pre-treated with higher amount of solid acid catalyst (0.4 &
0.5 g). The reason could be limited hydrolysis of the hemicellulose component, leaving
behind strong hemicellulose-lignin interactions which were relatively hard to break with
dilute alkaline pre-treatment. Overall, the observation validated the reduction in recalcitrance

of biomass after pretreatment owing to the removal of hemicellulose and lignin content.
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Figure 4.7 (a) FTIR and, (b) XRD analyses of raw and pretreated samples.

In order to determine enzyme accessibility to cellulose content, the crystallinity of
lignocellulosic biomass has to be assessed. The presence of amorphous hemicellulose and

lignin component hinders the enzymatic hydrolysis of cellulose by restricting the contact
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between cellulase enzyme and cellulose. XRD patterns were employed to calculate
crystallinity index (Crl), which revealed the impact of pretreatment on the overall
crystallinity of lignocellulosic biomass. A consistent increase in diffraction intensity of (0 O
2) crystalline plane was observed in samples pretreated with increasing solid acid catalyst
amount from 0.1 to 0.5 g (Figure 4.7b). Crystallinity index of raw sugarcane bagasse was
recorded at 46.79 which increased to 57.05 when treated with 0.1 g solid acid catalyst.
Hydrolysis of hemicellulose and solubilisation of lignin components are the prime causes
behind the increase in crystallinity index after pre-treatment (Fan et al. 2021).

The pretreatment condition could also triggered partial removal of amorphous cellulose,
which might also resulted in increased Crl value (Chourasia et al. 2021). With increase in
solid acid amount, a continuous rise in Crl values was observed attaining 59.81, 61.16, 62.38
and 65.98 after pre-treatment with 0.2, 0.3, 0.4, and 0.5 g solid acid catalyst, respectively. A
nominal increase in Crl values at higher solid acid catalyst amount was manifested due to
superior harsh pre-treatment conditions that facilitated cellulose disaggregation/solubilisation
and limiting the overall crystallinity of the biomass (Sharma et al. 2019b). Collectively, all
the results favoured towards establishing a more effective pre-treatment strategy of biomass

using solid-acid catalyst.

Raw and pre-treated sugarcane bagasse samples were also analysed using Scanning Electron
Microscopy (SEM) to perceive any morphological changes in biomass structure. Raw
sugarcane bagasse sample appeared as a complete lignocellulosic structure, where all the
components were present in form of a compact bundle (Figure 4.8a). The patchy/rough
surface was also evident which might occur due to grinding and removal of extractives. It
was also noted that the ends of lignocellulosic biomass were not scattered, indicating
cellulose components were still covered by hemicellulose and lignin (Pereira et al. 2011).
Sugarcane bagasse pre-treated with solid acid catalyst revealed noticeable alterations in
biomass structure with fibres' detachment and forming a loose matrix with enhanced porosity
(Figure 4.8b-f). A superior visible porosity validates the removal of amorphous components
i.e., hemicellulose and lignin from biomass (Chen et al. 2012). An increase in solid acid
amount resulted in superior exfoliation of sugarcane bagasse cell wall, attributed to higher
removal of hemicellulose component. This was followed by dilute alkaline pre-treatment step
which facilitated the removal of lignin component, initiating physical breakdown and abrupt
rupture to the compact structure. The detachment of hemicellulose and lignin component was
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clearly evidenced in pre-treated samples, specifically with 0.3-0.5 g solid acid catalyst, where
a large proportionate of disrupted fibres was observed (Figure 4.8d-f). Similar findings were
reported previously when using acidic alkaline sequential pre-treatment (Chen et al. 2012;
Giese et al. 2013; Chandel et al. 2014; Philippini et al. 2019; Ascencio et al. 2020).

Figure 4.8 SEM micrographs of (a) untreated sugarcane bagasse, and sugarcane bagasse pre-
treated with (b) 1:0.1, (c) 1:0.2, (d) 1:0.3, (e) 1:0.4 and (f) 1:0.5 (Sugarcane bagasse: Solid

acid catalyst).
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4.3.2 Compositional Analysis of Biomass

The compositional analysis of raw sugarcane bagasse revealed 42.36% cellulose, 26.65%
hemicellulose and 21.72% lignin content (Table 4.1). The pre-treated sugarcane bagasse
samples however demonstrated a significant variation in its composition from raw sample.
The SCB sample treated with minimum amount (0.1 g) of solid acid catalyst exhibited
49.97% cellulose, 22.38% hemicellulose and 15.41% lignin content. A rise in cellulose
content became more prominent (52.80-58.13%) when higher amount of solid acid catalyst
(0.2-0.5 g/g SCB) was used for pretreatment. On contrary, hemicellulose and lignin content
consistently decreased in SCB samples while treating with higher amount of solid acid
catalyst. The SCB sample pretreated using 0.5g/g SCB had 58.13% cellulose, 9.49%
hemicellulose and 12.51% lignin content. The increase in cellulose content could be
attributed to the efficient removal of hemicellulose and lignin content by solid acid catalyst-
assisted pre-treatment approach. As alkaline pre-treatment was kept same for all samples, an
increase in overall cellulose content verified the significance of solid acid catalyst based pre-

treatment for biomass transformations.

Table 4.1 Compositional analysis of raw and pre-treated sugarcane bagasse samples.

Sample Cellulose (wt %)  Hemicellulose (wt %) Lignin (wt %)
SCB 42.36+1.249 26.65+0.87° 21.7240.63°
SCB:SAC (1:0.1) 49.97+0.59° 22.3840.44° 15.4140.34°
SCB:SAC (1:0.2) 52.80+1.04% 21.08+0.47° 15.05+0.33%
SCB:SAC(1:0.3) 54.96+1.30% 15.60+0.34° 14.45+0.42
SCB:SAC (1:0.4) 57.81+1.22° 13.87+0.394 13.91+0.27°
SCB:SAC (1:0.5) 58.13+0.57° 9.49+0.14¢ 12.51+0.204

*SCB=Sugarcane bagasse; SAC=Solid acid catalyst i.e., MHNTs-SO3H). 'Data is presented as mean
+ standard deviation of three replicates. Means with different superscript letters are different by
Tukey’s post-hoc test (p<0.05).

The recovery and removal of individual components was also assessed to understand the
mechanism and to determine the impact of solid acid catalyst amount on pre-treatment. The
biomass recovery decreased with increase in solid catalyst amount during pre-treatment of
sugarcane bagasse. The biomass recovery of 84.23%, 79.36%, 76.05%, 71.63%, and 69.41%
was obtained with 0.1, 0.2, 0.3, 0.4 and 0.5g solid acid catalyst/g SCB, respectively (Figure
4.9a). The trend observed was endorsed by superior hemicellulose and lignin removal from
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biomass samples in presence of high solid catalyst amount. Similarly, a declining pattern was
also recorded in case of cellulose recovery while increasing the amount of solid acid catalyst
during pre-treatments (Figure 4.9b). Sugarcane bagasse sample pretreated with 0.1 g solid
acid catalyst recorded the highest cellulose recovery of 99.37%, whereas biomass sample
treated with 0.5 g solid acid catalyst resulted in only 95.25% cellulose recovery. The samples
pretreated using 0.2, 0.3 and 0.4 g solid acid catalyst revealed cellulose recovery of 98.93%,
98.67%, and 97.74% respectively. It is hypothesized that an increased protonation in presence
of high solid acid catalyst amount is the key cause for partial solubilisation of cellulose

component, resulting in reduced recovery of cellulose component after pretreatment.
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Figure 4.9 (a) Biomass recovery, (b) Cellulose recovery, (c) Hemicellulose removal, and (d)
Lignin removal after pretreatments using different amount of solid acid catalyst.

On the other hand, with increase in solid acid catalyst from 0.1 g to 0.5 g per g of sugarcane
bagasse, hemicellulose removal significantly increased from 29.25% to 75.27% (Figure 4.9c¢).
The samples pretreated using 0.2, 0.3 and 0.4 g solid acid catalyst resulted in hemicellulose
removal of 37.22%, 55.47%, and 62.73%, respectively. A higher hemicellulose removal
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could be attributed to significant acidic capability of the solid acid catalyst which
depolymerizes the hemicellulose component of biomass dissociating B-(1-4) glycosidic
bonds (Li et al. 2018; Qi et al. 2018; Lu et al. 2021). Further investigation revealed a direct
connection between solid acid catalyst amount and delignification of the biomass. The dilute
alkaline treatment conditions were kept constant for all the samples, interestingly biomass
sample treated with higher amount of solid acid catalyst resulted in higher delignification
(Figure 4.9d). The lignin removal of 40.24%, 47.16%, 49.40%, 51.37% and 60.02% was
recorded for sample treated with 0.1, 0.2, 0.3, 0.4 and 0.5 g solid acid catalyst, respectively.
The removal of hemicellulose component in first step provided easy access to the alkaline
liquid catalyst, facilitating the rupturing of ester bonds between lignin-hemicelluloses,
resulting in superior delignification. From the observations, conclusion can be drawn that
pretreatment approach developed here was efficient for removal of hemicellulose and lignin
component. Thus obtained pretreated sugarcane bagasse had exposed and easily accessible

cellulose content for further processing.

4.3.3 Xylose Release

The liquid fraction recovered after solid acid catalyst pretreatment was used for xylose
estimation. As discussed in the compositional analysis of pretreated sugarcane bagasse
samples, the hemicellulose removal is caused by depolymerisation of the polysaccharide
component via cleavage of $-(1-4) glycosidic bonds. The depolymerisation results in release
of soluble monosaccharide xylose into the liquid fraction. Xylose is considered to be a
promising renewable resource for production of various biochemicals. Furthermore, xylose is
used in a wide range of industrial sectors including, food, beverage, pharmaceutical, personal
care products, agriculture, and animal/poultry feed. The most prominent use of xylose is in
food and beverage industry as a flavouring agent and diabetic sweetener. Hence, for effective

valorization of the sugarcane bagasse, the quantification of xylose released is critical.

It was observed that release of xylose was proportional to the amount of solid acid catalyst
used, where increase in solid acid concentration resulted in higher release of xylose in the
liquid fraction (Table 4.2). The SCB sample pretreated with 0.1 g solid acid catalyst resulted
in liberation of 6.21g/L xylose. A gradual increase in xylose present in the filtrateto 8.31,
13.67, and 15.26 g/L was observed in case of pretreatment carried out using 0.2, 0.3, and 0.4
g solid acid catalyst, respectively. Highest xylose (18.76 g/L) was liberated in case of liquid
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obtained after pretreatment of sugarcane bagasse using 0.5 g solid acid catalyst. From the
observed data it can be concluded that solid acid catalyst effectively hydrolysed the
hemicellulose content in the sugarcane bagasse. The hydrolysis of hemicellulose into xylose
using different solid acid catalysts has also been reported earlier (Li et al. 2018; Qi et al.
2018; Ingle et al. 2020a).

4.3.4 Inhibitors Analysis

The estimation of inhibitory compounds produced during pretreatment process is an
important aspect for subsequent enzyme saccharification and fermentation, as these inhibitors
along with residual lignin might impede the activity of enzymes and microorganisms
(Ladeira-Azar et al. 2019; Panakkal et al. 2022). Inhibitors produced during pretreatment
process are majorly classified into three categories, weak carboxylic acids (such as levulinic,
acetic, and formic acids),furan derivatives (furfural, and hydroxymethylfurfural (HMF)), and
phenolic compounds (Mood et al. 2013). The concentrations of inhibitors also varied on

varying the solid acid catalyst amount (Table 4.2).

Table 4.2 Xylose released and inhibitors produced during pretreatment.

Total

T o S
SCB:SAC (1:0.1)  6.21£0.13¢  0.017£0.00¢  0.001+0.00° ND 1.42+0.05¢
SCB:SAC (1:0.2)  8.31+0.16° 0.05+0.002¢ 0.006+0.00°  0.001¢¢  1.62+0.03¢
SCB:SAC(1:0.3)  13.67+0.36" 0.21+0.006° 0.014+0.00*  0.004°  1.94+0.05"
SCB:SAC (1:0.4) 15.26£0.47° 0.48+0.013°> 0.050+0.002°  0.008°>  2.10+0.05°
SCB:SAC (1:0.5) 18.76£0.68* 0.96+0.024* 0.104+0.005*  0.014*  2.62+0.06

*SCB=Sugarcane bagasse; SAC=Solid acid catalyst (MHNTs-SO3H); TCAC=total carboxylic acid
content. "Data is presented as mean + standard deviation of three replicates. Means with different
superscript letters are different by Tukey’s post-hoc test (p<0.05).

Carboxylic acids are formed during pretreatment of lignocellulosic biomass, due to

hydrolysis of acetyl group of hemicellulose, and thermochemical degradation of
polysaccharides in presence of acids (Jonsson et al. 2013). The total carboxylic acid content
was determined to estimate the extent of these acids produced during the solid acid catalyst
assisted pretreatment of sugarcane bagasse. It was noted that increase in the solid acid
catalyst amount prompted an incline in the concentration of total carboxylic acids. The

carboxylic acid content was estimated to be 0.017, 0.050, 0.212, and 0.484 g/L in case of
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liquid obtained after pretreatment with 0.1, 0.2, 0.3 and 0.4 g solid acid catalyst, respectively.
The highest carboxylic acid content (0.967 g/L) was observed when 0.5 g solid acid catalyst
was used for pretreatment. However, the highest carboxylic content of 0.967 g/L is
significantly lower than the total carboxylic acid content produced during conventional liquid

acid pretreatment process reported in literature (Ingle et al. 2020b; Ilanidis et al. 2021a).

The biomass samples treated with 0.1 g solid acid catalyst resulted in formation of 0.001 g/L
furfural, which further increased on increasing the solid acid catalyst amount. For sugarcane
bagasse samples treated with 0.2, 0.3, and 0.4 g solid acid catalyst, the furfural concentration
was estimated to be 0.006, 0.014, 0.050 g/L, respectively. Highest furfural (0.104 g/L) was
present in the liquid fraction obtained after biomass treatment with 0.5 g solid acid catalyst.
The high formation of furfural in presence of high solid acid catalyst amount could be
attributed to the increased dehydration of pentose sugars liberated during pre-treatment, under
acidic environment. The dehydration of hexoses sugars on the other hand results in formation
of HMF, which was significantly lower as compared to furfural, with values recorded at ND,
0.001, 0.004, 0.008, 0.014 g/L for biomass treated with 0.1, 0.2, 0.3, 0.4 and 0.5 g solid acid
catalyst, respectively. The impact of furan derivatives concentrations on catalytic activity of
enzyme is unknown; however they have significant impact on the fermentation process as
they induce reduction in membrane permeability which results in longer log phase during
microbial growth (Larsson et al. 1999; Mhlongo et al. 2015). The concentrations of
carboxylic acids and furans depend on the severity of the pretreatment conditions used; the
low concentrations obtained during the employed pretreatment strategy demonstrate its

immense potential for industrial scale applications.

During mild alkaline treatment step, a range of phenolic compounds are formed due to the
fragmentation and oxidation of lignin content. Both lignin and phenolics hamper the
hydrolysis and reduce sugar yields during enzymatic saccharification (Ximenes et al. 2011,
Guo et al. 2014; Ko et al. 2015). The total phenolic content increased with increase in amount
of solid acid catalyst used for biomass pre-treatment from 1.425 g/L to 2.621 g/L for
sugarcane bagasse treated with 0.1 and 0.5 g solid acid catalyst, respectively. The higher
concentration of phenolics could be ascribed to the easy access of dilute alkaline catalyst to
lignin components due to higher removal of hemicellulose. The filtration step after the
alkaline treatment results in elimination of the maximum phenolic compound produced due to

their high solubility.
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The results obtained demonstrated less production of inhibitory compounds and the preferred
activity of solid acid catalyst towards hemicellulose component. For the betterment of the
subsequent enzymatic hydrolysis of cellulose component, removal of lignin is easily
achievable using dilute alkaline treatment. Overall, the employed strategy of subsequent solid
acid catalyst and dilute alkaline pretreatment is established as a better approach than

conventionally used liquid chemical pretreatment methods.

4.3.5 Reusable Potential of Solid Acid Catalyst

The solid acid catalyst was examined for five consecutive sugarcane bagasse pretreatment
cycles. Considering the observations in previous sections, solid acid catalyst was clearly
responsible for hemicellulose hydrolysis. Hence, xylose released in the liquid after solid acid
catalyst pretreatment was used to gauge the reusability potential of solid acid catalyst. A
gradual decline in xylose release was observed after every reuse (Figure 4.10). The process
conditions, where 0.1 g solid acid catalyst was used for the pre-treatment of one gram of
sugarcane bagasse, xylose released in 1% cycle was estimated to be 6.21 g/L, which reduced
to 2.97 g/L after 5" cycle. In case of 0.2 g solid acid catalyst, the xylose release reduced to
4.48 g/L in 5" cycle from 8.3 g/L in 1% cycle. Similar results were obtained in case of 0.3, 0.4
and 0.5 g solid acid catalysts where xylose was recorded at 13.61, 15.18, and 18.49 g/L in 1%
cycle, which reduced to 8.16, 9.56, and 12.33 g/L in 5™ cycle, respectively.
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Figure 4.10 The extent of xylose release during pre-treatment steps after repeated use of

solid-acid catalyst.
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It was worth noting that the reusability capability obtained in this study is much higher than
any solid acid catalyst used for sugarcane bagasse treatment, which can be credited to
efficient attachment of sulfonic acid groups to MHNTS surface. Although, a slightly lowering
in pre-treatment capacity of MHNTs-SOsH after five cycles was attributed to the loss of few
sulfonic acid groups present on the surface of solid acid catalyst (Wang et al. 2012; Ingle et
al. 2020a; Ingle et al. 2020b). Conclusively, the solid acid catalyst (MHNTs-SO3zH)
developed in this study demonstrated excellent hemicellulose removal capability and
reusability for pretreatment of lignocellulosic biomass. The developed solid acid catalyst has

scope to improve the overall activity and selectivity for futuristic applications.

4.4 Enzymatic Saccharification and Fermentation

To further validate the capability of employed pre-treatment approach, enzymatic hydrolysis
of pre-treated SCB samples and its subsequent fermentation for ethanol production was
performed. An efficient pre-treatment of biomass would result in higher enzymatic

saccharification of cellulose component and thus, higher ethanol yield.

4.4.1 Enzymatic Saccharification

The impact of varying substrate loadings of biomass (1, 2.5 and 5 wt%) on cellulose
saccharification using cellulase enzyme was investigated for 48 h (Figure 4.11a). Untreated
sugarcane bagasse exhibited low enzyme conversion efficiency, attaining maximum
saccharification of 22.04 with glucose yield of 104.90 mg/g SCB for 2.5 wt% biomass
loading. Lowest saccharification (20.02%) was recorded for 1 wt% loading with glucose
yield 95.38 mg/g SCB. On the other hand, a biomass loading of 5 wt% resulted in 20.41%
cellulose saccharification with glucose yield of 97.16 mg/g of SCB. The recalcitrant nature of
raw sugarcane bagasse limits enzyme-substrate interactions preserving the structure from
hydrolysis. The enzymatic hydrolysis of SCB samples pretreated using different amount of
solid acid catalysts showed remarkable results. The enzymatic hydrolysis of biomass treated
with 0.1 g solid acid catalyst resulted in cellulose saccharification of 40.06, 45.69, and
42.88% for biomass loading of 1. 2.5, and 5 wt% respectively. The glucose yields for
increased loading were recorded at 224.95, 256.55, and 240.73 mg/g biomass. A rise in
saccharification and glucose yield as compared to untreated SCB validated the efficiency of
adopted pre-treatment procedures. The superior hydrolysis efficiency could be attributed to

the removal of hemicellulose and lignin contents from biomass, resulting in higher exposure
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of cellulose component for enzymatic hydrolysis. Furthermore, cellulose saccharification of
43.56, 50.80, and 46.54%was observed for 1, 2.5, and 5 wt% SCB samples treated with 0.2 g
solid acid catalyst. The respective glucose yields were 258.41, 301.35, and 276.11 mg/g

biomass.
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Figure 4.11 (a) Enzymatic saccharification at different substrate loadings, and (b) Ethanol

yield from hydrolysates of sugarcane bagasse.
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In case of SCB pre-treated using 0.3 g solid acid catalyst, maximum hydrolysis (54.27% with
353.13 mg glucose per g biomass) was witnessed for 2.5 wt% substrate loading. The biomass
loading of 1 and 5 wt% resulted in comparatively lower saccharification value of 47.79 and
49.23%, respectively. Similar results were also obtained for samples treated with 0.4 and 0.5
g solid acid catalysts where 59.34% (385.44 mg glucose per g biomass) and 60.32% (393.99
mg glucose per g biomass) cellulose saccharification was noted for 2.5 wt% substrate

loading.

A slight increase in saccharification could be attributed to higher inhibitory by-products
produced during pretreatment with 0.5 g solid acid catalyst, which limited cellulase activity.
The recorded data indicated that increase in biomass loading from 1 to 2.5 wt% prompted
increase in cellulose saccharification, in all the studied samples. The trend was because of the
presence of sufficient substrate for enzyme interaction. However, increase in biomass loading
from 2.5 to 5 wt% inhibited the cellulose saccharification. The decline could be due to the
changes in the rheological properties of the fibrous suspension at higher biomass
concentrations. The inadequate mixing and limited heat transfer were the key elements in
destabilizing the enzyme-substrate complex formation in the dense fibrous suspension.
Additionally, inhibition effects from the high substrate amount and inhibitory products
concentration were also the factors affecting the cellulose saccharification at higher substrate

loading.

4.4.2 Fermentation of Solid Acid Catalyst-Derived Hydrolysate

Considering a higher saccharification and glucose yields, hydrolysates produced using 2.5
wt% biomass loading of all samples were further used for fermentation. S. cerevisiae
MTCC170 strain was used as inoculum to utilise hydrolysate as substrate. The fermentation
process was performed for 72 h, and ethanol produced was measured at different intervals.
Results demonstrate that the ethanol production increased with time and increased rapidly
between 24-48 h (Figure 4.11b). After 48 h, the rate of ethanol production started to decline
due to the depletion of glucose (substrate) concentration. From hydrolysate of untreated
sugarcane bagasse sample 110.77 mg/100 mL ethanol yield was observed after 72 h
fermentation time. From hydrolysate of pretreated samples ethanol yield of 271.35, 317.16,
354.36, and 408.02 mg/100 mL was recorded for bagasse pretreated using 0.1, 0.2, 0.3, and
0.4 g solid acid catalyst, respectively. A consistent increase in ethanol yield validated the
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absence of major inhibitory compounds produced during pre-treatment process till the solid
acid catalyst load of 0.4 g/g SCB. The ethanol production from hydrolysates of bagasse
treated using 0.4 g and 0.5 g solid acid catalyst (409.70 mg/100 mL) were comparable. It
indicates that at high solid acid catalyst load, fermentation inhibiting compounds may be

produced which aligned well with results observed during inhibitor analyses.

4.4.3 Mass Balance of Ethanol Production from SCB

To conclude, all the data recorded was used to perform a mass balance to determine the
effectiveness of pretreatment of sugarcane bagasse using different solid acid catalyst amount
(0.1-0.5 g) for bioethanol production. Taking 1 g dried sugarcane bagasse, the reduction in
hemicellulose and lignin content was evident, along with enrichment of cellulose content in
recovered biomass (Figure 4.12). Furthermore a superior impact of different pretreatments on
cellulase saccharification was also manifested. The cellulase-mediated hydrolysis of
untreated sugarcane bagasse demonstrated 22.04% cellulose saccharification which increased
to 60.32% for sugarcane bagasse pretreated using 0.5 g solid acid catalyst. The highest
glucose release (272.71 mg) was obtained from SCB sample pre-treated with 0.4 g solid acid
catalyst, owing to higher cellulose content (414 mg) than the biomass sample pre-treated
using 0.5 g solid acid catalyst (403.5 mg). Overall a 263.15% increase in glucose release was
observed as compared to untreated sugarcane bagasse (103.63 mg). Furthermore, all pre-
treated samples displayed significantly higher bioethanol yield compared to the untreated
sugarcane bagasse. The ethanol yield was directly related to the amount of glucose released
during cellulase mediated cellulose saccharification. The samples pretreated using 0.1, 0.2,
0.3, 0.4 and 0.5 g solid acid catalyst revealed 2.06, 2.27, 2.43, 2.64 and 2.57 fold increase in
ethanol yield compared to untreated sugarcane bagasse (43.78 mg). Maximum bioethanol
conversion efficiency (83.23%) was obtained using SCB pre-treated using 0.4 g solid acid
catalyst indicating this pre-treatment condition as the best for efficient valorization of SCB.
Ethanol yield attained in this work is comparable to other recent reports (Dionisio et al. 2021;
Valladares-Diestra et al. 2021; de Oliveira Rodrigues et al. 2022) validating the effectiveness
of solid acid catalyst-mediated pre-treatment approach, developed in this research which has

immense potential to be examined further.

The key points taken for future work includes selection of nanomaterial with higher specific
surface area for acidic modifications, an appropriate ratio of solid acid catalyst to biomass for
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during the pre-treatment, and an optimized
saccharification. The glucose release and subsequent fermentation are two crucial phases for
biomass valorisation. Hence, due importance should also be given while selecting appropriate
enzyme consortium and microorganism strain with high bioconversion efficiency. Finally,
simultaneous saccharification and fermentation (SSF) is another interesting process which

can bring down the overall duration and processing cost and must be exploited to the current

work in future.
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4.5 Development of Cellulase based Nanobiocatalyst

A schematic representation for developing a novel nanobiocatalyst via surface
functionalization employing magnetic halloysite nanotubes (MHNTS) is shown in Figure
4.13. Interestingly, the choice of selecting HNTs as an immobilizing template warrants two
important considerations. First, the exterior surface of HNTs offers a large surface area which
can be modified undergoing specific surface chemistry (Yuan et al. 2015). We have
evidenced that uniform silanol (Si-OH) sites over silica-based materials can be transformed
into a much stronger siloxane (Si-O-Si) bonds through aminosilanization causing orientation
of amine groups away from the surface(Agnihotri et al. 2013). In addition to this, a strong
hydrogen bonding might also occur between amino groups of the organosilanes and silanol
groups. Secondly, the enzyme immobilized on external surface of HNTs also ensures
maximum interaction between the substrate (CMC) and immobilized enzyme overcoming
external mass transfer limitations in a manner its catalytic behaviour would not be

compromised.
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Figure 4.13 Schematic representation of cellulase immobilization on magnetic halloysite
nanotubes via aminosilane functionalization and gluteraldehyde activation.
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The use of enzyme immobilized on halloysite nanotubes requires additional filtration and
centrifugation step for separation of the immobilized enzyme out of reaction mixture, leading
to increase in overall cost of the process (Zhai et al. 2010; Chao et al. 2013; Tully et al. 2016;
Katana et al. 2019). Employing magnetic halloysite nanotubes would resolve the issue; hence
the same were used for faster and efficient recovery of the nanobiocatalyst from the reaction
mixture (Kadam et al. 2018; Kim et al. 2018; Kadam et al. 2020a; Zhu et al. 2021). We also
employed pretreated sugarcane bagasse as substrate, though at a very low concentration of
1% wi/v. It is evidenced through this study that such a diluted substrate suspension behaved
similar to CMC in terms of its aqueous solubility. As a combined effect, the
aminosilanization of magnetic HNTSs facilitated a dense, multipoint anchoring of enzyme on
outer surface of HNTs. The multipoint anchoring of enzyme indicates a strong interaction
between enzyme and support matrix via crosslinking than its restriction, where the use of
crosslinker can offer two basic advantages for immobilization. First, it may improve the
stable anchoring of enzymes over a solid support while the arm space of crosslinker would
govern the mobility of enzyme with required flexibility to interact with the substrate
molecules. The as developed nanobiocatalyst, i.e. cellulase immobilized MHNTs was
analyzed further through several characterization studies before employing it for biocatalytic

experiments.

45.1 Characterisation of Cellulase Immobilized Magnetic Halloysite Nanotubes
(cellulase-MHNTYS)

The variation in surface characteristics of MHNTs after APTES functionalization, and
cellulase immobilization were initially assessed using FTIR spectroscopy over the range of
4000—400 cm™* (Figure 4.14a). After aminosilane grafting, emergence of new peaks at 3369,
2925, 2854, and 1245 cm™%, was observed which were assigned to symmetric and asymmetric
vibrations of N—H2, C—H2, C—Hz, and C—N bonds, respectively. The presence of these peaks
confirmed the successful aminosilane grafting and presence of amine functional moieties at
the outer surface of magnetic halloysite nanotubes (Yuan et al. 2008). In case of cellulase
immobilized amino-modified MHNTSs, two peaks, were detected at 1600 and 3430
cm Ywhich were credited to the stretching vibrations of amide-I bands and amine groups,
respectively (Khoshnevisan et al. 2011). The peaks matches well with the FTIR spectra of
free cellulase indicating the effective immobilization of cellulase onto the magnetic halloysite

nanotubes. Furthermore, the presence of characteristic peaks of MHNTs in both amine
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modified MHNTSs and cellulase-MHNTSs validated the intact nature of backbone structural
components i.e., halloysite nanotubes and iron oxide nanoparticles. Overall, the inherent
backbone structural integrity after aminosilane functionalization and subsequent enzyme
immobilizations well as the stable binding of cellulase over the functionalized MHNTSs

matrix were concluded from the observed FTIR results.
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Figure 4.14 Characterization of MHNTSs, amine modified MHNTSs and Cellulase-MHNTSs
through (a) FTIR spectroscopy, and (b) XRD analyses.
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To determine any changes either in the backbone structure or crystalline nature, XRD
analyses were performed on amine modified MHNTs and cellulase-MHNTSs samples. As
shown in Figure 4.14(b), the characteristic peak of halloysite nanotubes at 26=12.21° was
observed in both samples, which confirmed the existence of nanotubular structure of the
HNTs matrix. This peak was attributed to (001) plane of the HNTs with basal spacing 0.724
nm (JCPDS Card No. 29-1487) as discussed earlier (Zhang et al. 2013; Kumar-Krishnan et
al. 2016). The iron oxide nanoparticles anchoring was evident from the intrinsic peaks at 20 =
30.43°,35.78°,43.47°, 57.46° and 63.09° which is attributed to (220), (311), (400), (511),
(440) planes of the magnetite FesOs (JCPDS Card No. 01-075-0449). The recorded peaks
confirmed the presence of magnetic nanoparticles over HNTSs surface even after aminosilane
functionalization and subsequent cellulase immobilization (Kadam et al. 2017). Furthermore,
the absence of any new peak in the spectra concludes that the functionalization or loading of
cellulase on to MHNTSs did not alter the physicochemical characteristics of the backbone

HNTSs support matrix.

The magnetic behaviours of MHNTSs, amine modified MHNTSs and cellulase-MHNTSs were
investigated using vibrating sample magnetometer where magnetization curves indicate
sample magnetization in response to the applied magnetic field (Figure 4.15a). Highest
saturation magnetization was observed in case of MHNTSs with value 40.68 emu/g along with
zero coercivity and remanence. The observed features were characteristic of
superparamagnetic materials, indicating that the anchoring of iron oxide nanoparticles onto
halloysite nanotubes transformed them into magnetically recoverable material while not
influencing the inherent crystalline characteristic. On the other hand, amine-modified
MHNTSs, before and after enzyme immobilization demonstrated the saturated values of
magnetization as 32.54 and 28.68 emu/g, respectively. The overall decreases in saturation
magnetization value were attributed to the loading of non-magnetic materials in form of
aminosilane, glutaraldehyde and cellulase enzyme. Nonetheless, the magnetic property of the
formed nanobiocatalyst (NBC) was satisfactory for the intended application, as the magnetic
recovery was not at all compromised. The easy separation capability of NBC was clearly

evident from the photographic image (inset).
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Thermogravimetric analyses (TGA) of all samples were performed to confirm the amine
functionalization of MHNTSs and immobilization of cellulase over amine-modified MHNTS
via glutaraldehyde crosslinking (Figure 4.15b). Pristine MHNTs sample (without amine-
functionalization) was taken as a negative control. For all samples, the dehydration occurred
between 30 and 200 °C, which is typical characteristic of halloysite nanotubes (Fakhrullina et
al. 2019); however there was a slight difference in the thermogram of MHNTSs as compared
to amine modified MHNTSs and cellulase-MHNTSs. The slight difference is attributed to the
decreased amount of adsorbed H2O at the surface of Hal nanotubes due to the presence of
organosilanes (Pandey et al. 2017). From 200 to 400 °C the partial degradation of organic
compounds took place, was clearly evident from the thermogram of amine modified MHNTSs
and cellulase-MHNTSs. The higher weight loss in case of cellulase-MHNTSs in this range was
attributed to the presence of glutaraldehyde and protein cellulase, as this is also a typical
degradation temperature range for proteins. Furthermore, organic content decomposition
continued till 800 °C along with dehydroxylation of the HNTs (Zhang et al. 2019b).
Considering the differences in thermogram profiles it was clear that there was no change in
structural integrity of MHNTSs after functionalization and immobilization of cellulase,
validating the outcome of FTIR and XRD analyses. Amine modified MHNTSs demonstrated a
0.73% higher weight loss as compared to its pristine counterpart (MHNTS), which was
attributed to the additional thermal loss of organosilane functionalized onto MHNTs. On
contrary, the cellulase immobilized MHNTSs depicted ~12.82% weight loss within 150-500°C
temperature, which confirms the presence of cellulase binding over MHNTSs. A simple mass
balance was applied for determining the immaobilization efficiency of cellulase through UV-

Vis spectroscopy (Bradford assay), which matched well with that of TGA data.

Furthermore, the detailed surface elemental composition investigations of cellulase-MHNTS
to confirm successful functionalisation and cellulase immobilization, was done by XPS
analysis. X-ray photoelectron spectroscopy (XPS) is considered as one of the most sensitive
techniques for evaluating the surface chemistry of nanomaterials. Figure 4.16(a) depicts a
wide scan spectrum of the nanobiocatalyst (cellulose-MHNTS), where the existence of
binding energy peaks of Al 2p, Si 2p, C 1s, N 1s, O 1s,and Fe 2p, respectively was recorded.
These peaks were indicative of the successful anchoring of iron oxide nanoparticles over
HNTs, amine functionalization, and subsequent loading of cellulase enzyme. A high
resolution spectrum of Fe 2p revealed two spin—orbit doublets at 712.18 eV (Fe 2ps2) and
725.51 eV (Fe 2p1) (Figure 4.16b). The energy separation of 13.4 eV is a characteristics
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marker for a chemical shift difference between the Fe?" and Fe3' states present in
FesOsnanoparticles (Wilson and Langell 2014). A further deconvolution of the Fe spectra
gave rise to two peaks in the Fe 2ps/, spin orbit peak which were attributed to the existence of
Fe?* and Fe®". On the other side, the existence of a satellite peak between the Fe 2ps2 and Fe
2p12 peaks was credited to the presence of a small amount of Fe;Os (Wilson and Langell
2014). The obtained results were in good accordwith the previous reports, confirming the

presence of Fe3O4 in the nanobiocatalyst.
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Figure 4.16 XPS spectral analysis of nanobiocatalyst (cellulase-MHNTS) (a) scan survey, (b)
high resolution spectra of Fe 2p peak, (c) high resolution spectra of C 1s peak, and (d) high

resolution spectra of N 1s peak.

In C 1s high resolution spectra, a peak centered at 284.6 eV was assigned to sp? hybridized
carbon (C—C and C—H bonds) (Wang et al. 2014). This was further deconvoluted into two
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peaks at 286.3 and 288.5 eV, which were ascribed to
R—CH2*-NH—(CO)—/R—CH,—NH—(C*0O)— and the amide bonding (R—CONH-) group,
respectively (Libertino et al. 2008) (Figure 4.16c). Since these functional moieties are the
characteristic features of a protein’s structures, the loading of cellulase enzyme onto MHNTS
matrices was established. In addition to this, a high resolution N 1s spectrum was
deconvoluted into four distinct peaks that correspond to the C=N bond (398.9 eV) (Park et al.
2011), amine group from APTES and cellulase (399.7 eV), hydrogen-bonded amine
(H-NH2) orprotonated amine (400.8 eV), and N—O=C (402.3 eV) (Acres et al. 2012;
Mazzotta et al. 2015) (Figure 4.16d). The lower intensity of the protonatedamine and high
intensity of the NH2 group peak endorsesed the high loading of cellulase, as the amine groups
were pointing away from the substrate. The obtained data confirmed thecovalent
immobilization of cellulase onto APTES functionalgroups via cross-linking with

glutaraldehyde.

The structural morphology of MHNTS was investigated by transmission electron microscopy.
The HR-TEM image confirms the successful loading of iron oxide nanoparticles on the
surface of HNTSs, where a distinct interface between two nanoscale structures was observed
(Figure 4.17a). This validates the fact that an in situ synthesis of magnetic nanoparticles and
theirsubsequent immobilization was facilitated through a one-stepprotocol rendering the
inherent morphology of HNTSs intacteven after loading iron oxide nanoparticles (Figure
4.17b). The size of iron oxide nanoparticles were found to be 3-6 nm range with circular and
quasi-polyhedral shape. Energy-dispersive X-ray spectra confirmed the presence of iron
along with the characteristic elements of HNTs (Figure 4.17c). The nanobiocatalyst
(cellulase-MHNTS) were investigated through FE-SEM where the cellulase enzyme was
found to be densely anchored over amine-modified MHNTSs with a high payload (Figure
4.17d). The intact morphology of HNTs was corroborated with the results obtained through
XRD analyses. The corresponding elemental mapping further confirms the effective

distribution of iron oxide nanoparticles throughout the sample (Figure 4.17e).
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Figure 4.17 (a) TEM micrograph, (b) Corresponding HR-TEM image, (c) EDS spectra and
weight basis composition of MHNTS, (d) FE-SEM micrograph of cellulase-MHNTS, and (e)

Elemental mapping of aluminum, silicon, and oxygenand iron element.

4.6 Cellulase Immobilization

For immobilization of cellulase enzyme on magnetic halloysite nanotubes, parameters
affecting the immobilization process were investigated using one factor at a time approach.
The parameters and their range having most significant impact on the loading of cellulase

were further used for optimization using response surface methodology (RSM).

4.6.1 Single Factor Study

The three independent factors, i.e., amount of support matrix (amine modified glutaraldehyde
activated MHNTSs) (mg), cellulase concentration (mg/mL), and pH of the solution, which
might affect the enzyme loading were investigated. A wide range for each parameter was
investigated to constraint the range to be used for RSM design. For single factor study with
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varying support amount (5-40 mg), cellulase concentration (1.5 mg/mL) and pH (5) were
kept constant (Figure 4.18a). Increasing the amount of support from 5 mg to 40 mg resulted
in a gradual increase in cellulase loading from 27.38% to 84.10%. The high enzyme loading
was attributed to the availability of multiple anchoring sites over MHNTS. To evaluate the
impact of high enzyme loading on the final catalytic activity of cellulase, the activity of
immobilized enzyme using different support amount were assessed for their corresponding
catalytic activity (Figure 4.18b). The recorded data revealed that a significant reduction in
catalytic activity of the immobilized cellulase was manifested when the amount of support
was increased beyond 20 mg despite the high enzyme loading. This reduction in catalytic
activity was attributed to steric hindrance posed by the immobilized enzymes due to high
payload. Though, such decline in catalytic activity of cellulase (enzyme units/g of support)
beyond 20 mg support was marginal, which could be compensated by prolonging the duration
of biocatalytic reaction, which would result in better substrate conversion. Since it was
desirable to choose a minimum amount of nano-biocatalytic system which could perform
better for cellulose hydrolysis than its corresponding higher enzyme loading, 20-30 mg range

of support matrix amount was chosen for further optimization experiments.

On the other hand, single factor study on cellulase concentration (0.5-2.5 mg/mL) was
performed with 20 mg support amount and pH 5 (Figure 4.18c). A consistent decrease in the
enzyme loading was evident from the recorded data. The limited number of anchoring sites
was the reason behind the observed trend. Considering the results, the range 1.25-1.75 mg/
mL of enzyme concentration was selected for RSM. The studies using pH range 4-6 were
conducted while keeping support amount (20 mg), and cellulase concentration (1.5 mg/mL)
(Figure 4.18d). Solution pH displayed the least impact with enzyme loading varying within a
short range from 72.97 to 76.71%. However, the combinational influence of pH with other
factors could not be predicted solely using single factor studies. Therefore, pH range from
4.50 to 5.50 was chosen to study the overall impact of pH along with other parameters on
enzyme loading (%).
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Figure 4.18 (a) Impact of support amount (mg) on cellulase loading (%), (b) Enzyme
catalytic activity with varying support amount (mg), (c) Impact of cellulase concentration

(mg/mL) and (d) Impact of pH on cellulase loading (%).

4.6.2 Box Behnken Design (BBD)

The operational ranges of independent parameters having a positive effect on the response, as
obtained by single-factor studies, were statistically optimized employing response surface
methodology, using Box-Behnken design. Multiple regression analysis was done to resolve
the polynomial coefficients for each term of the equation. The actual factors controlling the
immobilization efficiency of cellulase over MHNTs and their combinational impact is

represented in form of a regression equation as the following:

Y =-371.09675-9.64850A+269.54600B+147.25500C+0.11077A*-83.13200B°
-15.20300C?*+0.71400AB+0.72100AC-9.22000BC
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Where, Y is enzyme loading (%), A is amount of support (mg), B is concentration of

cellulase enzyme (mg/mL), and C is solution pH.

The significance of predicted model was evaluated using Analysis of variance (ANOVA),
which indicated this model to be highly significant (Table 4.3). Model F-value (21.41)

observed in Fisher’s F-test confirmed the adequacy of model for the selected parameters. A

p-value of 0.0003 also signifies that the model accurately summarizes the relationship

between selected factors and the response. The probability of error because of the noise was

only 0.03%. The lack of fit F-value of 1.04 indicates this value to be insignificant relative to

pure error.

Table 4.3 ANOVA for response surface quadratic model.

Source g:uma?;‘ gfqza:re F Value Prob>F Remarks
Model 324.61 9 36.07 21.41 0.0003 significant
A 64.07 1 64.07 38.03 0.0005

B 32.81 1 32.81 19.47 0.0031

C 0.67 1 0.67 0.40 0.5475

A? 32.29 1 32.29 19.17 0.0032

B? 113.67 1 113.67 67.48 < 0.0001

c? 60.82 1  60.82 36.11 0.0005

AB 3.19 1 3.19 1.89 0.2114

AC 13.00 1 13.00 7.71 0.0274

BC 531 1 531 3.15 0.1190

Residual 11.79 7 1.68

Lack of Fit 5.18 3 1.73 1.04 0.4640 not significant
Pure Error 6.61 4 1.65

Cor Total 336.40 16

*A: Support amount (mg); B: cellulase conc. (mg/mL); C: solution pH

The multiple correlation coefficients (R?), which measures the extent of variance from the

model's mean value, indicated a close proximity among independent variables viz. amount of
MHNTSs, conc. of enzyme and solution pH (Table 4.4). R? value obtained from ANOVA was
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in accordance with the defined limit for the model to be effective. The predicted R? (0.7229)
and adjusting coefficient of determination (R2-adj=0.9199) for calculated optimal conditions
were in good harmony with the value of multiple correlation coefficients (R?=0.9649),

indicating that the model can predict 96.49% of the values.

Table 4.4 Coefficients of determination for response surface quadratic model.

Std. Dev. 1.30 R? 0.9649
Mean 75.21 Adjusted R? 0.9199
C.V. 1.73 Predicted R? 0.7229
PRESS 93.20 Adeqg. Precision  15.847

Figure 4.19 demonstrates contour plots and 3-D surface graphical representations for the
response generated, i.e., enzyme loading (%). The response is represented as height in each of
the 3D surface plots. The optimum conditions contributing towards maximum loading of
enzyme on to support matrix were as follows: 20 mg support amount, 1.44 mg/mL cellulase
concentration, and 4.8 solution pH. The model was further validated by carrying out
immobilization procedure under optimized conditions, where a maximum immobilization of
77.5%, was obtained which was in good agreement with model's predicted value (78.7%).

The averages of three replicates were tested and mean values are reported.
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4.7 Evaluation of Biocatalytic Characteristics

The loading of cellulase enzyme was investigated for 48 h at the optimized values predicted
by the model. It was evident from the observed data that enzyme loading significantly
increased with time until 6 h (77.5 £ 1.1%),increased slowly after this point and attained a
maximum value of 83.2 = 2.3% in 48 h (Figure 4.20a). Taking into consideration the peculiar
nature of enzyme, 6 h reaction time was selected as the optimum immobilization time.
Interestingly, the biocatalytic activity of cellulase-MHNTSs was marginally decreased to only
93.4% as compared to free cellulase. The impact of the amine functionalization of MHNTSs
over cellulase immobilization and its biocatalytic activity was correlated using release profile
study. The corresponding release kinetics further revealed that ~21.9% of total immobilized
cellulase was released in the reaction system over a period of 48 h. Both results clearly
demonstrated the effectiveness of the immobilization strategy without compromising its
catalytic activity much. In fact, after immobilizing cellulase onto MHNTSs, the
nanobiocatalyst demonstrated heterogeneous catalysis, where the CMC substrate was easily
accessible to the enzyme catalytic sites with insignificant external mass transfer limitations.
After the enzymatic reaction, the resultant molecules i.e., glucose, rediffuse out of the

catalytic templates as reaction products.

4.7.1 Impact of Process Parameters

The influence of various process parameters on the catalytic performance of cellulase-
MHNTSs was determined and compared with free cellulase. The investigation over a pH range
(3-7) revealed that the optimum pH for both free and immobilized cellulase was at pH 5
(Figure 4.20b). Immobilized cellulase showed distinct residual activities over a broad pH
range (3—7); though varying pH from optimum value adversely affected the catalytic activity.
However the reduction in activity was minor as compared to free cellulase which was found
to be more sensitive towards pH change. For instant, at pH=6 free cellulase could only retain
35% of its optimum activity, whereas nanobiocatalyst was able to retain 60% of its catalytic
activity under similar test conditions. The obtained results demonstrated that immobilization
reduced the sensitivity of cellulase, which was attributed to the protection of conformational
structure of cellulase due to the multipoint attachment with support matrix. In a few recent
reports, cellulase immobilization over styrene/maleic anhydride nanoparticles (Wang et al.
2018) and magnetic nanocomposites (Jordan et al. 2011; Abraham et al. 2014; Hosseini et al.
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2018) has also witnessed a significant improvement in their pH dependent stability, similar to

our work.
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Figure 4.20 (a) Enzyme loading and its subsequent release kinetics, the impact of (b) solution
pH, (c) working temperature, (d) storage duration on catalytic activity of free cellulase and
nanobiocatalyst (cellulase-MHNTS).

Similarly, the activity assays at varying temperatures (30—70 °C) revealed 50 °C as an
optimal temperature for both forms of cellulase (Figure 4.20c). Increasing temperature to 60
°C lead to only 56.33% activity of free enzyme, whereas, the activity of immobilized
cellulase was marginally reduced to 91.67%. The cellulase-MHNTSs could retain a minimum
of ~70% residual activity regardless of temperature variations (30—70 °C) which was likely
due to the immobilization induced heat resistance of enzymes. This was further verified by
exposing both free cellulase and cellulase-MHNTSs to 70 °C at pH 5 for 6 h. As expected, the

residual activity of free cellulase was severely affected and reached to ~12.63 £ 0.7% after 6
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h. Whereas, immobilized cellulase could manage to retain ~76.6 £ 0.5% activity within the
similar time period. An improved thermal resistance of immobilized cellulase confirmed their
stability under high temperature, which can be exploited for utilization under harsh

processing conditions.

Considering the fact that the majority of free enzymes fail to retain their catalytic activity
after being stored for long durations, the residual activities of cellulase existing in different
states was evaluated by storing them at 4 °C for 20 days. As depicted in Figure 4.20(d), while
free cellulase could retain only 29.6% of its initial activity, the NBC retained 81.2% activity
even after 20 days of storage. Interestingly, the activity of free cellulase decreased sharply
after 10 days and became even lower in the following days while cellulase-MHNTSs displayed
a linear trend in % activity loss, much lower than the former one. These observations again
supported our hypothesis that a multipoint anchoring of enzymes with amine-modified
MHNTs surface not only allowed an easy access of substrate to the active sites of
immobilized enzyme but also offered them even more flexibility and robustness to withstand
harsh processing conditions. Even if the covalent binding of cellulase causes lowering in their
kinetic values (km and Vmax), immobilized cellulase would still be advantageous in terms of
its affordability, reusability, and potential efficiency.

4.7.2 Reusability Potential of the Nanobiocatalyst

Reusability performance of the NBC was tested over seven repeated cycles under the
optimized conditions. A total of 216.34 mg glucose/g CMC was produced using the
nanobiocatalyst over seven batches which was ~5.8 fold higher as obtained through free
cellulase. Although results suggested a loss in catalytic performance of the NBC after every
usage, still ~68.2% of the initial activity could be retained after the seventh cycle (Figure
4.21a). Corresponding glucose production also depicted a marginal reduction from 37.2 to
25.4 mg glucose/g CMC after the first to seventh uses (Figure 4.21b). Although, the loss of
material could have been a major cause for lowering in the biocatalytic activity of the enzyme
over repeated usage, we were able to recover the nanobiocatalyst over 99% on a mass balance
basis. Further, no significant release of cellulase enzyme was detected into the solution within
6 h after repeated use. Hence, a reduction in the catalytic activity of immobilized cellulase
was more likely due to the enzyme inactivation mechanisms over repeated cycles, as

demonstrated elsewhere (Lupoi and Smith 2011).
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Figure 4.21 (a) The variation in catalytic activity of nanobiocatalyst after every reuse cycle,

and (b) Corresponding yield of glucose (mg glucose/g CMC) in each cycle.

4.8 Kinetic and Thermodynamics Parameters

The kinetic parameters (km, Vmax, and catalytic efficiency) of free cellulase and cellulase-
MHNTSs were tested separately treating a wide range of substrate concentrations (CMC,
100—5000 pM). Free and immobilized enzymes both obeyed the Henri—Michaelis—Menten
kinetics model (Figure 4.22a). The apparent km of cellulase-MHNTSs was slightly higher
(1423 puM) than that of free cellulase (1288 uM) which is likely due to the lower affinity of
enzymes toward the substrate after immobilization (Figure 4.22b). It is evidenced that the
diffusion limitations of the substrate near close vicinity of the immobilized enzyme and/or
localized conformational changes at the active sites of enzyme would be the responsible
causes for the increase in the km value (Das et al. 2018; Kadam et al. 2018). However, a
proportionate increase in km values of the enzyme after immobilization onto nanomaterials
was found to be much lower as reported in other studies (Wu et al. 2005; Khoshnevisan et al.
2011; Abraham et al. 2014; Kadam et al. 2018). This can be ascribed to the efficient loading
of enzyme and high specific surface area of MHNTs which minimized any changes in
structural conformations and/or mass transfer constraints. Similarly, no significant variation
IN Vmax values was observed before (10.1 uM/min) and after immobilizing cellulase (11.7
uM/min). It was established that the microenvironment near immobilized enzymes would
have an unnoticeable impact on overall catalytic activity of the NBC. Further, the catalytic
efficiency (Vmax/ km) Of the nanobiocatalyst was increased by 5% more than that of the free

cellulase at 50 °C.
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Figure 4.22 (a) Michaelis-Menten plot of free and immobilized a-amylase, (b) Line weaver-
Burk plot, (c) Impact of elevated temperatures on both free and immobilized cellulase, and
(d) Arrhenius plot.

The thermodynamic parameters of irreversible thermal inactivation of both forms of cellulase
were monitored at optimum and higher temperature range (50—70°C) (Figure 4.22c). At
optimal temperature (50 °C), the thermal deactivation rate constant (kq) of nanobiocatalyst
was found to be 3.12-fold lower than that of free cellulase (Table 4.5). The half-life of the
immobilized form was 3.08-fold higher than the free cellulase, indicating the slower

denaturation and superior thermal stability of immobilized cellulase.
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Table 4.5 A comparative summary of thermodynamic parameters before and after

immobilization of cellulase.

Parameters Temperature Free Enzyme Nanobiocatalyst
(°C) (cellulase) (cellulase-MHNTYS)

50 0.080 0.025
kg (hh) 60 0.12 0.036
70 0.31 0.045
50 8.67 26.75
Half-life, ti (h) 60 5.91 19.30
70 2.20 15.29
50 28.81 88.90
D-value 60 19.64 64.13
70 7.34 50.82
Eq (kd/mol) 28.11 28.14
50 25.42 25.45
AH (kJ/mol) 60 25.34 25.37
70 25.26 25.29
50 108.14 111.17
AG (kJ/mol) 60 110.51 113.79
70 111.11 116.63
50 255.98 265.25
AS (J/mol-K) 60 263.57 273.61
70 265.67 282.65

Furthermore, the values of activation energy for thermal denaturation (Eq), enthalpy change
(AH), Gibbs free energy change (AG), and entropy change (AS) were obtained as 28.11
kJ/mol, 25.42 kJ/mol, 108.14 kJ/mol, and 255.98 J/mol-K, respectively for free cellulase,
whereas, the corresponding values for immobilized cellulase-MHNTSs were found to be 28.14
kJ/mol, 25.45 kd/mol, 111.17 kJ/mol, and 265.25 J/mol-K. Higher Eq value indicated superior
energy requirement to thermally inactivate the immobilized enzyme, suggesting higher
thermal stability as compared to free cellulase. The increase in enthalpy change (AH), and
Gibbs free energy change (AG) after immobilization are associated with superior thermal and

conformational stability of immobilized cellulase. An increase in the AS value after
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immobilization could be indicative of the increasing order of randomness at the nanobio
interface of the nanobiocatalyst. Similar results were obtained at higher temperatures (60 and
70 °C) demonstrating the potential of immobilization support matrix for industrial
engagement.

4.9 Influence of lonic liquid presence on Catalytic Activity

lonic liquid (IL) based pretreatments have been established as an integrated technology in
contemporary methods for recovering cellulosic components and their possible conversion
into other value-added products (Datta et al. 2010). Although such strategies seem effective
in solubilizing cellulose to a large extent, the presence of even a trace amount of ILs creates
unfavourable conditions for enzymatic hydrolysis, rendering those pretreatment strategies
incompatible for further downstream processing (Zhou et al. 2019). Considering this as a
challenge, we also tried to elucidate the commercial viability of cellulase-MHNTS in
industrial bioprocesses hypothesizing its IL-tolerant ability as compared to free cellulase
suspensions. Regardless of the substrate employed, i.e., CMC and pretreated sugarcane
bagasse (SCB), the cellulase-MHNTs demonstrated an improved ionic liquid tolerant ability
over free cellulase under all the tested conditions. In the case of CMC as a substrate (Figure
4.23a), free cellulase rapidly lost its residual activity from 75.2% to 14.3%, i.e., ~5.2-fold
while increasing the concentration of [bmim][CI] from 5 to 30% (v/v), whereas, cellulase-
MHNTSs depicted much higher stability and their residual activity was reduced from 91.6% to
61.2% under similar conditions. A similar trend was observed when CMC substrate was
replaced with the pretreated sugarcane bagasse, where the immobilized enzyme retained half
of its activity while the activity of free enzyme was adversely affected and came down to
only 5.8% (Figure 4.23b).

It was clearly observed that the cellulase-MHNTs manifested a much superior catalytic
activity at higher concentrations of ionic liquid ([bmim][Cl], >10% v/v) than free cellulase
for hydrolyzing either CMC or the pretreated sugarcane bagasse. The presence of two
different sources of cellulose did not affect the hydrolytic potential of cellulase-MHNTSs at
the corresponding [bmim][CI] concentrations, which confirms that the catalytic activity of
immobilized cellulase was not significantly compromised. Rather, immobilized cellulase
appeared to be more shielded than its free form, where the presence of the support matrix,

i.e., HNTSs, could have contributed to improve its tolerant ability against harsh processing of
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IL treatments. Based on this study, [bomim][CI] ionic liquid could be a promising pretreatment
solvent for rapid cellulose hydrolysis, which marked less influence on enzyme inactivation,

particularly using the cellulase-MHNTSs system.
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Figure 4.23 Impact of ionic liquid on activity of free and immobilized cellulase when
substrate was (a) CMC, (b) pretreated SCB.

4.10 Cellulose Saccharification using Nanobiocatalyst

To determine the practical affordability utilizing this nanobiocatalyst, an operational study
was attempted to evaluate the continuous hydrolysis of CMC, as a model substrate over a

long duration. Although an increase in reducing sugars (i.e., product) in the hydrolysate is
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known to elicit inhibitory effects on cellulase activity (Xiao et al. 2004), we still could be

able to run this saccharification process over 48 h without any adverse response.

As shown in Figure 4.24(a), the extent of CMC hydrolysis (% saccharification) could be
achieved to nearly 50.2% in 48 h with a glucose yield of 0.56 g glucose/g CMC. The
production of glucose was calculated to be 5.64 g/L with 1% CMC as substrate. We obtained
better results in comparison to an earlier report where cellulase immobilized onto colloidal
magnetic nanoparticles catalyzed the hydrolysis of cellulose with 5.5 g/L production of
glucose with 10% substrate in 24 h (Xu et al. 2011). Those authors claimed no further
increase in either cellulose hydrolysis or glucose productivity beyond 24 h, thus limiting their
long-term applicability. Another study also evidenced that only up to a maximum of 45.3%
saccharification could be achieved with ~2.3 g/L glucose production in 24 h, while no
change was observed even after introducing another batch of immobilized enzymes in the
reaction mixture (Wang et al. 2011).

We further evaluated the efficacy of cellulase-MHNTS, the nanobiocatalytic system in
converting a non-feed, lignocellulosic biomass into an edible biochemical product, i.e.,
glucose. Pretreated sugarcane bagasse, was chosen as the substrate, which was hydrolyzed
using NBC under identical conditions as mentioned in case with CMC. Figure 4.24(b) shows
that changing the source of the substrate from CMC to pretreated biomass did not affect the
biocatalytic potential of cellulase-MHNTs where a maximum of 46.5% saccharification with
521.9 mg glucose/g pretreated SCB (glucose yield) could be achieved over 48 h of
continuous run. As evident from Figure 4.24(b), the glucose yield decreased from 144.24
mg/g to 76.21 mg/g during the first and the last quarter of reaction time, respectively. A
decrease in glucose yield can be attributed to enzyme inactivation due to the prolonged
exposure to reaction mixture constituents. Moreover, the impact of other factors such as
substrate depletion, product inhibition (Rodrigues et al. 2013), and recalcitrant nature of the
extracted cellulose (Tian et al. 2017) cannot be ignored, which could have also contributed
toward decline in glucose yield. Since a longer run of the process beyond 48 h might have
resulted in even further reduction in glucose yield per unit time, the nanobiocatalyst was
recovered after 48 h of continuous run. Together, these findings provide compelling evidence
that an improved glucose yield using nanobiocatalyst was an outcome of the enhanced
saccharification of insoluble cellulose into soluble glucose, where the impact of enzyme

inactivation due to reaction conditions was minimized. This appeared to be a feasible strategy
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achieving high-cellulose hydrolysis concurrent with yielding high production of glucose,

particularly using lignocellulosic biomass.
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Figure 4.24 Impact of change in substrate on cellulase saccharification capability of free and

immobilized cellulase when substrate was (¢) CMC, and (d) pretreated SCB.

Glucose determination using HPLC and standard assay Kits also confirmed the absence of
other soluble cellooligomers (i.e., cellobiose/cellotrioses) in hydrolysate. Summarizing this,
we validate our hypothesis where a dense immobilization of cellulase on to MHNTs was
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anticipated to facilitate maximum cellulose—cellulase interactions without mass transfer

limitations concurrent with its high conversion into glucose hydrolysate.

4.11 Production of Fructose Syrup Using Packed Bed Reactor

Immobilized enzyme filled packed bed reactors in batch and continuous operating modes
have been explored for heterogeneous biocatalytic reactions in laboratory, pilot, and industry
scales (Baji¢ et al. 2017). Packed bed reactors as continuous operation bioreactor provide
inherent advantages such as limited enzyme leaching, easily scalable systems and most
importantly eliminate the probable inhibition due to high concentration of substrate or
product. The production of various industrially important biochemicals has been achieved
with high efficiency using packed bed reactors (Sanchez et al. 2000; Xue et al. 2013).

The glucose stream produced using pretreated sugarcane bagasse and cellulase
nanobiocatalyst was utilised for fructose syrup production. A packed bed reactor packed with
commercially available immobilized glucose isomerase was used for the fructose syrup
production. The process parameters involved were first investigated using single factor study
to determine the effective range of variable having most significant impact on the conversion
of glucose to fructose. The variable and their effective range were then optimised using Box

Behnken design of response surface methodology.

4.11.1 Single Factor Studies

The key factors for packed bed reactor based continuous processing include substrate
concentration, substrate flow rate, pH, and temperature of the system. As substrate
concentration is constant in this case, other factors i.e., substrate flow rate, pH, and
temperature were investigated using single factor study. The close inspection of flow rate
provides critical information for efficient conversion of substrate and to reduce overall cost in
industrial process as its affects the reaction time of substrate and biocatalyst. Substrate flow
rate was investigated in the range 0.1-1 mL/min, while pH and temperature of the packed bed
reactor were kept at 8 and 60 °C, respectively. From the observed data it was inferred that
with increase in flow rate, glucose conversion into fructose decreased (Figure 4.25a). The
results are attributed to the effect of residence time or reaction time of substrate and

biocatalyst, at higher flow rate (low residence time) the biocatalyst had very limited time to
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interact with substrate hence the conversion was low. Considering the efficient conversion

the flow rate range of 0.1 to 0.4 mL/min was selected for further optimization.
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Figure 4.25 The impact of individual process parameters (a) flow rate (mL/min), (b) pH, and

(c) Temperature (°C) while transforming glucose into fructose in a packed bed rector using
immobilized glucose isomerase.

The range of pH (7.0-9.0) was examined by keeping flow rate at 0.5 mL/min and temperature
at 60 °C. Maintaining pH below 8 resulted a sharp decline in glucose conversion (%), which
might be attributed to deviation from the optimum pH of immobilized glucose isomerase
(Figure 4.25b). Highest conversion was observed at pH 8.5, which decreased again by
increasing pH to 9. To achieve high conversion, a pH range of 8.0-9.0 was used in response
surface methodology. Similar results were obtained in temperature studies, where an increase
in conversion from 30.76 to 39.96% was witnessed while raising temperature from 50 to 60
°C, respectively (Figure 4.25c). The substrate flow rate and pH were kept at 0.5 mL/min and

8.0. Further increase in temperature resulted in decrease in conversion (%). Considering the
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experiential results temperature range 57.50 to 62.50 C was selected for optimization using

response surface methodology.

4.11.2 Box Behnken Design

The effective ranges of factors obtain from single factor study were used for optimizing the
Box-Behnken design of response surface methodology. The experiments were conducted at
17 sets of factor range combinations, and BBD model was used to perform multiple
regression analysis. The influence of individual factors and their combinations on the

conversion (%) of glucose into fructose was represented in form of an equation:

Y =-2252.61833-118.02500A+176.81250B+51.74800C+26.83333A2%-10.68500B>

-0.43820C*+0.90000AB+1.32000AC-0.092000BC
Where, Y is conversion (%), A is flow rate (mL/min), B is pH of the system, and C is

temperature (°C) of the system.

Table 4.6 ANOVA for response surface quadratic model.

Sum of Mean

Source Square DF Square F Value Prob>F Remarks
Model 128.73 9 14.30 262.29  <0.0001 significant
A 56.76 1 56.76 1040.94 < 0.0001

B 1.67 1 167 30.54 0.0009

C 3.81 1 3.81 69.85 <0.0001

A? 1.53 1 1.53 28.14 0.0011

B? 30.04 1 30.04 550.95 <0.0001

C? 31.58 1 31.58 579.15 <0.0001

AB 0.018 1 0018 0.33 0.5813

AC 0.98 1 0.98 17.97 0.0038

BC 0.053 1 0.053 0.97 0.3575

Residual 0.38 7  0.055

Lack of Fit 0.067 3 0.022 0.28 0.8371 not significant
Pure Error 0.32 4 0.079

Cor Total 129.11

[EEY
(op]

*A: flow rate (mL/min); B: pH; C: temperature (°C)
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Analysis of variance (ANOVA) was used to determine significance of the predicted model
(Table 4.6). Fisher’s F-test revealed Model F-value of 262.29 with p value <0.0001,
indicating the adequacy of model for the selected parameters. Based on the parameter F-value
and p value A, B, C, A?, B2, C?, and AC were found to be significant factors. Furthermore F-
value of 0.28 indicated non-significant lack of fit, which also validated the compatibility of

the generated model for the parameters studied.

The multiple correlation coefficients (R?), which measures the extent of variance from the
model's mean value, indicated a close proximity among independent variables viz. amount of
MHNTSs, conc. of enzyme and solution pH (Table 4.7). R? value obtained from ANOVA was
in accordance with the defined limit for the model to be effective. The predicted R? (0.9879)
and adjusting coefficient of determination (R2-adj=0.9932) for calculated optimal conditions
were in good harmony with the value of multiple correlation coefficients (R>=0.9970).

Table 4.7 Coefficients of determination for response surface quadratic model.

Std. Dev. 0.23 R? 0.9970
Mean 44.20 Adjusted R? 0.9932
C.V. 0.53 Predicted R? 0.9879
PRESS 1.56 Adeq. Precision  41.464

The 2-D contour plots and 3-D surface plots were used to navigate through impacton
response (conversion (%)) induced by variation in the independent factors (Figure 4.26).
Furthermore, numerical optimization of the selected parameter was carried out for high
conversion (%), while keeping all the factors in range. The optimum reaction conditions for
highest conversion (%) generated by the model was 0.11 mL/min flow rate, 8.43 pH and
60.52 °C temperature. The accuracy of model was tested by conducting experiment on the
reaction conditions, and conversion of 48.85% was archived in 1 h reaction time. The close
proximity of experimental value (48.85%) and predicted value (49.39%) confirmed the
competence of the generated model for prediction of conversion (%).The averages of three
replicates were tested and mean values are reported. Transformation of this system to an

industrial scale might pave path for even greater value addition.
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4.12 Development of a-amylase Nanobiocatalyst

When enzymes with bulky substrates, viz. a-amylase, are immobilized onto the bulk support
materials, their limited surface area creates steric hindrances in binding with the active site of
enzymes, leading to a complete loss of catalytic activity (Gupta et al. 2022a). In contrast,
nanomaterials with a high surface area/volume ratio (halloysite nanotubes, here) facilitate a
better conformational motility of enzymes even after immobilization, there by inducing a
flexible enzyme structure with enhanced protein unfolding (Liu and Dong 2020). This
provides a more favorable reaction condition for maximizing substrate—enzyme interactions
at active sites, circumventing steric hindrances and improving catalytic activity. Further, in
comparison to the traditional immobilization methods such as entrapment/encapsulation, the
surface bound enzymes offer insignificant mass transfer limitations, resulting in enhanced
catalytic activity at a comparatively lower payload level (Seenuvasan et al. 2020). The
biocompatible nanomaterial emerges as an excellent support to improve the catalytic
potential of immobilized enzymes and further prevent undesirable changes in the enzyme

structure.

Halloysite nanotubes provide a large specific surface area for high and efficient biomolecule
immobilization and other unique physicochemical properties (Tully et al. 2016).As reported
recently, iron oxide nanoparticles were anchored on the surface of halloysite nanotubes
through an in situ approach, which served as a primary template for surface modification
(Sillu and Agnihotri 2020). Figure 4.27 illustrates polydopamine functionalization of
magnetic halloysite nanotubes (d-MHNTSs) and subsequent immobilization of a-amylase.
Immersing MHNTSs into an alkaline dopamine solution spontaneously generated a thin,
surface-adherent polydopamine coating onto MHNTs due to the oxidative self-
polymerization of dopamine (Ariaeenejad et al. 2021). The resulting d-MHNTSs were used for
immobilization of a-amylase. Polydopamine acted as a non-specific biomimetic cross-linker
to bind enzymes due to quinones, which are reactive toward the nucleophilic groups on
enzymes. The covalent coupling between amino groups of enzyme and quinones of
polydopamine may occur via Michael addition and/or Schiff base formation (Chao et al.
2013; Chao et al. 2014). The as-synthesized d-MHNTs after immobilization of a-amylase,
now termed d-MHNTSs/a-amylase, were evaluated through materialistic characterization and
compared to their pristine counterparts before determining their biocatalytic potential.
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Figure 4.27 Schematic representation of a-amylase immobilization on dopamine

functionalized magnetic halloysite nanotubes.

4.12.1 Material Characterization

The variation in functional moieties of MHNTs after dopamine functionalization and
subsequent immobilization of a-amylase on d-MHNTs were determined through FTIR
spectroscopy (Figure 4.28a). The obtained results indicated that that d-MHNTSs could
preserve the inherent absorption peaks at 3694, 3621, 1033, and 910 cm™ ascribed to
hydroxyl (—OH) groups, Si—O stretching, and the bending vibrations of AlI-OH, respectively,
even after dopamine functionalization and a-amylase immobilization. Both samples (d-
MHNTs and d-MHNTs/a-amylase) showed a characteristic vibrational band in the near-
infrared region (<800 cm™, Fe—0), which established the magnetic nature of MHNTSs (Sillu
and Agnihotri 2020). The absorption peaks at 3444 and 1640 cm™ were ascribed to the
stretching vibrations of amino (—NH2) and carbonyl (—C=0) groups of polydopamine,
respectively (Chao et al. 2013). The overlapped characteristic peaks of a-amylase with d-
MHNTSs at 1536 and 1426 cm™ further confirmed the successful loading of a-amylase and

irreversible bonding between enzyme and polydopamine.

XRD analyses were done to evaluate the structural integrity of d-MHNTSs before and after
immobilizing a-amylase (Figure 4.28b). The presence of characteristic diffraction peaks
(JCPDSCard No. 29-1487) in both samples indicated that the crystallinity of HNTs remained
intact after polydopamine functionalization, since the attachment of IONPs occurred only on

the surface, not in the interlayer. The distinctive peaks of magnetite FesO4 (JCPDS Card No.
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01-075-0449) at 20 =30.34, 35.65, 43.33, 57.29, and 62.93° were attributed to the (220),
(311), (400), (511), and (440) planes of Fe—O crystals, respectively. It was established
through the observed results that the adopted surface functionalization protocol was efficient
in immobilizing a-amylase without adversely affecting the crystallinity of either HNTs or
IONPs (Kadam et al. 2017; Sillu and Agnihotri 2020).
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Figure 4.28 Characterization of d-MHNTS, and d-MHNTs/a-amylase through (a) FTIR
spectroscopy, (b) XRD analyses.
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Immobilizing enzymes onto a magnetic support is one way to improve their recovery from
the reaction mixture, thus promoting its reuse. A vibrating sample magnetometer was
employed to assess the impact of enzyme immobilization on d-MHNTSs (Figure 4.29a). The
magnetization curve revealed that d-MHNTs and d-MHNTs/a-amylase had a marginal
reduction in magnetization saturation values, i.e., 32.5 and 28.7 emu/g respectively, which
occurred solely due to the presence of an additional nonmagnetic content (a-amylase) in the
latter. However, such variation did not significantly affect the separation efficiency of the
immobilized enzyme (inset image). Since both samples demonstrated superparamagnetism
with zero coercivity and remanence, d-MHNTs/a-amylase was established as a promising
magnetic template, which was easily removable from the reaction vessel through a simple

magnet.

To further support our hypothesis of achieving stable functionalization followed by enzyme
immobilization, thermogravimetric analyses (TGA) of samples were carried out (Figure
4.29b). While the TGA curve of d-MHNTSs demonstrated a 16.22 wt% weight loss in the
0—800 °C temperature range, which was evidently higher than weight loss exhibited by
MHNTSs in the similar range. The higher weight loss was ascribed to the presence of
polydopamine on its surface confirming the successful functionalization (Chao et al. 2013).
On a similar note, the TGA curve of d-MHNTSs/a- amylase depicted even a greater weight

loss of 18.59 wt%, which was attributed to the immobilized a-amylase.
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Figure 4.29 Characterization of d-MHNTSs, and d-MHNTSs/a-amylase through (a) Magnetic
hysteresis loops, Inset photographic image shows ease in separating the nanobiocatalyst from

a colloidal suspension, and (b) thermogravimetric analysis (TGA).

Finally, d-MHNTs/a-amylase was also examined through FE-SEM to evaluate the
morphology of its backbone structure after enzyme loading. It was evident that the surface
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topography of HNTs (Figure 4.30a) was significantly changed after incorporating IONPs and
enzyme immobilization with the desired surface modifications. The in-site synthesis of iron
oxide nanoparticles, dopamine coating and a-amylase immobilization resulted in appearance
of patches and comparatively rough surface as can be seen in the micrograph (Figure 4.30b).
The elemental mapping further confirmed a homogeneous distribution of all components of
HNTs and IONPs, which validates the conclusions derived through XRD, VSM, and TGA
analyses (Figure 4.30c).

Figure 4.30 (a) SEM micrograph of halloysite nanotubes, (b) FE-SEM micrograph of d-
MHNTSs/a-amylase, and (c) Elemental mapping of aluminium (Al), silicon (Si), oxygen (O)

and iron (Fe) element.

4.13 a-amylase Immobilization

The factors involved in immobilization reaction has significant impact on the overall enzyme
loading as well as the corresponding catalytic activity, hence the parameters were initially
examined using single factor study. The effective ranges obtained were then used for high
enzyme loading optimization using response surface methodology (RSM).

4.13.1 Single Factor Study

Four major parameters in the immobilization process, i.e., amount of support matrix (d-
MHNTSs), amount of enzyme, pH and temperature of the reaction, were selected and
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evaluated individually to determine the range in terms of their impact on enzyme loading and
corresponding o-amylase activity. As shown in Figure 4.31(a), the loading of a-amylase
gradually increased from 13.43 to 74.15% with an increase in d-MHNTSs amount from 20 to
100 mg. The consistent increase in enzyme loading demonstrated the increase in available
binding sites with increasing amount of support. However, the corresponding enzyme activity
demonstrated increase till 60 mg d-MHNTs attaining the highest value (89.72%) and
decreased after that. The decrease in catalytic activity was attributed to steric hindrance posed
by the immobilized enzymes due to high payload. In case of varying the enzyme amount, the
a-amylase loading steadily decreased (81.05 to 55.29%) while increasing the amount of
enzyme from 5 to 25 mg, keeping all other parameters constant (Figure 4.31b).As the support
amount was kept constant, the limited binding sites available to anchor enzyme molecules
resulted in decrease of enzyme loading. In this case, the corresponding enzyme activity
constantly increased throughout the range, which was attributed to the limited amount of d-
MHNTs which if present in higher amount also cause inhibition of enzyme activity.
Interestingly, with 15 mg enzyme amount 88.85% catalytic activity of immobilized o-
amylase (64.20% enzyme loading) was recorded. Further increase in enzyme amount to 20
mg resulted in retained catalytic activity of 90.80% with 61.46% enzyme loading. The
reaction in presence of 25 mg enzyme amount demonstrated 92.16% catalytic activity while

enzyme loading was 55.29%.

The impact of different solution pH was assessed to determine the best range for efficient a-
amylase immobilization (Figure 4.31c). The change in solution pH (5.5-7.5) had no
significant effect on a-amylase loading or the retained activity, where enzyme loading
remained in range 62.43 to 65.42%. The retained activity was also recorded in a very narrow
range 87.61-89.18%. Furthermore, a noteworthy change in enzyme loading was observed
when temperature of the immobilization reaction was changed from 20 to 50 °C (Figure
4.31d). The loading (%) increased from 54.95 to 65.67% when temperature was raised from
20 to 40 °C, however further increasing the temperature to 50 °C resulted in sudden decrease
of enzyme loading to 57.69%. Similar pattern was observed for the retained catalytic activity
where 64.79, 70.29, 77.81 and 67.89% catalytic activity was recorded at 20, 30, 40 and 50
°C, respectively. The enzyme denaturation at high temperature was key factor behind the
reduced enzyme loading and retained activity. Based on the single-factor studies, the amount
of support matrix (50-70 mg), enzyme load (10-20 mg), and reaction temperature (30-40 °C)

were selected as three independent variables.
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Figure 4.31 (a) Impact of support amount (mg), (b) Impact of a-amylase amount (mg), (c)
Impact of reaction pH, and (d) Impact of reaction temperature (°C) on a-amylase loading (%)
and retained activity (%).

4.13.2 Box Behnken Design (BBD)

Box-Behnken design (BBD) of response surface methodology was adopted for optimizing the

immobilization process using selected parameters and their effective range.

In Table 4.8, the model competency was evaluated using analysis of variance (ANOVA). The
obtained F-value of 40.62 (p-value <0.0001) and a lack of fit F-value of 3.52, both at 95%
confidence level suggested the generated model to be significant. The harmony of generated
model with the experimental data can be interpreted by a low p-value and insignificant lack
of fit F-value. It also endorses that any variation in the observations occurred solely due to a

real cause, i.e., change in the independent variables, not by any kind of error or noise.

138 |Results and Discussion



Table 4.8 ANOVA for response surface quadratic model.

Source §:uma(r)(: DF gfqza:re F Value Prob>F Remarks
Model 329.93 9 36.66 40.62 <0.0001  significant
A 45.65 1  45.65 50.59 0.0002

B 49.65 1 49.65 55.02 0.0001

C 162.18 1 162.18 179.72 < 0.0001

A? 47.38 1  47.38 52.50 0.0002

B? 1.44 1 1.44 1.59 0.2472

C? 16.37 1 16.37 18.14 0.0037

AB 1.96 1 1.96 2.17 0.1840

AC (7)623255 1 3623255 8.006E-003 0.9312

BC 0.33 1 033 0.37 0.5641

Residual 6.32 7 0.90

Lack of Fit 4.58 3 1.53 3.52 0.1278 not significant
Pure Error 1.74 4 0.43

Cor Total 336.25 16

*A: d-MHNTs amount (mg); B: Temperature (°C); C: a-amylase amount (mg)

The BBD produced a regression equation for estimation of immobilization efficiency in the
form of enzyme loading (%) as the final result as follows:
Loading (%) = -143.21775+4.76702A+2.80235B+1.11440C-0.033545A%-0.023380B°
-0.078880C’+0.014000AB-8.50000E-004AC+0.011500BC
Where A, B, and C are the amount of d-MHNTSs (mg), Temperature (°C), and amount of a-

amylase (mg), respectively.

The obtained R? value of 0.9812 indicated a great correlation between predicted and
experimental values (Table 4.9). The values of adj-R?=0.9571 and pre-R?=0.7739 were also
in reasonable agreement, indicating the suitability of generated model. The signal to noise
ratio was found to be 22.407, which further confirms the good efficiency of created model.
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Table 4.9 Coefficients of determination for response surface quadratic model.

Std. Dev. 0.95 R? 0.9812
Mean 63.54 Adjusted R? 0.9571
C.V. 1.49 Predicted R? 0.7739
PRESS 76.01 Adeqg. Precision  22.407

The generated response for the independent variables was plotted as contour plots and 3-D
surface graphical representations (Figure 4.32). The optimized conditions generated by BBD
model were: 62.48 mg d-MHNTSs, 40°C temperature, and 17.91 mg o-amylase, which
theoretically expected to yield 65.32% enzyme loading. The predicted model was validated
by conducting experiments at model conditions where, loading of 64.7+0.5% could be
achieved, which matches well with the theoretical value. Averages of three replicates were

tested, and mean values were reported.
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4.14 Evaluation of Biocatalytic Characteristics

The extent of immobilization was investigated on the optimised conditions obtained using
response surface methodology to evaluate its effect on enzyme loading and corresponding
retained biocatalytic activity (Figure 4.33a). The results indicate that the enzyme loading
increased and reached a plateau after 8 h of incubation. This duration facilitated the required
microenvironment over polydopamine-modified MHNTSs to immobilize a-amylase, resulting
in a very high enzyme loading: i.e., 185.5 mg/g of d-MHNTSs. The retained activity of a-
amylase in an immobilized state demonstrated a similar trend. The surface anchoring of
enzymes onto nonporous halloysite nanotubes reduced the harmful effects of substrate
diffusion resistance (An et al. 2020). However, the retained activity of immobilized o-
amylase was drastically reduced by extending the duration beyond 8 h, which was attributed
to the dense packing of enzymes (Klapiszewski et al. 2018). Hence, an optimal reaction time
of 8 h was considered for further studies, which possesses the virtue of high enzyme loading
(64.7 £ 0.5%) with high retained activity (89.3 +1.8%). Further, the leaching of immobilized
enzymes in the presence of different desorbant solutions provided critical information
regarding the category of immobilization (adsorption, affinity, or covalent attachment). We
observed marginal leaching of enzymes in the presence of ionic (2.62%) and detergent
(3.87%) solvents. The results indicated hardly any ionic or hydrophobic interactions between
the enzyme and support (Rodrigues de Melo et al. 2017; Coutinho et al. 2018). Rather,

covalent bonding existed between a- amylase and the dopamine-functionalized MHNTS.

4.14.1 Impact of Process Parameters

The effect of reaction pH on the biocatalytic activity of a-amylase in a free versus
immobilized state was assessed. The initial activities of both free (300 IU, pH 6) and
immobilized (268.3 TU, pH 6.5) a-amylase at the corresponding optimal pH values was
considered to be 100% while their relative activities were calculated under various conditions
of process parameters. The pH of the reaction medium had a more profound effect on the
catalytic activity of a-amylase in the free form than in the immobilized form (Figure 4.33b).
At extreme pH values, free a-amylase could retain only 20% (pH 4.5) and 30% (at pH 8.0) of
its original activity in comparison to its optimal pH of 6.0. Immobilizing o- amylase,
however, significantly broadened its operational pH range from 5 to 7.5, retaining >60%

catalytic activity in comparison to its optimum activity (pH 6.5).
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Figure 4.33 (a) a-amylase loading and corresponding retained activity, the impact of (b)
solution pH, (c) working temperature, (d) storage duration on catalytic activity of free a-

amylase and nanobiocatalyst (d-MHNTs/a-amylase).

For evaluating the effect of reaction temperature, the activities of free a-amylase (300 1U, 40
°C) and immobilized a-amylase (272.3 1U, 50 °C) at their respective optimal temperatures
were considered as 100% (Figure 4.33c). Similar catalytic activity of both forms of a-
amylase at a lower temperature range (30—45 °C) was observed. Beyond 45 °C, free a-
amylase gradually lost its catalytic activity due to thermal degradation of its enzymatic
structure and could retain only 42.5% of its original activity at 60 °C in compared to its
optimum temperature (40 °C). In contrast, d-MHNTSs/a-amylase exhibited a superior catalytic
potential where 92.3% catalytic activity of a-amylase was retained in comparison to the
corresponding optimal activity (50 °C). The reduced temperature sensitivity was attributed to
an increase in the rigidity of the peptide structure of the enzyme after immobilization, which
contributed to improved thermal resistance(Antony et al. 2016). Overall, the immobilization
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matrix preserved the structure of a-amylase against any conformational changes prompted by
varying reaction conditions and demonstrated a greater utility of dopamine-functionalized

MHNTSs for enzyme immobilization.

The storage stability of free a-amylase and the nanobiocatalyst was inspected at 4 °C for 30
days (Figure 4.33d). The activity on day 1, of both free (300 1U) and immobilized (269.7 1U)
enzymes was considered to be 100%. Free a- amylase, due to the long-term exposure (30
days), could retain only 18.5 + 1.7% of its initial catalytic activity, due to either the instability
of the subunits or inactivation at low temperatures, whereas d-MHNTs/a-amylase could
preserve over 64% of its biocatalytic activity and mitigated the possibilities of activity
reduction under the relevant conditions. The improved storage stability was credited to the
stiffness brought upon by multipoint attachment between a-amylase and d-MHNT,
preserving the inherent structure of a-amylase. In addition, curved surface geometries of
support matrices have also been reported to suppress lateral interactions between adjacent
enzymes, thus improving the enzyme activity by suppressing the steric hindrance(Chao et al.
2013).

4.14.2 Reusability Potential of the Nanobiocatalyst

The reusability potential of the nanobiocatalyst was evaluated by measuring its catalytic
activity during starch hydrolysis for 10 consecutive cycles under the optimized process
conditions (Figure 4.34a). The results indicated that the nanobiocatalyst could retain more
than 56% of its initial activity even after 10 cycles. As reported before, a drop in the catalytic
activity of the immobilized enzyme was inevitable and majorly occurred either due to
leaching of weakly anchored enzyme molecules or the conformational changes at the active
sites of enzymes when binding to the support materials. Enzyme leaching was ruled out, since
the amount of immobilized enzyme recovered after every cycle was always higher than 99%.
Since enzyme reutilization is critical for many bioprocesses, the utility of immobilized -
amylase was evaluated in terms of its capacity to produce reducing sugars per cycle (Figure
4.34b). The production of reducing sugars gradually declined with every reuse, going from
15.9 to 9.03 mg/g starch after the 1% and 10™ cycles, respectively. However, it was
noteworthy that the total production of reducing sugar for the entire 10 cycles of
nanobiocatalyst was much higher (121.25 mg/g starch) than that in the continuous reaction of
free a-amylase (48.84 mg/qg starch) over a similar duration.
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Figure 4.34 (a) The impact on catalytic activity of nanobiocatalyst after every reuse cycle,

and (b) Corresponding yield of reducing sugar (mg/g starch) in each cycle.

4.15 Thermodynamics and Kinetic Parameters

Thermodynamic and kinetic parameters provide vital information regarding the thermal
behavior of enzymes, rates of reaction, and the reaction mechanism, which are critical for
designing a biocatalytic process. Various thermal characteristics of a- amylase in free and
immobilized states were monitored over the desired working temperature range (40—60 °C)
(Figure 4.35a). We found the thermal deactivation rate constant (kq) of nanobiocatalyst to be
~4.2—4.7-folds lower than that of free a-amylase at 50 and 60 °C. This confirms the much-
improved stability and slower denaturation of a-amylase when it is immobilized onto
magnetic halloysite nanotubes (Table 4.10). The half-life of a-amylase in its two states
gradually decreased on an increase in the temperature, d-MHNTSs/a-amylase demonstrated
2.5, 4.3, and 4.7-fold higher half-lives in comparison to that of free a-amylase at temperatures
of 40, 50, and 60 °C, respectively. The superior half-life and operational stability of enzyme
at elevated temperatures indicate that immobilized a-amylase was “more shielded” toward
any unforeseen reasons for inactivation (Rodrigues et al. 2021). This was well supported by
the decimal reduction time (D value), which indicated that immobilized a-amylase would
take more time to denature than free enzyme. Further, a higher thermal inactivation energy or
energy of denaturation (Eq) for the nanobiocatalyst (165.59 kJ/mol) in comparison to that for
the free enzyme (156.14 kJ/mol) revealed that more energy would be required to denature the

immobilized enzyme.
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Similarly, immobilized a-amylase exhibited higher values of enthalpy change, AH (162.99
kJ/mol), and Gibbs free energy change, AG (80.85 kJ/mol), in comparison to its free form
(Figure 4.35b). The higher total energy required for enzyme denaturation indicates the
superior thermal stability of immobilized enzymes in comparison to free enzymes. Moreover,
a higher value of the entropy change (AS) in the nanobiocatalyst in comparison to that of its
free form is a sign of more disorder at the nanobio interface, which is beneficial for the
operational flexibility of enzymes in industrial bioprocessing. The obtained results validate
multipoint attachments of a-amylase molecules with dopamine-functionalized MHNTSs
toward establishing a stable enzyme—support system that enhances the conformational
flexibility of immobilized enzymes. The conclusion drawn here is well corroborated by a few
recent reports (Ahmed et al. 2017; Morellon-Sterling et al. 2021; Rodrigues et al. 2021).
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Figure 4.35 (a) Impact of elevated temperatures on both free and immobilized a-amylase, (b)
Arrhenius plot, (c) Michaelis-Menten plot of free and immobilized a-amylase, and (d)

Lineweaver-Burk plot.
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Kinetic parameters for free a-amylase and the nanobiocatalyst were investigated using a
Michaelis—Menten plot and a Lineweaver—Burk plot by varying substrate concentrations
(Figure 4.35 c-d). After immobilization, a slight increase in km value was observed while the
maximum reaction velocities (Vmax) were estimated to be 67.11 and 64.93 uM/min for d-
MHNTSs/a-amylase and free a-amylase, respectively. Diffusional limitations is the rationale
behind such a minor variation in kinetic parameters, as immobilization inevitably restricts
enzyme movement in comparison to its colloidal state, we still could manage to improve
other aspects of enzymes that have been limiting their commercial use by promoting reuse,

and operational stability, without altering the kinetics.

Table 4.10 A comparative summary of thermodynamic parameters before and after

immobilization of a-amylase.

Parameters Temperature Free Enzyme Nanobiocatalyst
(°C) (a-amylase) (d-MHNTS/ a-amylase)

40 0.019 0.007
ka (hh) 50 0.049 0.011
60 0.089 0.019
40 34.77 89.10
Half-life, ti2 (h) 50 13.86 59.69
60 7.74 36.39
40 115.54 296.07
D-value 50 46.05 198.34
60 25.74 120.92
Eq (kJ/mol) 156.14 165.59
40 153.54 162.99
AH (kJ/mol) 50 153.45 162.91
60 153.37 162.82
40 78.41 80.85
AG (kJ/mol) 50 78.36 82.29
60 79.09 83.38
40 239.91 262.30
AS (J/mol-K) 50 232.39 249.49
60 222.98 238.48
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4.16 Effect of the presence of Cellulose and Metal lons on Catalytic Activity

The presence of soluble and insoluble dietary fibers, specifically cellulose in the starch,
extracted from potato peel waste could unexpectedly influence the a-amylase activity (Table
4.11). Hence, the retained catalytic activity of both free and immobilized enzymes was
evaluated in the presence of different cellulose concentrations. As expected, a significant
deterioration in the activity of a-amylase in both forms was observed for all cellulose
concentrations (Figure 4.36a). Free a-amylase appeared to be extremely sensitive even on
introduction of 0.25% (w/v) cellulose, where only 87% activity could be retained with respect
to the control. Further, the incremental addition of cellulose (0.5-1% w/v) caused a greater
decrease in its catalytic activity from 75.8% to 47.6%, respectively. In contrast, d-MHNTs/a-
amylase exhibited better biocatalytic power at the similar cellulose concentrations
investigated, and it could retain a remarkable 83% activity even at 1% (w/v) concentration.
Although the mechanism of inhibitory effects of cellulose on the amylolytic process is still
unclear, a decrease in the catalytic activity occurred because of the “adherent” nature of a-
amylase toward non-starch polysaccharides, i.e., cellulose, making them inaccessible to
starch due to steric hindrances (Patel et al. 2017). The result corroborates a similar fact where
cellulose adversely affected amylolysis by impairing the catalytic efficiency of free a-
amylase. However, the superior activity of d-MHNTSs/a-amylase is governed by a more
favorable interaction between cellulose—polydopamine (present in the support matrix) and

cellulose—amylase so that most of the active sites could remain available for starch molecules

(Han et al. 2016).

The presence of metal traces in extracted polysaccharides is a common hurdle for their
subsequent hydrolysis, as metal ions might also interfere with the active sites of enzymes. We
observed that both Ca?* and Mg?* boosted the relative activities of free a-amylase to 125.4%
and 106.6%, respectively (Figure 4.36b), since these metal ions act as allosteric activators
and help in the stabilization of the three-dimensional structure of a-amylase (Okwuenu et al.
2017). However, Fe?* and Cu?* ions inhibited the enzyme activity to the greatest extent with
catalytic losses of 37% and 43%, respectively, in comparison to the control. This indicates
the importance of cysteine residues for the activity of a-amylase, since the sulfhydryl groups
of cysteine occasionally act as a ligand of metal ions (Figure 4.36c). It is also likely that
calcium ions between the substrate-binding domains of a-amylase would be replaced by

divalent metal ions, leading to structure destabilization. In contrast, immobilized enzymes

148 |Results and Discussion



exhibited a more profound and beneficial effect on their activity in comparison to free
enzymes in the presence of metal ions. The most significant effect appeared in Ca®*, where
immobilized enzymes could attain 51% more activity in comparison to the control. The
superior activity is attributed to the “shielding” and robustness of the enzyme-immobilization
matrix, which attenuated the likely replacements of Ca?* ions at the active sites and protected
the intrinsic structure of a-amylase (Pascoal et al. 2011). The presence of a biomimetic

coating on MHNTSs proves to be advantageous in both aspects, and the results validate its

superiority for immobilizing a-amylase.
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Figure 4.36 (a) Impact of cellulose concentration, (b) Impact of metal ions on catalytic
activity of free and immobilized o-amylase, and (c) Proposed mechanism for enzyme
structure stabilization or destabilization.

149 |[Results and Discussion



4.17 Starch Extraction and Characterization

The efficiency of starch extraction method was evaluated in terms of the extraction yield and
starch recovery (%) (Figure 4.37a).The yield of extracted starch enhanced with increasing
stirring time, which is due to the dissolution of water-soluble components. After 24 h of
stirring, the starch yield was found to be 413 mg/g PPW, while starch recovery was estimated
to be above 73%. The high yield and recovery of starch obtained with this method established
the potency of this method for starch extraction. The extracted starch was then characterized
using FTIR, which demonstrated the absorbance bands at 1010, 1160, and 1710 cm™ referring
to vibrational stretching of C-O-H, C-O/C-C, and C=0O, respectively present in starch
structure (Figure 4.37b) (Van Soest et al. 1995). The peaks at 1640 and 3310 cm™were
attributed to the adsorbed water and -OH group, respectively (Fang et al. 2002; Kizil et al.
2002; Cisek et al. 2018).
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Figure 4.37 (a) Extraction yield and starch recovery from potato peel waste (b) FTIR spectra,
(c) XRD spectra, and (d) SEM micrograph of extracted starch.
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The X-ray diffractogram of extracted starch demonstrated a typical ‘B’ type X-ray pattern
with characteristics diffraction peaks at 26=16.9°, 19.6°, 22.2° and 24.0° (Figure 4.37¢) (Yu
et al. 2013; CASTANRO et al. 2014; Pozo et al. 2018). Overall, the existence of characteristic
peaks in FTIR and XRD confirmed the existence of starch as a major fraction in the
suspension, while the emergence of other peaks corresponded to other component present in
the material like cellulose, protein and lipids. SEM micrograph further confirms the granular

morphology of starch, having oval and ellipsoid shapes of varying sizes (Figure 4.37d).

Further, potato peel waste and extracted starch were biochemically characterized for their
compositional analyses (Table 4.11). The starch component increased from 56.21 wt% in
PPW to 75.23 wt% in extracted starch, validating the efficiency of extraction process. The
notable difference revealed by the analysis was that after extraction the amount of reducing
sugars and protein are comparatively lower based on dry weight/weight. The soluble nature
of protein and reducing sugars might be attributed for these observations. Furthermore, a
decrease in relative fiber component after extraction was also recorded. Overall from the
physical and biochemical analyses observations the enrichment of starch component in
extracted starch was established. The extracted starch was further employed for continuous

hydrolysis using the fabricated a-amylase nanobiocatalyst (d-MHNTs/a-amylase).

Table 4.11 A comparative compositional analysis of the pineapple peel waste (PPW) and the

extracted starch

Parameters PPW (dry wt. %) Extracted Starch (dry wt. %)
Moisture 5.89 + 0.48% 5.28 + 0.62°
Total carbohydrates 65.22 + 2.97° 83.22 +3.42
Starch 56.21 + 2.77° 75.23 £2.11°
Reducing sugars 0.42+0.172 0.08 +0.02°
Ash 6.42 +0.61° 5.23 +1.08°
Protein 14.64 + 1.72% 6.01 +1.31°
Fiber 24.31 + 2.45° 18.72 + 1.66"

"Data is presented as mean + standard deviation of three replicates. Means with different superscript
letters are different by Tukey’s post
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4.18 Nanobiocatalytic Conversion of Extracted Starch into Biochemical Products

The fabricated nanobiocatalyst i.e., d-MHNTs/a-amylase was evaluated for a real-time
application, i.e., for the continuous production of high maltose-containing syrupthat
fermentation industries could use (Figure 4.38a). The nanobiocatalyst was able to produce
276.8 mg reducing sugar/g extracted starch in 72 h of continuous operation without
significantly compromising its biocatalytic activity. The continuous increase in the reducing
sugar (dextrin, maltose, or maltotriose) signified the superior stability over a long run and
immense potential for employment in industrial sector. Further, it is a well-documented fact
that the organic waste generated in kitchens, food processing plants, and restaurants is
enriched with complex nutrients and the hydrolysis of such waste is critical in transforming
agro/food waste into a growth medium for microorganisms. Hence, the dual functionality of
the nanobiocatalyst to hydrolyze the biopolymeric content in potato peel waste to generate
fermentable sugars and liberate soluble proteins/other micronutrients was also investigated to

formulate a medium directly from PPW.

4.18.1 Analysis of Hydrolysate Broth Medium

Liquid broth suspensions prepared, i.e., PPW and PPWngsc media, were evaluated for
compositional analyses (Table 4.12). As expected, the amount of reducing/non-reducing
sugars obtained after nanobiocatalytic treatment was 3-fold higher (1.328 g/100 mL) in
comparison to the PPW medium. The protein content was also enhanced from 21 to 123
mg/100 mL in the hydrolysate, indicating that the biocatalytic treatment using immobilized o-
amylase induced “starch depolymerization”, which diminished the recalcitrant nature of

potato peel waste, resulting in a greater release of soluble proteins.

Table 4.12 A comparative compositional analysis of PPW and nanobiocatalyst treated PPW

media formulations.

Parameters PPW (g/100 mL)  PPWnac (/100 mL)
Total carbohydrates 0.487+0.01° 1.328+0.02?
Reducing sugars 0.008+0.00° 1.123+0.012
Protein 0.021+0.00° 0.123+0.00?

"Data is presented as mean + standard deviation of three replicates. Means with different superscript
letters are different by Tukey’s post-hoc test (p<0.05).
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This hydrolysate suspension was envisaged as a consortium of energy sources along with the
presence of other nutrients that can mimic the nutritive complex medium required for

microbial/fermentation growth.

4.18.2 Bacterial Growth

To confirm the accessibility of leached nutrients in hydrolysate to microorganisms, the
growth characteristics of E. coli in PPW and PPWngc-based media suspensions were
compared to nutrient medium (NM, positive control) broth. The growth curves of the
untreated PPW suspension manifested a prolonged lag phase in comparison to PPWngc and
NM (Figure 4.38b), whereas E. coli grown on PPWngc and NM media showed similar growth
pattern up to the lag phase, which indicated that microbes find little differences while they

perform their structural reorganization during adaptation.
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Figure 4.38 (a) Continuous starch hydrolysis of extracted starch, (b) Bacterial growth curve,
and (c) Photographic image of bacterial colony on different media formulations.

A noticeable difference was observed in the lag phase, where the specific growth rate (u) was
reduced in the case of untreated PPW (0.13 + 0.018 h™*) and PPWngc (0.24 + 0.009 h™?) in
comparison to the NM broth (0.32 + 0.016 h™1). The overall growth followed the order NM >

153 |Results and Discussion



PPWngc> PPW. The nutrient broth, being a defined medium, was best suited for microbial
growth in comparison to other complex media sources. However, the inherent richness of
PPWhngc (carbon source-reducing sugars, nitrogen source-proteins, and micronutrients) made
it equally capable of supporting bacterial growth in comparison to the untreated PPW. Thus,
PPWngc can be a feasible alternative to the existing complex media formulations without
supplementing any external nutrients. In a solid culture, the growth of E. coli exhibited a
similar pattern, where both NM and PPWngc were utilized well with no variation in the
colony morphology. At the same time, PPW medium appeared to be least suited to the

microorganisms (Figure 4.38c).

4.18.3 Single Cell Protein Production

The formulated medium was also evaluated for the production of A. niger biomass (Figure
4.39a). In comparison to potato dextrose broth (PDB, 100%), PPW and PPWngc media
showed 37% and 80% biomass productions, respectively (Figure 4.39b).
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Figure 4.39 (a) Fungal biomass growth on different media, (b) Dry fungal biomass (g/L) on

different media, and (f) Compositional analysis of produced biomass as single-cell protein.
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A higher amount of nutrient availability in the treated hydrolysate (PPWngc) was attributed
for the better growth. The quantitative estimation of the single-cell protein (SCP/dried
biomass PPWngc medium) revealed carbohydrates to be the primary components (45.7% w/
w), followed by proteins (34.0% w/w) and nucleic acids (6.6% w/w) (Figure 4.39c). The
biomass with higher nucleic acid content could be used after treatment for nucleic acid
reduction as a protein additive in animal feeding (Ravindra 2000). The overall
characterization of the produced biomass confirms the acceptable performance of the
formulated medium for SCP production.

4.18.4 Biocementation Application

Finally, we tested the potential industrial relevance of the nanobiocatalyst to enhance the
strength and durability of construction materials through biocementation (Microbially
induced calcium precipitation). The waste hydrolysate (PPWngc) favored an excellent
calcium carbonate precipitation capability of calcifying bacteria, B. subtilis CT-5, thus acting
as a promising medium alternative. The results indicated that, while the maximum growth
was observed in nutrient broth, PPWhngc also supported microbial growth (Figure 4.40a). On
a similar note, calcium carbonate precipitation was highest in NB medium (189.4 + 2.0
mg/100 mL) in comparison to blend formulations (Figure 4.40b).
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Figure 4.40 (a) Growth of calcifying bacteria Bacillus sp. CT5 on different media
formulations, and (b) Effect of different media compositions on calcium carbonate

precipitation.
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The CaCOs precipitations recorded in other media formulations such as PPWngc:NB(25:75),
PPWhngc:NB (50:50), and PPWngsc:NB (75:25) were 169.3 + 5.5, 137.7 + 4.2, and 101.3 £ 3.5
mg, respectively. PPWngc alone had the lowest calcium carbonate precipitation, 88.2 + 2.9
mg. The accessibility to preferred nitrogen sources has been linked to superior bacterial
enzymatic activity (Hammami et al. 2018). The limited availability of nitrogen sources in
PPWngec might have affected the ureolytic activity and lowered the amount of CaCOs
precipitation. However, the addition of a nitrogen source might further improve the growth
and CaCOgsprecipitation abilities of PPWngc. This indicates that the nanobiocatalyst-derived
hydrolysate suspension can be used as a substitute for existing media formulations, which
may decrease the operational cost of biocementation on a commercial scale (Achal et al.
2011).
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Chapter 5

Conclusions




Abundant agri-food waste, as low-cost raw material has the potential to substitute the
conventionally used edible feedstock for the producing biochemical products. The effective
utilization of agri-food waste could provide a viable route to meet current and future demands
of biochemical products while minimizing the negative impact of direct waste disposal. The
value generation might pave the path for a feasible circular bio-economy where components
having no practical applications or economic value are only disposed off. This study is an
attempt to formulate a feasible strategy to biotransform non-edible feedstock into value-
added products using nanomaterial-enzyme system, termed nanobiocatalyst. The effective
valorization of sugarcane bagasse, an agricultural waste from sugar industry and potato peel
waste produced by food processing industry was investigated in the research work. The

following conclusions are drawn based on the research work carried out:
5.1 Pretreatments of Lignocellulosic Biomass

e Sulfonic acid functionalized magnetic halloysite nanotubes were investigated for pre-
treatment of sugarcane bagasse. Solid acid catalyst treatment and subsequent dilute
alkaline treatment were employed as a two-step pretreatment approach under autoclave

conditions.

e Mercaptosilane grafting followed by condensation and oxidation resulted in high
loading of acidic group (-SOzH). The magnetic characteristic provided easy recovery of
the solid acid catalyst (MHNTs- SOsH) from reaction mixture with high retained
activity.

e The selectivity of solid acid catalyst for hemicellulose component hydrolysis was
evident from physicochemical analyses of pretreated biomass and wash liquids. On the
other hand, dilute alkaline pretreatment was held responsible for SCB delignification.
optimizing the pretreatment process revealed that only a higher amount of solid acid

catalyst is effective in stimulating a superior hemicellulose and lignin removal.

e The pretreatment capacity of fabricated solid acid catalyst was evident from high
xylose production, minimal inhibitory compound formation and highly accessible
cellulose content, which can be easily extended to other lignocellulosic biomass

samples.
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e Enhanced glucose (2.63 folds) and bioethanol (2.64 folds) production was achived in

pre-treated biomass than raw sugarcane bagasse.

e The industrial scale transformation of this approach is feasible considering the low cost
involved while synthesizing solid acid catalyst and its subsequent pretreatment
procedure. The immobilization of cellulase could provide even higher feasibility for

effective transformation of sugarcane bagasse into value-added products.

5.2 Cellulase-based Nanobiocatalyst

e An attempt was made to develop a novel tool for biocatalytically converting cellulose
into glucose with high yield and saccharification via magnetically separable halloysite
nanotubes (MHNTS) as an immobilization matrix.

e The nanobiocatalyst was fabricated by immobilizing cellulase on to magnetic halloysite
nanotubes (HNTSs) through amine surface functionalization. Statistical optimization of
the immobilization process enabled lower enzyme dosage for achieving higher catalytic
yield, thereby avoiding the loss of an extra load of enzyme and making the process
cost-effective.

e Structural characterization confirmed the successful loading of cellulase onto MHNTS
without losing their biocatalytic activity. A high payload of cellulase did not
compromise their inherent biocatalytic characteristics and remained unaffected by any
exterior mass transfer limitations.

e Immobilized cellulase displayed enhanced activity under harsh process conditions (pH),
superior stability at elevated temperatures, ionic liquid-tolerant characteristics and
storage capability than free cellulase. The magnetic nature of NBC enabled separating it
from the reaction mixture after completion of the reaction. The NBC retained ~67.8%
of its original activity after 7 reuse, produced nearly 5.8 fold higher glucose
productivity as compared to its free form and was 100% recoverable using a magnet.

e Regardless of the substrate, NBC was found equally efficacious in hydrolyzing the
insoluble, agro-residue biomass into soluble glucose residues, which can be used in
fermentation and bioprocessing further.

e The optimization of continuous biocatalytic transformation of glucose stream into
fructose using packed immobilized glucose isomerase reactor revealed a high glucose
conversion into fructose, revealing the significance of this approach for direct

production of an industrially relevant product.
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e The sustainability and eco-friendly endeavors of this approach would pave the way
toward valorization and consolidated bioprocessing of cellulose materials.

5.3 a-amylase based Nanobiocatalyst

e The nanobiocatalyst developed in this work consists of magnetic halloysite nanotubes
(MHNTSs), which acted as an immobilization matrix for a-amylase via biomimetic
functionalization. The nanobiocatalyst exhibited good biocompatibility with abundant
anchoring sites to govern a high loading of a-amylase and preserved its residual
biocatalytic activity.

e The immobilization imparted greater stability to enzyme to sustain harsh process
conditions, greater thermal stability, improved reaction kinetics, improved tolerance to
contaminants e.g., cellulose/metal ions and insured excellent reusability over 10 cycles.
The obtained results established the “conformational resistance” and “shielding” effect
of the enzyme—halloysite nanotube system after immobilization.

e The immobilized a-amylase demonstrated an excellent catalytic efficiency for the
continuous production of reducing sugars in 72 hours from the extracted starch.

e As a green and sustainable strategy, utilizing all soluble/ partially soluble components
of potato peel waste in bioprocess applications was also attempted. The
nanobiocatalyst-treated potato peel waste was used as a fermentation media for
microbial growth of E. coli. The hydrolysate also enabled batch production of single-
cell protein, A. niger as a dietary supplement.

e A blend formulation (50%:50% v/v) consisting of a hydrolysate and a commercial
growth medium resulted in ~73% microbial-induced calcium carbonate precipitation,
reducing the overall cost.

e The successful implantation of this strategy at a larger scale in future will open new
dimensions in transforming other food waste materials into biochemical products of
commercial relevance.

Overall, the low cost of backbone structure (halloysite nanotubes) and simple
functionalization procedures reported here provide an opportunity for a viable translation of
our technology to a commercial scale to valorize zero-value food waste. Indeed, the results
reported herein deliver crucial expansions in means of greener pretreatment strategies,
effective and efficient nanobiocatalysts development for continuous valorization of agri-food
waste. Yet the unpredictable and unforeseen future urges even superior efforts and advanced

strategies from us.

159 | Conclusions



Future Scope of the Work

A few critical suggestions for future researchers working in the area are outlined below based

on the knowledge gained during this research work:

R/
A X4

X/
°e

K/

Beyond imposing stringent guidelines and policy frameworks on food business operators
for reducing agri-food waste, nation seeks more scientific efforts to innovate as to how
such a wonderful source of nutrients can be repurposed for human consumption or at
least could be transformed into industrial products with higher economic value.

An efficient categorization mechanism is required to sort agri-food waste either based on
their inherently critical component (cellulose, starch, bioactive compounds etc.),
facilitating their easy processing.

The solid acid catalysts has proved to be efficient for removing hemicellulose form the
lignocellulosic biomass. Yet, there is much scope to develop a reproducible approach to
remove lignin as well and produce minimum inhibitory byproducts. The use of solid base
catalysts instead of liquid alkaline catalyst could be a potent strategy for effective
delignification of lignocellulosic biomass.

The investigation of other naturally occurring nanoscale materials with high surface and
mechanical properties could pave path for greener nanobiocatalysts.

A strong recommendation is given to adopting surface-functionalization protocols
employing more eco-friendly/natural crosslinkers than chemical compounds. This would
certainly enhance biocompatibility and facilitate a more appropriate microenvironment
for maximizing enzyme-substrate interaction.

This work summarizes the pretreatment, hydrolysis, and fermentation steps for agri-food
valorizations as three major processes done individually. Designing an integrated,
continuous reactor would minimize the overall time/cost involved and greatly boost its

acceptance in the industry.
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Appendix-A
Details of instruments used

Autoclave: Equitron, India.

Centrifuge: Himac 22G, Hitachi, Japan; Sorvall Legend XFR, Thermo Scientific, USA.
ELISA plate reader: Multiskan Spectrum, Thermo Scientific, USA.

Field emission-scanning electron microscopy: Hitachi SU8010, Japan; Carl-Zeiss
Sigma 500 FEG-SEM, Germany.

Fourier Transform Infrared Spectroscopy: Cary 630 FTIR, Agilent Technologies,
USA,; IRTracer-100, Shimadzu Corp., Japan.

Furnace: Lenton furnace, UK.

High Performance Liquid Chromatography: Waters 515, Waters, USA; UFLC HPLC
System, Shimazdu Corp., Japan.

High resolution transmission electron microscopy: Jeol JEM-2100, Japan.
Incubator: Calton BOD incubator, NSW India.

Laminar flow cabinet: Thermadyne Biosafety Cabinet Class-I, India.

Oven: NSW India;

pH meter: Adwa AD1030, Hungary.

Rotary evaporator: RVE(1DX), Macro Scientific Works Pvt. Ltd., Delhi, India.
Scanning electron microscopy: JSM-6510LV, JEOL, Japan.

Shaking incubator: Excella E25 Incubator shaker,, New Brunswick Scientific, USA.
ThermoGravimetric Analyzer: EXSTAR TG/DTA 6300, Seiko Instruments Inc.,
Japan.

Ultrasonic bath: PCI analytics-9L, India.

UV-Viz spectrophotometer: UV-2600, Shimadzu Corp., Japan.

Vibrating Sample Magnetometer: 7407 Lake Shore Cryotronics Inc., USA.

Vortex: Tarson Spinix 3002, India.

Water bath: Precision Reciprocal Shaking Bath, Thermo Scientific, USA; NSW India.
Weighing balance: ME 104 Mettler Toledo, USA.

X-ray diffractometer: PANalytical X-pert Pro, The Netherlands.

X-ray photoelectron spectroscopy: ESCALAB, Thermo Fischer Scientific, USA.
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Appendix-B
List of chemicals

All chemicals and reagents used for the experiments were of the highest analytical grade and
purchased from Loba-Chemie Pvt. Ltd, India unless otherwise specified. Sterilization of the
media components were done in an autoclave at 121°C (15 psi) for 15 min unless otherwise
specified.

Hi Media Laboratories Pvt. Ltd. (Mumbai, India): Bovine serum albumin, glutaraldehyde,

nutrient agar, nutrient broth, potato dextrose broth, starch, and tris Buffer.
Merck, USA: Acetic acid, ethanol, hydrochloric acid, nitric acid, and sodium hydroxide.
MP Biomedicals, USA: a-amylase.

Sigam Aldrich (USA): (3-aminopropyl)triethoxysilane, 1-butyl-3-methylimidazolium
chloride ([bmim][Cl] >98.0% purity), 3-mercaptopropyl(trimethoxy)silane, cellulase,
dopamine hydrochloride, ferric chloride hexahydrate, ferrous chloride tetrahydrate, fructose
assay Kit, glucose assay kit (GAGO20), glucose isomerase, halloysite nanotubes, sodium

carboxymethyl cellulose.

Sisco Research Laboratories Pvt. Ltd. (Mumbai, India): Folin & Ciocalteus Phenol (FCP)
Reagent.
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Appendix-C
Details of reagents prepared

1. Citrate buffer
Designated amount of Sodium citrate dihydrate and citric acid were mixed in 80 mL

distilled water, and final volume was made 100 mL with addition of distilled water.

Sodium citrate dihydrate Citric acid pH
For 50 mM
675.6 mg 519.2 mg 4.5
854.9 mg 402.1 mg 5
1.034 g 285 mg 55
For 100 mM
275.8 mg 1.741 ¢ 3
992.8 mg 1.273 g 4
1.351¢g 1.038 g 4.5
1.566 g 897.9 mg 4.8
1719 804.2 mg 5)
2.068 g 570 mg 5.5

2. Phosphate buffer
Designated amount of potassium phosphate dibasic and potassium phosphate monobasic
were mixed in 80 mL distilled water, and final volume was made 100 mL with addition of

distilled water.

Potassium phosphate Potassium phosphate pH
dibasic monobasic
For 50 mM
120.2 mg 586.5 mg 6
293.7 mg 451 mg 6.5
467.1 mg 315.4 mg 7
640.6 mg 179.9 mg 7.5
814.0 mg 44.3 mg 8
For 100 mM
240.5 mg 1.173¢g 6
587.4 mg 901.9 mg 6.5
934.3 mg 630.9 mg 7
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3. Dinitrosalicyclic acid (DNSA) reagent
In 50 mL distilled water 2.5 g DNS and 4 g NaOH were slowly dissolve by heating and
stirring at 70 °C. Then, 75 g disodium tartarate was added and stirred until complete
dissolution. Final volume was made up to 250 mL with addition of distilled water.

4. Analytical reagent for Lowry method
Solution A: 2% Na>COs in 0.1 N NaOH
Solution B: 1% NaK Tartrate in distilled water
Solution C: 0.5% CuS04.5 H20 in distilled water
Reagent preparation: 48 mL of solution A, 1 mL of solution B, and 1 mL of solution

5. Bradford reagent
Reagent was prepared by adding 0.01% (w/v) Coomassie Brilliant Blue G-250, 4.7%
(w/v) ethanol, and 8.5% (w/v) phosphoric acid.
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Appendix-D
Standard Curves
1. Standard curve of Bovine Serum Albumin (BSA) using Bradford method
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2. Standard curve of Bovine Serum Albumin (BSA) using Lowry method
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3. Standard curve of ethanol

1.0

Absorbance at 600 nm (a.u.)

.
©
1

o
»
1

m  Absorbance at 600 nm

Linear fit of data

y=0.1783x+0.0085

0.4 4 R2= 0.996
0.2 -
0-0 - T T T T T v T T T
0 1 2 3 4 5
Concentration of ethanol (mg/mL)
4. Standard curve of gallic acid
1.0
®  Absarbance at 765 nm -
Linear fit of data
50.8-
« -
£ 0.6 =
0 2
<o}
~
o 0.4 ™ y=0.0031x-0.0203
2 - R2= 0.998
g .,..
é 0.2 -
Re! v
<C ."/
0.0
0 50 100 150 200 250 300

Concentration of gallic acid (ug/mL)

198 |Appendix




5. Standard curve of reducing sugar (glucose) using DNSA method
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6. HPLC chromatograms
Peak of Furfural (retention time=4.612 min) and HMF (retention time=3.668 min)
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Peaks of different component with retention time (RT) of sugarcane bagasse
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ABSTRACT: A quest for efficient biotransformation of
cellulosic material into sustainable biochemical products for
recent biotechnological interventions is currently under way.
Herein, we report the fabrication of nanobiocatalyst (NBC)
employing halloysite nanotubes (HNTs) as a template for
immobilizing cellulase enzyme, which catalyzed the hydrolysis
of cellulose into glucose. Magnetic character was imported to
HNTSs by in situ anchoring of iron oxide nanoparticles, onto
which cellulase was immobilized using aminosilane surface-
functional chemistry. Characterization studies revealed nano-
biocatalyst to be extremely stable during heterogeneous
catalysis without compromising their catalytic activity. The
optimization of process parameters yielded ~93.5% activity of
cellulase with high enzyme loading (111.6 mg-g~' HNTs) after

Nanobiocatalyst
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immobilization. Immobilized cellulase displayed superior stability at elevated temperatures (>60°C) and storage capability
compared with their free forms. The NBC even retained ~68.2% of its original activity after seven consecutive uses with a
minimum yield of 25.4 mg glucose-g™" cellulose and was 100% recoverable using a magnet. Displaying a high ionic-liquid
tolerance ability is concurrent with superior catalytic potential against CMC and extracted cellulose (bagasse), and achieving
~50.2% saccharification and 0.56 g glucose-g™" cellulose within 48 h of continuous operation establishes the commercial
viability of using cellulase-immobilized HNTs for efficient cellulose hydrolysis. The sustainability and eco-friendly endeavors in
this approach would pave the way toward valorization and consolidated bioprocessing of cellulose materials.

KEYWORDS: cellulose hydrolysis, lignocellulosic biomass, ionic liquid tolerance, surface functionalization, magnetic recovery,

thermal stability, response surface methodology

B INTRODUCTION

The abundance of lignocellulosic biomass and its potential
bioconversion into sustainable products has demanded new
innovations in biotechnological processing strategies for
maximum utilization of cellulose. Almost all industrial sectors
involving cellulose processing such as chemicals, biofuels,
brewery/distilleries, and food industries require the inevitable
step of hydrolysis of cellulose into glucose for its utilization."”
However, the conventional hydrolysis treatments of cellulose
involve the use of corrosive and harsh chemicals, which have
raised serious environmental concerns due to the formation of
toxic byproducts.” These chemical treatments may further
affect the purity and stability of reaction components, making
sequential extraction of the final product difficult. On the
contrary, enzyme catalyzed reactions are well-known for their
high regioselectivity, chemoselectivity, and catalytic efficiency
and for working under mild operational conditions.”
Particularly, cellulase enzyme has been widely employed to

-4 ACS Publications  © 2019 American Chemical Society
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hydrolyze cellulosic biomass into glucose for industrial
bioconversions. In biotechnology relevant industries, cellulase
has recently witnessed a few notable developments in food and
beverages, cosmetics, pharmaceuticals, and chemical deter-
gents.

Despite the aforementioned benefits, the catalytic trans-
formation of cellulosic biomass using cellulase still exists in
naive stages and faces key challenges for strategy implementa-
tion in the bioprocessing sector.” Particularly, the use of free
enzymes (ie., colloidal form) exhibit many limitations, viz.,
high production cost, low recovery of biocatalyst from the
reaction mixture, and extremely low stability of enzymes after
every use, eventually making this approach nonsustainable over
longer runs.”” Although enzyme immobilization has been
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considered as an effective tool to overcome the above
limitations, some major drawbacks coexist under practically
relevant conditions. For instance, the entrapment of enzymes
within a porous material suffers with diffusional limitations and
poor accessibility of substrate from the bulk phase.® The other
two strategies, i.e., cross-linking and covalent immobilization,
often change the intrinsic properties of enzymes (structural
confirmation and substrate selectivity) and eventually lead to
steric hindrance of active sites.” Since the hydrolysis of
cellulose using cellulase involves heterogeneous catalysis, the
selection of an effective immobilization support becomes an
aspect of utmost importance for assessing the commercial
teasibility of immobilized cellulase.

The integration of nanoscience with biotechnology has
received due consideration in recent years where functional
nanomaterials are being extensively studied for water
disinfection, photocatalysis, drug delivery, biosensing, and
biomedical applications.'”™'* The use of functionalized
inorganic nanomaterials as a support matrix for immobilizing
enzymes has also been documented recently.”'> A high aspect
ratio (surface area/volume) of nanostructures provides larger
surface area for high enzyme loading concurrently reducing
diffusional limitations which results in high catalytic efficiency,
better conversion yield, and an improved interaction between
substrate and enzyme.'® Naturally occurring clay materials
such as montmorillonite, bentonite, double-layered hydroxides,
and zeolites have been investigated as a potential substitute of
conventional nanomaterials for biological applications.'”"®
Being abundant, porous, chemically inert, and mechanically
and thermally stable, clay materials can be established as an
immobilizing template.'” That is why halloysite nanotubes
(HNTs, ALSi,O;(OH),-2H,0) are increasingly gaining
importance in biocatalytic applications.”’ Similar to other
silica-based materials, the presence of siloxane (—Si—O—Si—)
and silanol groups (—Si—OH) at the outer surface of HNTSs
make them versatile to be modified, undergoing specific
surface functionalization for intended applications.”" Amino-
silanization is one of those strategies where a uniform self-
assembled layer of functional groups can be created over
HNTs for dense immobilization of enzymes, which remain
unexplored to date.

It is evident from recent literature that most of the studies
claiming the use of cellulase immobilized nanomaterials were
inclined toward fermentative biofuels production (ethanol and
butanol),””*™** and the biochemical conversion of cellulosic
biomass into reducing sugars and other valuable bioproducts is
yet another sector, which will have even greater commercial
significance. The current study would probably be one of those
rare studies where cellulose hydrolysis was achieved with high
saccharification concurrent with a high yield of glucose
production. We aimed to synthesize a nanobiocatalyst
(NBC) with high payload of enzymes, which transformed
the insoluble cellulose substrates into glucose with enhanced
catalytic activity and reusability. The morphology, composi-
tion, and surface chemistry of NBC were thoroughly analyzed
and correlated with its biocatalytic characteristics. The kinetics,
thermodynamic characteristics, and ionic-liquid tolerance
capabilities further established an improved performance of
cellulase enzyme after immobilizing over magnetic HNTs.
Thus, the naturally occurring HNTs coupled with ease in
surface functionalization emerged as a versatile template/
matrix for immobilizing enzymes, not limited to only cellulase.
The outcome of the work would critically enhance our
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understandings in development, process optimization, and
utilization of immobilized enzymes using nanomaterials. From
a sustainable bioprocessing viewpoint, this approach would
pave new pathways in an efficient utilization of lignocellulosic
biomass into biochemical products via nanobiocatalyst.

B EXPERIMENTAL SECTION

All details regarding materials involved and analytical character-
izations are provided in the Supporting Information.

Synthesis of Magnetic Halloysite Nanotubes (MHNTs). A
total of 0.5 g of HNT powder was dispersed in 100 mL of deionized
water undergoing ultrasonication for S min. A binary mixture of
FeCl;-6H,0 and FeCl,-4H,0 having molar ratios of 2:1 was
introduced into the HNTs suspension under vigorous stirring at 60
°C with nitrogen purging. Ammonia solution (25%, v/v) was added
dropwise to adjust the final pH of the resulting suspension within the
range of 9—10. The formation of black color indicated the successful
synthesis of magnetic nanoparticles over HNTs. The mixture was
further aged at 60 °C over 4 h and then washed three times with
deionized water until the final pH of the suspension became 7. The
solution was separated using a magnet in order to remove the
unbound/loosely bound HNTSs from the reaction mixture. The as
obtained material was dried at 60 °C for 24 h and kept in sealed
plastic bags until further use.

Surface Functionalization of MHNTs. The introduction of
amine functional groups onto the surface of MHNTSs was done by an
established protocol with slight modifications.'**" Uniform silanol
(Si—OH) sites over MHNTS were generated using sulfochromic acid
treatment for 30 min followed by vacuum drying at 120 °C over 90
min. Afterward, 1 ¢ of MHNTS was introduced into a 2% APTES ((3-
aminopropyl)triethoxysilane) solution (using absolute ethanol and
acetic acid (5:3, v/v) as cosolvent) under inert atmosphere. The
mixture was sonicated for 20 min, followed by heating the substrates
at 120 °C and 60 min for the condensation of siloxane bonds.
Resultant amine-modified MHNTSs were separated using a magnet,
washed thoroughly with ethanol/acetic acid solution to remove the
excess aminosilane, and finally dried overnight at 60 °C.

Immobilization of Cellulase over Amine-Grafted MHNTs.
Amine-modified MHNTSs were first mixed with 2.5% (v/v) of
glutaraldehyde solution, and the solution was left to shake at 120 rpm
for 24 h. The resultant solid was separated magnetically and rinsed
several times to remove loosely bounded glutaraldehyde. As per the
optimized conditions, 20 mg of MHNT's were introduced in 1.44 mg-
mL™" cellulase suspension (citrate buffer, 4.8 pH) and were shaken
(120 rpm) continuously at 4 °C for 6 h. The cellulase loaded HNTs
were recovered with the help of a magnet followed by washing in
buffer solution in order to remove any unbound enzyme and were
finally stored in citrate buffer (pH S) at 4 °C until further use. The
residual enzyme concentration in the supernatant was used to
determine the extent of enzyme loading.

Experimental Design, Optimization, and Statistical Anal-
ysis. Experiment design and statistical analysis were done using
“Design Expert” (version 6.0.8, Stat-Ease Inc., Minneapolis, MN,
U.S.A.) for evaluating the correlation between process parameters and
cellulase loading (%) onto MHNTS as dependent and independent
variables, respectively. The effect of selected parameters on final
outcome, ie., cellulase loading (%), was determined using Box-
Behnken design (BBD) of the response surface methodology (RSM).
The design was simplified by eliminating parameters that were not
regarded as statistically significant (P > 0.05) by the analysis of
variance (ANOVA). Based on preliminary experiments, three
parameters, namely, amount of MHNTS, conc. of enzyme, and the
pH of immobilization solution, were chosen as dependent variables
(Supporting Information). The optimization studies for enzyme
immobilization were performed by adding varied amounts of MHNT's
(20—-30 mg) and cellulase concentrations (1.25—1.75 mg-mL™")
prepared in citrate buffer and maintaining at varied pH (4.5-5.5) as
per the BBD experimental design (Table 1).
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Table 1. RSM Based Box-Behnken Experimental Design for
Independent Variables and Their Corresponding Responses
(% Enzyme Loading) for Cellulase Immobilization

loading (%)

amount of cellulase conc. solution
run  MHNTSs (mg) (mg-mL™) pH actual  predicted
1 25.00 1.25 5.50 72.82 72.04
2 25.00 1.50 5.00 79.82 78.14
3 20.00 1.50 4.50 77.35 76.38
4 25.00 1.25 4.50 70.31 70.34
S 25.00 1.50 5.00 78.64 78.14
6 20.00 1.50 5.50 72.38 72.19
7 25.00 1.50 5.00 77.97 78.14
8 25.00 1.75 4.50 67.78 68.57
9 20.00 1.25 5.00 74.83 75.81
10 25.00 1.50 5.00 78.02 78.14
11 25.00 1.75 5.50 65.68 65.71
12 25.00 1.50 5.00 76.27 78.14
13 30.00 1.50 5.50 80.48 81.45
14 30.00 1.25 5.00 79.87 79.68
15 20.00 1.75 5.00 69.78 69.97
16 30.00 1.50 4.50 78.24 78.43
17 30.00 1.75 5.00 78.39 77.42

Determining Enzyme Loading and Activity. The following
equation was used to calculation the enzyme loading on the support
matrix through the Bradford assay:*’

C,—C

Enzyme loading (%) = =~ %100

Co (1)
Qv

(Co -

Enzyme loading (mg-g™") = X 100

)
Enzyme activity was calculated by measuring the endoglucanase
activity of cellulase employing carboxymethyl cellulose (CMC) as
substrate. The amount of reducing sugar released was determined
spectrophotometrically at 540 nm using the dinitrosalicylic acid
(DNSA) method as per standard protocol. One international unit
(IU) of enzyme activity is defined as the amount of cellulase that
hydrolyzes CMC to produce 1 umol of glucose equivalents per
minute under standard assay conditions. The catalytic activities of
both free and immobilized enzymes carrying equivalent units (2.43
IU) were determined under an identical set of experimental
conditions. For determining the effectiveness of immobilization, the
release profile of cellulase from HNTSs was continuously monitored
over a period of 48 h, taking aliquots after predefined time intervals,
and the amount of cellulase released was calculated.

Catalytic Activity: Impact of Process Parameters. A wide pH
range (3—7) was selected to determine its impact on the catalytic
potential of free and immobilized cellulase. Both enzyme forms were
soaked separately in different pH buffers (0.1 M citrate buffer for pH
range 3-S5, 0.1 M phosphate buffer for pH 6—7) while stirring over
the 30 min incubation period. Required aliquots were taken after a
specific time duration, and their respective catalytic activities were
calculated by the DNSA method as described earlier. Similarly, the
effect of temperature (30—70 °C) on the activity of immobilized and
free enzymes was also determined, keeping other conditions constant,
i.e., citrate buffer, pH S, and an incubation time of 30 min.

Thermal stability was evaluated by incubating an equal amount of
free and immobilized enzyme to elevated temperatures (50—70 °C)
while sample aliquots were withdrawn after different time intervals for
the residual activity calculation. The storage abilities of the two forms
of enzymes, free and immobilized (NBC), were determined by
assessing their residual activity over 20 days of storage at 4 °C.
Required aliquots were taken at specific intervals of time, and the
activity assays were carried out. The activity during the first catalytic
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reaction was considered as 100%. The reuse potential of immobilized
cellulase was determined under standard assay conditions. In brief, the
equivalent units (6.07 IU) of cellulase enzyme, both in the free and in
the immobilized form, were added separately to S0 mL of 1% (w/v)
CMC solution for 6 h at 50 °C under continuous stirring at 120 rpm.
After each cycle, the NBC was separated using a magnet, washed
twice with storage buffer, and then resuspended in fresh CMC
solution. The residual activity was determined after each cycle
considering the catalytic activity to be 100% after the first cycle.

Kinetics and Thermodynamic Parameters of Cellulase
Activity. The kinetic parameters of free and immobilized cellulase
were determined by measuring the initial rate with varying substrate
concentration (100—5000 uM). The ky;, V,..,, and catalytic efficiency
(Vyu/kpr) values of free and immobilized cellulase were obtained
from nonlinear regression fitting. For the estimation of thermody-
namic parameters, thermal inactivation of cellulase was done by
exposing the enzyme solution (both free and immobilized) in citrate
buffer (100 mM, pH ) at various temperatures i.e., 30 °C, 40 °C, 50
°C, 60 °C, and 70 °C, without adding substrate. Required aliquots
were taken after desired time intervals, cooled on ice for 30 min, and
were assayed for cellulase activity at S0 °C. The data fitted to first-
order plot and thermodynamic characteristics (inactivation rate
constants, half-life, and activation energy) of free and immobilized
cellulase were calculated as given below:

ln[i} = —k4t
Ay

()

0693

1/2 — kd (4)
E |1

~Ink;==2|=|-IA

" R[T] " (s)

Based on the transition energy state model, the Eyring equation
correlates enzyme catalysis with temperature for calculating Gibbs free
energy, enthalpy, and entropy;

hk,
AG = —RT In|—
kT (6)
AH =E, — RT (7)
AH — AG
AS= —
T (8)

Impact of the lonic Liquid on Enzyme Inactivation. The
impact of the ionic liquid (IL) on catalytic activity of both free and
immobilized cellulase was investigated. 1-Butyl-3-methylimidazolium
chloride ([bmim][Cl] was taken as the representative ionic liquid,
well-known for lignocellulosic biomass pretreatments. [bmim][Cl] of
various concentrations (5%, 10%, 20%, 30%, v/v) were prepared, onto
which ~6.07 equiv units of both free and immobilized cellulase were
added separately and incubated for 3 h. The pH of the ionic liquid—
enzyme suspension was maintained at S using citrate buffer. After the
required incubation, the catalytic activities of both free cellulase and
cellulase-MHNTSs were evaluated. The residual activities (%) were
reported considering the activities of free cellulase and the
nanobiocatalyst (equivalent units) in the IL-free suspension to be
100%. Exhaustive studies were conducted against two substrates,
CMC and extracted cellulose (sugar cane bagasse), under the tested
conditions.

Analysis of Cellulose Saccharification. A 100 mL, 1% (w/v)
CMC and cellulose extracted from bagasse were incubated separately
with 12.14 equiv IU of free and immobilized cellulase preparations for
48 h at 50 °C with continuous shaking (120 rpm). The hydrolysis
reactions using free enzyme under identical conditions were taken as
the control. The amount of glucose produced after required time
intervals was monitored using a glucose assay kit, and the cellulose
saccharification (%) was calculated using the following equation:

DOI: 10.1021/acssuschemeng.9b05400
ACS Sustainable Chem. Eng. 2020, 8, 900913


http://dx.doi.org/10.1021/acssuschemeng.9b05400

ACS Sustainable Chemistry & Engineering

Research Article

In-situ deposition

—

Iron ogide NPs

Halloysite
nanotubes (HNTSs)

magnetic
recovery

magnetic Halloysite
nanotubes (MHNTSs)

Amine-modified MHNTs

Glutaraldehyde

Enzyme

Cellulase-MHNTs
(Nanobiocatalyst)
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The hydrolyzed products of cellulose (20 uL injection volume) were
also analyzed using high performance liquid chromatography (HPLC)
equipped with an Aminex HPX-87H ion exclusion column (Bio-Rad
Laboratories, U.S.A.) and a refractive index detector (PerkinElmer
Series-200). Samples were eluted using a 0.6 mL-min™" flow rate of
80% acetonitrile as the mobile phase. The chromatograms were fitted
to an exponentially modified Gaussian function (TotalChrom
Workstation) to obtain peak areas. Calibration curves were
constructed from the peak areas of the standard solution.

B RESULTS AND DISCUSSION

Development of Nanobiocatalyst (NBC). A schematic
representation for developing a novel nanobiocatalyst via
surface functionalization employing magnetic halloysite nano-
tubes (MHNTS) is shown in Figure 1. Interestingly, the choice
of selecting nonporous HNTs as an immobilizing template
warrants two important considerations. First, the exterior
surface of HNTs offers a large surface area which can be
modified undergoing specific surface chemistry. We have
evidenced that uniform silanol (Si—OH) sites over silica-based
materials can be transformed into much stronger siloxane (Si—
O-Si) bonds through aminosilanization causing orientation of
amine groups away from the surface.”’ In addition to this, a
strong hydrogen bonding might also occur between amino
groups of the organosilanes and silanol groups. Second, the
nonporous nature of HNTSs also ensures maximum interaction
between the substrate (CMC) and immobilized enzyme,
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overcoming external mass transfer limitations in a manner its
catalytic behavior would not be compromised. We also
employed extracted cellulose (from sugar cane bagasse) as
another substrate, though at a very low concentration of 1%
(w/v). It is evidenced through this study that such a diluted
cellulose suspension behaved similar to CMC in terms of its
aqueous solubility. As a combined effect, the aminosilanization
of magnetic HNTs facilitated a dense, multipoint anchoring of
the enzyme that existed on their surface residues. The
multipoint anchoring of the enzyme indicates a stronger
interaction between the enzyme and the support matrix via
cross-linking than its restriction, where the use of cross-linker
can offer two basic advantages for immobilization. First, it may
improve the stable anchoring of enzymes over a solid support
while the arm space of a cross-linker would govern the mobility
of the enzyme with the required flexibility to interact with the
substrate molecules. The as developed nanobiocatalyst, i.e.,
cellulase immobilized MHNTS, was analyzed further through
several characterization studies before employing it for
biocatalytic experiments.

Analytical Characterizations. The variation in surface
characteristics of HNTs after in situ anchoring of magnetic
nanoparticles, APTES functionalization, and cellulase immobi-
lization were initially assessed using FTIR spectroscopy over
the range of 4000—400 cm™" (Figure 2a). Peaks at 3701, 3623,
1032, and 911 cm™" correspond to the characteristic vibrations
of HNTs*® where vibrational band near-infrared regions
(<800) were ascribed to the Fe—O bond of iron oxide
nanoparticles.”” Grafting of APTES over MHNTSs was
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Figure 2. Characterization of various samples, i.e., magnetic HNTs before and after amine group modifications and after enzyme immobilization
through (a) FTIR spectroscopy and (b) XRD analyses demonstrating its characteristic peaks and crystalline planes. (c) Magnetic hysteresis loops
demonstrating the magnetization potential and (d) thermogravimetric analysis (TGA). Inset photographic image shows ease in separating the

nanobiocatalyst from a colloidal suspension.

confirmed with peaks at 3369, 2925, 2854, and 1245 cm™,
assigned to symmetric and asymmetric vibrations of N—H,,
C—H,, C—H,, and C—N bonds, respectively.26 The FTIR
spectra of the free cellulase enzyme depicted two characteristic
peaks at 1600 and 3430 cm™' due to the stretching vibrations
of amide-I bands and amine groups, respectively.’” The
corresponding spectral vibrations of cellulase-MHNTs dem-
onstrated hybrid characteristics of both cellulase and MHNTS,
which is indicative of the successful anchoring of enzymes over
MHNTs. It validates not only the fact that MHNTS retained
their inherent structural integrity after immobilization but also
that a stable binding of cellulase over the functionalized
MHNTSs matrix was also conferred in the resulting nano-
biocatalytic system.”’

To determine any changes either in the backbone structure
or in the crystalline nature of the synthesized materials, XRD
analyses were performed. As shown in Figure 2b, a 26 peak at
12.21° was observed in functionalized MHNTSs, before and
after cellulase immobilization, which confirmed the existence
of the nanotubular structure of the HNTs matrix. This peak is
attributed to the (001) plane of the HNTs with basal spacing
0.724 nm (JCPDS Card No. 29-1487).”**° The incorporation
of iron oxide nanoparticles was established by the presence of
intrinsic peaks at 260 = 30.43°, 35.78°, 43.47°, 57.46°, and
63.09°, which are attributed to (220), (311), (400), (422), and
(511) planes of the magnetite Fe;O, (JCPDS Card No. 01-
075-0449). These observations confirm the presence of
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magnetic nanoparticles over the HNTs surface even after
immobilizing the cellulase enzyme.’® Nevertheless, the absence
of any new peak in the spectra concludes that the loading of
cellulase onto MHNTSs did not alter the physicochemical
characteristics of the HNT's matrix.

The magnetic behavior of all forms of MHNTSs was
investigated using the vibrating sample magnetometer where
magnetization curves indicate sample magnetization in
response to the applied magnetic field (Figure 2c). The
amine-modified MHNTS, before and after enzyme immobiliza-
tion, demonstrated the saturated values of magnetization as
32.54 and 28.68 emu'g_l, respectively. This value along with
zero coercivity and remanence represents their superparamag-
netic nature. The unmodified MHNTs, however, showed a
slightly higher saturated value of magnetization (40.68 emu-
g™'), which occurred due to the absence of nonmagnetic
materials, i.e., aminosilane and cellulase enzyme. Despite this,
the magnetic recovery of NBC was not at all compromised.
Regardless of MHNTSs forms, all samples were able to get
separated from the reaction mixture using a simple magnet, as
evident from the photographic image (inset). The relative
proportion of iron oxide:HNTSs was optimized in a way that
the magnetic properties could be imported to HNTSs just
sufficient for their recovery, yet retaining the maximum surface
area available for enzyme immobilization.

Thermogravimetric analyses (TGA) were performed to
confirm the immobilization of cellulase over amine-modified
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Figure 3. XPS spectral analysis of nanobiocatalyst, i.e., cellulase-MHNTs showing the survey scan and corresponding deconvoluted peaks in the
high resolution (HR) spectra of the respective elements present, i.e., Fe (2p), C (1s), and N (1s).

MHNTS via glutaraldehyde cross-linking (Figure 2d). Pristine
MHNTSs sample (without amine-functionalization) was taken
as a negative control. The thermogram profile of pristine
MHNTSs and amine-functionalized MHNT' exhibited almost a
similar trend in weight loss until 480 °C, validating our FTIR
and XRD analyses that the adopted immobilization protocol
did not affect the overall structural integrity of MHNTs. A
further increase in temperature up to 800 °C resulted in only
0.73% higher weight loss in amine-functionalized MHNTS as
compared to its pristine counterpart, which is ascribed to the
organosilane coating over MHNTSs. On the contrary, the
cellulase immobilized MHNTSs depicted an ~12.82% weight
loss within the 150—500 °C temperature, which confirms the
presence of cellulase binding over MHNTSs.””*" A simple mass
balance was applied for determining the immobilization
efficiency of cellulase through UV—vis spectroscopy (Bradford
assay), which matched well with that of TGA data.
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X-ray photoelectron spectroscopy (XPS) is considered as
one of the most sensitive techniques for evaluating the surface
chemistry of nanomaterials. Figure 3 depicts a wide scan
spectrum of the nanobiocatalyst (i.e., cellulose immobilized
MHNTs), where the existence of binding energy peaks of Al
(2s, 2p), Si (2s, 2p), C 1s, O 1s, Fe 2p, and N 1s are indicative
of the successful anchoring of iron oxide NPs over HNTs,
amine functionalization, and subsequent loading of cellulase
enzyme. A high resolution spectrum of Fe,2p exhibits as two
spin—orbit doublets at 712.18 eV (Fe 2p;/,) and 725.51 eV
(Fe 2p,,,). The energy separation of 13.4 eV is a characteristics
marker for a chemical shift difference between the Fe?* and
Fe®* states present in Fe;0, NPs.*” A further deconvolution of
the Fe spectra gave rise to two peaks in the Fe 2p;,, spin orbit
peak which are attributed to the existence of Fe** and Fe**. On
the other side, the existence of a satellite peak between the Fe
2ps/, and Fe 2p,/, peaks is credited to the presence of a small
amount of Fe,03.”” The obtained results are in good accord
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Figure 4. (a) TEM micrograph of a single halloysite nanotube showing densely decorated iron-oxide nanoparticles. (b) Corresponding high
resolution TEM image evidenced a clear interface between iron oxide and HNTs. (c) EDS spectra confirming the existence of iron (Fe) in the
nanobiocatalyst as demonstrated through its characteristic peaks along with other elements. (d) SEM micrograph of as synthesized cellulase-
MHNTS nanobiocatalyst used for the cellulose hydrolysis. (e) Elemental mapping of the selected region confirms a uniform distribution of iron
nanoparticles (Fe), while the presence of aluminum (Al), silicon (Si), and oxygen (O) was attributed to the inherent elemental composition of

halloysite nanotubes.

with the previous reports, confirming the presence of Fe;O, in
the nanobiocatalyst.

In C Is high resolution spectra, a peak centered at 284.6 eV
is assigned to sp® hybridized carbon (C—C and C-H
bonds).”® This was further deconvoluted into two peaks at
286.3 and 288.5 eV, which can be ascribed to either R—
CH,*-NH—-(CO)—/R—CH,—NH—(C*O)— or the amide
bonding (R—CONH-) group, respectively.’* Since these
functional moieties are the characteristic features of a protein’s
structures, we may confirm the loading of cellulase enzyme
onto MHNT's matrices. In addition to this, a high resolution N
1Is spectrum was deconvoluted into four distinct peaks that
correspond to the C=N bond (398.9 eV),”> amine group
from APTES and cellulase (399.7 eV), hydrogen-bonded
amine (H—NH,) or protonated amine (400.8 V), and N—
O=C (402.3 eV).*>*’ The lower intensity of the protonated
amine and high intensity of the NH, group peak endorses the
high loading of cellulase, as the amine groups are pointing
away from the substrate. The obtained data confirms the
covalent immobilization of cellulase onto APTES functional
groups via cross-linking with glutaraldehyde.

The structural morphology of functionalized MHNTSs and
enzyme loaded MHNTSs was investigated by transmission
electron microscopy. The HR-TEM image confirms the
successful loading of iron oxide nanoparticles on the surface
of HNTs, where a distinct interface between two nanoscale
structures was observed (Figure 4a). This validates the fact
that an in situ synthesis of magnetic nanoparticles and their
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subsequent immobilization was facilitated through a one-step
protocol rendering the inherent morphology of HNTs intact
even after loading iron oxide nanoparticles (Figure 4b).
Energy-dispersive X-ray spectra confirmed the presence of iron
along with the characteristic elements of HNTs (Figure 4c).
The cellulase-MHNTSs were investigated through FE-SEM
where the cellulase enzyme was found to be densely anchored
over amine-modified MHNTS with a high payload (Figure 4d).
The intact morphology of HNTs was corroborated with the
results obtained through XRD analyses. The corresponding
elemental mapping further confirms the effective distribution
of iron oxide nanoparticles throughout the sample (Figure 4e).

Optimization of Immobilization Parameters. Three
independent factors, i.e, amount of MHNTS (mg), enzyme
concentration (mg-mL™"), and solution pH, which might affect
the enzyme loading, were investigated as a prerequisite for
process optimization. Single factor studies (Supplementary
Information, Figure S1) depict that the loading (%) of enzyme
was increased with increasing the amount of MHNTS since the
availability of multiple anchoring sites over MHNTS facilitated
more loading of enzymes. The enzyme loading (%) reached to
its maximum value when the amount of MHNTs was increased
to 30 mg. A significant reduction in catalytic activity of the
cellulase was also manifested when the amount of MHNT' was
increased beyond this value (Figure S2). Out of the selected
parameters, solution pH showed the least impact on enzyme
loading. However, the combinational influence of pH with
other factors could not be predicted solely using single factor
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studies. Therefore, a pH range from 4.50 to 5.50 was chosen to
study the overall impact of pH along with other parameters on
enzyme loading (%).

The operational ranges of independent parameters having a
positive effect on the response, as obtained by single-factor
studies, were statistically optimized employing response surface
methodology, using Box-Behnken design (Table 1). Multiple
regression analysis was done to resolve the polynomial
coeflicients for each term of the equation. The actual factors
controlling the immobilization efficiency of cellulase over
MHNTSs and their combinational impact is represented in form
of a regression equation as the following:

Y = —371.09675 — 9.64850A + 269.54600B

+ 147.25500C + 0.11077A* — 83.13200B>
— 15.20300C2 + 0.71400AB + 0.72100AC
— 9.22000BC

(10)

where Y is enzyme loading(%) and A, B, and C are the amount
of MHNTS (mg), conc. of cellulase enzyme (mg-mL™"), and
solution pH, respectively.

The significance of the predicted model was evaluated using
Analysis of variance (ANOVA), which indicated this model to
be highly significant (Table S2 and S$3, Supporting
Information). The model F-value (21.41) observed in Fisher’s
F-test confirmed the adequacy of the model for the selected
parameters. A p-value of 0.0003 also signifies that the model
accurately summarizes the relationship between selected
factors and the response. The probability of error because of
the noise was only 0.03%. The lack of fit of the F-value of 1.04
indicates this value to be insignificant relative to pure error.
The multiple correlation coefficients (R*), which measure the
extent of variance from the model’s mean value, indicated a
close proximity among independent variables, viz., the amount
of MHNTs, conc. of enzyme, and solution pH. R* value
obtained from ANOVA was in accordance with the defined
limit for the model to be effective.

Figure S demonstrates contour plots and 3-D surface
graphical representations for the response generated, ie., %
enzyme loading. The response is represented as height in each
of the 3D surface plots. The optimum conditions contributing
toward maximum loading of enzyme onto MHNTSs were as
follows: 20 mg of NBC, 1.44 mg-mL™" cellulase concentration,
and 4.8 solution pH. The predicted model was validated by
conducting the experiment at the optimum levels obtained
from the BBD model. The model was further validated by
carrying out the immobilization procedure under the
optimized conditions, where a maximum immobilization of
77.52% was obtained, which was in good agreement with the
model’s predicted value (78.70%). The averages of three
replicates were tested, and the mean values are reported.

Evaluation of Biocatalytic Characteristics. The impact
of the amine functionalization of MHNTSs over cellulase
immobilization and its biocatalytic activity was correlated using
release profile studies (Figure 6a). Under the given set of
conditions, enzyme loading significantly increased with time
until 6 h (77.5 + 1.1%) and attained a maximum value of 83.2
+ 2.3% in 48 h. Interestingly, the biocatalytic activity of
cellulase-MHNTs was marginally decreased to only 93.4% as
compared to free cellulase. The corresponding release kinetics
further revealed that ~21.9% of total immobilized cellulase was
released in the reaction system over a period of 48 h. Both
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results clearly show the effectiveness of the surface
immobilization strategy without compromising its activity
much. In fact, after immobilizing cellulase onto MHNTS, the
nanobiocatalyst demonstrated heterogeneous catalysis, where
the CMC substrate was easily accessible to the enzyme
catalytic sites with insignificant external mass transfer
limitations. After the enzymatic reaction, the resultant
molecules rediffuse out of the catalytic templates as reaction
products, ie., glucose.

The influence of various process parameters on the catalytic
performance of cellulase-MHNTs was determined and
compared with free cellulase. Both free and immobilized
cellulase showed distinct residual activities over a broad pH
range (3—7) and the best activities at an optimal pH of S.
Varying pH from its optimum value, ie., 6, adversely affected
the activity of free cellulase (65% activity lost) while the
nanobiocatalyst could be able to retain 60% of its catalytic
activity under similar test conditions (Figure 6b). In a few
recent reports, cellulase immobilization over styrene/maleic
anhydride nanoparticles’ and magnetic nanocomposites®”*’
has also witnessed a significant improvement in their pH
dependent stability, similar to our work.

Similarly, the activity assays at varying temperatures (30—70
°C) revealed 50 °C as an optimal temperature for both forms
of cellulase.”" Increasing temperature to 60 °C lead to only
56.33% activity of free enzyme, whereas, the activity of
immobilized cellulase was marginally reduced to 91.67%
(Figure 6¢). The cellulase-MHNTSs could retain a minimum
of ~70% residual activity regardless of temperature variations
(30—70 °C) which was likely due to the immobilization-
induced heat resistance of enzymes. This was further verified
by exposing both free cellulase and cellulase-MHNT s to 70 °C
at pH S for 6 h. As expected, the residual activity of free
cellulase was severely affected and reached to ~12.63 + 0.7%
after 6 h. Whereas, immobilized cellulase could manage to
retain ~76.6 & 0.5% activity within the similar time period. An
improved thermal resistance of immobilized cellulase con-
firmed their stability under high temperature, which can be
exploited for utilization under harsh processing conditions.

Considering the fact that the majority of free enzymes fail to
retain their catalytic activity after being stored for long
durations, it would be interesting to compare the residual
activities of cellulase existing in different states by storing it at 4
°C for 20 days. As depicted from Figure 6d, while free cellulase
could retain only 29.6% of its initial activity, the NBC retained
81.2% activity even after 20 days of storage. Interestingly, the
activity of free cellulase decreased sharply after 10 days and
became even lower in the following days while cellulase-HNTs
displayed a linear trend in % activity loss, much lower than the
former one. These observations again supported our
hypothesis that a multipoint anchoring of enzymes with
amine-modified HNTs surface not only allowed an easy access
of substrate to the active sites of immobilized enzyme but also
offered them even more flexibility and robustness to withstand
harsh processing conditions. Even if the covalent binding of
cellulase causes lowering in their kinetic values (ky and V,.,),
immobilized cellulase would still be advantageous in terms of
its affordability, reusability, and potential efficiency.

Reusability performance of the NBC was tested over seven
repeated cycles under the optimized conditions. A total of
216.34 mg glucose:g”! CMC was produced using the
nanobiocatalyst over seven batches which is ~5.8 fold as
obtained through unsupported cellulase. Although results
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suggest a loss in catalytic performance of the NBC after every
usage, still ~68.2% of the initial activity could be retained after
the seventh cycle (Figure 6e). Corresponding glucose
production also depicted a marginal reduction from 37.2 to
254 mg glucose-g”! CMC after the first to seventh uses
(Figure 6f). Although, the loss of material could be a major
cause for lowering in the biocatalytic activity of the enzyme
over repeated usage, we were able to recover the nano-
biocatalyst over 99% on a mass balance basis. Further, no
significant release of cellulase enzyme was detected into the
solution within 6 h after repeated use. Hence, a reduction in
the catalytic activity of immobilized cellulase was more likely
due to the enzyme inactivation mechanisms over repeated
cycles, as demonstrated elsewhere.*”

Kinetic and Thermodynamics Parameters. The kinetic
parameters (ky, V.. and catalytic efficiency) of cellulose
hydrolysis employing free cellulase and cellulase-MHNT's were
tested separately treating a wide range of substrate
concentrations (100—5000 xM). Free and immobilized
enzymes both obeyed the Henri—Michaelis—Menten kinetics
model (Figure S3). The apparent Ky of cellulase-MHNTs was
slightly higher (1423 uM) than that of free cellulase (1288
uM) which is likely due to the lower affinity of enzymes toward
the substrate after immobilization (Table 2). It is evidenced

Table 2. Summary of Variation in Kinetics and
Thermodynamic Parameters before and after Immobilizing
Cellulase Enzyme onto Magnetic HNTs

cellulase-MHNTs

parameters” free cellulase (nanobiocatalyst)
ky (uM) 1280 (R* = 0.9822) 1423 (R* = 0.9776)
Viax (@Memin™')  10.1 11.7
catalytic efficiency 7.8 X 107 8.2 x 107
kg (h71) 0.080 0.025
halfife, t,,, (h)  8.67 26.75
Quo 147 1.39
E, (kJ-mol™) 28.11 28.14
AH (KJ-mol™) 2542 2545
AG (kJ-mol™) 108.14 111.17
AS (Jmol K™") 25598 265.25

“All parameters were evaluated at SO °C, i.e., optimum working
temperature.

that the diffusion limitations of the substrate near close vicinity
of the immobilized enzyme and/or localized conformational
changes at the active sites of enzyme would be the responsible
causes for the increase in the ky value.*”** However, a
proportionate increase in ky values of the enzyme after
immobilization onto nanomaterials was found to be much
lower as reported in other studies.”””***> This can be ascribed
to the efficient loading of enzyme and high specific surface area
of MHNTs which minimized any changes in structural
conformations and/or mass transfer constraints. Similarly, no
significant variation in V,,, values was observed before (10.1
uM-min~") and after immobilizing cellulase (11.7 gM-min™").
It was established that the microenvironment near immobilized
enzymes would have an unnoticeable impact on overall
catalytic activity of the NBC. Further, the catalytic efliciency
(Vina/ k) of the nanobiocatalyst was increased by $% more
than that of the free cellulase at 50 °C.

While analyzing the kinetics—temperature profiles over a
broad range (30—70°C), the thermodynamic parameters of
irreversible thermal inactivation of both forms of cellulase were
monitored (Figure 7a). At optimal temperature (50 °C), the
values of activation energy (E,), enthalpy change (AH), Gibbs
free energy change (AG), and entropy change (AS) were
obtained as 28.11 kJ-mol™’, 25.42 kJ-mol™, 108.14 kJ-mol™},
and 255.98 J-mol K™}, respectively for free cellulase, whereas,
the corresponding values for immobilized cellulase-MHNTs
were found to be 28.14 kJ-mol™, 25.45 kJ-mol™!, 111.17 kJ-
mol™!, and 265.25 J-mol K™ (Table 2). Interestingly, similar
E, and AG parameters indicate that cellulase-HNTSs requires
almost the same amount of free energy (AG) to form the
transition state as with free cellulase enzyme (Figure 7b). It
implies that the immobilized nature of cellulase marked no
significant impact in energy requirements by native cellulase to
catalyze cellulose saccharification. An increase in the AS value
after immobilization could be indicative of the increasing order
of randomness at the nanobio interface of the nanobiocatalyst.

lonic Liquid Tolerance Potential of Cellulase Enzyme.
Ionic liquid (IL) based pretreatments have been established as
an integrated technology in contemporary methods for
recovering cellulosic components and their possible conversion
into other value-added products.”® Although such strategies
seem effective in solubilizing cellulose to a large extent, the
presence of even a trace amount of ILs creates unfavorable
conditions for enzymatic hydrolysis, rendering those pretreat-
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Figure 8. Residual enzyme activities (%) of both free and immobilized cellulase were tested against varying ionic-liquid concentrations
([bmim][Cl], 5—30% (v/v)) using (a) CMC and (b) cellulose extracted from the lignocellulosic biomass (i.e., sugar cane bagasse) as two
representative sources of cellulose. Further, the extent of hydrolysis (i.e., saccharification %) and glucose yield were also determined against (c)
CMC and (d) extracted cellulose using immobilized cellulase. The shaded portion indicates the time period where cellulase-MHNTS started
displaying a predominated impact on both cellulose saccharification and glucose yield compared with its free form during a continuous operation of
48 h. Corresponding data pertaining to free cellulase enzyme is presented as a control in all studies for comparison.

ment strategies incompatible for further downstream process-
ing.47 Considering this as a challenge, we also tried to elucidate
the commercial viability of cellulase-MHNTSs in industrial
bioprocesses hypothesizing its IL-tolerant ability as compared
to free cellulase suspensions. Regardless of the substrate
employed, i.e., CMC and cellulose extracted from sugar cane
bagasse, the cellulase-MHNTs demonstrated an improved
ionic liquid tolerant ability over free cellulase under all the
tested conditions. In the case of CMC as a substrate (Figure
8a), free cellulase rapidly lost its residual activity from 75.2 +
32% to 14.3 + 1.4%, ie, ~52-fold while increasing the
concentration of [bmim][Cl] from 5 to 30% (v/v), whereas,
cellulase-MHNTs depicted much higher stability and their
residual activity was reduced from 91.6 + 4.1% to 61.2 + 3.1%
under similar conditions. A similar trend was observed when
CMC substrate was replaced with the cellulose extracted from
bagasse, where the immobilized enzyme retained half of its
activity while the activity of free enzyme was adversely affected
and came down to only 5.8% (Figure 8b). It was clearly
observed that the cellulase-MHNTSs manifested a much
superior catalytic activity at higher concentrations of ionic
liquid ([bmim][Cl], >10% v/v) than free cellulase for
hydrolyzing either CMC or the extracted cellulose. The
presence of two different sources of cellulose did not affect the
hydrolytic potential of cellulase-MHNTS at the corresponding
[bmim][Cl] concentrations, which confirms that the catalytic
activity of immobilized cellulase was not significantly
compromised. Rather, immobilized cellulase appeared to be
more shielded than its free form, where the presence of the
support matrix, i.e., HNTSs, could have contributed to improve
its tolerant ability against harsh processing of IL treatments.
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Based on this study, [bmim][Cl] ionic liquid could be a
promising pretreatment solvent for rapid cellulose hydrolysis,
which marked less influence on enzyme inactivation,
particularly using the cellulase-MHNTS system.

Cellulase Saccharification Using Nanobiocatalyst. To
determine the practical affordability utilizing this nano-
biocatalyst, an operational study was attempted to evaluate
the continuous hydrolysis of CMC, as a model substrate over a
long duration. Although an increase in reducing sugars (i.e.,
product) in the hydrolysate is known to elicit inhibitory effects
on cellulase activity,”® we still could be able to run this
saccharification process over 48 h without any adverse
response. As shown in Figure 8c, the extent of CMC hydrolysis
(% saccharification) could be achieved to nearly 50.2% in 48 h
with a glucose yield of 0.56 + 0.1 g glucose-g™ CMC. The
production of glucose was calculated to be 5.64 g-L ™" with 1%
CMC as substrate. We obtained better results in comparison to
an earlier report where cellulase immobilized onto colloidal
magnetic nanoparticles catalyzed the hydrolysis of cellulose
with 5.5 g-L™" production of glucose with 10% substrate in 24
h.*’ Those authors claimed no further increase in either
cellulose hydrolysis or glucose productivity beyond 24 h, thus
limiting their long-term applicability. Another study also
evidenced that only up to a maximum of 45.3% saccharification
could be achieved with ~2.3 gL ™" glucose production in 24 h,
while no change was observed even after introducing another
batch of immobilized enzymes in the reaction mixture.*’

We further evaluated the efficacy of cellulase-MHNTS, the
nanobiocatalytic system in converting a nonfeed, lignocellulo-
sic biomass into an edible biochemical product, i.e., glucose.
Cellulose, extracted from agro-waste residues (sugar cane
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bagasse), was chosen as the substrate, which was hydrolyzed
using NBC under identical conditions as mentioned in case
with CMC. Figure 8d shows that changing the source of the
substrate from CMC to cellulosic biomass did not affect the
biocatalytic potential of cellulase-MHNTSs where a maximum
of 46.5% saccharification with 521.9 mg glucose-g™' cellulose
(glucose yield) could be achieved over 48 h of continuous run.
As evident from Figure 8d, the glucose yield decreased from
144.24 mg-g”' to 76.21 mg-g”' during the first and the last
quarter of reaction time, respectively. A decrease in glucose
yield can be attributed to enzyme inactivation due to the
prolonged exposure to reaction mixture constituents. More-
over, the impact of other factors such as substrate depletion,
product inhibition,”" and recalcitrant nature of the extracted
cellulose®® cannot be ignored, which could have also
contributed toward decline in glucose yield. Since a longer
run of the process beyond 48 h might have resulted in even
further reduction in glucose yield per unit time, the
nanobiocatalyst was recovered after 48 h of continuous run.
Together, these findings provide compelling evidence that an
improved glucose yield using nanobiocatalyst was an outcome
of the enhanced saccharification of insoluble cellulose into
soluble glucose, where the impact of enzyme inactivation due
to reaction conditions was minimized. This appeared to be a
feasible strategy achieving high-cellulose hydrolysis concurrent
with yielding high production of glucose, particularly using
lignocellulosic biomass. Glucose determination using HPLC
and standard assay kits also confirmed the absence of other
soluble cellooligomers (i.e., cellobiose/cellotrioses) in hydro-
lysate. Summarizing this, we validate our hypothesis where a
dense immobilization of cellulase on to MHNTs was
anticipated to facilitate maximum cellulose—cellulase inter-
actions without mass transfer limitations concurrent with its
high conversion into glucose hydrolysate.

B CONCLUSIONS

Cellulose hydrolysis is among the most effective strategies for
the sustainable biotransformation of lignocellulosic biomass
into value added products. We attempted to develop a novel
tool for biocatalytically converting cellulose into glucose with
high yield and saccharification via magnetically separable
halloysite nanotubes (MHNTSs) as an immobilization matrix.
Statistical optimization of the immobilization process enabled
lower enzyme dosage for achieving higher catalytic yield,
thereby avoiding the loss of an extra load of enzyme and
making the process cost-effective. Structural characterization
confirmed the successful loading of cellulase onto MHNTS
without losing their biocatalytic activity. Rather, the support
matrix imparted enhanced stability, thermal resistance, and
activity to immobilized cellulase as compared to its
unsupported form. The magnetic nature of NBC enabled
separating it from the reaction mixture after completion of the
reaction. An excellent catalytic activity at elevated temper-
atures, ionic liquid-tolerant characteristics, hydrolyzation
continuously over longer durations, and eco-friendly attributes
make the cellulase-MHNTs amenable for high cellulose
conversion. Conclusively, the nanobiocatalytic material devel-
oped using magnetic HNTs is highly attractive for immobiliz-
ing a variety of other proteins for commercial purposes.
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B NOMENCLATURE

A residual enzymatic activity (umol glucose min~'mg™'

protein)

A, initial enzymatic activity (umol glucose min~'-mg~"
protein)

C, concentration of protein in initial suspension (mg-mL™")

C  concentration of protein in final suspension (mg-mL™")

E, Energy of thermal inactivation (J-mol™")
H  Plank constant, 6.626 X 107* J-s

ks Boltzmann’s constant, 1.381 X 107> J-K*
k; inactivation rate constant (h™!)

ky  Michaelis—Menten constant (M)

Qo temperature coeflicient

R universal gas constant (8.314 J-mol *-K™")
T  absolute temperature (K)

T  time (h)

enzyme’s halflife (h)

V  working volume of reaction (mL)

amount of HNTs used (g)

Gibbs free energy change

enthalpy change

entropy change

AG
AH
AS
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ABSTRACT: The concept of “nanobiocatalysis” creates exciting
opportunities for improving enzyme performance via immobiliza-
tion onto nanomaterials. A nanobiocatalyst consisting of magnetic
halloysite nanotube (MHNT)/a-amylase was evaluated to trans-
form food processing waste into an active fermentation medium
formulation for low-cost bioprocessing. A high loading of a-
amylase (185.5 mg (g of support)™') was achieved on the surface
of MHNTS through polydopamine functionalization. We validated
the establishment of an enzyme-support system retaining >89%
catalytic activity (27332 IU (g of support)™') with improved % :
enzyme handling (>99.1% recovery) and reusability (>56% wt e
activity, 10 cycles). MHNTSs remarkably improved the enzyme ’
kinetics and thermodynamic characteristics along with operational and storage stabilities and mitigated the likely inhibitory effects of
cellulose/metal ions as contaminants. In addition to facilitating a continuous production of reducing sugars from the extracted starch
over 72 h, the nanobiocatalyst was equally effective in preparing a nutritive food waste hydrolysate as a fermentable medium
substitute for batch culturing of E. coli and a single-cell protein (A. niger). The commercial relevance of waste hydrolysate was also
investigated to promote calcite precipitation via Bacillus sp. induced biocementation. We evidenced that nanobiocatalyst-assisted
“starch depolymerization” released more nutritional components into the hydrolysate suspension, easily accessible to growing
microbial cultures.
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B INTRODUCTION

The exponential rise in food processing industries has

Potato peel waste contains sufficient amounts of starch and
nonstarch polysaccharides, which can produce bioethanol,

inevitably contributed to the generation of food waste, a top
portion of which ends up in landfills, triggering excess emission
of greenhouse gases.l’2 To minimize losses and redistribute
resources, the viable conversion alternatives, i.e., biofuel and
animal feedstock, were the primary focus under food waste
management policies, which incurred a substantial economic
loss.> Meanwhile, the possibilities of transforming food waste
into more value-added biochemical products have been
underrated for human consumption or in bioprocessing
industries.””> The rising demands for economical yet eco-
friendly products have further propelled the scientific
communities’ toward finding novel solutions to food waste
valorization. Food waste is a remarkable blend of several
organic ingredients, acting as precursors in various biochemical
reactions. For instance, potato peel waste, a “zero value”
byproduct of the food industries, is generated up to ~40% of
the initial mass during potato processing.” Unfortunately, it is
rarely utilized to generate valuable biochemicals and nutritional
products and thus warrants its significant relevance in our
contemporary efforts toward biomass valorization.

© XXXX American Chemical Society
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biobutanol, lactic acid, and fermentable sugars. Starch
hydrolysis is a standard process utilizing enzymatic saccha-
rification, which produces a relatively clean glucose stream for
further biotransformations.” In contrast to chemical treat-
ments, a-amylase-led starch hydrolysis is an effective strategy
to achieve reaction specificity, improved vyields, and a critical
reduction in energy/water consumption during industrial
processing.” However, the overall cost of production and
mild operating conditions required for enzymes still impede
their application on an industrial scale. Enzyme immobilization
is a widely accepted approach to overcoming these hurdles.’
Although immobilization aims to improve the stability and
reusability of the biocatalyst, its extent explicitly depends on
the intrinsic characteristics of the support matrix em-
ployed #1011
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Nanotechnological interventions in biotechnology have
forecasted the potential of “nanobiocatalysis” as a sustainable
tool in food waste valorization.'””'* The “waste-to-wealth”
concept via an enzyme—nanomaterial system has been
synchronized to produce industrially relevant biochemical
products, viz. biodiesel,">'® bioactive ingredients,”_20 and
hydrolysates,”** from several food residues. Nanosized
materials are well suited for immobilizing enzymes due to
their high surface area for enzyme binding, quantum size effect,
and insignificant mass transfer limitations.'**>*3** Particularly,
the immobilization of starch-saccharifying a-amylase enzyme
on various nanomaterials has shown numerous benefits in
recent times. For instance, a hydroxyapatite-decorated ZrO,
nanocomposite, used as a support material for a-amylase,
yielded >70% residual enzyme activity after 10 repeated cycles
and 8 weeks of storage.”” The authors demonstrated an
improved catalytic potential and pH/temperature activity
profile of immobilized a-amylase in comparison to those of
its free form. Similarly, immobilization of a-amylase on a
porous, protein/metal—organic framework nanocomposite26
exhibited an improved catalytic efficiency, reusability (20
times), and storage stability (>90%, 8 weeks) of immobilized
a-amylase, making it amenable for industrial applications.
Recently, a-amylase was scrutinized to produce a high-maltose-
containing syrup after immobilization onto a graphene oxide/
Fe;0, nanocomposite.”” Under optimal conditions, in addition
to higher catalytic activity and half-life values, immobilized a-
amylase displayed superior alkali tolerance, thermodynamic
features, and reusability (10 cycles) and produced 40%
dextrose equivalent values, emphasizing its commercial
relevance. The quest for developing a robust, economically
viable yet sustainable support matrix for binding a-amylase
requires more effort.

Clay materials, for example, halloysite nanotubes (HNTs),
have been exhaustively studied for binding biomolecules due to
their biocompatible nature and vast availability at a cheap
price. Their unique nanotubular structure and ease in
undergoing surface functionalization make them a potential
candidate to bind enzymes.”**’ Additionally, the biocompat-
ibility and adhesive nature of the cross-linker are equally crucial
for ensuring enzyme anchoring and its stability in an
immobilized state. The oxidative polymerization of dopamine
is a biomimetic approach for surface modification of inorganic
materials, generating complementary sites for enzyme bind-
ing.*>*' Dopamine-inspired immobilization has been reported
to improve enzyme stability and reusability for bioprocessing
applications.””*"

Herein, we report a nanobiocatalytic system for converting a
food processing byproduct into an active fermentation medium
formulation, which may lead to the development of low-cost
bioprocessing toward the bioeconomy. The nanobiocatalyst
exhibited good biocompatibility with a high loading of a-
amylase and preserved its biocatalytic activity. The immobi-
lization imparted overall enzymatic stability to sustain harsh
process conditions, improved reaction kinetics, and superior
tolerance to contaminants (cellulose/metal ions) and ensured
excellent reusability. The extracted starch from potato peel
waste (Figure S1) was efficaciously utilized as the substrate for
producing high-maltose syrup using immobilized a-amylase.
The nanobiocatalyst-treated potato peel waste was also used as
a fermentation medium substitute for E. coli and to produce a
single-cell protein as a dietary supplement. The waste
hydrolysate was also tested to promote microbial-induced

calcium carbonate precipitation (MICP), which is of great
relevance for the remediation of building structures.*>* In all,
the potential conversion of waste into industrially relevant
products discussed in this article should significantly contribute
to the current food waste management strategies.

B EXPERIMENTAL SECTION

Preparation of Dopamine-Functionalized MHNTs (d-
MHNTSs). As has been reported previously," magnetic halloysite
nanotubes (MHNTs) were synthesized and underwent surface
functionalization by adopting an established method® with a slight
modification. In brief, 300 mg of MHNTS was dispersed in 50 mL of
Tris-HCl buffer (0.05 M, pH 8.5) and the mixture sonicated for 60
min. A 0.3 mg portion of dopamine hydrochloride was introduced
into the MHNT solution, and the mixture was kept in an orbital
shaker for 6 h to obtain polydopamine-coated MHNTSs. The solid
mass was separated using a magnet and repeatedly washed with Tris-
HCI buffer until the filtrate became colorless and transparent. The
obtained powder was dried overnight at 40 °C and denoted as d-
MHNTs.

Immobilization of a-Amylase on Dopamine-Functionalized
MHNTSs. For immobilization of a-amylase, 62.48 mg of d-MHNTs
was homogeneously dispersed in 20 mL of phosphate buffer (0.05 M,
pH 6.5), and 17.91 mg of a-amylase (165 IU/mg) was introduced
into the solution. The solution was left in a shaker (40 °C). The
enzyme-loaded &-MHNTs were magnetically recovered and washed
with buffer solution to remove loosely bound enzymes. The obtained
a-amylase immobilized d-MHNTSs were stored at 4 °C until further
use.

Loading, Activity, and Leaching of a-Amylase. The extent of
a-amylase loading onto d-MHNTSs was calculated by measuring the
concentration of a-amylase that remained in the suspension after
removing immobilized a-amylase using the Bradford assay.34 Briefly, $
mL of Bradford reagent (0.01% (w/v) Coomassie Brilliant Blue G-
250, 4.7% (w/v) ethanol, and 8.5% (w/v) phosphoric acid) was
added to 1 mL of the protein solution. After 3 min, the absorbance of
the solution was measured at 595 nm, and the protein concentration
was determined using a standard curve of bovine serum albumin (0—1
mg mL™") (Figure S2).

C,-C
0 x 100
Co (1)

(C, - OV

enzyme loading (%) =

enzyme loading (mg gfl) = X 100

)
where Cj and C are the initial and final a-amylase concentrations in
the suspension, V is the solution volume in mL, and W is the weight
of d-MHNTSs added in g.

The amylolytic activity of a-amylase was determined through the
production of reducing sugars using starch (1% w/v) as the substrate.
Fresh stocks of starch and a-amylase were prepared in phosphate
buffer (0.05 M, pH 6.5) and incubated at 40 °C for reaction initiation.
Aliquots were withdrawn after the required intervals, and the amount
of reducing sugars was quantified using the dinitrosalicylic acid
(DNS) method. One unit (IU) of enzyme activity is defined as the
amount of enzyme required to liberate one micromole of reducing
sugar per minute under standard conditions. Free and immobilized a-
amylase possessing equivalent units of a-amylase were exposed to
identical reaction conditions to determine the retained catalytic
activity. The activity of the free enzyme was considered to be 100%.

The leachability of the immobilized enzyme was evaluated by
suspending 100 mg of the nanobiocatalyst in 10 mL of phosphate
buffer (0.05 M, pH 6.5) supplemented with either 1.0 M NaCl or
1.0% (v/v) Triton X-100 as separate studies. The incubation period
was 12 h at room temperature (25 °C) with orbital shaking (250
rpm). Afterward, the nanobiocatalyst was carefully removed using a
magnet (Neodymium N42, surface gauss 2980), and the protein
concentration in the supernatant was determined using Bradford’s
method. The protein present as supernatant would be the leached
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Figure 1. Schematic representation of constructing a magnetically separable nanobiocatalyst by anchoring iron oxide nanoparticles onto halloysite
nanotubes followed by dopamine-assisted surface functionalization to immobilize a-amylase enzyme.

enzyme desorbed from the surface, whose proportion (%) relative to
the total immobilized enzyme was estimated.

Catalytic Activity: Optimization of Enzyme Activity. To
determine the optimum operational pH of free enzyme and the
nanobiocatalyst, similar amounts (300 IU) were introduced to
different buffers (pH 4.5—8.0) under identical conditions (6 h, 40
°C). Aliquots were withdrawn at predefined time intervals and
subjected to starch (1% v/v) hydrolysis, and the catalytic activities
were determined. The optimal operational temperature was
determined by incubating both forms of the enzyme (300 IU, each)
at different temperatures (30—60 °C) at pH 6.5.

The storage potentials of NBC and free a-amylase (300 IU, each)
were evaluated for 30 days by storing them at 4 °C. Aliquots were
withdrawn periodically to determine the relative catalytic activity,
considering the enzyme activity on first day as 100%. To determine
the reuse potential of the nanobiocatalyst, 10 mg of the nano-
biocatalyst was incubated with 100 mL of a starch (1% w/v) solution
for 3 h at 50 °C. After every cycle, the nanobiocatalyst was separated,
washed with buffer solution, and reintroduced into fresh starch
solution.

Influence of Metal lons and Cellulose as Contaminants. The
catalytic activities of free and immobilized a-amylase in the presence
of cellulose were assessed under identical conditions. In brief,
equivalent units (300 IU) were incubated to starch (10 mL, 1% w/v)
solutions comprising a serial concentration of cellulose (0—1% w/v).
To evaluate the effect of metal ions, equivalent units of both forms
were incubated separately with 5 mM metal ions (Ca®*, Fe*, K%,
Zn**, Mg*, Cu?*, Na*) for 30 min. Subsequently, starch (1% w/v)
was introduced into the enzyme—metal ion solution, and the catalytic
activities were determined. In the absence of contaminants (cellulose/
metal ions), the catalytic activity was considered as 100% and other
activities were expressed relatively.

Evaluation of Thermodynamic and Kinetics Parameters.
Thermodynamic parameters of free and immobilized a-amylase were
assessed by determining their catalytic activities at different
temperatures. In brief, both forms (300 IU each) were incubated at
predefined temperatures, and aliquots were withdrawn after specific
time intervals to analyze the catalytic activity. The relative activity as a
function of time was fitted to a first-order plot. The thermodynamic
parameters were estimated as described previously (Section $4).* The
kinetic reaction parameters (Ky, Vin.) of a-amylase before and after
immobilization were compared. The rate of product formation was
determined by varying substrate concentrations (1—10 mg mL™").
The kinetic parameters were calculated using a Lineweaver—Burk
plot.

Continuous Operation of Nanobiocatalyst and Potential
Industrial Application. The nanobiocatalyst was evaluated for the
continuous hydrolysis of the starch extracted from potato peel waste.
In brief, the substrate solution was prepared by adding 1 g of extracted
starch into 90 mL of phosphate buffer (0.05 M, pH 6.5) and was kept

at 70 °C for 15 min. The starch suspension and the nanobiocatalyst
(10 mg in 10 mL phosphate buffer) were incubated separately at the
operating temperature (S0 °C). After this temperature was reached,
both suspensions were mixed and continuously stirred for 72 h (120
rpm, 50 °C). Aliquots were drawn at a defined interval and analyzed
to reduce sugar production.

We mention a new nanobiocatalyst-assisted conversion of potato
peel waste (PPW) into a microbial growth medium. To prepare a
liquid broth, potato peel waste (S g) was mixed in phosphate buffer
with stirring for 24 h (120 rpm, S0 °C). The suspension was then
filtered, and the clear filtrate was used directly as a growth medium, as
a PPW medium. Similarly, another growth medium was prepared
from the nanobiocatalyst-treated potato peel waste. For this, 5 g of
potato peel waste was suspended in 100 mL of phosphate buffer into
which 100 mg of the nanobiocatalyst was introduced and the mixture
was stirred for 24 h (120 rpm, 50 °C). Afterward, the nanobiocatalyst
was recovered using a magnet, and the final suspension was
designated as “PPWypc medium”. The pHs of the clear solutions
obtained were adjusted to S and 7 for fungal and bacterial culture,
respectively, and the solutions were autoclaved (121 °C, 1S min).
Agar (2% w/v) was used as a solidifying agent for bacterial culture
plating. Commercially available nutrient broth/nutrient agar (NM)
and potato dextrose broth (PDB) were employed as references for
bacterial and fungal cultures. Other details relevant to bacterial and
fungal strains and single-cell production are provided in Section SS.

The industrial potential of PPWypc medium was evaluated and
compared with the commercially available nutrient broth (NB) for
growing calcifying bacteria Bacillus sp. CTS in biocementation
applications.®® The bacterial culture was grown in autoclaved PPWypc
broth and blend formulations of PPWypc:NB: ie., 75:25, 50:50,
25:75, and 0:100% v/v. For precipitation of calcium carbonate (bio
cement), the growth media were augmented with filter-sterilized urea
(2% w/v) and CaCl, (25 mM) and were incubated at 37 °C under
shaking conditions (120 rpm). The bacterial growth was measured by
recording the optical density at 600 nm. Calcium carbonate (CaCO;)
precipitation under different growth media was also evaluated by
growing bacteria for 96 h. The CaCO; content was determined by an
EDTA titration method.*

B RESULTS AND DISCUSSION

Formation of Immobilization Matrix. Halloysite nano-
tubes provide a large specific surface area for high and eflicient
biomolecule immobilization and other unique physicochemical
properties.’” As reported recently, iron oxide nanoparticles
were anchored on the surface of halloysite nanotubes through
an in situ approach, which served as a primary template for
surface modification.® Figure 1 illustrates polydopamine
functionalization of magnetic halloysite nanotubes (d-
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Figure 2. Analytical characterization of MHNTS after dopamine functionalization and @-amylase immobilization through (a) FTIR spectroscopy,
(b) XRD analyses, (c) thermogravimetric analyses, and (d) magnetic hysteresis loop. (e) Photographic image showing an easy separation of
nanobiocatalyst from the working solution. (f) High-resolution SEM micrograph confirming a high loading of a-amylase corroborated by (g)
elemental mapping showing the existence of aluminum (Al), silicon (Si), oxygen (O), and iron (Fe).

MHNTs) and subsequent immobilization of a-amylase.
Immersing MHNTSs into an alkaline dopamine solution
spontaneously generated a thin, surface-adherent polydop-
amine coating onto MHNTs due to the oxidative self-
polymerization of dopamine.’® The resulting d-MHNTSs were
used for immobilization of @-amylase. Polydopamine acted as a
non-specific biomimetic cross-linker to bind enzymes due to
quinones, which are reactive toward the nucleophilic groups on
enzymes. The covalent coupling between amino groups of
enzyme and quinones of polydopamine may occur via Michael
addition and/or Schiff base formation.’>*” The as-synthesized
d-MHNTSs after immobilization of a-amylase, now termed d-
MHNTSs/a-amylase, were evaluated through materialistic
characterization and compared to their pristine counterparts
before determining their biocatalytic potential.

Material Characterization. The dopamine functionaliza-
tion of MHNTSs and subsequent immobilization of @-amylase
on d-MHNTSs were determined through FTIR spectroscopy
(Figure 2a). This also evaluated the variation in functional
moieties of d-MHNTS, if they occurred, before and after
enzyme immobilization. The results indicate that d-MHNTSs
could preserve the inherent absorption peaks at 3694, 3621,
1033, and 910 cm™" ascribed to hydroxyl (—OH) groups, Si—
O stretching, and the bending vibrations of Al-OH,
respectively, even after immobilizing a-amylase. Both samples
showed a characteristic vibrational band in the near-infrared

region (<800 cm™’, Fe—0), which established the magnetic
nature of MHNTSs.* The absorption peaks at 3444 and 1640
cm™' are ascribed to the stretching vibrations of amino
(=NH,) and carbonyl (—C=0) groups of polydopamine,
respectively.’” The overlapped characteristic peaks of a-
amylase with d-MHNTSs at 1536 and 1426 cm™' further
confirm the successful loading of a-amylase and irreversible
bonding between enzyme and polydopamine.

XRD analyses were done to evaluate the structural integrity
of d-MHNTs before and after immobilizing a-amylase (Figure
2b). The presence of characteristic diffraction peaks (JCPDS
Card No. 29-1487) in both samples indicated that the
crystallinity of HNTs remained intact after polydopamine
functionalization, since the attachment of IONPs occurred
only on the surface, not in the interlayer. The distinctive peaks
of magnetite Fe;0, (JCPDS Card No. 01-075-0449) at 26 =
30.34, 35.65, 43.33, 53.58, 57.29, and 62.93° can be attributed
to the (220), (311), (400), (422), (511), and (440) planes of
Fe—O crystals, respectively. It is ascertained that the adopted
surface functionalization protocol was efficient in immobilizing
a-amylase without adversely affecting the crystallinity of either
HNTSs or IONPs.**” To further support our hypothesis of
achieving stable functionalization followed by enzyme
immobilization, thermogravimetric analyses (TGA) were
carried out (Figure 2c). While the TGA curve of pristine
MHNTSs demonstrated a 13.02 wt % weight loss in the 0—800
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Figure 3. Functional and operational attributes of free enzymes and the nanobiocatalyst evaluated for their relevance to industrial processes: e.g,,
(a) correlation between the duration of immobilization and the extent of a-amylase loading and the corresponding retained activity, (b) effect of
working pH at a constant temperature of 40 °C, (c) influence of working temperature at constant reaction pH of 6.5, (d) storage stability over 30
days at 4 °C, (e) reusability over 10 consecutive reaction cycles, and (f) the obtained yield of reducing sugars per cycle. Experiments were
performed in triplicate (technical), and mean + standard deviation values are presented.

°C temperature range, a more significant weight loss (16.22 wt
%) was exhibited in d-MHNTSs under similar test conditions.
Such a minor yet considerable increase (3.2 wt %) in weight
loss of &-MHNTSs occurred due to the presence of polydop-
amine on its surface, which is corroborated nicely by an earlier
report.”’” On a similar note, the TGA curve of d-MHNTSs/a-
amylase depicted even a greater weight loss of 18.59 wt %,
which can occur due to immobilized a-amylase.
Immobilizing enzymes onto a magnetic support is one way
to improve their recovery from the reaction mixture, thus
promoting its reuse. A vibrating sample magnetometer was
employed to assess the impact of enzyme immobilization on d-
MHNTs (Figure 2d). The magnetization curve revealed that d-
MHNTSs and d-MHNTSs/a-amylase had a marginal reduction
in magnetization saturation values, i.e., 32.5 and 28.7 emu g_1
respectively, which occurred solely due to the presence of an
additional nonmagnetic content (a-amylase) in the latter.
However, such variation did not significantly affect the
separation efficiency of the immobilized enzyme (Figure 2e).
Since both samples demonstrated superparamagnetism with
zero coercivity and remanence, d-MHNTs/a-amylase was
established as a promising magnetic template, which can easily
be removed from the reaction vessel through a simple magnet.
Finally, d-MHNTs/a-amylase was examined through FEG-
SEM to evaluate the morphology of its backbone structure
after enzyme loading (Figure 2f). It was evident that the
surface topography of HNTs (Figure S3) was significantly
changed after incorporating IONPs and enzyme immobiliza-
tion with the desired surface modifications. The elemental
mapping scan further confirmed a homogeneous distribution
of all components of HNTs and IONPs, which validates the

conclusions derived through XRD, VSM, and TGA analyses
(Figure Zg).

Evaluation of Biocatalytic Characteristics. The extent
of immobilization was optimized using a response surface
methodology to evaluate its effect on enzyme loading and
corresponding biocatalytic activity (Figure S4). The results
indicate that the enzyme loading increased and reached a
plateau after 8 h of incubation (Figure 3a). Possibly, this
duration facilitated the required microenvironment over
polydopamine-modified HNTs to immobilize a@-amylase,
resulting in a very high enzyme loading: ie., 185.5 mg (g of
d-MHNTs)"!. The retained activity of q-amylase in an
immobilized state demonstrated a similar trend. The surface
anchoring of enzymes onto nonporous halloysite nanotubes
reduced the harmful effects of substrate diffusion resistance.*’
However, the retained activity of immobilized a-amylase was
drastically reduced by extending the duration beyond 8 h,
which was attributed to the dense packing of enzymes."'
Hence, an optimal reaction time of 8 h was considered for
further studies, which possesses the virtue of high enzyme
loading (64.7 + 0.5%) with high retained activity (89.3 +
1.8%). Further, the leaching of immobilized enzymes in the
presence of different desorbant solutions provides critical
information regarding the category of immobilization
(adsorption, affinity, or covalent attachment). We observed
marginal leaching of enzymes in the presence of ionic (2.62%)
and detergent (3.87%) solvents. The results indicated hardly
any ionic or hydrophobic interactions between the enzyme and
support.*”** Rather, covalent bonding exists between a-
amylase and the dopamine-functionalized MHNTS.
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and mean =+ standard deviation values are presented.

Next, the effect of reaction pH and temperature on the
biocatalytic activity of a-amylase in a free versus immobilized
state was compared. The initial activities of both free (300 IU,
pH 6) and immobilized (268.3 IU, pH 6.5) a-amylase at the
corresponding optimal pH values was considered to be 100%
while their relative activities were calculated under various
conditions of process parameters. The pH of the reaction
medium had a more profound effect on the catalytic activity of
a-amylase in the free form than in the immobilized form
(Figure 3b). At extreme pH values, free a-amylase could retain
only 20% (pH 4.5) and 30% (at pH 8.0) of its original activity
in comparison to its optimal pH of 6.0. Immobilizing a-
amylase, however, significantly broadened its operational pH
range from $ to 7.5, retaining >60% catalytic activity in
comparison to its optimum activity (pH 6.5), and the catalyst
could withstand harsh process conditions.

In an analysis of the effect of reaction temperature, the
activities of free @-amylase (300 IU, 40 °C) and immobilized
a-amylase (272.3 IU, SO °C) at their respective optimal
temperatures were considered as 100% (Figure 3c). We

observed similar catalytic activity of both forms of @-amylase at
a lower temperature range (30—4S °C). Beyond 45 °C, free a-
amylase gradually lost its catalytic activity due to thermal
degradation of its enzymatic structure and could retain only
42.5% of its original activity at 60 °C in compared to its
optimum temperature (40 °C). In contrast, d-MHNTs/a-
amylase exhibited a superior catalytic potential where 92.3%
catalytic activity of a-amylase was retained in comparison to
the corresponding optimal activity (S0 °C). The reduced
temperature sensitivity can be attributed to an increase in the
rigidity of the peptide structure of the enzyme after
immobilization, which contributed to improved thermal
resistance.** Overall, the immobilization matrix preserved the
structure of a-amylase against any conformational changes
prompted by varying reaction conditions and demonstrated a
greater utility of dopamine-functionalized MHNTS for enzyme
immobilization.

The storage stability of free a-amylase and the nano-
biocatalyst was inspected at 4 °C for 30 days (Figure 3d). On
day 1, the activity of both free (300 IU) and immobilized
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(269.7 1U) enzymes was considered to be 100%. Free a-
amylase, due to the long-term exposure, could retain only 18.5
+ 1.7% of its initial catalytic activity, due to either the
instability of the subunits or inactivation at low temperatures,
whereas d-MHNTSs/a-amylase could preserve over 64% of its
biocatalytic activity and mitigated the possibilities of activity
reduction under the relevant conditions. The improved storage
stability is credited to the stiffness brought upon by multipoint
attachment between a-amylase and d-MHNT, preserving the
inherent structure of a-amylase. In addition, curved surface
geometries of support matrices have also been reported to
suppress lateral interactions between adjacent enzymes, thus
improving the enzyme activity by suppressing the steric
hindrance.”

The reusability potential of the nanobiocatalyst was
evaluated by measuring its catalytic activity during starch
hydrolysis for 10 consecutive cycles under the optimized
process conditions (Figure 3e). The results show that the
nanobiocatalyst could retain more than $6% of its initial
activity even after 10 cycles. We ruled out enzyme leaching,
since the amount of immobilized enzyme recovered after every
cycle was always higher than 99%. Since enzyme reutilization is
critical for many bioprocesses, the utility of immobilized a-
amylase was evaluated in terms of its capacity to produce
reducing sugars per cycle (Figure 3f). The production of
reducing sugars gradually declined with every reuse, going from
15.9 to 9.03 mg (g od reducing sugar) " after the 1st and 10th
cycles, respectively. However, it is essential to note that the
total production of reducing sugar for the entire 10 cycles of
nanobiocatalyst was much higher (121.25 mg g™ starch) than
that in the continuous reaction of free @-amylase (48.84 mg.g™"
starch) over a similar duration.

When enzymes with bulky substrates, viz. a-amylase, are
immobilized onto the bulk support materials, their limited
surface area creates steric hindrances in binding with the active
site of enzymes, leading to a complete loss of catalytic activity.
In contrast, nanomaterials with a high surface area/volume
ratio (halloysite nanotubes, here) facilitate a better conforma-
tional motility of enzymes even after immobilization, thereby
inducing a flexible enzyme structure with enhanced protein
unfolding. This provides a more favorable reaction condition
for maximizing substrate—enzyme interactions at active sites,
circumventing steric hindrances and improving catalytic
activity. Further, in comparison to the traditional immobiliza-
tion methods such as entrapment/encapsulation, the surface-
bound enzymes offer insignificant mass transfer limitations,
resulting in enhanced catalytic activity at a comparatively lower
payload level. The biocompatible nanomaterial emerges as an
excellent support to improve the catalytic potential of
immobilized enzymes and further prevent undesirable changes
in the enzyme structure.

Effect of the Presence of Cellulose and Metal lons on
Catalytic Activity. The presence of soluble and insoluble
dietary fibers, specifically cellulose in the starch, extracted from
potato peel waste could unexpectedly influence the a-amylase
activity (Table SS). Hence, the retained catalytic activity of
both free and immobilized enzymes was evaluated in the
presence of different cellulose concentrations. As expected, a
significant deterioration in the activity of a-amylase in both
forms was observed for all cellulose concentrations (Figure 4a).
Free a-amylase appeared to be extremely sensitive even on
introduction of 0.25% (w/v) cellulose, where only 87% activity
could be retained with respect to the control. Further, the

incremental addition of cellulose (0.5—1% w/v) caused a
greater decrease in its catalytic activity from 75.8% to 47.6%,
respectively. In contrast, -MHNTSs/a-amylase exhibited better
biocatalytic power at the similar cellulose concentrations
investigated, and it could retain a remarkable 83% activity even
at 1% (w/v) concentration. Although the mechanism of
inhibitory effects of cellulose on the amylolytic process is still
unclear, a decrease in the catalytic activity occurred because of
the “adherent” nature of a-amylase toward nonstarch
polysaccharides, i.e, cellulose, making them inaccessible to
starch due to steric hindrances.” The result corroborates a
similar fact where cellulose adversely affected amylolysis by
impairing the catalytic efficiency of free a-amylase. However,
the superior activity of d-MHNTs/a-amylase is governed by a
more favorable interaction between cellulose—polydopamine
(present in the support matrix) and cellulose—amylase so that
most of the active sites could remain available for starch
molecules.*®

The presence of metal traces in extracted polysaccharides is
a common hurdle for their subsequent hydrolysis, as metal ions
might also interfere with the active sites of enzymes. We
observed that both Ca** and Mg®*" boosted the relative
activities of free @-amylase to 125.4% and 106.6%, respectively
(Figure 4b), since these metal ions act as allosteric activators
and help in the stabilization of the three-dimensional structure
of a-amylase.”” However, Fe?* and Cu®*" ions inhibited the
enzyme activity to the greatest extent with catalytic losses of
37% and 43%, respectively, in comparison to the control. This
indicates the importance of cysteine residues for the activity of
a-amylase, since the sulfhydryl groups of cysteine occasionally
act as a ligand of metal ions (Figure 4c). It is also likely that
calcium ions between the substrate-binding domains of a-
amylase would be replaced by divalent metal ions, leading to
structure destabilization. In contrast, immobilized enzymes
exhibited a more profound and beneficial effect on their
activity in comparison to free enzymes in the presence of metal
ions. The most significant effect appeared in Ca**, where
immobilized enzymes could attain 51% more activity
incomparison to the control. The superior activity is attributed
to the “shielding” and robustness of the enzyme-immobiliza-
tion matrix, which attenuated the likely replacements of Ca**
ions at the active sites and protected the intrinsic structure of
a-amylase.”® The presence of a biomimetic coating on HNTs
proves to be advantageous in both aspects, and the results
validate its superiority for immobilizing a-amylase.

Thermodynamics and Kinetic Parameters. Thermody-
namic and kinetic parameters provide vital information
regarding the thermal behavior of enzymes, rates of reaction,
and the reaction mechanism, which are critical for designing a
biocatalytic process. Various thermal characteristics of a-
amylase in free and immobilized states were monitored over
the desired working temperature range (40—60 °C) (Figure
S5a). We found the thermal deactivation rate constant (K;) of
nanobiocatalyst to be ~4.2—4.7-folds lower than that of free a-
amylase at 50 and 60 °C. This confirms the much-improved
stability and slower denaturation of a-amylase when it is
immobilized onto magnetic halloysite nanotubes (Table 1).
The half-life of a-amylase in its two states gradually decreased
on an increase in the temperature, d-MHNTSs/a-amylase
demonstrated 2.5-, 4.3-, and 4.7-fold higher half-lives in
comparison to that of free a-amylase at temperatures of 40, S0,
and 60 °C, respectively. The superior half-life and operational
stability of enzyme at elevated temperatures indicate that
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Table 1. Comparative Summary of Thermodynamic
Parameters before and after Immobilizing @-Amylase onto
d-MHNTs

temg free enzyme nanobiocatalyst

(°C (a-amylase) (d-MHNTSs/a-amylase)
kg (h71) 40 0.019 0.007
50 0.049 0.011
60 0.089 0.019
half-life, t,/, (h) 40 34.77 89.10
50 13.86 59.69
60 7.74 36.39
D value 40 115.54 296.07
50 46.05 198.34
60 25.74 120.92
Ey (KJ mol™) 156.14 165.59
AH (k] mol™) 40 153.54 162.99
50 153.45 162.91
60 153.37 162.82
AG (IJ mol™) 40 78.41 80.85
50 78.36 82.29
60 79.09 83.38
AS (J mol™ K) 40 23991 262.30
50 232.39 249.49
60 222.98 238.48

immobilized a-amylase was “more shielded” toward any
unforeseen reasons for inactivation.*” This was well supported
by the decimal reduction time (D value), which indicated that
immobilized a-amylase would take more time to denature than
free enzyme. Further, a higher thermal inactivation energy or
energy of denaturation (E4) for the nanobiocatalyst (165.59 kJ
mol™") in comparison to that for the free enzyme (156.14 kJ
mol™") revealed that more energy would be required to
denature the immobilized enzyme.

Similarly, immobilized a-amylase exhibited higher values of
enthalpy change, AH (162.99 kJ mol™"), and Gibbs free energy
change, AG (80.85 kJ mol™), in comparison to its free form
(Figure SSb). The higher total energy required for enzyme
denaturation indicates the superior thermal stability of
immobilized enzymes in comparison to free enzymes. More-
over, a higher value of the entropy change (AS) in the
nanobiocatalyst in comparison to that of its free form is a sign
of more disorder at the nanobio interface, which is beneficial
for the operational flexibility of enzymes in industrial
bioprocessing. The obtained results validate multipoint
attachments of @-amylase molecules with dopamine-function-
alized MHNTSs toward establishing a stable enzyme—support
system that enhances the conformational flexibility of
immobilized enzymes. The conclusion drawn here is well
corroborated by a few recent reports.*’ ™"

Kinetic parameters for free a-amylase and the nano-
biocatalyst were investigated using a Michaelis—Menten plot
(Figure SSc) and a Lineweaver—Burk plot by varying substrate
concentrations (Figure SSd). After immobilization, a slight
increase in Ky, value was observed while the maximum reaction
velocities (V,,,,) were estimated to be 67.11 and 64.93 uM

min~! for d-MHNTSs/q-amylase and free a-amylase, respec-
tively (Table S6). Conclusively, no noticeable effect on the
enzyme’s catalytic efficiency was observed after immobilization.
Though “diffusional limitations” is the rationale behind such a
minor variation in kinetic parameters, as immobilization
inevitably restricts enzyme movement in comparison to its
colloidal state, we still could manage to improve other aspects
of enzymes that have been limiting their commercial use by
promoting reuse, operational stability, and efficiency without
altering the inherent kinetics.

Industrial Relevance of Nanobiocatalyst. -MHNTs/
a-amylase was evaluated for the continuous production of
high-maltose-containing syrups that fermentation industries
could use (Figure Sa). We determined that the nanobiocatalyst
produced 276.8 mg (g reducing sugar) ™' of extracted starch in
72 h of continuous operation without significantly compromis-
ing its biocatalytic activity.

Further, it is evident that the organic waste generated in
kitchens, food processing plants, and restaurants is enriched
with complex nutrients and the hydrolysis of such waste is
critical in transforming agro/food waste into a growth medium
for microorganisms. We investigated the dual functionality of
the nanobiocatalyst to hydrolyze the biopolymeric content in
potato peel waste to generate fermentable sugars and liberate
soluble proteins/other micronutrients. For this, liquid broth
suspensions prepared, ie, PPW and PPWygc media, were
evaluated for compositional analyses (Table S7). As expected,
the amount of reducing/nonreducing sugars obtained after
nanobiocatalytic treatment was 3-fold higher (1.328 g-100
mL™) in comparison to the PPW medium. The protein
content was also enhanced from 21 to 123 mg 100 mL ™" in the
hydrolysate, indicating that the biocatalytic treatment using
immobilized a-amylase induced “starch depolymerization”,
which diminished the recalcitrant nature of potato peel waste,
resulting in a greater release of soluble proteins. We envisaged
this hydrolysate suspension as a consortium of energy sources
along with the presence of other nutrients that can mimic the
nutritive complex medium required for microbial/fermentation
growth.

To confirm the accessibility of leached nutrients in
hydrolysate to microorganisms, the growth characteristics of
E. coli in PPW- and PPWypc-based media suspensions were
compared to nutrient medium (NM, positive control) broth.
The growth curves of the untreated PPW suspension
manifested a prolonged lag phase in comparison to PPWygc
and NM (Figure Sb), whereas E. coli grown on PPWyc and
NM media showed similar growth kinetics up to the lag phase,
which indicates that microbes find no differences while they
perform their structural reorganization during adaptation. A
noticeable difference was observed in the lag phase, where the
specific growth rate () was reduced in the case of untreated
PPW (0.13 + 0.018 h™") and PPWygpc (0.24 + 0.009 h™") in
comparison to the NM broth (0.32 + 0.016 h™'). The overall
growth follows the order NM > PPWyc > PPW. The nutrient
broth, being a defined medium, would be best suited for
microbial growth in comparison to other complex media
sources. However, the inherent richness of PPWygc (carbon
source reducing sugars, nitrogen source proteins, and micro-
nutrients) made it equally capable of supporting fermentation
growth in comparison to the untreated species. Thus, PPWyspc
can be a feasible alternative to the existing complex media
formulations without supplementing any external nutrients. In
a solid culture, the growth of E. coli exhibited a similar pattern,
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Figure S. (a) Continuous starch hydrolysis efficiency of the developed nanobiocatalyst against starch extracted from potato peel waste. (b)
Bacterial growth curve on all tested media formulations. (c) Photographic image representing the analogous bacterial colony characteristics of
different media formulations. (d) Fungal biomass growth on different media. (¢) Dry fungal biomass on different media. (f) Compositional analysis
of an as-produced single-cell protein, indicating the potency of the as-formulated medium for single-cell protein production. (g) Growth of
calcifying bacteria Bacillus sp. CTS on different media. (h) Effect of different media compositions on calcium carbonate precipitation depicting the
potential of PPWypc as a nutrient source for large-scale application. Experiments were performed in triplicate (technical), and of mean + standard

deviation values are presented.

where both NM and PPWy,. were utilized well with no
variation in the colony morphology. At the same time, PPW
medium appeared to be least suited to the microorganisms
(Figure Sc).

The formulated medium was also evaluated for the
production of A. niger biomass. In comparison to potato
dextrose broth (PDB, 100%), PPW and PPWypc media
showed 37% and 80% biomass productions, respectively. A
higher amount of nutrient availability in the treated hydro-
lysate (PPWygc) could result in better growth (Figure Sd).
The quantitative estimation of the single-cell protein (SCP/
dried biomass) revealed carbohydrates to be the primary
components (45.7% wt/wt), followed by proteins (34.0% wt/

wt) and nucleic acids (6.6% wt./wt..) (Figure Sef). The
biomass with higher nucleic acid content could be used directly
as a protein additive in animal feeding.’> The overall
characterization of the produced biomass confirms the
acceptable performance of the formulated medium for SCP
production.

Finally, we tested the potential industrial relevance of the
nanobiocatalyst to enhance the strength and durability of
construction materials through biocementation (microbially
induced calcium precipitation). The waste hydrolysate
(PPWypc) favored an excellent calcium carbonate precip-
itation capability of calcifying bacteria, B. subtilis CT-S, thus
acting as a promising medium alternative. The results indicate
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that, while the maximum growth was observed in nutrient
broth, PPWyg also supported microbial growth (Figure Sg).
On a similar note, calcium carbonate precipitation was highest
in NB medium (189.4 + 2.0 mg/100 mL) in comparison to
blend formulations (Figure Sh). The CaCOj precipitations
recorded in other media formulations such as PPWy;c:NB
(25:75), PPWypc:NB (50:50), and PPWypo:NB (75:25) were
169.3 + 5.5, 137.7 + 4.2, and 101.3 + 3.5 mg, respectively.
PPWyc alone had the lowest calcium carbonate precipitation,
88.2 + 2.9 mg. The accessibility to preferred nitrogen sources
has been linked to superior bacterial enzymatic activity.”® The
limited availability of nitrogen sources in PPWypc might have
affected the ureolytic activity and lowered the amount of
CaCOj precipitation. However, the addition of a nitrogen
source might further improve the growth and CaCO;
precipitation abilities of PPWypc. This indicates that the
nanobiocatalyst-derived hydrolysate suspension can be used as
a substitute for existing media formulations, which may
decrease the operational cost of biocementation on a
commercial scale.”

B CONCLUSIONS

We report a viable strategic solution for valorizing potato peel
waste as an ingredient of a fermentation medium using a
nanobiocatalyst. A systematic material characterization re-
vealed the improved hydrophilicity and aqueous dispersibility
of the nanobiocatalyst, which displayed a homogeneous,
superior loading of a-amylase along with beneficial catalytic
activity under various process conditions. The immobilized a-
amylase manifested an improved storage ability, thermal and
kinetic activity, and magnet-driven recovery over 10 consec-
utive reuses, yet it retained >56% activity. Preserving its
catalytic power even in the presence of inhibitory components,
i.e., metal ions and cellulose, establishes either the “conforma-
tional resistance” or “shielding” effect of the enzyme—template
system after immobilization. The nanobiocatalyst exhibited
continuous starch hydrolysis for 72 h to produce reducing
sugars. As a green and sustainable strategy, utilizing all soluble/
partially soluble components of potato peel waste in bioprocess
applications was also attempted. The waste hydrolysate,
produced using the nanobiocatalyst, facilitated the growth of
E. coli, B. subtilis, and A. niger. A blend formulation (50%:50%
v/v) consisting of a hydrolysate and a commercial growth
medium resulted in an ~73% microbial-induced calcium
carbonate precipitation, reducing the overall cost. In addition,
the low cost of the backbone structure (HNTs) and simple
functionalization procedures provide an opportunity for a
viable translation of our technology to a commercial scale to
valorize zero-value food waste. In the future, the successful
implemenation of this strategy at a larger scale will open up
new dimensions in transforming other food waste materials
into biochemical products of commercial relevance.
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