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ABSTRACT

Enhancing the efficiency of saccharification of pentose and hexose sugars present in
lignocellulosic biomass is a major bottleneck for industrial bioethanol production. This problem
can be addressed by a concerted effort combining nanotechnology, enzymology and fermentation
technology. Functionalized chitosan-coated magnetic nanoparticles (CCMNPs) were prepared and
used for co-immobilization of purified xylan hydrolysing xylanase and xylosidase from the
thermophilic fungus Thermomyces lanuginosus SSBP for the release of xylose. Stability studies
revealed that immobilized enzymes were more stable than free enzymes over a wide range of pH
(4.0 —7.0) and temperature (40 — 90 °C) for xylanase and 30 — 80 °C for xylosidase. The optimum
activity of the co-immobilized enzymes shifted slightly as compared to the free enzymes, with co-
immobilized xylanase and xylosidase showing optimum activity at pH 6.5 and 6.0, respectively.
The study showed sustained production of xylose as the major fermentable sugar under repeated
batch and fed-batch saccharification of lignocellulosic biomass. Statistical optimization of
saccharification of 1% xylan using response surface methodology indicated the enhanced release
of xylose at 50 °C, pH 7.0 and enzyme dose of 60 U/mL xylanase and 30 U/mL xylosidase. Finally,

liberated xylose was fermented with Scheffersomyces stipitis to yield bioethanol.

XV



CHAPTER 1: INTRODUCTION AND LITERATURE REVIEW

The overdependence on fossil fuels for energy is not sustainable due to its gradual depletion,
increasing cost and contribution to global warming. There is a pressing issue worldwide to explore
alternative and renewable sources of energy and South Africa is no exception. The Department of
Energy (DoE), South Africa was determined to achieve 42% renewable energy by 2020
(www.sanedi.org.za, 2020), and the country has committed to attaining substantial reductions in

CO: emissions by 2025. Lignocellulosic waste is cost-effective and well suited to address existing
energy and environmental concerns (Moodley, Sewsynker-Sukai and Kana 2020). Bioethanol
production using lignocellulosic waste is a promising alternative with the potential to ameliorate
the global energy crisis. Transportation contributes to more than 19% and 70% of global carbon
dioxide (CO2) and carbon monoxide (CO) emissions, respectively. Bioethanol produced by
lignocellulosic biomass may reduce CO emissions by up to 30%, with a significant reduction in
atmospheric CO2. South Africa produces more than 65 million tons of wet sugarcane annually,
mostly in the province of KwaZulu-Natal. In general, South Africa is among the top ten sugar
exporters worldwide, exporting more than 75% of its sugar production. Therefore, the use of

lignocellulosic biomass in South Africa as a natural renewable source is extremely feasible.

The constantly increasing world population (presently 7.7 billion) and industrialization (Leridon
2020) necessitate the promotion of renewable fuels to meet the escalating global demand
(Balasubramanian and Chowdhury 2021). Oil prices started increasing in 2006 globally, According
to the Energy Information Administration (EIA), U.S. crude oil production will fall to 10.0 million
barrels a day in 2021 in order to mitigate COVID-19, which is now 42 cents per barrel (Zhongming
et al. 2020).

More increases in the price are expected due to COVID-19 related economic disturbances
worldwide. A reduction in oil prices is critically dependent on the development and adoption of
effective fuel alternatives. Hirsch et al. (2005) argue that if alternatives are not forthcoming, the
oil products will become scarce and expensive. Furthermore, this will affect the living standards
of people in developing and developed countries leading to social unrest and global economic

collapse Compean and Polenske 2011).



Fermentative production of bioethanol using lignocellulosic biomass is primarily based on the
efficient conversion of biomass into fermentable sugars. Glucose (C6) and xylose (C5) are the
predominant biomass sugars which contribute above 90% fermentable sugars. Presently enzymatic
hydrolysis is the most common and environmentally friendly method for converting renewable
biomasses to carbohydrates and further to bioethanol or biohydrogen. It uses cellulases, such as
endoglucanase (EC 3.2.1.4), exoglucanase (cellobiohydrolase, CBH; EC 3.2.1.91) and p-
glucosidase (EC 3.2.1.21) to hydrolzse cellulose into glucose, while hydrolysis of xylan, the major
hemicellulose, needs efficient hydrolysis using xylanase (EC 3.2.1.8) and B-xylosidase (EC
3.2.1.37). Industrial production of bioethanol and biofuel needs efficient and thermostable
enzymes that can be used over repeated cycles. In industrial applications, thermostable enzymes
provide high rates of reaction, high yields of product, increased stability, reduced contamination

issues, and reduced viscosity.

The Enzyme Technology Research Group at the Durban University of Technology, sequenced the
complete genome of the thermophilic xylanase super producer Thermomyces lanuginosus SSBP
(Mchunu et al. 2013). This has enabled the identification, isolation, and exploration of robust
enzymes out of a total of 5.105 protein-coding genes. This includes many industrially relevant
enzymes including the above-mentioned enzymes for hydrolysis of lignocellulosic biomass. The
group has also cloned, expressed, and engineered these enzymes for enhanced pH and

thermostability.

Thermostable enzymes are well known for their significance and applications in industries. Most
of the reported thermozymes are produced in mesophilic hosts by the cloning and expression of
thermophilic genes host. This greatly increases the exploitation of thermophilic organisms in
biotechnology. Enzymatic complexes, endo-B-xylosidase and B-xylanase are required for the
degradation of xylan, which is a type of hemicellulose having a linear polymer of B-D-

xylopyranosyl units which are linked by 1.4 glycosidic bonds.

These important enzymes are excreted from different microorganisms and macro organisms, for
example, bacteria, fungi, yeast, marine algae, protozoans, crustaceans, insects, snails and seeds
(Polizeli et al. 2005). However, the filamentous fungus Thermomyces lanuginosus is the principal
source of xylanolytic enzymes in this study. The Enzyme Technology Research Group at the

Durban University Technology produced extremely high levels of xylanase from this thermophilic
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fungi. T. lanuginosus is interesting because it secretes xylosidase and xylanase into a medium with

higher reported titres of xylanase than any other microbial source. Xylosidase from T. lanuginosus
was expressed in P.pastoris to improve production (Gramany et al. 2016).

During the last few years, nanotechnology has revolutionized research in enzyme technology. In
this project, we envisage including the potential of nanotechnology. Although there is a plethora
of information on the preparation, functionalization, and immobilization of enzymes on
nanoparticles. There is no report, to date on co-immobilization of thermostable xylanase and
xylosidase on chitosan coated magnetic nanoparticles for repeated batch and fed-batch
saccharification of lignocellulosic biomass. Previously, the preparation, characterization, and
application of chitosan-alginate nanoparticles for immobilization of phytase was reported by the
Enzyme Technology Research Group.

This investigation focuses on using nanoparticles as support matrices for co-immobilization of
thermostable hemicellulolytic enzymes for enhanced saccharification of xylan as one of the most
promising pentose sugars, which will be further fermented to bioethanol using appropriate yeast

cultures.



1.1 Global energy demand

The world’s population is increasing and is expected to double by the middle of the 21% century
(Fanzo et al. 2022). Economic development will almost certainly continue growing as well. Energy
security and global warming are analysed based on the 21% century threats due to the world’s
increasing population (Nel and Cooper 2009). The energy demand is expected to increase by 1.5
— 3 times (Dincer 2000). In South Africa, 109 out of every 1000 people are car owners. These
numbers are quite high when compared to 15 per 1000 in Lagos and 50 per 1000 in Nairobi
(Akinboade, Ziramba and Kumo 2008). Oil remains one of the main contributors to the world’s
energy demand and South Africa is no exception. The main energy indicators for South Africa are

contained in Table 1.1.

Table 1. 1: Oil indicator for South Africa (Akinboade, Ziramba and Kumo 2008

1975 1980 1985 1990 1995 2000 2005

Gasoline consumption (thousand barrels 96.4 88.6 109.3 146. 188. 178. 191.

per day) 1 5 7 5
Oil supply/ GDP (toe per thousand 2000 0.129 0.111 0.093 0.09 0.09 0.08 0.09
UusS $) 5 9 8 8

Oil supply/population (toe per capita) 0429 0.383 0.304 030 0.29 0.26 0.33
1 3 6 2

Net oil imports/GDP (toe per thousand 0.164 0.158 0.123 0.10 0.11 0.10 0.10
2000 US $) 2 2 1 5




This infers that South Africa is quickly shifting to a primary gasoline consumer due to the fast
depletion of fossil fuels. Therefore, precautionary measures are being taken and South Africa is
adapting the concept of blending gasoline with ethanol.

South Africa is motivated by success stories and political decisions on bio-ethanol blending by the
United States of America (US), Brazil and many other countries (Bacovsky et al. 2010). The US
uses the National Energy Modeling System (NEMS) to regulate energy production, consumption,
and price trends for a 25-year period. With biomass being one of the technologies within NEMS
playing role in several scenarios. The National Energy Modeling System consists of four biomass
sources including forestry residues, agricultural residues, urban wood wastes/mill residues and

energy crops (Haq and Easterly 2006).

The world’s production of bio-based ethanol is constantly increasing. The price of bioethanol is
dependent on the price of fossil fuel oil, which is constantly increasing. Therefore, there is a
growing need to improve the security of fuel supplies (Sims et al. 2010). This necessitates research
on alternative energy from bio-based sources such as bioethanol produced by microbial
fermentation. Agricultural substitutes or wastes can be and have been used. Current attention is on
the use of lignocellulosic biomass as an ideal renewable source to produce fuel ethanol. Yeast
Saccharomyces cerevisiae has been the most widely used microorganism for the production of

various products including the industrial production of ethanol (Khoshkho et al. 2022).

The technology of producing renewable energy sources such as ethanol, methane and hydrogen
from biomass holds the potential of creating in-house energy resources while lowering the
emission of greenhouse gases (Olguin-Maciel et al. 2020; Ahmad, Ali and Abd Rahim 2021).
Large-scale implementation of biofuels in the transportation sector will demand that
lignocellulosic biomass, which is found in a surplus throughout the world is used as raw material

in the production process (Panchuk et al. 2020).



Annual global sugarcane production of 1,889,268,880 tones, South Africa is amongst top 15
producers globally out of approximately 120 countries. Sugarcane in South Africa grows over a
range of agronomic and socio-economic conditions. South Africa is the leading producer of
sugarcane in Sub-Saharan African (SSA) countries with 14 sugarcane milling companies (Hess et
al. 2016). More than 45 000 farmers grow commercial sugarcane in South Africa with the milling
season stretching from April to December (Bezuidenhout and Singels 2007). Out of 14 sugarcane
millersin SA, KwaZulu — Natal (KZN) have twelve mills. The province of KZN has the largest
supply area with mostly rain-fed sugarcane (75%), while 25% of the sugarcane plantations are
produced under irrigation (Shikwambana et al. 2021). This makes sugarcane bagasse (SCB) an
ideal sourcefor second-generation bioethanol production.

1.2 Lignocellulosic biomass, waste, and bioethanol

Lignocellulosic biomass is the most abundant biopolymer on earth comprising about 50% of the
world’s biomass with an annual production of 10 — 50 billion tons. Biomass energy currently
contributes 9 — 13% of the global energy demand equivalent to 45+ 10 EJ per year (Kim and Dale
2005). Many lignocellulosic materials have been tested and reported for bioethanol production as
indicated in Table 1.2 below.



Table 1. 2: Composition of crops based on dry mass (Kim and Dale 2004)

Residues/ Dry matter  Lignin Carbohydrates Ethanol
Crop ratio (%) yield (L/kg
of dry
biomass
Sugarcane 26.0 67 0.50
SCB 0.6 71.0 14.5 67.15 0.28
Corn 1 86.2 0.60 73.70 0.46
Corn stover 78.5 18.69 58.29 0.29
Oat 1.3 89.1 4.00 65.60 0.41
Oat straw 90.1 13.75 59.10 0.26
Rice 1.4 88.6 87.50 0.48
Rice straw 88.0 7.13 49.33 0.28
Sorghum 1.3 89.0 1.40 71.60 0.44
Sorghum 88.0 15.00 61.00 0.27
straw
Wheat 1.3 89.0 35.85 0.40
Wheat straw 90.1 16.00 54.00 0.29
Barley 1.2 88.7 2.90 67.10 0.41
Barley straw 81.0 9.00 70.00 0.31

Lignocellulosic waste represents a promising option as feedstock for ethanol production
considering its output/input energy ratio and global availability at low cost. Additionally, it can be
processed in different ways for the production of any other bioenergy products such as synthetic
gas, methanol, hydrogen and electricity. One of the advantages of lignocellulosic waste is that it
does not compete with food and fertile cultivable land (Sanchez and Cardona 2008). The choice
of technology to process biomass varies depending on the chemical composition of the biomass

structure.

Ethanol from lignocellulosic material has already been introduced on a large scale in countries like

Brazil, where sugarcane is used for ethanol production; in the US and in other European countries,
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starch is used. Bioethanol is expected to dominate renewable biofuels in transportation. However,
the raw material is also used for animal feed and human needs and therefore to meet the increasing
demand for ethanol. Therefore, there is an urgent need to exploit lignocellulose feedstocks such as

agricultural residues as well as dedicated crops for ethanol production (Hahn-Hégerdal et al. 2006).

Lignocellulosic raw materials particularly hardwood and agricultural raw materials may contain 5
— 20% pentose sugars (xylose and arabinose) which are not fermentable to ethanol by mostly used
microorganisms including S. cerevisiae. The natural xylose-fermenting yeast Pichia stipitis CBS
6054 was reported to ferment xylose to ethanol with reasonable yield and productivity. However,
these strains are inhibited by compounds generated during pre-treatment and hydrolysis of the
lignocellulose material. Although filamentous fungi can tolerate inhibitors these are slow for
competitive industrial processes. Therefore, recombinant bacterial and yeast strains are selected to

meet industrial requirements/demands (Hahn-Hégerdal et al. 2006).

1.2.1 Sugarcane and sugarcane waste

Sugarcane (Saccharum officinarum) is a tall perennial grass of the genus Saccharum (family
Poaceae, tribe Andropogoneae). Sugarcane is commonly grown in many tropical countries for
several industrial applications, especially in the sugar and alcohol industries. It is favourable in
warm temperatures commonly in regions like Brazil, Africa, India and the Asian Pacific region.
Its general morphology is shown in Figure 1.1. Sugarcane is composed of a stem, which is the
material that is removed before the milling of cane to juice for sucrose sugar or alcohol, and
straw/trash, which is composed of fresh leaves, dry leaves and tops available before harvesting
(Neto et al. 2005).

Major parts are extracted from the sugarcane stem and the dry pulp residue left after sugarcane
stalks are crushed results in SCB. A ton of sugarcane produces around 250 kg of bagasse, whose
combustion produces 6 kg of ash (Khaleghipour et al. 2021). Sugarcane is employed for ethanol
production (first generation). However, Ferreira-Leitdo and Bon (2014) predicted that SCB along
with soluble solids (SS) can be used for second-generation ethanol production. This deployment
in Brazil is highly favoured because the production process can be annexed to sugar/ethanol, and
therefore requires low investment, infrastructure, logistics, and energy supply Corrales et al.
(2012).



Significant applications of leaves are fuel for direct combustion, raw material for conversion by
pyrolysis to char, oil and gas, as raw material for conversion by gasification and synthesis to
methanol (Triana et al. 1990). Approximately 50% of the sugarcane residues are burnt to generate
heat and power to operate sugar mills, ethanol, and distillery plants. The remaining is usually
stockpiled, which constitutes a serious environmental problem (Micheal and Moussa 2021).

Sugarcane bagasse represents a great morphological heterogeneity consisting of fibre bundles and
other structural elements such as parenchyma, vessels and epithelial cells (Sanjuan et al. 2001). It
consists of about 40 —50% cellulose which is a polymer for glucose. Hemicellulose constitutes the
second-largest component of SCB, which is an amorphous polymer that is made up of xylose and
a small amount of lignin (Konde et al. 2021). Table 1.3 shows the chemical composition of

sugarcane and different feedstocks.

Figure 1. 1: Sugarcane bagasse from sugarcane processing (Shah et al. 2022)



Table 1. 3: Percentage compositions of typical biomass feedstocks including sugarcane bagasse
(Zhao et al. 2012)

Feedstock  Cellulose Xylan Galacta Araban Lignin Mannan Extractive Ash
n

Woody 45 55 8-25 03-11 03-3 18-35 05-6 27 0.2 -

biomass 1.1

Hybrid 48.6 146 0.3 0.3 21.8 0.5 NA 0.7

poplar

Poplar 49.9 174 1.2 1.8 18.1 4.7 NA 0.5

White oak  43.6 180 04 2.4 23.2 2.9 NA 0.6

Red oak 43.4 189 NA 1.9 25.8 2.7 NA NA

Walnut 46.2 16.5 NA 1.8 21.9 2.6 NA NA

Maple 44.9 17.3 NA 2.8 20.7 2.9 NA 0.4

Grass 25-50 20-50 055-1 18-3 10-30 0.2-06 4-25 27

biomass

Corn cob 36.4 18.0 1.0 3.0 16.6 0.6 7.3 9.7

Corn 40.9 215 1.0 1.8 16.7 NA NA 6.3

stover

Sugarcane 40.2 21.1 0.5 1.9 25.2 0.3 4.4 4.0

bagasse

Wheat 38.2 212 0.7 2.5 23.4 0.3 13.0 10.3

straw

Rice straw  34.2 245 NA NA 11.9 NA 17.9 16.1

Switchgras  31.0 204 0.9 2.8 17.6 0.3 17.0 5.8

S

*NA-Data not available

1.3 Xylan as a substrate

Xylan is the second most abundant polysaccharide which is present in dicot wood as the major

hemicellulose constituent. Xylan serves as a major substrate for bioethanol production (Lee et al.

2011). Xylan is a linear chain of B-,4-linked xylosyl residue with around 120 degrees of

polymerization (Jacobs and Dahlman 2001). Some of the xylosyl residues in the xylan backbone

are substituted by a-1,2-linked 4-O-methyl glucuronic acid residues and acetylated at C-2 or C-3

(Timell, 1967). As in other woody species, the reducing end of xylan generally contains a unique
tetrasaccharide sequence consisting of b-D-Xylp-(1/3)-a-L-Rhap-(1/2)-a-DGalpA-( 1/4)-D-Xylp

(Lee et al. 2011). Xylose units in xylan are difficult to isolate and normally have 4 - 24 different

sugar monomers (Bastawde 1992). Xylose accounts for almost one-third of the total sugar
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contained in SCB. Therefore, microorganisms able to ferment both glucose and xylose are required
for an efficient conversion of bagasse to ethanol (Martin et al. 2002).

1.4 Xylanolytice enzymes

Hydrolysis of xylan requires the action of endo-p-1-4 xylanase, B-xylosidase and a series of other
xylanolytic enzymes (Fig.1.2) that cleave the side chain groups (Hebraud and Fevre 1990). The
important xylanolytic enzymes can be produced from yeasts, fungi, marine algae, bacteria, snails,
protozoans, seeds, insects, and crustaceans. Thermophilic microorganisms producing xylanolytic
enzymes are of great potential for industrial applications due to suitability under harsh processing
conditions (Kambourova et al. 2007). Efficient hydrolysis of the lignocellulosic structure requires
pre-treatment, which involves loosening of the structure followed by hydrolysis of cellulose and
xylose fractions in which lignin remains a solid by-product (Olsson and Hahn-Hégerdal 1996).

a-4-0-Me-GlcUA

HOOC o

Endoxylanase H,C Acetyl Xylan Esterase
0

H \ .

OH OH |a-Arabinofuranosidase ‘
H H
I-I2 OH I-l2 OH
a-Araf a-Araf

Figure 1. 2: Xylan structure with site of action for xylanolytic enzymes (Motta, Andrade and
Santana 2013)

1.4.1 Xylanases

These are the most important xylanolytic enzymes of major industrial importance that hydrolyze
insoluble xylan backbone into shorter, soluble xylooligosaccharides such as xylobiose and xylose
(Fig 1.3) (Knob, Terrasan and Carmona 2010). Xylanases are frequently used in several industrial
applications including the paper and pulp industry (Mah et al. 2021), biofuel production
(Chaudhary et al. 2021), while Singh et al. (2021) outlined xylanase usage in detergents, food, and
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pharmaceutical industries. Microorganisms are a rich source of xylanases produced by diverse
genera and species of bacteria, actinomycetes and fungi. Several bacterial species like bacilli and
filamentous fungi such as T. lanuginosus SSBP (Singh et al. 2000) are rich sources of xylanase,
producing high titres of extracellular xylanase that hydrolyze xylan are active at high temperature
and alkaline conditions, which are of great potential in industrial processes (Sharma and Kumar
2013). Xylanases have various industrial applications such as bleaching of paper and brightening
of pulp in the paper and pulp industry. They are also used to improve food digestion and

clarification of juices.

0
Xylanase --\__\___* OH O~
™~
O
o OH
o O

o
H
OH
OH
e o_ 0
OH

Xylan Hemicellulose

Figure 1. 3: Xylanase acting on xylan structure (Knob, Terrasan and Carmona 2010, SIGMA
(https://www.sigmaaldrich.com/ZA/en/product/SIAL/95595 )

1.4.2 Xylosidases

B-xylosidases hydrolyze soluble short xylooligosaccharides and xylobiose from the non-reducing
end to liberate xylose and play an important role in minimizing the end-product inhibition of

endoxylanases (Fig.1.4).
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W

B-D-xvlosidase

Figure 1. 4: Hydrolysis of a xylooligosaccharide by f-xylosidase (Knob, Terrasan et.al 2010)

Sunna and Antranikian (1997) described xylosidases as key xylanolytic enzymes possessing
massive biotechnological applications, especially in food, bioconversion, pulp and paper industries.
Furthermore, xylosidases play a significant role in transglycosylation reactions whereby

monosaccharides or alcohols get attached or cleaved from xylose (Sunna and Antranikian 1997).
1.5 Microbial sources of g-xylanase and p-xylosidase

1.5.1 Microbial sources of xylanase

Xylanase can be produced by a variety of microorganisms such as filamentous fungi, yeasts and
bacteria (Kumar, Dangi and Shukla 2018). Filamentous fungi are widely reported to be the most
promising candidates for commercial production due to exceptionally high levels of xylanase
production compared to bacteria and yeast (Kumar, Marin-Navarro and Shukla 2016). There is a
huge demand for microbial xylanase to meet the global industrial demand. Large scale production

also requires the application of genetic engineering (Uday et al. 2016).

1.5.1.1 Production of fungal xylanase

Filamentous fungi are the principal source of xylanase for industrial production. Fungal xylanases
are routinely used to satisfy the increasing industrial demand in paper manufacturing (Patel et al.,
2021), textile, food, feed, beverage, and biofuels production (Pathak, Bhardwaj and Singh 2014).
Pathak et al. (2014) produced xylanase and cellulase from Trichoderma harzianum for efficient

de-inking of photocopier waste papers.

The ability to improve fungal strains by genetic engineering makes fungi advantageous (Jin et al.,
2021). Xylanases can be produced from mesophilic strains of such as Aspergillus and Trichoderma
and thermophiles such as Thermomyces, which are known for high levels of xylanase production

(Kumar, Marin-Navarro and Shukla 2016). In search of a super xylanase producer, Sharma et al.
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(2015) isolated 90 fungal strains and 15 of them showed xylanolytic activity. Fungal strain 9
(Aspergillus s.p.S9) and fungal strain 20 (Aspergillus s.p.S20) showed highest activity of 59.5
U/mL and 49.75 U/mL, respectively. Singh et al. (2000) isolated T. lanuginosus SSBP as a hyper
producer which produced 3400 U/mL xylanase.

1.5.1.2 Production of xylanase from yeasts

Xylanases have been detected in several yeasts belonging to Kloeckera, Candida, Debaryomyces,
Rhodotorula, Pichia, Zygosaccharomyces, Hanseniaspora and Kluyveromyces isolated from
grapes in South African vineyards and clarified grape juice. Other than xylanase; extracellular
proteases, pectinases, B-glucanases, cellulases, lichenases, g-glucosidasess, sulphite reductase and
amylases were also produced. Amadi et al. (2020) reported a simultaneous enzyme production of
xylanase, cellulase and ligninase from S. cerevisiae SCPW 17 under solid-state fermentation.

Morais et al. (2013a) isolated and screened a total of 321 yeast strains for xylanase production and
the ability to hydrolyze D-xylose. Xylanicola, Spencermartinsiella sp.1 and Tremella sp were
identified as the best xylanase producers. Surprisingly, most isolates belonged to Xylanicola and
were able to ferment D-xylose. Further, Morais et al. (2013b) reported the extraordinary
biotechnological potential of these strains due to their ability to produce xylanase and ferment D-
xylose. The screening and isolation of xylanase-producing strains were based on the formation of
a clear halo around colonies on xylan agar medium. Some other species such as Lindnera. fabianii
and Wickerhamomyces. pijperi have been reported by Morais et al. (2013b) to produce xylanase

when cultivated on a xylan-yeast extract medium.

1.5.2 Microbial sources of xylosidase

Only a few studies have focused on microbial B-xylosidases. Rohman et al. (2019), classified B-
xylosidase into families of 3, 39, 43, 52 and 54 glycosyl hydrolases based on their amino acid
sequence similarities. Fungal xylanases only belong to 3, 43 and 54 glycosyl hydrolases.
Xylosidases from filamentous fungi have been studied but very few have been purified and
characterized (Yan et al. 2008). Fungal xylosidases are an interesting source because they secrete
enzymes freely inside the media (Knob, Terrasan and Carmona (2010). Fungal xylosidases have
elevated activity levels and specificity, therefore enabling them to have various industrial

applications in the processing of agro-industrial residues into fuels and chemicals.
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1.5.2.1 Production of fungal xylosidase

Many research papers have focused on newly isolated fungal -xylosidases. Filamentous fungi are
generally preferred as they are more effective producers of xylanolytic enzymes (Paul et al., 2020).
Fungal xylosidases are recovered from the production medium or by lysis of mycelium as it
becomes associated during early phases of growth (Knob, Terrasan and Carmona 2010) whereas
other fungal xylosidases remain to interact with the cell (Katapodis et al. 2006). -xylosidases
from filamentous fungi belong to three GH families namely; 3, 43 and 54 (Knob, Terrasan and
Carmona 2010). The majority of fungal B-xylosidases are members of the glycoside hydrolase
(GH) 3 family (Wang and Arioka, 2021), while presumptive B-xylosidases like Penicillium

herquei and A. oryzaeare are grouped under GH43 (Machida et al. 2005; van den Brink and de
Vries 2011). Presently most B-xylosidases are produced from fungal (Aspergillus niger,

Trichoderma reesei) and bacterial (Bacillus sp.) sources. Interestingly, Jordan and Wagschal (2010)
and Kanna et al. (2011) reported Acremonium cellulolyticus as a primary producer of cellulase
which secretes a lower B-xylosidase yield than the previously reported fungal xylosidases. Patel,
Divecha and Shah (2018) isolated Aspergillus niger ADH-11 for B-xylosidase and reported

increased production of 2.85-fold after optimization using response surface methodology. The
crude extract had several other xylanolytic and cellulolytic enzymes making the microorganism
advantageous for both xylanase and cellulose degradation. This allows minimal use of commercial

enzymes for saccharification of pretreated SCB (Patel, Divecha and Shah 2018).

1.5.2.2 Production of bacterial xylosidases

There are few reports on B-xylosidase production by a bacterial strain. Most bacterial p-xylosidases
are intracellular (Kim and Yoon 2010). (Bosetto et al. 2016) isolated GH43 B-xylosidases from B.
subtilis subsp.subtilis str.168, B. pumilus, Alkaliphilus metalliredigens and Lactobacillus brevis
ATCC367, which are of major industrial significance. Silva et al. (2020) reported a 62% increase

in activity of xylosidase (CcXynB2) from recombinant Caulobacter crescentus.

1.5.2.3 Production of yeast xylosidases

Many yeast species are capable of producing p-xylosidases (Paul et al., 2020). Romero, Mateo and
Maicas (2012) isolated, purified and characterized a pH, temperature and ethanol tolerant (-

xylosidase from Pichia membranifaciensiso. Lopez, Mateo and Maicas (2015) identified
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Hanseniaspora vineae, Pichia membranifaciens, H. uvarum and Wickerhamomyces anomalus as
xylosidase producers and used them to treat wine. Hanseniaspora vineae and Wickerhamomyces
anomalus contributed higher 2-phenyl ethanol in wines than others. It would be beneficial to obtain

a cost-effective xylosidase from yeast (Romero, Mateo and Maicas 2012).
1.6 Purification and characterization of xylanolytic enzymes

Xylanases are purified using classical biochemical techniques which include ammonium sulphate
precipitation, ion exchange (Teng et al., 2021), and gel-filtration chromatographic steps (Bouhlel
et al., 2021). Purification techniques allow the characterization of proteins possible for easy
industrial application. Generally, a high state of purity is not necessary for applications in food
processing, detergents and paper and pulp industries but may be essential to eliminate
contaminating enzymes based on application requirements (Price and Stevens 1999). Shah and
Madamwar (2005) successfully produced xylanase from newly isolated Aspergillus foetidus
MTCC 4898 and partially purified the enzyme. The authors obtained a yield of 84.7% from 40—
70% ammonium sulphate fraction with a purification fold of 4.98. Xylanase from Streptomyces
rameus L2001 appeared to be monomeric with an estimated molecular weight of 21.1 kDa based
on SDS-PAGE analysis. The enzyme was purified 13.3-fold by 40 — 60% ammonium precipitation
followed by DEAE-52 and CM Sepharose fast flow ion exchange chromatography (L.i et al. 2010).
The molecular weight for xylanase generally ranges around 20 kDa. The low molecular weight of
enzymes offers easy access to the lignocellulosic network for efficient degradation of
hemicelluloses (Kocabas, Guider and Ozben 2015).

Classical purification of B-xylosidases involves the same steps as described for B-Xxylanases.
Extracellular B-xylosidases are much cheaper and easy to purify than intracellular xylosidases as
they require costly and time-consuming cell-lysis and extraction from biomass (Ja’afar and Shitu,
2022). B-xylosidase from Themoanerobacterium saccharolyticum JW/SW-YS485 showed a
molecular weight of 78 kDa on SDS PAGE. The enzyme was purified by gel-filtration on Superose
6 (10/30) column and DEAE-Sephacel ion-exchange chromatography (Shao et al. 2011).
Intracellular B-xylosidase from B. thermantarcticus isolated from soil by (Lama et al. 2004) was
purified 160-fold by gel filtration chromatography using Sephacryl S-200 (2.5%x110 cm) column,
ion-exchange chromatography and hydrophobic interaction chromatography (HIC). SDS and
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native PAGE and gel filtration on Sephacryl S-200 column (2.5x49 cm) was used to report a
molecular weight of 150 kDa and pi of 4.2. Terrasan, Guisan and Carmona (2016) isolated a fungal
xylosidase from Penicillium janczewskii, and purified the protein with 55% ammonium sulphate,
dialysis, and cation exchange chromatography using CM Sephadex C-50 column (Sigma Aldrich,
1.4x17.0 cm). The molecular mass of 110 kDa was estimated by SDS-PAGE and gel filtration.
Mhetras, Liddell and Gokhale (2016) purified xylosidase to homogeneity as a glycoprotein with
23% glycosylation and obtained 8.3-fold from Pseudozyma hubeiensis NCIM 3574 (PhXyl). The
purification steps in this investigation included ammonium sulphate precipitation, QAE-Sephadex
A50 ion-exchange chromatography and Sephacryl-200 column chromatography with a yield of
53.12%. The purified enzyme exhibited a prominent band of 110 kDa on SDS-PAGE.

1.7 Nanoparticles (NPs) as promising support matrices

Nanomaterials have become a leading edge of the rapidly developing field of nanotechnology due
to their unique size-dependent properties which make them superior and indispensable in many
areas of human activity (Murray, Kagan and Bawendi 2000). They range from 1-100 nm
depending on the type and chemical composition of the nanomaterial. However, in most
applications, particles perform best when they are in the range of 10-20 nm (Lu, Salabas and
Schith 2007). Nanoparticles have been studied for over a decade and have now entered a

commercial exploration phase (Kah et al., 2021).

The physical and chemical characteristics of nanomaterials are influenced by size-related
properties such as shape and inter-particle distance to the core, charge, dielectric properties of the
conjugated system, refractive index, polarizability, dielectric medium surrounding particles
(solvent) and the composition of moieties (Doria et al. 2012). Nanomaterials are not only attractive
in medical fields but are also routinely used for many biotechnological applications with enzyme
immobilization processes being the most appealing. Nanoparticles support ideal characteristics
such as a larger specific surface area for attachment of enzymes leading to higher enzyme loading
per unit mass of particles (Jia, Zhu and Wang 2003), mass transfer resistance and effective enzyme

loading.

Enzymes are highly specialised protein catalysts that are commonly used in biofunctionalization

due to their great potential in biotechnology and biomedicine because of their convenience in
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handling ease of separation from the reaction mixture and reuse (Tilahun Bekele et al., 2021).
Immobilization in nanoparticles often reduces diffusion limitations and/or enhances the catalytic
activity of the enzymes (Conde et al. 2014). Moreover, enzymes immobilized on nanoparticles
showed broader working pH and temperature range and higher thermal stability than native
enzymes (Kaur et al. 2021). When comparing conventional immobilization methods, nanoparticle-
immobilization offers advantages such as easy production of nano-enzyme with high solid content
without using surfactants and toxic reagents, a homogeneous and well-defined core-shell of
nanoparticles with a thick enzyme shell and convenient tailoring of particle size within utility
limits. Due to the growing interest in cascade enzymatic reactions and in vitro synthetic biology,
nanoparticles might be able to co-immobilize multiple enzymes (Ansari and Husain 2012).

Several materials such as chitosan, gold, metals, and diamonds have been used at nano-size for
immobilization processes (Cipolatti et al. 2014). Immobilization of protein is effective to solve
difficulties with poor enzyme stability and difficult recovery of free enzymes. Moreover, it is
crucial to select a proper protein immobilization basis, designed to leads to increased rigidity of
the heterogeneous adsorbed materials in the biological sphere ranging from antibodies to
biocatalysts. Subunit dissociation is reduced and reuse of enzyme is entertained thus, the
immobilization of enzymes and proteins results in improved stability, simple separation from the
reaction mixture, possible modulation of the catalytic properties, prevention of microbial growth,
and in certain cases, results in higher activity or selectivity (Polizzi et al. 2007). Metal
nanoparticles are receiving great research attention (Tilahun Bekele et al., 2021). The physical and
chemical properties of NPs are directly related to their chemical compositions, sizes, and surface
structural characteristics (Mirkin et al. 1996). FesO4 nanoparticles have been intensively employed
because of their unique magnetic performance, improved stability, and reusability. These
nanoparticles can be easily isolated from the reaction medium using an external magnetic field
(Peng, Liang and Qiu 2011). But the superparamagnetic behaviour implies that its magnetization

may disappear once the external magnetic field is removed (Wu et al. 2007).

Immobilization of enzymes has inherent problems with recovery during centrifugation or filtration
processes, which can easily be overcome using magnetic nanoparticles and recovery by magnets
that can be reused in the next cycle (Ren et al., 2021). NPs are potential support matrices for

enzymes, nucleic acids, peptides and antibodies (Liao and Chen 2001). Additionally, immobilized
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enzymes are much cleaner and easier for enzymatic transformations. The use of carrier substrates
increases the ability and stability of enzymes (Singh and Ahmed 2012) due to the specific
interaction between them and the immobilized enzyme. Mostly enzyme activity decreases on
immobilization due to mass transfer limitations. Singh and Ahmed (2012) immobilized amylase
by adsorption on carboxymethyl cellulose-silver nanoparticle (AgNp)-silica hybrid and optimized
the hydrolysis of soluble starch in comparison to a free enzyme. The physical and chemical
properties of NPs are directly related to their chemical composition, size and surface structural
characteristics (Mirkin et al. 1996).

1.7.1 Magnetic nanoparticles (MNPs) as promising enzyme carriers

Magnetic nanoparticles (FesOas) are widely used nanomaterials due to their excellent structural,
chemical and thermal and storage stability, and reusability (Ashkan et al., 2021). Enzymes
immobilized on MNPs are active under a wide range of pH and temperature and display more
enhanced stability than free enzymes. During the past few years, various approaches for the
functionalization of MNPs have been suggested to improve the immobilization efficiency and
characteristics of enzymes (Bilal et al., 2018). Chitosan is a polymer of great interest due to its
biocompatibility, biodegradability and the presence of polycationic reactive groups, and therefore
it is suitable for coating of MNPs. Chitosan-coated magnetic nanoparticles have been produced by
physically adsorbing chitosan onto oleic acid-coated nanoparticles, resulting in spherical shaped
CCMNPs with a diameter of 15 nm (Kim et al. 2005), and their application in the removal of
metals has been reported by Yuwei et al. (2011). They are generally inert, but with an intravenous
injection, their surface can be adsorbed by plasma proteins or opsonisation as the first step in their
clearance by the reticuloendothelial system (Berry and Curtis 2003). Their low toxicity was
reported by Dyal et al. (2003) with improved lipase enzyme activity, loading and stability after

immobilization.

There are few reports on the preparation, characterization and adsorption properties of chitosan-
MNPs composite. Two methods are widely used for the preparation of these nanoparticles, and
this study uses the one step in situ co-precipitation method (Feng et al., 2022). Recently, the use
of highly structured physical and biosynthetic activities of microbial cells has emerged as a novel

approach for the synthesis of metal nanoparticles. The interaction between microorganisms and
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metals has been widely studied. Microorganisms’ ability to extract accumulated metals is already
being utilized in biotechnological processes such as bioleaching and bioremediation. The ability
of CCMNPs to chelate metal ions is attributed to the presence of amine and hydroxyl groups in the

chitosan chain.

MNPs can also be used for enzyme immobilization other than biomedical applications which are
achieved by physical absorption, covalent bonding and bioconjugation. Coupling nanoparticles
with reagents like glutaraldehyde,1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride
(EDC) (Suietal. 2012) and sodium tripolyphosphate (TPP) are better suited to achieve appreciable
immobilization stability by covalent bonding.

Huang et al. (2010) covalently bound glucose oxidase to FesOa/silicon dioxide nanoparticles using
glutaraldehyde and showed an activity of immobilized glucose oxidase of 4570 U/g at pH 7 at
50 °C. The immobilized glucose oxidase retained 80% activity after 6 h at 45 °C while free
enzymes could only retain 20% activity under similar conditions. Immobilized glucose oxidase
retained 60% of its initial activity after six repeated cycles, and retained 75% of its activity when
stored for a month at 4 °C compared to 62% of free cells (Xu et al. 2014). The role of surface
modification of nanoparticles was also demonstrated by Esmaili et al. (2021) when they modified
MNPs 3-Aminopropyltriethoxysilane (APTES) and trichlorotriazine (TCT).

There are several applications of MNPs conjugated with enzymes, for instance, MNPs produced
by biopolymer immobilization are useful in the food industry as food processing units
(Gharibzahedi and Jafari, 2017). Their renewable biocatalyst characteristic allows them to be
implemented for greener generation of biofuels (Ansari and Husain 2012) by co-immobilizing
xylanolytic enzymes on nanoparticles including MNPs. Another greener potential of NP
conjugation is the cost-effective production of cellulosic ethanol by saccharification of cellulose
when cellulase was immobilized on silica NPs followed by yeast fermentation (Maier-Hauff et al.
2011). MNPs possess many advantages for immobilization of enzymes and their repeated use

remarkably

decreases the production costs (Khoshnevisan et al. 2011). However, immobilizing lactase to
deplete lactose in milk for lactose intolerant individuals was costly (Talbert and Goddard 2013).

MNPs conjugation to enzymes does not have strict requirements for colloidal stability of enzymes
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like MNPs for drug delivery. It is important to preserve enzymatic activity on MNPs. MNPs are
also applied in biosensing and proteomics. For example, Pecova et al. (2013) reported trypsin
conjugated MNPs as a promising platform for proteomic analysis, the combination decreased
autolysis of the enzyme and increased re-usability (Hola et al. 2015). Bhattacharya and Pletschke
(2014) studied characteristics of Bacillus gelatin ABBP-1 immobilized on magnetic nanoparticles
and exhibited higher specific activity. He further suggested that immobilization might have a

protective effect on a protein structure which has also led to optimization of its catalytic efficiency.

1.7.2 Advantages and disadvantages of NPs

Despite several advantages of NPs as stated previously in section 1.6, there are certain limitations
as well. For instance, their small size and large surface area can lead to particle-particle aggregation
and may result in limited loading of functional components. In fact, only NPs with the appropriate
size and surface chemistry are not immediately recognized by the immune system and show
increased circulation times (Shvedova, Kagan and Fadeel 2010). Nevertheless, their unique and
broad-based optical properties, their ease of synthesis and facile surface chemistry and, most
importantly, their appropriate size scale can overcome these drawbacks and have been generating

much eagerness in clinical diagnostics and therapy (Sperling and Parak 2010).

Magnetic nanoparticles can also be used to carry drugs, they are concentrated in cancer tissue using
external magnetic field used (Hosseini, Seyedsadjadi and Farhadyar 2014). The synergistic
interaction of immobilization techniques with special features on nanomaterials has led to

unpredictable successes (Lee et al. 2010).

1.7.3 Recent applications of nanoparticles for bioethanol production

Bioenergy from lignocellulosic biomass has drawn attention lately because of its advantageous
low carbon dioxide emissions over the complete fuel cycle and its raw materials for production are
not food sources (Reshmy et al., 2022). This occurs as an indirect CO2 emission from biofuels
when the logging residues are emitted into the atmosphere simultaneously through combustion
instead ofbeing released incrementally as a result of decomposition at the harvest sites (Repo et.al,
2011). Recently, Marifio et al. (2021) worked on the hydrolysis of cellulose isolated from orange

bagasse using immobilized commercial cellulases onto amino-functionalized magnetic

21



beads. In addition, Dey et al. (2021) outlined that nanotechnology can refine lignocellulosic
biomass (LCB) into a high-performance fuel source. Furthermore, NPs can reduce toxicity and the
costs involved in conventional methods can be reduced when applied to LCB. The use of enzymes
in NPs promotes the green hydrolysis of LCB. Furthermore; Sdnchez-Ramirez et al. (2017) utilized
chitosan cellulase immobilized coated magnetic nanoparticles on the hydrolysis of agave fibre. An
increase of 1.60-fold in bioethanol production was obtained from pre-treatment and fermentation
of potato peels when Sanusi et al. (2021) employed nickel oxide (NiO) NPs immobilized with

amylase and amyloglucosidase

Besides using enzymes Kim et al. (2014) and Kim and Lee (2016) enhanced bioethanol production
from syngas by Clostridium ljungdahlii using silica and magnetic nanoparticles respectively being
the best at enhancers of gas-liquid mass transfer during fermentation. After intense reading and to
my knowledge, the is no single report on xylanolytic bound chitosan-coated magnetic
nanoparticles in an attempt for bioethanol production/enhancement from plant biomass. Only
recently there have been reports on biomass degradation from cellulase immobilized magnetic
nanoparticles. This can be evidenced by a study by Ozyilmaz et al. (2021) and lastly, Shalini et al.
(2021a) who hydrolyzed cellulose from Allamanda schottii L by cellulase bound MNPs using S.
cerevisiae. These findings and studies are conclusive that immobilization of enzymes on NPs
improves enzymatic activity and thus increased bioethanol production Ozyilmaz et al. (2021)
while Kaur et al. (2021), Taggar and Kalia (2021) and Shalini et al. (2021a) demonstrated that
cellulose derived from Allamanda schottii L can be hydrolyzed by cellulase bound MNPs using S.

cerevisiae.
1.8 Purpose of the study

South Africa produces a significant amount of lignocellulosic biomass annually. The Province of
KwaZulu-Natal is especially known for its high production of sugarcane bagasse as waste.
Bioethanol production using sugarcane waste has emerged as a renewable, environmentally
friendly, and sustainable alternative to non-renewable fossil fuels. The purpose of this study is to
investigate the efficacy of a xylanolytic biodegradable nanoparticle co-immobilized enzyme
system for enhanced saccharification and bioethanol production. An attempt was also made to
assess the production of xylitol. T. lanuginosus, which produces high titres of xylanase and acts as

a source of the xylosidase gene, was selected for this study. This study focuses on using sugarcane
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waste to produce bioethanol and xylitol using a consorted biotechnological-nanotechnological
approach. Despite the huge need for bioethanol worldwide, the supply is limited mostly due to
poor saccharification of C5 sugars and low yield. The xylanolytic system of T. lanuginosus SSBP
and its applications has been extensively studied by Singh et al. 2003 from our research group,
however studies presenting utilization of pentose sugar is still new. The present investigation
attempts to address this supply gap using an environmental-friendly approach which will be
instrumental for the sustainable development of South Africa.

Objectives

1. To produce and purify xylanase from T. lanuginosus and recombinant B-xylosidase from
P. pastoris harbouring the TIxyn1 gene from T. lanuginosus

2. To synthesize chitosan-coated magnetic nanoparticles (CCMNPs) and produce xylan from
sugarcane bagasse

3. To co-immobilize xylanolytic enzymes on CCMNPs and study enzymatic
saccharification under batch, repeated batch, and fed-batch modes

4. To produce bioethanol and xylitol using a saccharified product
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CHAPTER 2: PRODUCTION AND PURIFICATION OF XYLANASE AND

RECOMBINANT B-XYLOSIDASE FROM T. LANUGINOSUS SSBP

2.1 INTRODUCTION

The global industrial enzyme market is expected to grow from $5.6 billion in 2019 to $7.0 billion
in 2023 (https://www.newschannelnebraska.com/news). Despite the global industrial decline in
demand due to the current COVID-19 pandemic, the need for carbohydrases is expected to reach
USD 5.4 billion by 2027 (https://www.marketresearchfuture.com/reports/carbohydrase-market-
5338). Therefore, the production of enzymes in appropriate quantities is the first and most critical
step for its application in different bioprocesses. Laboratory production of enzymes often involves
studies in shake flasks and laboratory bioreactors. While shake flask studies are routinely used for
the initial optimization of enzyme production, bioreactors are preferred for optimum production
under controlled temperature, pH, aeration and agitation (Selden and Fuller 2018). Submerged
fermentation (SmF) is often preferred over solid-state fermentation (SSF) as medium components
are homogeneously dissolved in an agueous medium for maximum utilization by microorganisms.
Most fermenter designs used in laboratory SSF processes are shake flasks or, Erlenmeyer

bioreactors.

The degradation of xylan requires a range of xylanolytic enzymes including xylanase and f-
xylosidase. The use of filamentous fungi as microbial sources of xylanolytic enzymes has been
well-studied (Kumar, Dangi and Shukla 2018). There is a growing interest in Xxylanases for
lignocellulosic hydrolysis (Sutay Kocabas, Giider and Ozben (2015), biofuel production (Basit,
Jiang and Rahim 2020) and bioconversion of xylan to value-added products such as xylitol (Zhang
et al. 2019) and xylooligosaccharides (Arumugam et al. 2018). Cekmecelioglu and Demirci (2020)
optimized xylanase from Trichoderma reesei on shake flasks and laboratory bioreactor. A total
activity of 18.7 1U/mL from a benchtop scale bioreactor was obtained which confirmed that of
shake flasks 18.5 IU/mL. Ghoshal, Banerjee and Shivhare (2014) performed experiments to
optimize xylanase production from shake flasks to stirred tank laboratory bioreactor. The xylanase
was from Penicillium citrinum, the production increased by 2.5 times when compared to shake

flasks after 96 h. In contrast, Khanahmadi et al. (2018) observed reduced time by 24 h on a tray
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bioreactor compared to the corresponding batch on shake flasks. The maximum xylanase activity
was 1491 U/g and 1157 U/g respectively on the bioreactor and shake flasks.

Similarly, B-D-xylosidases are widely used as one of the xylanolytic enzymes in a diverse range
of applications, such as food, fuel, and the pharmaceutical industries. This has resulted in an
increase in studies for bioprospection of thermostable and xylose-tolerant B-D-xylosidases (Li et
al. 2018). B-xylosidases are crucial because they are able to hydrolyze more glycosidic bonds than
any other xylanolytic enzyme (Jin et al. 2020). There are several reports on microbial production
of B-xylosidases with desirable characteristics required for applications. However, the production
levels of xylosidases in wild strains are generally low. Therefore, recombinant strains are preferred
over wild strains for the production of xylosidases (Mustafa et al. 2016).

Bacterial hosts are known to produce misfolded inclusion bodies. Additionally, the instability of
plasmids after a few generations is a major concern. Recombinant yeast strains are preferred over
bacterial hosts due to appropriate folding and easy methods of cultivation. There are only a few

xylosidases reported from filamentous fungi.

Abdeshahian, Samat and Wan Yusoff (2010) cultivated Aspergillus niger FTCC 5003 from palm
kernel cake for three independent variables on RSM on an aerated packed-bed bioreactor; the
activity was 6.13 Units/g after 7 days of incubation. In search for an enzyme to be used as feedstock
for bioethanol production, Prasoulas et al. (2020) produced xylosidase from a fungus Fusarium
oxysporum F3 under solid-state cultivation using different agro-industrial residues. A maximum
of 0.052 U/g xylosidases was observed on shake flasks. The B-xylosidase from Aspergillus sp.
BCC125 expressed in P. pastoris resulted in a very high yield (Wongwisansri et al. 2013). Wild
strains of A. terricola, A. ochraceus are also known for the production of B-xylosidase (Michelin
et al. 2012).

Enzyme purification is mandatory for the removal of unwanted proteins and contaminants prior to
the characterization of the desired protein. The concentration of proteins using ammonium sulphate
and/or acetone is one of the most important steps during the initial steps of enzyme purification.
Purification steps may vary from a simple one-step process to multiple steps. Generally, more than
one purification step is required to achieve a high level of enzyme purity. The classical

chromatographic method of enzyme purification is based on differences in specific properties of
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proteins such as charge (ion-exchange), size (gel-filtration), hydrophobicity (hydrophobic
interaction and reverse-phase) and biorecognition (affinity chromatography). Therefore, the
selection of the appropriate purification strategy is crucial to attain maximum yield with the highest
catalytic activity and maximum possible purity of the target enzyme. The homogeneity of purified
proteins after every step is most routinely visualized on SDS-PAGE gels. The purification process
is directed towards achieving a distinct single prominent band corresponding to the protein of
interest (Berg, Tymoczko and Stryer 2012).

Mostly, standard column chromatographic techniques involving ion-exchange and gel-filtration
steps are required for the purification of microbial xylanases (Singh, Singh and Verma 2017).
However, some reports also indicate the use of hydrophobic interaction chromatography (Becker
et al. 2020). Frequently used fungal xylanases from Thermomyces. sp. and Trichoderma sp., have
been successfully purified to electrophoretic homogeneity (Harris and Ramalingam 2010).
Xylosidase from Aspergillus oryzae (Matsuzawa, Kameyama and Yaoi 2020) and Rhizophlyctis
rosea (Huanget al. 2019) expressed in P. pastoris has been reported.

Enzyme production in the bioreactor has ability to reduce costs associated with the entire process.
This chapter focuses on the production and purification of two xylanolytic enzymes, xylanase and
xylosidase. These integrated enzymes play a significant role in the biorefinery. Xylanase (TIxylA)
was produced by a wild fungus strain T. lanuginosus SSBP on course corn-cob media, and
xylosidase (TIxynl) was produced from a recombinant strain of P. pastoris G115. All enzyme

productions were explored through submerged fermentation of the previously optimized medium.
2.2 MATERIALS AND METHODS

2.2.1 Growth of microorganisms and enzyme production

2.2.1.1 Production of xylanase from T. lanuginosus SSBP

T. lanuginosus SSBP was grown on PDA plates for 7 days, followed by inoculation of 9 mm (3x)
mycelial growth in 100 mL statistically optimized medium as described previously (Singh, Pillay
and Prior 2000). The medium was composed of 30 g/L corn cobs, 5 g/L KH2PO4 and 15 g/L yeast
extract at pH 6 (Lin et al. 1999). Cultivation was carried out in 250 mL flasks at 50 °C for 7 days

at 180 rpm. A cell-free culture supernatant was obtained by centrifugation at 3 500 x g for 20
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minutes at 4 °C and used as crude enzyme extract. TIxylA activity was measured by determining
the amount of reducing sugars released at 50 °C using 1% birchwood xylan in 50 mM citrate buffer
at pH 5 (Kambourova et al. 2007) as the substrate, as described by Miller et al. (1960). The
substrate was pre-heated at 50 °C for 5 min then incubated with appropriately diluted enzyme
solution for 5 min and 0.9 mL DNS reagent was added, reaction was stopped by boiling the reaction
mixture for 5 min. Finally, it was cooled to room temperature, thereafter the absorbance was read
at 540 nm. The substrate and enzyme blanks were subtracted from the value of the analysed sample
(Breuil and Saddler 1985). One unit of xylanase activity was defined as the releaseof one nmol of

product per second by hydrolyzing xylan substrate, per min at 50 °C.

2.2.1.2 Production of g-xylosidase from recombinant P. pastoris GS115
Host P. pastoris GS115 harbouring the B-xylosidase gene from T. lanuginosus SSBP was
expressed in 100 pg/mL zeocin (Sigma-Aldrich) supplemented yeast extract, peptone, dextrose
(YPD) medium containing 10 g/L yeast extract, 20 g/L peptone, 20 g/L glucose and 20 g/L
solidifying agar (Gramany et al. 2016). A loopful of P. pastoris was inoculated in 50 mL YPD
broth medium on arotary shaker at 200 rpm at 30 °C. An overnight culture was then inoculated
into the fermentationbroth of 50 mL and incubated for 5 days at 200 rpm at 30 °C. Produced TlIxyn1
was harvested bycentrifugation and stored at 4 °C. One unit of B-D-xylosidase was defined as the

amount of enzymerequired to release 1 uM of p-nitrophenol per minute under optimal conditions.

2.2.2 Purification of xylanase and xylosidase

TIxylA from T. lanuginosus SSBP was produced in a 5 L laboratory fermenter and the crude extract
was concentrated by 25 — 50% ammonium sulphate precipitation. The precipitate obtained after
overnight incubation at 4 °C was resuspended in 50 mM citrate buffer pH 5.0. This was followed
by desalting through Hi-Prep™ 26/10 column (GE Healthcare, Sweden) against 20 mM citrate
buffer (pH 5.5) using AKTA purifier system (GE Healthcare, Sweden). DEAE column and
Resource Q anion-exchange columns were tested for their efficacy in purifying the proteins using
AKTA purifier. To study the binding of target proteins, both columns were operated using 20 mM
Tris — HCI pH 8.0- and 50 mM Na-citrate pH 5.3 as separate running buffers. To elute the proteins,
0 — 1 M sodium chloride was used at a flow rate of 1 mL/min. Active fractions from the eluted
peaks were pooled and applied on a Superdex™ 200 increase 10/300 column (GE Healthcare,
Sweden) to elute with 50 mM sodium acetate buffer (pH 5.5) at 0.75 mL/min. Eluted fractions
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were collected and concentrated with Biomax (MW. cut-off 10 000 Da) ultrafiltration membrane
(Millipore, USA). The concentration for total proteins was estimated using the Bradford method
with bovine serum albumin (BSA) as the standard. TIxynl from P. patoris. G115 was produced
and purified in a similar manner as that of TIxylA, except that the crude extract was concentrated
by 75-90% ammonium sulphate precipitation.

Purified proteins were visualized on SDS-PAGE as described by Laemmli (1970) using a Mini
PROTEAN gel electrophoresis unit (BioRad) to run a 12% separating gel of pH 8.80 containing
10% SDS.

2.3 RESULTS

2.3.1 Production of enzymes

2.3.1.1 Comparative xylanase production in shake flask and a 5 L laboratory bioreactor

TIxylA production by T. lanugenosus SSBP was observed over a period of 7 days by determining
xylanase activity every 24 h in a statistically optimized medium as shown in Figure 2.1. The
highest production of 3450 U/mL was observed on the sixth day. Thereafter, the production
remained almost constant. For large-scale production of TIxylA, a 5 L laboratory bioreactor was
used. Similarly, to shake flasks, TIxylA production by T. lanugenosus SSBP was observed over a
period of 7 days by determining xylanase activity every 24 h; with the highest production of 3735
U/mL was observed on day 6. During the first 48 h of fermentation, the enzyme units were almost

the same on the shake flasks and the laboratory bioreactor.
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Figure 2. 1: Comparative TixylA production profile in 250 mL shake flask andina 5 L
laboratory bioreactor at 50 °C for 7 days

2.3.1.2 Comparative xylosidase production in a shake flask and in a 5 L laboratory bioreactor

A time course (Fig.2.2) Tlxynl production by P. pastoris was carried out over 4 days of
fermentation on a YPD fermentation medium supplemented with zeocin. There was an almost
constant increase in the production in the shake flasks. A steep gradual production was observed.
The highest production of 59.45 U/mL was on day 4 of fermentation. Production declined slightly
on the fifth day. Tlxynl was upscaled on a 5 L laboratory bioreactor and the production was
monitored every 24 h for a period of 5 days. The production pattern was like that of the shake
flasks. There was a difference of 23.92% — 39.01% from flasks to the bioreactor. A maximum of
82.84 U/mL was observed on the 4® day of fermentation. There was no significant increase in

production after day 4.
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Figure 2. 2: Comparative Tlxynl production profile in a 250 mL shake flask andin a 5 L
laboratory bioreactor at 30 °C for 5 days

2.3.2 Purification of xylanase and xylosidase on the AKTA purifier

TIxylA and Tlxynl were concentrated using ammonium sulphate precipitation and purified by
classical chromatography using ion-exchange and size-exclusion chromatographic steps.
Concentrated enzyme solutions were desalted with Hi-PrepTM 26/10 column (GE Healthcare) and
then passed through HiTrap DEAE (GE Healthcare) and Resource Q (GE Healthcare) columns on
the AKTA purifier 100 (GE Healthcare).

The purification chromatogram for Tlxynl on the AKTA purifier is shown on the chromatogram
(Fig.2.3 (A)). Two peaks were observed namely peak 1 (P1) and peak 2 (P2). P1 consists of
fractions from A4 to B15 which have failed to bind at the matrix, as a result they passed as flow
through. After elution with a linear gradient of 0 — 1 M NaCl in 50 mM Tris-HCI buffer (pH 8.0),
a second peak (P2) was observed and eluted at a concentration of approximately 70% NaCl. P2
showed a visible separation of fractions E4 and E7. After performing the standard xylosidase assay,
the most active fractions were found to be those of D3, E1 and E4. Therefore, these active fractions

were pooled and concentrated using 10 000 kDa cut-off membrane and used for gel filtration
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chromatography on a Superdex G-75 column. The concentrated fraction appeared as a single band
SDS-PAGE after silver staining (Fig 2.4). A complete summary of the chromatographic details
including purification fold, yield, activity, and the recovery rate is presented in Table 2.1.

The purification profile for TIXYnA on the AKTA purifier is shown on the chromatogram
(Fig.2.3(b). Two peaks were observed namely peak 3 (P3) and peak 4 (P4). The third (P3) consists
of fractions from A5 to Al15 which shows the adsorption of the sample and washof unbound
proteins. These unbound proteins are referred to as waste, they are eluted before the gradient
begins. Peak 4 was observed from D6 to F13 after elution with a linear gradient of 0-1 MNaCl in
50 mM Tris-HCI buffer (pH 8.0), at a concentration of approximately 70% NaCl. The second peak
showed a slight separation of fractions D3 and D4. After performing the standard xylanase assay,
the most active fractions were found to be those from D6 to E3, E1. Thereafter, these active
fractions were pooled and concentrated using 10 000 kDa cut-off membrane and usedfor gel
filtration chromatography on a Superdex G-75 column. The concentrated fraction appearedas a
single band SDS-PAGE after silver staining (Fig 2.5). A complete summary of chromatographic
details including purification fold, yield, activity, and the recovery rate ispresented in Table 2.2.
During optimization, TIxynA and TIxyn1 purification using 50 Mm sodiumcitrate buffer, pH 5.30
and DEAE column and vice versa on AKTA did not produce desirable results (data not shown).
Fractions with the highest activity on TIxynA and TIxyn1 appeared witha single band on the SDS-
PAGE (Fig 2.4 and 2.5). A complete summary of TIxynA purification containing purification
folds, yield, activity, and recovery is presented in Table 2.2 and Table 2.2.
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Figure 2. 3: Elution profiles of TlxylA (A) and recombinant Tixynl (B) after anion exchange
chromatography using Resource Q column. The columns were eluted with 50 mM Tris-HCI
buffer (pH 8.0) at a flow rate of 1.0 mL/min.



Table 2. 1 Summary of purification steps for xylanase from T. lanuginosus SSBP

Total Total Specific Yield Fold
Purification Steps activity protein  activity (%) urification
) (mg)  (U/mg) ° b
Crude filtrate 19179 134.3 144.97 100 1
(NHa)2SO4 precipitation 16891 98.54 171.41 88.07 1.18
Anion exchange (DEAE FF) 11252 21.30 528.26 58.67 3.64
Gel filtration (Superdex™) 9137 1397 654.04 47.64 451

TIxynA from T. lanuginosus SSBP was successfully purified with an overall 4.51 purification fold
and 47.64% yield with a specific activity of 654.04 U/mg (Table 2.1). The purified enzyme had an
apparent molecular mass of 23 kDa on SDS-PAGE gel (Fig.2.5).

Table 2. 2: Summary of purification steps for recombinant xylosidase

Purification Total activity  Total Specific Yield Fold purification
steps V) protein activity

(mg) (Umg) (%)
Crude filtrate 16716 111.75 149.58 100 1
NH4)2SO04 12517 78.42 159.62 74.88 1.07
precipitation
Anion 5779 10.23 564.71 34.57 3.78
exchange
(Resource Q)
Gel filtration 2453.88 2.08 1179.75 14.67 7.89
(SuperdexTM)

Recombinant Tlyynl was purified to homogeneity with an overall purification fold of 7.89-fold
and a yield of 14.67% with a specific activity of 1179.75 U/mg (Table 2.2). The purified enzyme
had an apparent molecular mass of 55 kDa on SDS-PAGE gel (Fig.2.4).

2.3.3 Molecular mass determination of enzymes

Homogeneity of the purified proteins was confirmed on SDS-PAGE. The SDS-PAGE revealed
multiple bands on lanes 2 and 3. A single band in each sample after the purification steps on lane

5 was observed. The molecular masses estimated by this method were 50 kDa for TIxyn1 (Fig.2.4)

33



and 23 kDa for TlxynA (Fig.2.5). The effectiveness of the purification can be evident from the

band for the protein of interest becomes more prominent relative to other bands.

Figure 2. 4: SDS-PAGE analysis of purified xylanase from T. lanuginosus SSBP. Lane 1: Native
protein molecular weight marker (Sigma-Aldrich), lane 2: Crude filtrates, lane 3: Ammonium
sulphate precipitated enzymes (crude extract), lane 4: Ion exchange chromatography (Anion
exchange-DEAE FF), lane 5: Gel filtration (Superdex™)

Figure 2. 5: SDS-PAGE analysis of purified recombinant xylosidase produced in P, pastoris as
host. Lane 1: Native protein molecular weight marker (Sigma-Aldrich), lane 2: Crude filtrates,
lane 3: Ammonium sulphate precipitated enzymes (crude extract), lane 4: Ion exchange
chromatography (Anion exchange-DEAE FF), lane 5: Gel filtration (Superdex™,)
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2.4 DISCUSSION

Laboratory production of industrial enzymes is important to further scale up to a pilot-scale level.
For characterization and immobilization of enzymes, all non-desirable proteins must be removed.
The discovery of novel enzymes is often followed by purification, characterization, and
optimization to suit industrial use and multifarious applications. Catalysts for the synthesis of amide
bonds are highly desired based onan environmental perspective (Huisman and Collier 2013).TIxynA
(Fig 2.1) and TIxyn1 (Fig 2.2) were produced in a5 L bioreactor.

Complete hydrolysis of xylan requires the synergistic action of various enzymes, known as a
xylanolytic system. Endo-B-1,4-xylanase (E.C.3.2.1.8) and B-D-xylosidase (E.C.3.2.1.37) are the
most important, well studied xylanolytic enzymes responsible for the degradation of the polymer
main chain (Terrasan, Guisan and Carmona 2016). The present investigation focused on the
production and purification of B-TlxynA and B- Tlxynl enzymes. Thermophilic filamentous
fungus T. lanuginosus SSBP super producer was used to produce xylanase in a laboratory reactor.
Xylanase from T. lanuginosus was previously reported by Kumar et al. (2009) where T.
lanuginosus MC 134 mutant was used to obtain high levels of extracellular xylanase (346 + 10
U/mL) observed on the fifth day of fermentation. The production was further enhanced to 3299 +
95 U/mL using corn cobs under optimized growth conditions. During the present study, a total of
3454 U/mL and 3735 U/mL were obtained on day six from shake flasks and a laboratory
bioreactor, respectively. Aspergillus fumigatus JCM 10253 was shown as a potential producer of
extracellular xylanase (EI 1.18) with 2.6 1U/mL activity over 6 days of incubation at 50 °C (Saroj,

Manasa and Narasimhulu 2018).

On shake flasks production of TIxyn1, a maximum of 59.45 U/mL and 82.84 U/mL was observed
in shake-flasks and laboratory reactor respectively after 96 h of incubation. After 96 h of
incubation, there was no significant production. These enzymes generally operate at slightly acidic
pH, mesophilic temperatures. Kimet al. (2017) reported a novel intracellular glycoside hydrolase
family 43 B-xylosidase gene (xyl43) from Penicillium oxalicum 114-2 that was successfully
overexpressed in P. pastoris to produce high levels of xylosidase. After incubation of 4 days, the
Xyl43 protein concentration in the culture supernatant reached approximately 92.8 mg/L. An
enhanced production of B- Xylosidase was also achieved from K marxianus M125 mutant up to
1.5 to 2-fold more than that of wild strain (Mustafa et al. 2016. P. pastoris GS115 was shown to

be a good gene host. This is
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evident in a study by Wang et al. (2014) who transformed pGAPHa-MAP30 gene into Pichia
pastoris GS115 by electroporation successfully. The second part of this chapter focuses on enzyme
purification. This involved precipitation by ammonium sulphate followed by concentration using
ultrafiltration (Millipore 5 L benchtop ultrafiltration unit, 10 kDa and 50 kDa cassettes). Further,
binding conditions of TIxynA and xylosidase on different anionic and cationic chromatographic
columns (GE Healthcare) were optimized. This included optimization of flow rate (0.5 mL/min to
1.5 mL/min), buffer strength (10 mM- 80 mM) and pH (4 — 10) on the AKTA purifier. TIxynA
andTIxynl were purified using ion-exchange and size-exclusion chromatographic steps on the
AKT Apurifier.

Most of the protein remained unbound and detected in the flow-through fractions when using
DEAE, indicating that DEAE was not the appropriate matrix for binding of B-TlxynA and (-
TIxynl. Therefore, purification steps were attempted on another matrix Resource Q (50 mM Tris-
HCI buffer (pH 8.0). As expected, both enzymes were successfully attached to the changed column
and buffer, which was further eluted in fractions as peaks 1,2,3,4. Non-attachment of proteins to
matrices is common during protein purification and has been previously reported during the
development of protein purification methods on the BioRad NGC and GE AKTA by Winters et al.
(2020) and during the purification of protease as reported by Matkawala et al. (2019). A Resource
Q column was used for the successful purification of human epidermal growth factor receptors
(EGFR) (Seetaha, Ratanabanyong and Choowongkomon 2019) and serine proteinase (Azzolini et
al. 2003).

DEAE is an excellent and preferred matrix, which has been used for the purification of a large
number of proteins with recent reports by Vidya et al. (2020) on p-galactosidases from a fungus
Aspergillus terreus (KUBCF130), purification of thaumatin-like protein-1 (Ma et al. 2020) and

Urokinase Enzyme from serum blood of patients with pneumonia (Mohammed and Shaker 2020).

B-TIxynA and B- TIxynl were successfully homogenously purified with an overall purification of
4.51-fold, 47.64% yield (Table. 2.1) and 7.89%, yield of 14.69% (Table. 2.2) respectively after gel
filtration although the purification fold of xylanase is lower than those reported from other fungal
strains. Purification using Sephacryl S-200 resulted in 7.43-fold (Heinen et al. 2018), 7.06-fold
(Teixeira et al. 2010), 6.0 (Li et al. 2005a) and 7.7-fold from the Sephadex G-100 column
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(Khucharoenphaisan, Tokuyama and Kitpreechavanich 2010) which are still within the same range
as obtained.

The purity of proteins was evidenced by size-exclusion chromatography in the SDS-PAGE analysis
on a 12% gel. Purified, TIxynA and Tlxyn1 were found to be homogeneous and detected as a single
protein band on SDS-PAGE (Fig 2.4, Fig.2.5). The molecular weight of purified TIxynA was
estimated to be 23 kDa and TIxynl was estimated to be 55 kDa (Fig.2.4) using SDS-PAGE,
suggesting that purified enzymes might be a monomer. To our advantage, xylanases with low
molecular weight are preferable in the pre-treatment of lignocellulosic biomass. This is evidenced
by Subramaniyan (2012) during his pre-treatment of Kraft cooked pulp. This is because they can
easily generate pores allowing penetration into pre-treated xylan for effective xylan hydrolysis. The
size of recombinant TIxynl is not in agreement with the previous reports as per (Li et al. 2005a)
and (Dehnavi et al. 2016). The size of TIxynA agrees with the previous reports as per
Khucharoenphaisan et al. (2010) with an intense protein band of 24.9 kDa. The molecular masses
(23 kDa) of the enzymes are similar to the values of 24 kDa by Bokhari, Latif and Rajoka (2009)
and (Prajapati et al. 2020) with a molecular weight of 22.5 kDa from Aspergillus tubingensis. The
size of molecular weight from different species can diverge greatly for homologous enzymes as
their common gene ancestor has not evolved the same way in these microorganisms. On the
opposite side, same/similar enzyme activity can be obtained from two different proteins (i.e., not
originating from the same gene ancestor) which have evolved in a convergent way to catalyse the
same reaction but with different architectures/strategies. Secretorypathways are highly complex
systems requiring many assisting proteins for maturation, folding and secretion (Celinska and
Nicaud 2019). Genetic background also affects molecular weight during gene expression within the
same expression cassette and same locus (Swietalski et al. 2020).Extensive glycosylation increases
molecular weight, it is critical for a wide range of biological processes, including cell attachment

to the extracellular matrix and protein-ligand interactions in the cell (Bonzom et al. 2019).

2.5 Conclusions
Extracellular B-xylanase was purified from the culture of T. lanuginosus SSBP and xylosidase

from P. pastoris G115 grown on zeocin supplemented YPD medium. The molecular masses and
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purity of these enzymes were evidenced by the presence of a single band on the SDS-PAGE. The
results put the enzymes at a suitable stage for their application in biomass degradation.
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CHAPTER 3: SYNTHESIS OF CHITOSAN-COATED MAGNETIC NANOPARTICLES
(CCMNP) AND PRODUCTION OF XYLAN FROM SUGARCANE BAGASSE

3.1 INTRODUCTION

There have been numerous reports on applications of biomass-degrading enzymes in industrial
processes during the past few decades (Kumar et al. 2008; Solomon et al. 2016; Bilal et al. 2017,
Sharma et al. 2019). Despite extensive industrial applications of enzymes, their use is presently
limited by several factors such as high costs (Avila et al. 2020), loss of stability on prolonged use,
availability in small amounts, susceptibility to proteases and presence of inhibitors (Husain and
Jan 2000). Asgher et al. (2014) and Cao et al. (2021) suggest immobilizing enzymes with an
insoluble matrix to increase their effectiveness as industrial biocatalysts. Immobilization of
enzymes on support matrices, such as nanoparticles, may offer possible solutions to these
limitations as it improves the stability of enzymes, which in turn, enhances their reusability.
Moreover, enzyme-bound nanoparticles allow Brownian movement when dispersed in an aqueous
solution, which may improve the activities of immobilized enzymes more than free enzymes
(Gupta et al. 2011). Therefore, immobilized enzyme systems are preferred over free enzymes,
especially for repeated cycles of continuous bioreactor operations (Fernandez-Fernandez,
Sanroman and Moldes 2013). A wide range of nanoparticles has been synthesized and investigated
for their suitability as support matrices for the immobilization of enzymes. Nanoparticles are
preferred over other available immobilizing matrices as they offer a large surface area for

immobilizing and stabilizing enzymes.

Magnetic nanoparticles offer unique characteristics such as superparamagnetism, high coercivity,
low Curie temperature and high magnetic susceptibility, which has attracted considerable scientific
interest (Tai et al. 2011). Uncoated metallic nanoparticles have a large surface area-to-volume ratio
and can be easily oxidized in air, thereby losing magnetic properties and dispersibility. Coating of
the magnetic nanoparticles is required for the addition of functional groups for specific
applications (Alzaidi, Alzahrani and EI-Mouhty 2016). Mohammadi et al. (2019)produced
gold-coated MNPs for immobilization of inulinase. Similarly, attempts have been madeto coat
MNPs with polyaniline (Tahmasebi et al. 2012), silica (Du et al. 2012), dextran (Mou et al. 2015)

and many other polymers. Functionalization of MNPs has grabbed considerable interest
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as it introduces important functional groups for effective immobilization of industrially important
enzymes (Bilal et al. 2018a; Bilal et al. 2018Db). It also allows easy detection of functional groups
that can be identified using FTIR (Zhou et al. 2009). Gou et al. (2020) reported a novel magnetic
nanocarrier for immobilization of laccase to digest corn stover for improvement of bioethanol

production.

This chapter starts with the synthesis of chitosan-coated magnetic nanoparticles (CCMNPs) for co-
immobilization of xylanolytic hemicellulases from T. lanuginosus SSBP. Co-immobilization of
xylanolytic B-xylanase and [-xylosidase on CCMNP can overcome some of the mentioned
limitations by improving certain enzyme characteristics. Major immobilization advantages include
an increase in thermostability and its resistance to extreme conditions (Georgieva et al. 2008; Arica,
Altintas and Bayramoglu 2009).

The remaining part of this chapter is focused on producing xylan as a substrate, from sugarcane
bagasse. Globally, lignocellulosic biomass is abundant and underutilised. It is considered one of
the cheapest substrates to produce value-added compounds. Annually, 1.3 billion tons of
lignocellulosic waste is produced from food and food-processing industries (Ravindran and
Jaiswal 2016). A wide range of value-added products can be obtained by using sugarcane by-
products such as bagasse, sugarcane tops, molasses, and vinasse. This study employs the use of
sugarcane bagasse as the preferred lignocellulosic biomass to produce xylan. The produced

xylanase was used as a substrate for bioethanol production.

For extraction of xylan from SCB or any other biomass, pre-treatment is required for the removal
of lignin and the disintegration of the structure to enhance enzymatic hydrolysis of xylan (Reddy
and Krishnan 2016). Alkali pre-treatment using sodium hydroxide or potassium hydroxide is an

effective method for the recovery of xylan (Jayapal et al. 2013).
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3.2 MATERIALS AND METHODS

3.2.1 Production of nanoparticles

3.2.1.2 Synthesis of Chitosan—coated magnetic (Iron oxide) nanoparticles

The nanoparticles were prepared using the method described by Chen et al. (2011). This involved
using a ratio of 2:1 FeCls. 6H20 and FeCl..4H20 at 60 — 80 °C under an inert nitrogen atmosphere
and stirring at 400 rpm for 15 min. This was followed by the addition of 8 M NaOH to the solution
until pH 9.5 was attained, as indicated by a change in colour from orange to yellow to black. The
solution was then stirred for 30 min at 400 rpm and washed 5 times with ethanol and 3 times with
double deionised water (DDIW) by magnetic decantation. Chitosan solution was prepared by
dissolving 0.125 g of chitosan in 100 mL of 2% acetic acid. Ten millilitres (50 mg/mL) of prepared
magnetic nanoparticles were added to 40 mL of chitosan with vigorous mixing. Thereafter, the
resulting solution was sonicated for 40 min (Sonics, USA). This was followed by washing with
250 mL of 50 mM citrate buffer (pH 5.3) and dispersing the resulting solution by ultra-sonication

for 30 s to reach a concentration of 10 mg/mL for storage at 4 °C.

3.2.2 Activation, functionalization, and modification of NPs

3.2.2.1 Oleic acid (OA)

Oleic acid (5.3 mL) was added dropwise to 150 mL NP solution during synthesis to cover their
surface and stirred for an hour. Resulting NPs were washed 5 times with ddH20 and ethanol to

remove unwanted material then oven-dried overnight (Xiao et al. 2016).

3.2.2.2 APTES

An amount of 0.5 g dried OA-coated NPs obtained above were dissolved in 10 mL ethanol and
sonicated for 10 minutes. This was followed by the addition of 0.2 mL APTES (99%), stirred for

24 h at room temperature and NPs were then washed with ddH20.
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3.2.2.3 Glutaraldehyde (GA)

Glutaraldehyde was used as a cross-linking coupling agent, where 0.5 g of OA+APTES coated
NPs were dispersed in 10 mL 10% GA in citrate buffer (50 mM pH 5.3). The solution was stirred
for 2 h, washed and dried (Shaw et al. 2006).

3.2.3. Characterization of produced nanoparticles

Produced nanoparticles were microscopically characterized using SEM, and TEM. The
temperature profile was studied using differential scanning calorimetry (DSC) and
Thermogravimetric analysis (TGA), while Zeta potential was used for the estimation of the surface
charge.

3.2.3.1 SEM

Synthesized nanoparticles with and without enzymes were diluted and a drop was dispersed onto
carbon tape and dried under a standard table lamp with a 60W incandescent light bulb, placed
about 5 — 10 cm above the sample. The fixed sample was loaded on Field Emission Gun Scanning
Electron Microscope (FEG-SEM) in the Microscopy and Microanalysis Unit, University of
KwaZulu-Natal (UKZN) for imaging.

3.2.3.2HRTEM

Similarly, to SEM, the analysis was done by diluting nanoparticles with and without enzymes,
dispersed dropwise onto carbon paper and dried under a lamp. The samples were then placed onto
the Joel 2100 Electron Microscope in the Microscopy Unit at the University of KwaZulu-Natal for

size imaging.
3.2.33FTIR

Discs containing nanoparticles with and without enzymes were prepared with 150 mg of KBr
blended with 1.5 mg of sample (NPs, NPs with enzymes). This was then ground with a mortar and
pestle to obtain a homogeneous powder. After the prepared mixture had been loaded onto the die,
a plunger was used to evenly distributed it by rotating the die. The pellet was then dropped and
pressed down lightly with the plunger and the sample was exposed to a vacuum pump (2 mm Hg)
for 5 minutes. The die was removed from press by tweezer and the disc obtained was transferred

to holder of VVarian 800 FTIR for analysis over a full range of available wavenumber.
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3.2.4 TGA and DSC analysis

Thermogravimetric and differential scanning calorimetric analysis was performed on a DSC-TGA
(TA instruments) facility equipped with a computerized thermal data analyser in the department
of mechanical engineering at the Durban University of Technology. Thermogravimetric and
calorimetric properties were studied by heating 4 mg of samples at a rate of 10 °C per min from
25 °C — 600 °C and the difference in mass and heat flow was observed.

3.2.5 Zeta potential measurements

Zeta potential measurements were performed using Litesizer500 (Anton Paar). An analysis was
performed using omega cuvettes. Cuvettes were thoroughly cleaned with distilled water prior to
each measurement. The instrument pre-equilibrates itself with an aliquot of the sample before

acquiring data.

3.2.6 Pre-treatment of lignocellulosic waste by alkaline for the liberation of xylan

Sugarcane bagasse from Durban in Southern Africa was used as raw material. The solid biomass
at a loading of 100 g milled sugarcane bagasse (particle size, 0.45 — 0.9 mm) was treated with 6%
NaOH at a ratio of 1:10 for 4 h. The slurry was pH adjusted to 6.50 using 6 M HCI and filtered
through Whatman no. 1 paper to separate residues from the filtrate. The residue was washed
several times until neutral pH was achieved. The filtrate was air-oven dried at 45 °C until the
volume was reduced to one-third of the initial volume. Thereafter, three times the volume of
ethanol was added to concentrate the filtrate as precipitated hemicellulose. The precipitate was
decanted and dried at 65 °C for eight hours (Brienzo, Carvalho and Milagres 2010).

3.3 RESULTS

3.3.1 Production of magnetic nanoparticles

The magnetic nanoparticles (MNPs) were successfully produced as seen in Fig.3 (A), using the
method described by Zhang et al. (2011b). The magnetic property of the produced nanoparticles
was confirmed by placing an external magnet Fig.3 (B). CCMNPs can be observed in Fig 3.3(C).
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Figure 3. 1: Magnetic nanoparticles prepared by coprecipitation of FeCl3.6H20 and FeCl>.4H>O
under inert nitrogen atmosphere (4). Separation of MNP from solution by external magnet (B).
Magnetic nanoparticles coated with chitosan for protection against oxygen (C)

3.3.2 Characterization of CCMINP

The above-produced nanomaterials were characterised using a variety of techniques such as
scanning electron microscopy (SEM), HRTEM, FTIR, TGA and DSC to study and confirm their

physical and chemical characteristics.

3.3.2.1 SEM

From Fig.3.2 (A) the clumping of MNPs can be clearly seen, resulting in an
unclear/undefinedshape. However, Fig 3.2(B) shows distinctive spherical morphology.
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Figure 3. 2: SEM images showing clumping of naked MNPs (4) and distinct spheric MNPs
obtained after coating with chitosan (B)



3.3.2.2 HRTEM

A high-resolution transmission electron microscope revealed the morphology of produced MNPs

and CCMNPs. Figure 3.3(A) and (B) also show the agglomeration of nanoparticles. The average

size range was 1.738 nm to 3.07 nm with semi-spherical and spherical shapes on synthesized
CCMNPs. Micrographs in Fig.3.3 (A) and (B) shows naked CCMNPs and CCMNP without the
use of APTES.

200 nm y - A o

Figure 3. 3: Agglomeration of CCMNPs in the absence of APTES showing clear appearance of
chitosan

The HR-TEM images in Fig.3.4. (A) and (B) shows almost a uniform size with spherical
morphology. Most particles are sized ranging from 4.65 — 17 nm using image J. Improved

dispersion was also observed on CCMNPs.

Figure 3. 4: Evenly dispersed CCMNPs after using APTES showing circular shape
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3.3.2.3 FTIR analysis

Figure 3.5 depicts the FTIR spectra for MNPs. A stretching vibration of the Fe — O bond was
observed at an absorption peak of about 563 cm™ (Guo ef a/. 2021). An amine group at about 1637
cm is observed, the resulting amine bond is due to the interaction between the aldehyde(-CHO)
group and the amino(-NH2) group. Another report by Sukprasert ef a/. (2021) mdicated
glutaraldehyde cross-linkage in the vicinity of 1653 cm™. The peak at approximately 1386 cm™ is
assigned as C—H bending vibration of CH> in aliphatic compounds.
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Figure 3. 5: FTIR spectra of synthesized naked MNPs showing major functional groups

The FTIR spectra of chitosan-coated magnetic nanoparticles before and after immobilisation with
enzymes are shown in Figure 3.6. A strong peak stretching at 1653 cm™ in both free and co-
immobilized CCMNPs corresponds with -NH2 group bend scissoring. A peak observed at around
1547 em™ on the CCMNPs without enzymes is assigned to an amide II band with C—N stretching
and N-H bend (Sukprasert et al. 2021). There was a formation of Schiff’s base at 1423 cm™
(Nordm ef al. 2021).
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Figure 3. 6: FTIR spectra of CCMNPs and co-immobilized CCMNPs with xylanase and
xylosidase confirming co-immobilization

3.3.2.4 TGA/DSC

The TGA-DSC of bare MNPs (Fig.3.7A) shows about an 8% decrease in weight at 70 °C. A further
decrease of 5% after 8% at a temperature of 75 — 150 °C was observed. The MNPs remained stable
from 150 — 600 °C as evidenced by a stationary line. The MNPs retained about 87% of their weight
at 600 °C. A melting peak/point was noted at about 70 °C in both Fig.3.9A and Fig.3.7. A second
melting peak was observed at about 175 °C of MNPs while an exothermic peak was observed at
125 °C. At 75 °C CCMNPs retained about 50% of their weight. Crosslinking was observed after
100 °C of CCMNPs. The CCMNPs retained about 25% of their weight at 600 °C.
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Figure 3. 7: TGA and DSC profile of MNPs and CCMNPs obtained at a heating rate of 10 °C
min™. Uncoated MNPs (4), CCMNPs (B). Where green line represents TGA profile, and blue
line represents DSC profile.

3.3.2.4 Surface electric charge and size determined by zeta potential

According to Table 3.1, MNPs has an average zeta potential of 30.58 mV. The charge units

decreased by over 50% when the MNPs were coated with chitosan. This trend is also observed on

the pH.
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Table 3. 1: Zeta potential and size of produced MNPs and CCMNPs (without enzymes) with
respective to pH

Nanoparticle Size (nm) pH
Zeta potential (mV)

MNP 30.36 1.738 5.65

30.81 3.07 5.65

CCMNP 14.49 17 2.85

14.36 2.84

3.3.3 Extraction of xylan from sugarcane bagasse

Powder form of xylan was obtained after pre-treated sugarcane bagasse (Fig.3.8A). Produced dried

xylan was dissolved in a citrate buffer (Fig.3.8B) to be used on following experiments.

Figure 3.8: Dried precipitate of extracted xylan powder from pre-treated sugarcane bagasse (4),
extracted xylan (1%) dissolved in a Na-citrate buffer (B)

3.3.4 FTIR of xylan from sugarcane bagasse

An evident band at 1040 cm™! was observed in Fig.9, the peak attributed to C—O, C—C, stretching
and the glycosidic bond as C—O—C (Srinivasan ef al. 2021). Arabinosyl side chains are observed
at around 1161 cm™ ! and 992 em™ ! (Liu ef a/. 2021a). The prominent asymmetric and symmetric
vibration mode at 1559 cm™ and 1415 cm™! of the carboxyl group, confirm glucuronic acid

component while the peak at 1642 cm™ exhibited water absorption (Sharma ef al. 2020). A broad
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band at 3440 cm™ ! signify the presence of the hydroxyl group. Peaks displayed at 2800 cm™, 600

1

cm ! and 1800 cm™ ! are distinctive for xylan (Hema ef al. 2021).

100

Gentle degradation

Transmittance (%)

0 1000 2000 3000 4000 5000

Wavenumber (cm’l)

Figure 3. 9: FTIR spectra showing extracted xylan (green) against commercial xylan (blue)

3.4 DISCUSSION

The stability of industrial enzymes under harsh conditions is often the most important factor for
the cost-effective application of immobilized enzyme systems (Asgher et al. 2014). Many
nanomaterials have been used for immobilization in order to enhance enzyme stability and activity
(Tian et al. 2016). Bare magnetic nanoparticles and CCMNPs were successfully synthesised.
Synthesised NPs were able to be separated from a solution with an external magnet. Coating of

MNPs with chitosan protected them from oxidation.

Agglomeration was observed in Fig.3.2 because the MNPs were freely exposed to the environment
without protection coating and APTES, resulting in oxidation to MNPs. A high-resolution
transmission electron microscope agrees with the results obtained from SEM shown i Fig.3.3.

Nanoparticles without chitosan and APTES agglomerated. Bare nanoparticles revealed a high
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degree of agglomeration due to dipole-dipole interaction. Employing chitosan and APTES on the
nanoparticles resulted in less agglomeration with a distinctive spherical shape. The polydispersity
of the overall NPs was spherical, whereas Alzaidi, Alzahrani and EI-Mouhty (2016) obtained
nearly cubic MNPs. The possible reason may be the use of chitosan in the present study while
glycine was used as a coating agent by Alzaidi, Alzahrani and EI-Mouhty (2016).

Typical HRTEM micrographs for CCMNPs are shown in Fig.3.4 (A) and Fig.3.4(B). It was
observed that the nanoparticles showed a lower degree of agglomeration after coating with
chitosan and the use of APTES. This can be attributed to the presence of a non-magnetic chitosan
layer on the magnetic nanoparticle surface. Treatment of small clusters of CCMNPs with APTES
resulted in obtaining evenly dispersed nanoparticles with less or no agglomeration, as observed on
the HRTEM. Jadhav et al. (2013) previously indicated the relationship between the extent of
dipolar coupling and the distance between particles. Although the coated nanoparticles were
distinct, they generated small clusters, mainly because of the magnetic nature of the particles. Both
NPs were spherical which agrees with the observations from reported SEM micrographs in the
present study. Using image J, the diameter of NPs was estimated to range from 1.738 nm to 3.07
nm of MNP. On encapsulation with chitosan, the size of particles increased to 17 nm, indicating
successful encapsulation of particles by chitosan. After surface modification by chitosan and
APTES, particles maintained their original spherical shape without any deformation and

aggregation.

The FTIR spectra of MNPs presented in Fig.3.5 shows a stretching vibration of the Fe — O bond at
about 563 cm™, the bond is located at the tetrahedral site of the inverse spinel structure of the oxide
(Vadivel et al. 2015). The stretching vibration peak was exhibited at about 563 cm™ (Guo et al.
2021). The glutaraldehyde linkage can be used as quality control for the immobilization of
antibodies on the produced magnetic nanoparticles. An amine(C=N) bond at about 1653 cm™ was
due to the interaction occurring between an aldehyde (-CHO) group of glutaraldehyde and an

amino (-NHz) group on the surface of MNPs (Sukprasert et al. 2021).

Analysis of FTIR was mandatory following the coating of MNPs with chitosan and co-
immobilized with TIxylA and TlIxyn1 onto the surface of FesO4 MNPs (Fig 3.6). The peak at 1386

cm? can be attributed to the CH bend vibration of CHz in aliphatic compounds (Sukprasert et al.
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2021). Results confirmed successful surface modification with GA on MNPs. A sharp and broad
peak at 3440 cm™ regions in all samples corresponds with the OH bond stretching (Boddu et al.
2008; Ghosh et al. 2011; Yan et al. 2017). The peak at 1637.47 cm™ assigns to the -NHz. Thedips
at 1386.577 cm™ correspond with C—H bending (Shete et al. 2014a), and the dips at 1180 cm? relate
to the C-O stretching vibration of the primarily alcoholic group (Hong, Chang and Rhee 2010;
Dhoble et al. 2011). The C-O-C stretching vibration is visible at 1076 cm™ which is consistent
with a previous report by Gao et al. (2008). The strong absorption band at 570.07 cm*corresponds
with the Fe-O that validates the presents of FesO4 core (Li et al. 2005; Ma et al. 2007;Shete et al.
2014b; Chaichi and Ehsani 2016). These results indicate that FesOs MNPs were successfully
coated with chitosan without a phase change. Evidence of strong stretching of the NH2 peak at
1637 cm™ was observed. The peak slightly shifted from 1637.47 cm™ to 1653 cm™ after coating
and enzyme co-immobilization. A similar characteristic was observed by Sukprasertet al. (2021).
The GA enzymes assisted as an antigen-binding site of the enzymes. The strong peakat 1653 cm
serves as the absorption spectrum of proteins. This is also characteristic of the absorption spectrum
of protein, thus confirming the tethering of the enzymes. Co-immobilized enzymes remained active
after attachment to the CCMNPs.

Thermal properties of nanoparticles were investigated by simultaneous TGA-DSC curves of the
MNPs with a heating rate of 10 °C/min are depicted in Fig.3.7A, MNP, Fig 3.7A CCMNPs. The
loss of weight from the MNP and CCMNP was due to the loss of residual water in the sample
(Hojnik Podrepsek, Knez and Leitgeb 2013). The two endothermic peaks were observed from the
corresponding DSC thermogram at around 70 °C and 175 °C from the MNPs. The endothermic
peaks indicated that both free and hydrogen-bound water MNPs were dehydrated (Bui et al. 2021).
A similar trend of endothermic peaks at 70 °C was also demonstrated from CCMNPs. The
exothermic peak on MNPs was caused by the crystallization process (Yang et al. 2021). The
weight loss on TGA curves is attributed to the cross-linking agent (GA) present on the NPs.
Degradation results from combustion of the organic layer present (Arévalo-Cid et al. 2021). The
TGA curve of CCMNPs shows that there was a sharp degradation of about 50% at 75 °C. The
sharp decrease in weight loss from CCMNPs was mainly because chitosan is susceptible to high
temperatures (Dongre 2019). This was due to the free H2O molecule in the sample that was

adsorbed on the surface of the NPs being lost (Han et al. 2018) but this does not affect our study
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because only 50 °C will be used later in the study. Degradation further occurred from 75 °C to 230
°C, thereafter the remaining weight remained constant. CCMNPs retained about 25% of their
weight at 600 °C which is very less compared to that of MNPs. The biopolymer chitosan
decomposes at about 200 °C (Arévalo-Cid et al. 2021) which explains further weight loss from
230 °C to 600 °C.

Surprisingly, though the CCMNPs had retained very little of their weight, there were very tiny
exothermic peaks at 275 °C and 350 °C, implying that they were still stable. These results are in
accordance with those of Hojnik Podrepsek, Knez and Leitgeb (2013) where one exothermic peak
was obtained at around 300 °C. The crosslinking peak observed at the CCMNPs was clearly visible

due to the presence of GA and chitosan sharing a common functional group.

The zeta potential of functionalized MNPs and CCMNPs was measured and is shown in Table 3.1.
The duplicate zeta potential of uncoated MNPs is 30.36 mV, 30.81 mV and 14.49 mV, 14.35 mV
of CCMNPs. Stable dispersion is formed at zeta potential above 30 mV. With these clear
indications, it was noticed that the zeta potential of coated and uncoated MNPs decreased from
30.36 mV, 30.81 mV to 14.49 mV, 14.35 mV. Functionalized nanoparticles showed inherent
hydrophobicity due to the indole side chain, thus the change in zeta potential with a decrease in
pH. At pH less than 7.3 the surface charge of NPs is positive and at pH value above 7.3, the charged
surface of NPs is negative (Li et al. 2021). These physicochemicals enable enzyme attachment to
the NPs. Similar observations were also reported by (Lee, Chen and Lee 2021). Functionalization
with APTES shifts the negative surface of MNP to a positive surface. Adding more APTES on
MNPs introduces a positive charge (Zhang et al. 2015). However, increasing APTES concentration
causes zeta potential to be less prominent suggesting saturation of particles surface with the NHz*
groups. This makes it possible to control the magnetic properties of super magnetic hybrid particles
(Digigow et al. 2014).

Numerous methods are used for the pretreatment of sugarcane bagasse such as using acids, alkali,
surfactant-assisted ultrasound, surfactant-assisted acid pretreatment, and sequential pretreatment.
After sequential pretreatment of lignocellulosic, produced dry xylan (Fig.3.8a) was dissolved in a
50 mm citrate buffer (Fig.3.8b). Among the used methods, Sindhu et al. (2016) reported the highest
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reducing sugar of 0.796 g/g with sequential pretreatment and 0.775 g/g by alkali pretreatment. In
the present study, SCB was pretreated with alkali and 69% of xylan was recovered, which is 19%
higher than previously reported by Doner and Hicks (1997). Moreover, the yield varies greatly
depending on the type of wood, presence of lignin, hydrogen bonds, hemicellulose content and the
nature and concentration of alkali used for pretreatment (Bian et al. 2010).

It was mandatory to substantiate successful extraction of xylan from SCB by confirmation of
functional groups (Fig.3.9). The band appearing at 1040 cm™ corresponds with the C-O, C-C or
C—O-H bending present in the hemicellulose structure (Kacurakova et al. 1994; Srinivasan et al.
2021). This is an affirmation of xylan obtained from SCB (Liu et al. 2021a). The absorbance at
around 900 cm? represents a dominant B-glycosidic bond (Bian et al. 2010; Gullon et al. 2011b)
holding xylose sugar units in hemicellulose. The peak at 2800 cm™ assured the purity of xylan
after alkali pre-treatment while 600 cm™ corresponds with the C=0 stretching vibration of the ester
group in xylan (Kumari and Das 2015). The overall region of 1200 — 900 cm™ is typical of
arabinoxylan type oligomers and polymers with a low degree of the branched backbone which is
indicated by the signal at around 992 cm™ (Robert et al. 2005). The asymmetric C—O stretching
vibration at 1500 cm™ confirms the presence of uronic acid residues in ionized form (Gulldn et al.
2011a) as xylans have linear B-(1—4)-d-xylopyranan backbone consisting of various substitutes
including uronic acid derivatives, arabinofuranosyl and glucopyranosyl (Singh, Banerjee and
Arora 2015). The band appearing at 1642 cm™ was due to the bending mode of water which is
identical to FTIR spectra of SCB xylan obtained after precipitation with different levels of ethanol
(Kacurakova et al. 1998; Samanta et al. 2012). The additional vibration at 2990 cm™ corresponds
with C—H stretching (Bian et al. 2010; Maziero et al. 2012). The broad peaks centred at around
3440 cm™ can be attributed to the stretching vibration of hydroxyl group, which is widely
distributed over the monosaccharide rings, hydroxymethyl, uronic acid and absorbed water (Wang
et al. 2015). The bending deformation at 570 cm™ is the linkage for hemicellulose (Kumari and
Das 2015). Additionally, the absorbance band at 3440 cm™, around 1400 — 1500 cm™?,1040 cm’
1900 cm?, 1020 cm™ were typical of xylan structure (Jayapal et al. 2013).

3.5 Conclusions
Co-precipitation of iron in an inert atmosphere successfully generated MNPs. Produced MNPs

were functionalized and activated using APTES, GA, and OA. The use of pure magnetic
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nanoparticles may not be very useful since they are more likely to aggregate, undergo quick
degradation and altered magnetic properties. Therefore, coating of MNPs with chitosan provided
improvement and stability. This greatly provides new opportunities for the development of
environmentally friendly nanoparticles as support matrices for enzymes. Sugarcane bagasse
remains the top agro-industrial residue in several countries. The use of sugarcane bagasse for
energy generation is of immense benefit and a possible solution to the stockpiled sugarcane waste
in sugar mills. Production of ethanol from SCB required hydrolysis of xylan by synthesized

nanoparticles co-immobilized by xylanolytic enzymes in this study.
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CHAPTER 4: CO-IMMOBILIZATION AND CHARACTERIZATION OF
XYLANOLYTIC ENZYMES ON CCMNP FOR ENHANCED SACCHARIFICATION

4.1 INTRODUCTION

There have been several attempts to immobilise enzymes on a range of nanoparticles for different
industrial applications (Darwesh et al. 2020). Self-assembled enzymes on nanoparticles are
promising and have shown great improvement in different biotechnology industries. Different
enzymes have been immobilized successfully on a variety of nanoparticles. Properties of enzymes
usually change when using nanobiotechnology systems (An et al. 2020). Enzyme stabilities are
more remarkable than enzyme activities. Mohapatra (2021) immobilized f-mannase on chitosan
nanoparticles while Alam et al. (2021) reported immobilization of L-asparaginase as a food
enzyme on magnetic nanoparticles to reduce acrylamide formation in fried and baked products.
However, there are few reports on the immobilization of more than one enzyme on a single

nanomaterial.

Cascade reactions catalysed by more than one enzyme have been widely used in industries due to
their advantages over the use of single-enzyme systems (Liao et al. 2020). Co-immobilization of
enzymes in a single matrix can save more lag-time during the fermentation process than
independently immobilized in different particles in cascade reactions (Arana-Pefia et al. 2020).
The immobilized enzyme systems display exceptional thermal stability, and reusability compared
to free forms (Yao et al. 2020a). Recently, Qiu et al. (2021 co-immobilized laccase and 2,2-
binamine-di-3-ethylbenzothiazolin-6-6 sulfonic acid (ABTS) on chitosan-coated magnetic
nanoparticles to enhance the removal of 2,4-dichlorophenol pollutant in water at 25 °C with a
removal efficiency of 100%. However, coating of magnetic nanoparticles with an active
biodegradable, biocompatible and bioactive polysaccharide like chitosan is required to provide
protection against oxidation of MNPs and provides amino functional groups for attachments of
foreign antibodies (Naskar, Sharma and Kuotsu 2019). The biocompatible polymer, chitosan was
previously used as a coating agent of MNPs by physical absorption by Xu et al. (2014). During
the study by Hojnik Podrepsek, Knez and Leitgeb (2013), chitosan has shown to improve the
activity of immobilized cholesterol oxidase by 74.5% on chitosan-coated magnetic nanoparticles.

Additionally, immobilization on MNPs can reduce protein unfolding in addition to the stability
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and performance of enzymes (Mattos and Ringe 2001) and is effective for the refolding of proteins
(Ghaeidamini et al. 2018).

The present chapter focuses on the co-immobilization of TIxylA and TIxynl on synthesized
CCMNPs for saccharification of extracted xylan to yield fermentable xylose. The chemical and
physical characteristics of co-immobilized enzymes were studied. The size, structure and magnetic
properties of the resultant NPs were characterized by SEM, HRTEM, and Zeta potential. The
binding of co-immobilized enzymes to NPs was confirmed by FTIR spectroscopy. In addition,
binding efficiency, thermal properties, pH stability and shelf life of co-immobilized enzymes were
also examined. Finally, response surface methodology (RSM) was used to optimize temperature,
enzyme dose, and pH as the most significant factors affecting the hydrolysis of xylan. To the best
of our knowledge, this is the first study involving the co—immobilization of xylanase andxylosidase
on either MNPs or CCMNPs.

4.2 MATERIALS AND METHODS

4.2.1 Confirmation of co-immobilized enzyme CCMNPs activity

Xylan (1 mg/mL) was added to a freshly prepared co-immobilized enzyme CCMNPs with a
preliminary 2:1 xylanase to xylosidase ratio and incubated at 50 °C, 150 rpm for 12 h. Control
reactions contained substrate and CCMNPs without enzymes. Thin-layer chromatography (TLC)
was used for the development and observation of produced xylose due to co-immobilized enzyme
CCMNP action. TLC was developed on pre-coated silica gel plates (Merck) by using ethyl
acetate/acetic acid/2-propanol/formic acid/ water (25:10:5:1:15 by volume) as eluent. Two
microlitres xylose standard, test and control samples were loaded on the TLC, dried, and carefully
placed on the eluent for an hour. The product was detected by spraying the plate with 1% orcinol
dissolved in 10% sulfuric acid into ethanol. The plate was then dried and heated at 100 °C for 10
minutes for the detection of xylose. The method helped to detect the produced xylose (Jayapal et
al. 2013).
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4.2.2 Enzyme activity and protein binding efficiency of co-immobilized CCMNPs

4.2.2.1 Activity of co-immobilized CCMNPs and comparative xylose yield

CCMNP-xylanase activity and CCMNP-xylosidase activity were assayed according to the method
as described in sections 2.2.1.1 (xylanase assay) and 2.2.1.2 (xylosidase assay). Activity recovery
of enzymes was determined by calculating the ratio of total bound protein as per respective enzyme
activity:
Activity recovery (%) = Ay 100
as
Where,

a; = activity of immobilized enzyme

as= activity of free enzyme added to immobilization system

Xylose yield (%) was calculated according to the following formula:

xylose released (g) due to enzymatic hydrolysis x 0.88

] %) = x 100
Xylose yield (%) Amount(g) of xylan in substrate

4.2.2.2 Protein binding efficiency

The total amount of protein in the form of enzymes co-immobilized on CCMNPs was estimated
using Bio-Rad Protein Assay Dye Reagent, which is based on the Bradford assay (Bradford 1976).
However, not all the protein was bound to the CCMNPs. Therefore, loosely bound proteins were
removed by deionized water and buffer (Abraham et al. 2014). The unbound protein in the wash
solution was also estimated using the Bradford assay. The binding efficiency of the enzyme was
determined by calculating the ratio of total protein bound to the total amount of protein initially

used for co-immobilization:

Binding efficiency (%) = Total amount of bound protein +Total amount of protein added x100
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4.2.3 Characterization of co-immobilized TIxylA and Tixyn1 on CCMNPs

4.2.3.1 Morphology, size, and charge of co-immobilized enzyme CCMNPs

Co-immobilized enzyme CCMNPs were characterized using SEM, HRTEM, FTIR and zeta

potentials as described in section 3.3 of this study.

4.2.3.2 Effect of pH on the activity of free and immobilized xylanolytic enzymes

The optimum of free and immobilized xylanolytic enzymes was studied based on substrate
hydrolyzed over a pH range of 4.0 — 8.0. The optimums of free and immobilized enzymes were
determined by carrying out enzyme assays at these pH values. The reaction mixtures were
incubated at 50 °C for the enzyme assay and the optimal activities for immobilized and free
enzymes were taken as 100%. The pH stability of free enzyme, solely immobilized enzyme and
co-immobilized CCMNPs was investigated by measuring the relative activity of enzymes after
incubating in different pH values (pH 4 — 7) for 4 h for each enzyme. The pH stability was
determined at 4 °C in all the above-mentioned buffers by incubating and calculating the residual
activities after taking samples every hour. Enzyme activities were determined by the DNS method
as described in sections 2.2.1.1 and 2.2.1.2 previously. Experiments were performed in triplicate

and average values were reported.

4.2.3.3 Effect of temperature on the activity of free and immobilized xylanolytic
enzymes

The temperature stability of free enzyme, solely immobilized enzyme and co-immobilized
CCMNPs was investigated for each enzyme. Using the standard procedure, the temperature
stability of xylan was studied over a temperature range of 40 — 90 °C. The temperature stability
for TIxyn1 was studied over a temperature range of 30 — 80 °C. The residual activity was measured
at 50 °C in a 50 mm citrate buffer. Xylan without enzyme addition was assigned a relative activity
of 100% for xylanase and uninoculated p-nitrophenol was assigned a relative activity of 100% for
xylosidase. Experiments were done in triplicate and average values were reported. The initial
activity was regarded as 100% and residual activities with respect to initial activity were measured
at an interval of every 1 h for 4 h using standard xylanase and xylosidase assay. Each point

represents the mean + SD of triplicate experiments
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4.2.3.4 Storage stability

To investigate the shelf-life of free and immobilized enzymes, the enzyme activities were
monitored every week for 10 weeks at 4 °C.

4.2.4 Statistical optimization for enhanced saccharification

The extracted SCB xylan was used as substrate [1% (w/v); Jayapal et al. (2013)] and hydrolyzed
using co-immobilized CCMNP. The enzyme doses, pH and temperature were statistically
optimized using the response surface methodology (RSM) to improve the enzymatic production
of xylose. The design consisted of 30 experiments (Table 4.1) to be performed in triplicate. For
this study, different buffers were prepared, where 30 mg/mL of CCMNPs were used to immobilize
different doses of enzymes according to the RSM design and as per the immobilization method
explained previously (3.2.1.2). The enzyme-bound NPs were recovered after 12 h and 48 h of
saccharification using a strong magnet. Aliquots of the resulting supernatant were used for enzyme
and protein assays (Jordan et al., 2011). Samples were quantified for xylose using Shimadzu HPLC
(LCMS-2020).

4.2.5 Xylose quantification on HPLC

HPLC analysis was performed on HPLC Shimadzu with an Aminex column. All samples were
filtered through a 0.22 pm syringe filter. 5 Mm H2SO4 was used as a mobile phase with a flow rate
of 0.5 mL/min and an oven temperature maintained at 50°C. The ELSD drift tube was at 635 °C
at a carrier gas pressure of 300 kPa. The concentration of xylose was determined by ELSD, and
the total run time was 15 min for each sample. Xylose standard was prepared together with the

samples and used to plot a standard curve to be used for xylose calculations from the samples.

4.3 RESULTS

4.3.1. Qualitative and quantitative confirmation of co-immobilized enzymes

Extracted xylan (1%) from sugarcane bagasse (refer to chapter 3) was hydrolyzed with co-
immobilized CCMNPs. The hydrolysis resulted in xylose due to the combined action of
immobilized B-xylanase and B-xylosidase as confirmed by a thin layer chromatography (Fig.4.1).

A spot corresponding to a xylose standard in lane 1 was observed, confirming the activity of co-
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immobilized enzymes. The control reaction without immobilized enzymes on CCMNPs did not

show any hydrolysis spot in lane 2.

‘ » Xylose

Figure 4. 1: Thin layer chromatography (TLC) of xyvlan hydrolyzed by co-immobilized CCMNPs
with f-xylanase and p-xylosidase. Lane 1: Xylose standard (Sigma Aldrich) lane 2: Control
(CCMNPs without enzymes), lane 3: Test

Three different enzyme systems were used to produce xylose from 1% of the synthesized xylan
from the previous chapter. As shown in Fig.4.2, xylose yield for the co-immobilized enzyme was
slightly lower than the free enzyme but greater than the yield of the solely immobilized enzyme
mixture. A maximum of 28.62% xylose yield was achieved using free enzyme systems; a co-
immobilized system and the mixture of solely immobilized system showed a yield of 25.91% and
18.34%, respectively, after 36 h.
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Figure 4. 2: Quantitative confirmation of enzyme activity on co-immobilized CCMNP (—s—) and
comparative xylose yield using a mixture of solely immobilized enzymes (—=-) and free enzymes

(-+)

4.3.2 Binding efficiency

Immobilized xylanase lost 18% activity while xylosidases remained more active showing 92%
activity after co-immobilization. These results are in accordance with 75 — 90% protein binding

efficiency determining the amount of unbound protein in the unreacted fraction considering the

contribution of both purified proteins.
4.3.2 Characterization of physical co-immobilized CCMNP

4.3.2.1 SEM

Figure 4.3 shows uncoated co-immobilized MNPs (A) and co-immobilized CCMNPs (B). The
illustrations below show an average of 17 nm size and morphology of crystalline phase and semi-
homogenous samples. Similar observations were also reported by Mohammadi and Shaterian
(2019).
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Figure 4. 3: SEM images of uncoated co-immobilized MINPs (A) and enzyme co-immobilized
CCMNPs (B)

4.3.2.2 HRTEM

The diameter of co-immobilized CCMNPs ranged from 18.24 nm to 24.43 nm. These results are
within the minimum range of particle size that was reported by (Hojnik Podrepsek, Knez and
Leitgeb 2013). An increase in size due to chitosan-coating was noted in a study by Zhu ez a/. (2010)

where the uncoated NPs ranged from 2—10 nm while coating increased the size to 20 — 30 nm.

Figure 4. 4: HR-TEM image of co-immobilized CCMNPs with a slight increase in size from
MNPs without enzymes
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4.3.2.3 Surface electric charge and size determined by zeta potential

Table 4.1 shows duplicate values of the charge for co-immobilized CCMNPs. Produced co-
immobilized CCMNPs show an average zeta potential of 28.96 mV while the pH remained

constant.

Table 4. 1: Summary of produced co-immobilized CCMNPs nanopatrticles with respective to
their zeta potential, size and pH

Nanoparticle Size (nm) pH
Zeta potential (mV)
Co-immobilized CCMNP 29.057 24.43 5.85
28.87 18.24 5.85

4.3.2.4 FTIR analysis of co-immobilized CCMNPs

After enzyme immobilization onto a surface cross-linked by GA (refer to Fig.3.5), a strong peak
at about 1637.47cm™ was observed. This confirms the successful co-immobilization of the
enzymes on NPs. A peak against 1423 cm™ was also observed, which indicates the formation of
Schiff's base due to a reaction between the aldehyde and amine groups (Dhiraj et al. 2020). Schiff's

base structure is a form of a bridge between reactive sites on NPs allowing them to adsorb proteins.

4.3.2.5 TGA/DSC

Initially, the TGA thermogram of CCMNPs (Fig.4.5A) indicated 85% weight retention at 70 °C
which reduced to 36% at 600 °C. After co-immobilization, the stability of CCMNPs was improved
as shown on the DSC-TGA thermogram Fig.4.5B. This is evidenced by over 90% weight recovery
at 70 °C, retaining almost 60% weight at 600 °C. A tiny endothermic peak for CCNMPs was
observed at 25 °C and similar tiny exothermic peaks were also observed at 175 °C and 300 °C,
respectively. The endothermic was more intense and sharper with co-immobilized CCMNPs at 52

°C without any notable exothermic peaks.
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Figure 4. 5: TGA and DSC profile of CCMNPs obtained at a heating rate of 10 °C min-1 (4) and
co-immobilized CCMNPs (B). Where green line represents TGA profile, and blue line represents
DSC profile
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4.4.3 Chemical characterisation of free, solely immobilized, and co-immobilized enzymes

After the production, purification and co-immobilization of enzymes, characterization is critical
for confirming its suitability before application/s. Characterization involves the determination of
different chemical and physical attributes of the co-immobilized enzyme system. It is required to

ensure purity, identity, structural and conformational integrity, and enzyme activities.

4.4.3.1 pH optimum for free, solely immobilized, and co-immobilized of TIxylA and
Tlxynl

The free and co-immobilized xylanase exhibited maximum activity at pH 6.0 while solely
immobilized TIxylA exhibited the highest activity at pH 5.50 (Fig.4.6). A steep increase in the
relative activity of xylosidase is noted in Fig.4.7 from pH 5.5 t0 6.0. All enzyme systems for Tixyn1
retained higher than 80% activity in the steep slope. Solely immobilized TIxyn1 and co-immobilized
enzyme showed maximumactivity at pH 6.00 and the and free enzyme exhibited the highest
activity at pH 5.50. Both TIxylA and TIxynl activities started to drop after pH 6.0. The shift in
optimal activity may be due to the chosen immobilization method, support matrix or change of

enzyme confirmation after binding with the support matrix.
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Figure 4. 6: pH optimum of TIxylA on 1% substrate hydrolyzed at 50 °C over a pH range of 4.0
-8.0
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Figure 4. 7 pH optimum of TIxyn1 on 1% substrate hydrolyzed at 50 °C over a pH range of 4.0 —
8.0

4.4.3.2 pH stability of free, solely immobilized, and co-immobilized TIxylA on CCMNPs

Free TIxylA showed the highest stability at pH 6.50 while it was least stable at pH 4.0 as evidenced
by the retention of 56.21% and 23.19% activity, respectively, after 4 h incubation (Fig.4.8).
Immobilization of the sole TIxylA improved the pH stability. Solely immobilized TIxylA was
comparatively more stable retaining 66.28% of activity at pH 6.0 (Fig.4.9). The enzyme lost 33.1
% activity at pH 6.0 over 4 h, while a loss of 41.73% and 39.49% was observed at pH 5.0 and 5.5,
respectively, over 4 h. Furthermore, the pH stability of co-immobilized TIxylA on CCMNPs was
also studied (Fig.4.10). There was an even greater improvement in pH stability compared to that
of free or solely immobilized enzymes. The co-immobilized TIxylA lost 47.9%, 46.66% and 39.67%
of activity after 4 h at pH 4.5, 5.0 and 6.50, respectively. After 2 h, there was 72, 74.48 and 85.28%
of retained activity at pH 4.50, 5.0 and 6.50, respectively. It was noted that all enzyme systems for
TIxylA were less stable at lower pH. There was a slight shift in maximum pH stability from pH

6.5 to pH 6.0, when the free TIxylA was immobilized, either solely or with xylosidases.
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Figure 4. 8: Effect of pH on free TIxylA after incubating in different pH values (4 — 7) for 4 h
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Figure 4. 9: Effect of pH on solely immobilized TIxylA after incubating in different pH values (4
—T7)for4h
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Figure 4. 10: Effect of pH on co-immobilized TIxylA on CCMNPs after incubating in different
pH values (4 —8) for 4 h

4.4.3.3 pH stability for free, solely immobilized, and co-immobilized TIxynl on

CCMNPs

A sharp loss of free TIxynl activity was observed at pH 4.0 within the first hour of incubation
retaining almost negligible activity after 4 h (Fig.4.11). The enzyme at pH 4.50 was more stable
than pH 5.0 for the first 1 h. After 1 h, the activity at pH 4.50 started to decrease more than the
activity at pH 5.0. Free TIxyn1 showed maximum stability at pH 5.50 retaining 36.39% activity,
while it retained 28.75% of activity at pH 6.0. There was no significant difference in free enzyme
stability between pH 6.50 and pH 7.0 after 4 h. A similar trend of improved pH stability as section
4.4.3.1. was also observed with solely immobilized TIxyn1 (Fig.4.12). Solely immobilized TlIxynl
was fairly stable from pH 5.0 — 6.50. The solely immobilized TIxynl was most stable at pH 6.0,
with a loss of only 10.88% activity over 4 h while it showed the least stability at pH 4.0 with a loss
of 52.81% activity. The co-immobilized TIxynl retained 69.42%, 75.04% and 73.71% activity
when the enzyme was incubated for 4 h at pH 5.50, 6.50 and 7.0, respectively. After 2 h, there was
84.75%, 88.12%, 88.53% activity was retained at pH 5.50, 6.50 and 7.0, respectively. Co-
immobilized TIxynl was most stable at pH 6.0, retaining 76.85% activity after 4 h (Fig.4.13).
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Although the residual activity of co-immobilized TIxynl shows similar stability patterns as the
solely immobilized enzyme, a difference was noticed with respect to the rate of declining enzyme
activity in the range of pH 6 — 7.0. The highest loss in activity was noted at pH 4.0 and pH 4.50 on
all enzyme combination systems used in this study. Free TIxyn1 was most stable at pH 5.50 while
both solely immobilized and co-immobilized CCMNPs showed maximum stability at a slightly
higher pH 6.0 for TIxyn1.
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Figure 4. 11: Effect of pH on free TIxyn1l after incubating at different pH (4 — 7) for 4 h
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Figure 4. 12: Effect of pH on solely immobilized TIxyn1 after incubating at different pH values

(4-T7)fordh
120 4 —a— pH 40
—0— pH 450
—»— pH 50
= —a— pH 530
—— pH 60

Residual activity (%0)

40 -

Time (1)

Figure 4. 13: Effect of pH on co-immobilized CCMNPs on TIxyn1 after incubating at different

pH (4 —7)for4h
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4.4.3.4 Temperature stability for free, solely immobilized, and co-immobilized TIxylA
on CCMNPs

Xylanase from T. lanuginosus SSBP was stable in the temperature range of 40 — 90 °C for free,
solely immobilized, and co-immobilized TIxylA on CCMNPs. The free enzyme was fairly stable
between 60 and 70 °C for 4 h (Fig 4.14). The enzyme also showed appreciable stability at 50 °C
retaining 67.67% activity after 4 h. However, free enzyme stability decreased when the
temperature was further reduced below 50 °C. Similarly, the solely immobilized xylanase was
fairly stable between 50 and 70 °C for 4 h (Fig 4.15). Solely immobilized enzymes retained
80.56%, 100% and 98.87% TIxylA activity during the first 2 h of incubation at 50 °C, 60 °C and
70 °C, respectively. Further increments to 80 °C and 90 °C resulted in 50.53% and 46.68%
retention of activity, respectively after 4 h. Temperature stability profiles of co-immobilized
TIxylA showed improved thermostability compared to that of free and solely immobilized
enzymes. The enzyme was fairly stable in all combinations at 60 and 70 °C. The enzyme was more
stable between 80 °C and 90 °C than at 40 °C. This implies the thermostable nature of the enzyme.

120

Residual activity (%)

Time (h)

Figure 4. 14: Effect of temperature on free TIxylA after incubating in different temperature
range of 40 —90 °C for 4 h
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Figure 4. 15: Effect of temperature of solely immobilized TIxylA on CCMNPs after incubating at
40-90°Cfor4h

Residual activity (29)

Time (h)

Figure 4. 16: Effect of temperature on co-immobilized TIxylA on CCMNPs after incubating at 40
—90°Cfor4h
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4.4.3.5 Temperature stability for free, solely immobilized, and co-immobilized TIxyn1 on
CCMNPs

The stability of xylosidase as a free and immobilized enzyme was studied in the range of 30 —
80 °C. Free TIxynl was fairly stable between 30 and 40 °C for 4 h (Fig 4.17). The enzyme only
lost 29.47% activity at 30 °C after 4 h incubation. A gradual loss of activity was observed at 50 °C
retaining 24.77% after 4 h. When the temperature was further raised from 60 — 80 °C, more than
80% of its activity was lost within 1 h. Only 11.5%, 10.45% and 6.65% activity remained at 60 °C,
70 °C and 80 °C, respectively. The activity was completely lost at 80 °C after 1 h incubation. As
shown in Fig.4.18, the temperature stability for solely immobilized TIxynl on CCMNPs was
slightly improved. The solely immobilized TIxyn1 was also active between 60 — 80 °C for 4 h. It
was most stable at 30 °C, retaining 74.5% activity followed by retention of 66.77% activity after
4 h at 40 °C. The least stability was observed at 80 °C when only 19.76% of activity was retained.
This is over 30% improvement from the free TIxyn1 enzyme. The temperature stability profile for
co-immobilized TIxynl on CCMNPs (Fig.4.19) matches that of solely immobilized enzymes on
CCMNPs. The enzyme was fairly stable at 30 °C and 40 °C retaining 69.51 and 60.26% residual
activity, respectively, after 4 h. The enzyme stability of co-immobilized TIxynl on CCMNPs was
slightly lower than solely immobilized enzyme but with improved enzyme stability. From all the
enzyme combination systems used in this study for Tlxynl, it appears that the enzyme prefers

lower temperatures; however, the stability was improved after immobilization.
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Figure 4. 17: Effect of temperature on free Tlxyn1 after incubating at 30 — 80 °C for 1 (70 and

80 °C),1.5 (60 °C), and 4 h (30 — 50 °C)

120

Residual activity (%0)

=
b
Ly
-

Time ()

Figure 4. 18: Effect of temperature on solely immobilized TIxyn1 on CCMNPs after incubating

at30-80°Cfor4h
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Figure 4. 19: Effect of temperature on co-immobilized Tlxyn1 on CCMNPs after incubating at 30
—80°Cfor4h

4.4.4 Shelf life of enzymes at 4 °C

The study included free enzymes, solely immobilized enzymes, a mixture of solely immobilized
enzymes and co-immobilized enzymes on CCMNPs. Results showed that enzyme immobilization
enhanced the enzymes’ storage stability (Fig 4.20 and Fig 4 .21). Storage stability for TIxylA was
greater than TIxynl on all combinations. Solely immobilized enzymes and co-immobilized
enzymes showed better stability for both enzymes studied. A maximum of 61.89% and 58.89%
activity was retained for solely immobilized and co-immobilized enzymes on CCMNPs for
TIxylA, respectively, after 10 weeks. Residual activity of 90.67%, 95.36%, 87.67%, and 93.36%
was observed after 2 weeks on the free enzyme, solely immobilized, mixed solely enzymes and
co-immobilized enzymes on CCMNPs, respectively. A maximum of 56.72 % and 51.87% activity
was retained for solely immobilized and co-immobilized enzymes on CCMNPs, respectively, after
10 weeks at 4 °C. Residual activity of 82.67%, 90.67%, 82.36% and 86.41% was obtained after 2
weeks on free enzyme, solely immobilized, mixed of solely enzymes and co-immobilized enzymes
on CCMNPs of Tlxynl respectively. Immobilization protects enzymes from deactivation and

enhanced enzymes stability.
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Figure 4. 20: Storage stability of TixylA at 4 °C for 10 weeks. Samples were taken and assayed
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Figure 4. 21: Storage stability of Tlxynl at 4 °C for 10 weeks. Samples were taken and assayed

every week at 50 °C
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4.4.5 Statistical optimization for enhanced saccharification of xylan using RSM

RSM using CCD was used to optimize xylanase, xylosidase, pH and temperature variables that
can influence the production of xylose. Selected variables were studied for their optimum levels
and to study their interactions for improved xylose production. Table 4.2a shows the experimental
range of independent variables at five different levels. Responses of experiments are shown as
xylose production in Table 4.2b. The highest xylose production of 7.51 + 0.38 g/L was observed
near the centre of the model while run 23 resulted in the lowest production of 2.34 xylose. The
results of the experiments were further analysed by standard ANOVA (section 4.2c). The
following second-order polynomial equation was obtained that explains xylose production as a
function of the four variables:

Xylose production (g/l) = 5.63+0.24A+0.31B+0.32C+0.28+D-0.63A,-0.72B,-0.13C>-0.88D,-
0.36AB+0.15AC+0.48AD+0.038BC+0.17BD+0.035CD

Table 4. 2 Experimental range (a) and design (b) for optimization of xylose production by
CCMNPs co-immobilized with xylanase and xylose on 1% xylan response surface methodology

(a) Experimental range and level of independent variables

Variables Symbol Range and level

-0 -1 0 +1 +o
Xylanase (U/mL) X1 20.00 40.00 60.00 80.00 100.00
Xylosidase (U/mL) X2 10.00 20.00 30.00 40.00 50.00
pH X3 4.00 475 5.50 6.25 7.00
Temperature (°C) X4 40.00 45.00 50.00 55.00 60.00
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(b) Experimental design for R studies

Run Values of variables Xylose production
no. (9/L)

X1 X2 X3 X4 after 12 h after 48 h
1 40.00 20.00 4.75 45.00 245+0.20 3.13%£0.19
2 80.00 20.00 4.75 45.00 253+0.13 3.21+£0.17
3 40.00 40.00 4.75 45.00 3.43+0.98 3.7+0.83
4 80.00 40.00 4.75 45.00 2.02+0.79 3.22%0.76
5 40.00 20.00 6.25 45.00 2451044 3.15%£0.53
6 80.00 20.00 6.25 45.00 3.01+0.11 4.47+0.19
7 40.00 40.00 6.25 45.00 3.00+£0.14 4.34+0.20
8 80.00 40.00 6.25 45.00 2.74+0.18 4.82+0.18
9 40.00 20.00 4.75 55.00 2.13+0.15 4.78%£0.21
10 80.00 20.00 4.75 55.00 4.12+0.19 4.66+0.21
11 40.00 40.00 4.75 55.00 3.56+0.19 4.8+0.25
12 80.00 40.00 4.75 55.00 4.05+0.22 4.32+0.23
13 40.00 20.00 6.25 55.00 1.96+0.08 4.34+0.17
14 80.00 20.00 6.25 55.00 4,78+0.17 5.7x0.27
15 40.00 40.00 6.25 55.00 3.97+0.15 5.45+0.25
16 80.00 40.00 6.25 55.00 490+0.21 6.12+0.30
17 20.00 30.00 5.50 50.00 297+0.16 3.89%0.13
18 100.00 30.00 5.50 50.00 3.52+0.10 4.23+0.16
19 60.00 10.00 5.50 50.00 2.02+0.05 3.34%0.10
20 60.00 50.00 5.50 50.00 3.71+0.13 4.05+0.19
21 60.00 30.00 4.00 50.00 4.02+0.18 4.88+0.20
22 60.00 30.00 7.00 50.00 6.42+0.23 6.9+0.25
23 60.00 30.00 5.50 40.00 243+0.16 2.34%0.11
24 60.00 30.00 5.50 60.00 2.06+0.15 3.89%0.14
25 60.00 30.00 5.50 50.00 5.87+0.26 7.62+0.33
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26
27
28
29
30

60.00
60.00
60.00
60.00
60.00

30.00
30.00
30.00
30.00
30.00

5.50
5.50
5.50
5.50
5.50

50.00
50.00
50.00
45.00
45.00

5.42+0.30
5.75+0.27
5.55+0.23
5.60+0.19
5.48+£0.24

7.41+0.30
7.5+0.28
7.62 +0.32
7.41+0.27
7.5%+0.26

* x1—xylanase (U/mL), x—xylosidase (U/mL), xs—pH, xs—Temperature(°C)

(c) ANOVA values for xylose production

R-Squared

Adj R-Squared
Pred R-Squared
Adeq Precision

0.9897
0.9800
0.9430
33.596

4.4.6 Optimization of xylose production on RSM

Figures 4.2 (A) and (B) show the interaction of two variables while keeping the remaining variable

fixed. Figure 4.2 (A) and (B) represent three-dimensional response surface curves for xylose

production. Figure 4.2a shows an increase in xylose production with an increase in -xylanase and

B-xylosidase concentration up to 66.33 U/mL and 33.07 U/mL, respectively. Any further increase

in these variables did not have a significant increase in xylose production. Furthermore, an increase

in temperature to 52.31 °C and a pH of 6.18 had a favourable impact on xylose production

(Fig.4.2B). Therefore, the statistically optimized parameters of 66.33 U/mL xylanase, 33.07 U/mL

xylosidase, pH 6.18 and a temperature of 52.31 °C were selected for further validation

experiments.
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Figure 4. 22: Response surface curves to study the interaction of xylosidases and xylanase (A)
and pH and temperature (B) on xylose production using 1% xylan

4.4. DISCUSSION

Successful co-immobilization of the two enzymes was confirmed qualitatively and quantitatively.
The hydrolysis of xylan to xylose was confirmed as a dark spot corresponding to standard xylose
(Sigma) on a developed TLC plate (Fig 4.1). There are several reports on the hydrolysis of xylan
using xylanases and xylosidases (Okamoto et al. 2021). Liu et al. (2019) reported a TLC of xylose
from the hydrolysis of beech wood xylan due to xylanase and xylosidase action. The qualitative
and quantitative confirmation of enzyme activities of co-immobilized CCMNPs formed the basis
of further optimization using a central composite design. The intermediate xylose yield of the co-

immobilized system may be explained based on slightly higher activities of free enzymes.

The protein corona around nanoparticles obstructs the binding of competing proteins to the
CCMNPs. Therefore, it was mandatory to estimate the protein binding efficiency. In the present
study, xylanase and xylosidase from T. lanoginosus SSBP were immobilized on CCMNPs using
a GA cross-linker. Solely immobilized enzymes had a protein binding efficiency of 82 — 90%
while the co-immobilized system showed 75 — 80%. Reduced binding efficiency on the co-

immobilized system was presumably due to a hindrance caused by the accommodation of two
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enzymes on the same binding site on CCMNPs. Recently, Salem et al. (2021) showed 92% of
amylase and 87% of xylanase immobilized on biomimetic MNPs. Another recent report on the use
of MNPs for cellulase immobilization reported a binding efficiency of 65.55% (Kaur et al.
(2021b).

Comparative morphological study of the uncoated and immobilized MNPs is required to observe
changes before and after immobilization (Mohammadi and Shaterian 2019). Therefore, the
morphology of uncoated co-immobilized MNPs and co-immobilized CCMNPs was studied using
SEM micrographs (Fig.4.3). Based on HRTEM results in Fig.4.4, it was determined that
immobilization did not significantly change the size of the nanoparticles after enzyme co-
immobilization, indicating that agglomeration and particle compaction did not occur, primarily
due to the use of APTES. Previously, Jadhav and Bongiovanni (2012) noted a very small change
in particle size in the absence of APTES that was associated with agglomeration and energy
associated with the high surface area to volume ratio of the nano-size particles. HRTEM confirmed
the spherical shape of co-immobilized CCMNPs with an average size of 21.34 nm. The thin film

layer surrounding MNP in this study indicated successful coating of the CCMNP with chitosan.

The co-immobilized CCMNPs showed an average zeta potential of 28.96 mV, which was almost
doubled that of CCMNPs without enzymes (Table 3.1). This infers that enzyme immobilization
resulted in increased zeta potential (Fig.4.4). Recently, Ahmadi et al. (2021) reported -35mV
MNPs zeta potential. The structure and functional groups of CCMNPs and co-immobilized
CCMNPs were further characterized by FTIR (Fig.4.5). The displayed typical peaks of amide | at
1637 cm™ and amide 11 at 1653 cm™ confirm the presence of enzymes. Thermal degradation of
CCMNPs and co-immobilized CCMNPs with xylanolytic enzymes was shown in Fig.4.6A and
4.6B. TGA-DSC showed thermostable CCMNPs and co-immobilized CCMNPs. Tiny exothermic
peaks obtained from CCMNPs without enzymes were eliminated on co-immobilized CCMNPs,
which may be attributed the absence of crystallization (Neamtu et al. 2011). The intense
endothermic peak from the co-immobilized CCMNPs at around 52 °C resulted from the
elimination of water. The weight loss of CCMNPs and co-immobilized CCMNPs between 50 °C
and 200 °C was the result of evaporation of water and unreacted APTES groups (Todan et al.
2013). At arange from 200 — 600 °C, CCMNPs and co-immobilized CCMNPs retained about 36%
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and 60% weight, respectively, at 600 °C. Improved stability was observed on co-immobilized
CCMNPs (Fig.4.5a). However, our results contradict those reported by Long et al. (2020) where
B-fructofuranosidase and glucose oxidase were co-immobilized by sol-gel encapsulation, showing
significant weight loss on TGA-DSC. After 200 °C, TIxylA and Tlxynl started to decompose.
Characterization using SEM, TEM, FTIR, Zeta potential and DSC-TGA studies confirmed
successful immobilization of TIxylA and TIxynl on CCMNPs.

pH plays an important role in reaction and biological systems as it can affect enzyme stability and
consequently its activity (Emamdadi, Gholizadeh and Housaindokht 2021). The optimum pH of
free, solely immobilized, and co-immobilized TIxylA were 6.0, 5.50 and 6.0 respectively (Fig.4.6).
Maximum activity occurred at a pH of 5.50 (Fig.4.7) indicating an increase in the net charge of
the co-immobilized enzymes, which is favour of the study because the co-immobilized system of
these enzymes will be used in the next chapter for saccharification. The shift of pH on other
enzyme systems seems to be related to the changes in microenvironments and steric hindrance
around the enzymes. A shift in optimum activity was also seen in a study by Al-Najada et al.
(2019).

Stability of pH reflected conformation stability of enzymes under varying pH media. Improved
enzyme stability was obtained from co-immobilized CCMNPs with TIxylA. Co-immobilized
enzymes maintained higher residual activity due to the covalent bond between TIxylA and
CCMNPs. The covalent bond may be attributed to a more stable molecular structure. Both free
and immobilized xylosidase exhibited their highest elevated activities at pH 6.50. There was no
significant difference in the activity of free TIxynl between pH 6.50 and pH 7.0. Similarly, for
TIxyn1, solely immobilized TlIxyn1 (Fig.4.12) showed improved pH stability in comparison to free
TIxynl. The pH stability was significantly improved when TIxynl was co-immobilized on
CCMNPs with. Co-immobilized TIxynl was more stable at pH 6.0, retaining 76.85% of activity
after 4 h. Both enzymes were most stable at pH 6.0 for solely immobilized, and co-immobilized
TIxynl on CCMNPs. The pH stability of xylosidase shifted from 5.5 on free xylosidase to pH 6.0
on co-immobilized xylosidase. Basaran and Ozcan (2008) reported xylosidase pH stability at range
4.8 — 5.0 from mutant P.stipitis. The enhanced optimum and stability towards alkaline pH might

be due to the multipoint covalent achieved by immobilization and been reported as one of the most
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promising possibilities in improving enzyme stability. Multipoint covalent attachment configured
the xylanolytic enzymes and fixed them on the surface of the carriers so the tolerability of enzyme
to pH variance in the surroundings increased (Souza et al. 2016). Another possibility of enhanced
stability is that the covalent interaction between particles and enzymes increased the rigidity of the
enzymes also inhibiting external distortion and non-specific aggregation of the enzymes, therefore
allowing them for better resilience to a pH change (Sun et al. 2017). All patterns of xylosidase pH
stability were similar but co-immobilized xylosidase showed higher activities.

Enzymes are generally susceptible to heat, therefore enhanced thermal stability is one of the
required properties of enzymes for industrial applications. Enhanced thermal stability of co-
immobilized TIxylA may be described on the basis of covalent cross-links between amino-
functionalized MNPs, the enzyme molecules were enclosed or entrapped on the CCMNPs, which
could contribute to increased rigidity of enzyme molecules, protecting them from conformational
changes at high temperatures (Poorakbar et al. 2018).

On the other hand, free xylosidase (Fig.4.17) lost almost all its activity at 50 °C retaining only
24.77% of its activity after 4 h incubation at 50 °C. TIxynl was most stable at its optimum
temperature retaining 70.53% at 30 °C. This resistance at elevated thermal conditions may be due
to the success of the covalently bonded systems, which played the role of inhibiting the
conformational denaturation of the enzymes at higher temperatures, thus making it more heat-
resistant (Sun et al. 2017. Jain et al. (2015), performed thermal stability of amylase ranging from
25 — 75 °C and the maximum activity was obtained at 35 °C for immobilized amylase and 25 °C
for free amylase. There was also a noticeable rapid decrease of free enzymes at higher
temperatures, the immobilized amylase retained about 70% of its activity after 1 h incubation at
65 °C. Between the range of 60 — 80 °C, free TIxynl was observed to be more susceptible to heat.
Therefore, immobilizing Tixyn1 has remarkably improved thermostability at 60 °C, 70 °C and 80
°C, because almost all activity was lost within 1 h. Furthermore, covalent bonds between CCMNPs
and TIxynl reduce thermal vibrations and enzyme mobility while preventing aggregation and
enzyme unfolding (Gashtasbi et al. 2014). The study indicated that the lifetime of enzymes
increased drastically, resulting in CCMNP-enzyme conjugate that is more stable, efficient, and

economical. From the results, it has been predicted that CCMNPs provided a shield to the enzymes
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preventing them from getting oxidized. McGrath (1977) indicated that enzyme stability increases
in the presence of its substrate. Much attention was also paid to the stability of stored TIxylA and

Tlxynl.

The preservation of the enzyme activity and promoting synergistic activity by co-immobilization
of multiple enzymes on nanoparticles have become routine practices in bio-nanotechnology (Liang
et al. 2016). Long-term storage stability and NP reusability are the most significant characteristics
in determining an enzyme’s industrial application. Solely immobilized enzymes on CCMNPs
showed the best enzyme stability followed by co-immobilized enzyme system with a difference of
less than 10%. Even though solely immobilized enzymes showed better storage stability, the
present study focused more on the co-immobilized enzyme system. Co-immobilized enzyme
system retained 93.36% and 86.41% of TIxylA and TIxyn1, respectively, after 14 days. A similar
study was performed by Liang et al. (2016), where co-immobilized enzymes on metal coordinated
hydrogel nanofibers retained 70% activity after 15 days of storage at 4 °C while free enzymes
nearly lost all of their activity. Ranjbakhsh et al. (2012) immobilized lipase alone on the matrix
and retained an average of 64% of its activity after 21 days whereas free lipase only retained 47%

of activity.

It was important to monitor and optimize the amount of TIxylA and TIxynl to immobilize
maximum Xxylose liberation from 1% produced xylan. Xylose maximal liberation greatly depends
on the hemicellulose oligomer that is present in the biological liquid and the choice of enzymes
with their loading concentration and also with substrate composition (Qing, Yang and Wyman
2010). Chapla, Pandit and Shah (2012), pointed out that substrate concentration plays a huge role
during enzymatic hydrolysis. During their study, he found that increasing the concentration from
1 to 3% did not have a significant increase in the production of end-products. While on the other

hand decreasing the substrate from 1- 0.1% drastically reduced the production.

The optimum conditions for xylose production predicted by RSM were validated by carrying out
experiments in triplicates. At optimized conditions, the maximum cumulative xylose production
was 7.51 g/L using HPLC for quantification. This can be seen on the correlation chart in Fig.4.22

that predicted cumulative xylose. Thakur et al. (2021b) reported a xylan to xylose of 69.6%
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conversion using HPLC. When referring to the statistical quality (R>=0.9897), it was predicted that
the results are in good agreement with the experimental data. While Liu et al. (2021) obtained an
R? value of 0.9737 from wheat straw using maleic acid as a catalyst between experimental data
and RSM for xylose optimization. The results of the validation model showed great agreement
with experimental parameters, as they show close parameters to that of RSM. The validation model
revealed 66.33 U xylanase, 33.07 U xylosidase, a temperature of 52.3 °C and a pH of 6.18 These
results provide optimization parameters to successfully achieve enhanced levels of xylose using
xylan extracted from sugarcane bagasse for this study. Improved production of xylose has a direct
effect on bioethanol and xylitol production as discussed in the next chapter.

4.5 Conclusions

Biological catalysts are now key players in various industrial processes and are increasingly
replacing conventional chemical methods. This study has the potential to minimize the costs
involved in the commercialization of enzymes and their processes. In this study, the technique for
co-immobilizing xylanase and xylosidase on chitosan-coated magnetic nanoparticles was
demonstrated and confirmed by HRTEM and FTIR. The co-immobilized enzyme system was
effective in enhancing the pH, temperature, and long-term storage stability of xylanolytic enzymes.
These results indicate that the synthesized CCMNPs have the potential to be excellent support
matrices for enzymes. This study described the co-immobilization of xylanase and xylosidase
enzymes on CCMNPs for saccharification of xylan. Immobilized enzymes can be separated with
great ease from the reaction medium allowing reusability on a fresh medium. Additionally,
conditions for maximum xylose production were optimized by RSM. Conclusively, produced

CCMNPs are potentially useful for multiple industrial applications.
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CHAPTER 5: BATCH, FED-BATCH AND REPEATED BATCH PRODUCTION OF
XYLOSE FOR BIOETHANOL PRODUCTION USING CCMNP CO-IMMOBILIZED
ENZYME SYSTEM

5.1 INTRODUCTION

There are different processes for the industrial production of commercially important secondary
metabolites. Different approaches for saccharification of lignocellulosic biomass using
immobilized enzyme systems have been reported (Sharma and Aggarwal 2020). Broadly, these
approaches can be categorized into batch, repeated-batch, and fed-batch processes. Enhanced
saccharification of xylan-containing C5 sugars is critical for improvement in bioethanol production
(Saleem et al. 2021). While batch production is routinely used for several studies, the process
becomes limited due to an insufficient amount of substrate and/or other limiting factors. Batch
productions have a low risk of contamination, are easy to operate but have low productivity due to
the presence of inhibitors resulting from substrate and products (Rawoof et al. 2021).

Repeated batch strategy involves inoculation with free or immobilized enzymes into a batch of
fresh medium (Laperfia et al. 2020). Immobilized enzymes are separated from the fermentation
medium at regular time (batch) intervals and a new medium is added for further substrate
utilization/conversion to products. Repeated batch fermentations allow the reusability of
immobilized enzymes on matrices for multiple cycles. Fed-batch fermentation involves a time-
dependent addition of a substrate to the fermentation medium throughout the cultivation process
to improve production (Abdel-Rahman, Tashiro and Sonomoto (2011). This also minimizes the
production of inhibitors (Ramirez et al. 2021). Changes in feed composition and feed rate are the
most significant factors contributing to increased yields of the products. Sharma, Bhardwaj and
Pathak (2021 reported a more than two-fold increase in production by adopting fed-batch
production as compared to batch production using the same medium. Using this methodology,
xylose can be produced by gradually feeding xylan into the laboratory bioreactor to favour and

increase xylose production.
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The present study used Scheffersomyces stipitis for fermentation. Engineered xylose-fermenting
yeasts are mostly preferred to produce second-generation ethanol from lignocellulosic material. S.
stipitis can ferment xylose and have been extensively exploited for bioethanol production using a
medium containing fermentable sugars in shake flasks or laboratory bioreactors (Germec et al.
2020). This xylose-fermenting yeast promise industrial-scale production of ethanol with a high
yield (35 —44%) due to its thick cell wall and resistance to contamination from bacteria and viruses
(Kurian et al. 2010). Bioethanol is primarily produced by biological saccharification and
fermentation of biomass to yield monosaccharides (Kootstra et al. 2009) such as xylose, which is
then fermented to ethanol using yeast. Immobilization of enzymes for bioethanol production can
eliminate most industrial problems associated with cost. Co-immobilization on a single matrix has

a huge economic impact as it can reduce enzyme and matrix costs during fermentation.

This chapter focuses on comparing industrially important approaches for xylose production by co-
immobilized CCMNPs using batch, repeated-batch, and fed-batch processes from 1% of xylan
under conditions statistically optimized by RSM. This study aimed to ferment the resulting xylose
from xylan by 1% S.stipitis for bioethanol production. Variables such as feeding time, pH,
agitation, substrate concentration and aeration were carefully monitored during ethanol production
in a laboratory bioreactor. This is the first report on biomass hydrolysis from co-immobilized
TIxylA and TIxynl on CCMNPs for bioethanol production.

5.2 MATERIALS AND METHODS

5.2.1 Validation of the experimental model

Predicted statistical parameters were validated for xylose production in 250, 500, 1000 and 2000
mL shake flasks and in a 5 L laboratory bioreactor (Minifors, Infors HT, Switzerland). The pH of
the medium was adjusted to 6.20 before autoclaving and the fermenter was operated at 52.3 °C,
150 - 200 rpm and 1 vvm of aeration rate. Samples were collected as per experimental design
intervals, and harvested samples were used for xylose analysis. All experiments were conducted

in triplicate.
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5.2.2 Batch production of xylose in a 5 L laboratory bioreactor

Xylose was produced using co-immobilized CCMNPs with statistically optimized units of TIxylA
and TIxynl. Batch production was conducted in 500 mL shake flasks containing 100 mL of 1%
xylan. Batch fermentation was performed at 52.3 °C and 200 rpm for 48 h. Samples were
withdrawn (2 mL) every 12 h and the batch was terminated after 48 h. All experiments were
performed in triplicate and the data was represented as the average of the triplicate values.

5.2.3 Preliminary optimization for fed-batch fermentation

5.2.3.1 Selection of time of feed

Fermentation was conducted in 500 mL shake flasks containing 100 mL of 10 g/L initial xylan for
72 h. Different fed-batch points in the exponential phase (12, 24, 36, 48 and 60 h) were fed with
2.5 mL of xylan (4 g/L) and were evaluated in separate experiments to find the best time of feed.

Samples were withdrawn every 6 h, and harvested samples were used for xylose analysis.

5.2.3.2 Selection of xylan concentration

To select the appropriate concentration of xylan to be fed into the bioreactor, a range of
concentrations (2, 4, 6, 8, 10, 15 g/L) was investigated. These concentrations were fed in separate
experiments in the production medium after 36 h xylose production profile was studied. All other

variables were kept constant.

5.2.4 Fed-batch and repeated batch production of xylose

5.2.4.1 Fed-batch production of xylose

Fed-batch cultivations were performed in a 5 L laboratory bioreactor (Minifors, Infors HT,
Switzerland) containing 2700 mL of statistically optimized medium to which was added a 1% (v/v)
co-immobilized CCMNPs. The fermenter was maintained at 50 °C and 200 rpm with 1 vvm
aeration for 192 h. The medium was fed aseptically with 10 g/L of filter-sterilized xylan. Samples

were collected every 24 h and analysed for xylose estimation on Shimadzu HPLC.
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5.2.4.2 Repeated batch production of xylose

The repeated-batch fermentation was carried out in 250 mL Erlenmeyer flasks containing 50 mL
sterile medium at 52.31°C and 200 rpm. After every 48 h (based on RSM), the fermentation broth
was drained aseptically, harvested CCMNP, with citrate buffer and the new run was started in the
same buffer solution. Samples were taken every 48 h for determination of xylose in HPLC. The
co-immobilized enzymes before the first cycle were assigned the relative activity of 100%.

5.2.5. Total xylan in sugarcane bagasse

Total xylan content was estimated using a modified method as per NREL (Sluiter et al., 2008; Gao
et al., 2014). Briefly, samples were regularly withdrawn after every 1 h and 13 ml of sample was
reacted with 87 mL of 4% H2SO4at 121 °C, 10 atm. for an hour. Thereafter the solutions were
neutralised with 6 M NaOH and the final volume was noted. The hydrolysates were then analysed
on the HPLC Aminex-87H column using a refractive index detector. The column oven was set at
80 °C while the detector was at 60 °C. The xylose peak was compared to a xylose standard solution
peak of 0.5mg/ml to quantify the xylose content in the hydrolysate. The amount of xylose released
was calculated based on each gram of xylan can produce a maximum of 0.88g on complete
hydrolysis as stated in sec (Temelli 2020) The tests were done in triplicates. The 0.88 factor

describes the possible maximum xylan to xylose used during the hydrolysis used.

5.2.6. Fermentation of xylose to bioethanol and xylitol by S. stipites

5.2.6.1. Preparation of yeast inoculum

The yeast seed culture of S. stipitis was prepared by inoculating two loops full of overnight grown
organisms in a 50 mL YPDX medium containing 10 g/L yeast extract, 20 g/L peptone, 10 g/L
glucose and 10 g/L xylose in 250 mL shake flasks. Inoculated flasks were incubated at 30 °C and
200 rpm for 16 h. For future usage, the microorganism was preserved on glycerol stocks at -80 °C.
Produced xylose from a batch of co-immobilized CCMNPs was supplemented with 5 g/L KH2POa,
2 g/L (NH4)2S04, 0.2 g /L MgSO4-7H20, 1 g/L peptone, 5 g/L yeast extract, was used as the
fermentation medium. This was followed by subsequently inoculating 5% (v/v) yeast seed culture
into the fermentation medium in a 5 L laboratory bioreactor (Minifors) at 30 °C, 200 rpm for 50 h

and 1 vvm aeration.
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5.2.7. Ethanol estimation using Gas Chromatography (GC)

GC analyses were performed to estimate ethanol using a VVarian 3800 chromatograph using a flame
ionisation detector (FID) and CP-wax column (30 m x 0.15 mm, Varian). The working parameters
were as follows: injector temperature 200 °C; detector temperature 250 °C; carrier gas H, 300 KPa,

N 400 KPa and O2; FID oven temperature 300 °C and 1pul injection volume.

5.2.8. Estimation of xylitol and xylose using liquid chromatography

LCMS-2020 liquid chromatography system (Shimadzu) was used to estimate xylose and xylitol
concentrations using Aminex HPX 87-H column (Bio-Rad) and an ELSD-LT Il detector
(Shimadzu). Water was used as at a flow rate of 0.5 ml/min as a mobile phase and samples on the
column were eluted at 50 °C (Zhang et al. 2019).

5.3 RESULTS

5.3.1 Xylose production in shake flasks of varied volumes and 5 L bioreactor

Table 5.1 shows xylose production in varying volumes of shake flasks and a 5 L laboratory
bioreactor under previously optimized conditions. No significant increase in xylose production was

observed during the enzymatic saccharification on shake flasks and a 5 L laboratory bioreactor.
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Table 5 1 Xylose production after 48 h in varied volumes of shake flasks and laboratory
fermenter at 52.31 °C at a pH of 6.18

Volume of medium Xylose production
Volume (mL)

(mL) (g/L)

Shake flasks

250 50 7.62£0.19
500 100 7.83£0.20
1000 200 8.02 £0.20
2000 400 7.80 £0.17
Fermenters

5000 3000 8.21+0.23

5.3.2 Batch production of xylose: validation of RSM

Following co-immobilization of TIxylA and TIxynl on CCMNPs, their effectiveness on xylan
hydrolysis to xylose was compared to that of free enzymes. As shown in Fig.5.1, xylose yield for
co-immobilized enzymes was 4-times higher than free enzymes during the first 6 h. At 48 h, there
was 32% conversion on free enzymes and there was 76.3% conversion on co-immobilized

€enzZymes
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Figure 5. 1 Xylose batch production profile using 1% xylan extracted from SCB and RSM
optimized enzyme doses (60 U/ml TIxylA,30 U/ml TIxynl) as by on free and co-immobilized
CCMNPs at 50 °C for 48 h. Each point represents the mean of triplicate experiments £ SD

5.3.3 Preliminary optimization for fed-batch fermentation

5.3.3.1 Selection of time of feed

Maximum xylose production (g/L) was observed at 48 h. While xylose production also reached
8.87 g/L when feeded at 36 h (Fig.5.2), the production did not improve any further. However, as
shown in Fig 5.2. Continuous increase in xylose procution was observed after 48 h feeding and the

production continued to increase even after 78 h.
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Figure 5. 2: Effect of time of feed on xylose production using 10 mL of 100 g/L xylanina 5 L
fermenter after different intervals of time in separate experiments at 50 °C for 48 h. Each point
represents the mean triplicate of experiments + SD

5.3.3.2 Optimization of xylan concentration

While investigating the effect of different concentrations of xylan on xylose production, 2 g/L
xylan feed at 48 h produced 8.49 g/L xylose after 72 h. However, 9.46 g/L xylose was produced

when supplemented with 15 g/L xylan (Fig.5.4). Maximum xylose was produced using 10 g/L
xylan.
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Figure 5. 3: Effect of feeding different concentrations of xylan at 50 °C after 72 h on xylose
production by co-immobilized CCMNPs in a 5 L fermenter in separate experiments. Each point
represents the mean triplicate of experiments + SD

5.3.4 Repeated batch production of xylose from 1% xylan

Six cycles of xylose production using co-immobilized CCMNPs was examined to determine the
reusability of CCMNPs (Fig.5.4). After the 6™ cycle, CCMNPs produced 39.68% of initial
production at 48 h while only 19.30% of the initial production could be achieved after the 6" cycle
at 24 h. These results suggest that co-immobilized CCMNPs are stable and can be used over

repeated cycles.
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Figure 5. 4: Repeated batch profile of xylose from co-immobilized TIxylA and Tixynl on
CCMNPs at for 6 cycles. Each point represents the mean triplicate of experiments + SD

5.3.5 Fed-batch production of xylose

The time course profile of xylose production during fed-batch is shown in Fig.5.5. Based on
optimized time and xylan concentration, 10 g/L xylan was fed every 48 h until 192 h. Xylan was

hydrolyzed fast during the first 12 h. After 196 h, xylose reached 16.48 g/L. There was an average
of 69% convension efficiency of xylan to xylose.
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Figure 5. 5 Fedbatch production of xylose in a 5 L fermenter with an optimized xylan feed of 10
g/L every 48 h. Each point represents the mean triplicate of experiments = SD

5.3.6 Ethanol and xylitol production from fermentation by S. stipifis

Bioethanol and xylitol were by-products of xylose fermentation by S. stipitis. The fermentation
process took 50 h. As seen in Fig.5.6, xylose was reduced from 8.10 g/L to 0.14 g/L after 50 h.
Results yielded 3.96 g/L bioethanol and 0.52 mg/mL xylitol. Based on the ethanol stoichiometry

mn section 5.4.2 above, there was 71.87% conversion.
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Figure 5. 6 Simultaneous hydrolysis and fermentation of CCMNP-produced xylose using S. stipitis
(5% (v/v)) for the production of ethanol and xylitol in a 5 L laboratory bioreactor (Minifors) at 30
°C, 200 rpm for 50 h and 1 vvm aeration. Each point represents the mean triplicate of experiments
+SD

5.4 DISCUSSION

D-xylose accounts for about 5 of the total carbohydrates from lignocellulosic biomass. This paves
the path for large-scale ethanol production from lignocellulose biomass, requiring efficient xylose
fermentation. Achieving effective high xylose yield and its fermentation to bioethanol requires
pentose utilizing yeast strains. Over the past years, there has been increased interest in S.stipitis as
a pentose fermenting yeast. This chapter focuses on different fermentation strategies for improved

xylose yield using co-immobilized CCMNPs with TIxylA and TIxynl on 1% xylan.

In the present chapter, statistically optimized parameters of xylose production were validated on
varying volumes of shake flasks and 5 L laboratory reactors. Maximum xylose production was
observed on a 5 L bioreactor (Table 5.1). Slightly reduced production in shake flasks could be

attributed to uncontrolled parameters (Barbuto Ferraiuolo et al. 2021). Upscaling xylose
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production in a 5 L bioreactor eliminated/reduced possible inhibitors such as dissolved oxygen for
maximum production. Maximum production of xylose was 8.21 g/L. Similar reports on xylose
production from SCB xylan of 74% were obtained by Khaire et al. (2021). It is presumed that co-
immobilized enzyme systems improve product yield due to improved stability on support matrices
and minimized distance between the enzymes. This closeness may contribute to the fast utilization
of substrate during early periods of fermentation (You et al. 2012). Batch, fed-batch and repeated
batch fermentations were performed to study the release of xylose from 1% xylan. During batch
fermentation (Fig 5.1), maximum xylose production for both free and co-immobilized CCMNPs
was obtained at 48 h and the fermentation was terminated because there was no significant growth
in production. Co-immobilized system had higher xylose production compared to the free enzyme
system due to better stability during fermentation. A decrease in xylose production was noticed

due to depletion of xylan in the medium over time.

Therefore, further attempts were made to improve xylose production using fed-batch fermentations.
Preliminary studies were conducted to optimize the time of feed and the concentration of xylan.
However, as shown in Fig 5.2, continuous increase in xylose procution was observed after 48 h.
The substrate was kept at 10 g/L throughout feeding times producing 9.27 g/L after 72 h. Another
feeding strategy after 48 h was not attempted due to high cost associated with prolonged running

of bioreactor. Therefore, 48 h was selected for fed-batch production of xylose using 10 g/L xylan.

In this study, the reusability of co-immobilized enzymes was evaluated over six cycles for xylose
production. Although continued production of xylose was noticed, the production decreased as the
number of cycles increased (Fig.5.3). This was due to the decrease of enzyme activity over cycles
when decanting old media with the fresh media. During the study, investigations were done at two
different cycle time intervals (24 and 48 h) and each interval with six repeated batch cycles. As
shown in Fig.5.4, 68.57% of initial xylose was produced in the 4™ cycle of 24 h, while the 48 h
batch retained 75.85% of initial production in the 4" cycle. After 6 cycles of 48 h, 39.69% of initial
xylose production was retained. These results indicate that immobilized enzymes showed efficient
stability and reusability. Reduced xylose production upon repeated use could be attributed to a
change in the stereochemical structure of immobilized enzymes and the leaching of enzymes
during the recycling of NPs. In addition, frequent interaction of the substrate with the active site

of immobilized enzymes could lead to distortion of the active site, resulting in loss of enzyme
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activity (Defaei et al. 2018) and this is why the activity of the co-immmobilized system gradually
decreases ovee time. Perwez, Ahmad and Sardar (2017) reused MNPs for 7 cycles at 30 °Cwith a
short cycle time of 10 min per cycle. These results differ from those obtained by Dalal, Sharma
and Gupta (2007) where immobilized cellulase on naked MNPs was recycled 5 times at the
operational conditions of 30 °C and 30 min per cycle time. Operational stability for hydrolysisand

the covalent bonding of enzymes on MNPs enhanced conformational stability.

Fed-batch enzymatic hydrolysis from alkali pre-treated SCB was investigated in the study to
increase the production of xylose and reduce production-related costs. Fed-batch production
resulted in sustained levels of xylose using a 5 L laboratory bioreactor. During this study, the
optimal initial feeding time and feed concentration were examined. The hydrolysis was initiated
with 1% (w/v) solid substrate, after 196 h, xylose reached its maximum production of 8.10 g/L.
The rate and extent of enzymatic hydrolysis of lignocellulosic biomass are highly dependent on
solids loading, enzyme loading hydrolysis time and structural features of the substrate site (Zhu et
al. 2008). From figure 5.5, it could be observed that the hydrolysis rate was high in the first 48 h,
which can be explained by a reduction in crystallinity and an increase in exposed availability of
catalytic sites. Whereas Gao et al. (2014) started with 12% (w/v) of solids and obtained a high rate
during the 12 h. As time progresses, there was a decrease in enzyme accessibility sites and the
product inhibition resulted in a decreased rate of hydrolysis during the final hydrolysis stage (Zhu

et al. 2008). Yang et al. (2010) suggested early fed fresh solids to shorten the total hydrolysis time.

During the study, fed-batch mode was found to be better than all modes that were tested, providing
sustained levels of xylose. However, Brethauer and Wyman (2010) concluded that continuous
mode provided more production compared to batch mode as it enhances volumetric productivity
and consequently smaller bioreactor volumes. Additionally, this lowers the investment and

operational costs.

An attempt was made to study the simultaneous saccharification of xylan by co-immobilized
CCMNPs and pentose-fermenting S.stipitis. During this study, 1.05 g/L of xylose was quickly

produced before the actual incubation, which is primarily due to the highly active xylanolytic
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enzymes. The highest xylose production of 6.8 g/L was obtained at 24 h. There was a drastic
decrease in xylose and it was believed that S.stipitis was actively fermenting xylose to ethanol
(data not shown). Upon feeding the fermentation system, the viscosity increased with no

significant improvement in the production of either xylose or ethanol.

Figure 5.6 shows fermentation of xylose over 50 h yielding ethanol and xylitol. Xylose drastically
dropped at 45 — 50 h where maximum ethanol was produced. Ethanol production of 3.96 g/L was
observed after 50 h and a maximum of 0.52 mg/mL xylitol. Only 16.05% xylose was not converted
to ethanol. The conversion of xylose to ethanol by S.stipitis was still good. This is evidenced in a
study by Germec et al. (2016), who reported ethanol production of 2.85 g/L and 2.84 g/L and a
sugar utilization of 73.68% and 63.27% when using S.stipitis ATCC58784 and S.stipitis
ATCC58785, respectively. Bader, Germec and Turhan (2021) obtained ethanol production of 3.80%
from 25% xylose which is slightly higher than this study. During xylose fermentation by S.stipitis,
xylose is first reduced to xylitol by xylose reductase (XR), which then oxidizes it to xylulose by
xylitol dehydrogenase (XDH). It should be noted that another hexose fermenting yeast S.cerevisiae
is unable to metabolize xylose due lack of XR and XDH activity (Patifio et al. 2019). Xylitol is
used in soft drinks, candies, ice cream, chewing gum and various pharmaceutical products. Xylitol
has a key role in sweetened food products and is used as a natural sweetener in toothpaste (Basit
et al. 2020). During ethanol production, excess yeast is removed in the process and yeast extract

can be produced as a by-product with fed-batch methods.

5.4 Conclusions
The fed-batch strategy was selected for maximum production of xylose from xylan. In this study,
S.stipitis yeast was used to successfully ferment xylose from xylan and produced bioethanol.
Xylose presents the second most abundant monosaccharide in lignocellulosic biomass. Bioethanol
has proved to be an alternative fuel, however, more substrates need to be investigated for

bioethanol production to avoid raw material shortage.
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CHAPTER 6: GENERAL DISCUSSION

The use of enzymes from the environment has been practiced for a long time. To date, there has
been tremendous growth in the production and utilization of microbial enzymes. They are used as
biocatalysts for many reactions including hydrolysis of agricultural biomass. Over the past decades,
Aalam and Saravanan (2015) have reported the production of xylanolytic enzymes, xylanase and
xylosidase from Aspergillus tamarrii using wheat bran, corn cob and SCB as substrates. Xylanoltic
enzymes have gained massive attention due to their ability to hydrolyze lignocellulosic biomass
such as sugar cane bagasse to fermentable sugar such as xylose which can be fermented to
bioethanol. Guerfali, Maalej-Achouri and Belghith (2013) isolated Talaromyces thermophilus, a
producer of broad-spectrum polysaccharide-hydrolyzing enzymes which are mostly endo-p-1,4-
xylanase, B-xylosidase, y-L-arabiofuranosidase and p-D-mannosidase. The fungus was further
immobilized on chitosan and used for continuous hydrolysis of wheat bran for xylose (18.6mg/g)
production after 6 h. Xylose was then hydrolyzed by crude Thermus thermophilus into xylitol for

further production.

Another filamentous fungus, Aspergillus terreus RWY has the spectacular ability to produce not
only xylanolytic but also cellulolytic enzymes. An incredible producer for cellulase, B-glucosidase
(BGL), endoglucanase (EG), cellulase, cellobiohydrolase (CBH), xylanase, v-L-
arabiofuranosidase and B-xylosidase (Sharma et al. 2014). These enzymes perform an enormous
role in lignocellulose hydrolysis. Similarly, Singh, Madlala and Prior (2003) isolated T.
lanuginosus SSBP which is a hyper producer of f-D-xylanase and a source of many other enzymes
like; B-D-xylosidase, a-D-xylosidase, a-glucuronidase, acetylxylan esterase, a-galactose, a-L-
arabinofuranosidase, endo-p-1,4-mannase, pB-D-glucosidase, pectinases, lipases, phytases,

chitinases, cynate hydratase and L-glutaminase.

The major bottleneck in the economical practical production of second-generation bioethanol is
low stability low efficiency and high costs of hydrolytic enzymes. One of the means to reduce
enzyme cost is by exploiting microorganisms that have the ability to produce hemicellulases in
significant yields while using inexpensive substrates through solid-state fermentation (SSF). Solid-

state fermentation for enzyme production provides lower capital costs and, low operating costs.
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Some required features for commercial production of second-generation ethanol include anenzyme
that can operate at a wide pH range and the ability for efficient hydrolysis at higher substrate
loading.

The United States of America are considers developing and putting in place sustainable biofuels a
priority. The lack of good adequate energy services is a major impediment to development in
Africa, and biofuels in particular can play a crucial role in this project (Biswas, Bryce and
Diesendorf 2001). Out of five forms of biofuels (biogas, bioethanol, biohydrogen, biodiesel and
biomethanol) only bioethanol and biogas are operational on the continent as purely car fuel or by
blending with petroleum fuels. Presently, South African energy is highly dependent on non-
renewable energy resources such as coal. Over the past 15 years, the Energy Policy Document of
South Africa strived to attain 15% of renewable energy contributing to the national energy mix
which has not been a success (Bugaje 2006). The African continent has 54 countries and out of
them, only four (Algeria, Nigeria, Libya and Egypt) are energy exporters while the remaining
countries including South Africa, are extremely dependent on imports (Amigun, Musango and
Stafford 2011). Above all, South Africa has massive potential to solve the energy crisis with proper

infrastructural support to harness its abundant renewable resources.

In this study, previously isolated and reported enzymes B-Xylanase and B-xylosidase from the
Institute’s Enzyme Technology Research Group were co-immobilized on chitosan-coated
magnetic nanoparticles for bioethanol production from 1% xylan produced from SCB. Sugarcane
bagasse is rich in hemicellulose and cellulose and therefore ideal for bioethanol production (Sindhu
et al. 2016). The first part of this project was to produce two xylanolytic enzymes, TIxylA and
TIxynl on shake flasks and upscaled their production in a 5 L laboratory bioreactor. TIxylA was
produced from a coarse corn cob medium using T.lanuginosus SSBP and TIxynl was produced
from a YPD medium using a cloned P. pastoris G115. Both enzymes were partially purified by
ammonium sulphate purification of 25 — 50%, and 75 — 90% for TIxylA and TIxyn1, respectively.
TIxylA from T.lanuginosus SSBP was purified to 4.51-fold with 47.64% vyield using 3 steps,
ammonium sulphate precipitation (25 — 50%), ion-exchange (DEAEFF) and gel-filtration.
Similarly, T.lanuginosus PC7S1T xylanase was purified to homogeneity in four chromatographic
steps and demonstrated an 11- fold and 36% vyield (Della Torre et al. 2021). Tlxynl from P.
pastoris G115 was purified to 7.89-fold and a yield of 14.67% using 3 steps, ammonium sulphate

103



precipitation (75 —90%), ion-exchange (Resource Q) and gel-filtration. The molecular weights for
TIxylA and TIxyn1 were 23 and 55 kDa, respectively using a molecular protein marker. The single
band on each SDS-PAGE confirmed the purity of the enzymes. Seemakram et al. (2020a)
previously reported 25 kDa molecular weight by SDS-PAGE purified xylanase from T. dupontii
KKU-CLD-E2-3, which is similar to that from T.lanuginosus SSBP. An almost doubled
molecular weight of 45 kDa with a 5.3 purification fold and 21% yield was obtained from Bacillus
velezensis AG20 compared to that of T.lanuginosus SSBP (Ghosh et al. 2021). Purified B-
xylosidase, reported by Jin et al. (2020), exhibited an apparent molecular mass of 74.5 kDa from
Aspergillus fumigatus. The difference in molecular weight may be explained based on different

species.

The second part of the project was to prepare, functionalize and characterize chitosan-coated
magnetic nanoparticles without enzymes followed by the extraction of xylan from SCB by alkali
pretreatment. Synthesized MNPs were able to be separated with an external magnet and were
coated with chitosan. The agglomeration observed on SEM (Fig.3.4) and HRTEM (Fig.3.5) was
reduced by functionalization with APTES (Fig.3.6). HRTEM confirmed 1.73 — 17 nm sized
spherical shaped nanoparticles. These results are in good agreement with that reported by Piosik
et al. (2021) with an average of 11.8 nm from CCMNP using GA as a cross-linker. The obtained
shape differs and the size is more than 150-times smaller than the size reported by Ghorbani-
Vaghei et al. (2021), who reported a cubical shaped FesO4 NPs with a size around 150 — 250 nm
using alginate as a coating agent. The thin film layer surrounding NPs demonstrates chitosan

coating.

Desired bonds of characteristic peaks on NPs are observed across the FTIR spectrum. The spectra
of uncoated MNPs depict an absorption band of Fe—O of FesOsat 563 cm™ which is one of the
most important key characteristics of MNPs. Other key observed bands include 1637, 1653 and
1386 which were for amine, GA cross-linkage in the vicinity, and C-H vibration of CHa,
respectively. The broad-band peak around 3200 cm™ was assigned to O—H stretching and H-O-H
bending modes of water absorbed on MNPs (Irfan et al. 2021). FTIR made it possible to
characterize CCMNPs. The 1386 cm™ band that appeared on presented MNPs is also present on
CCMNPs. A stretching vibrating band around 1547 cm™ is assigned to GA, this band did not

appear on the MNPs serving as confirmation of the presence of chitosan on the surface of MNPs.
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The wave numbers confirming presence of chitosan NPs were also reported by Gonzalez-Martinez
et al. (2021). However, there was a shift on the 3200 cm™ peak to around 3500 cm™, linked to
absorbed water molecules on samples. There were four common absorption peaks (563, 3200—
3500, 1653, 1386 cm™) for MNPS and CCMNPs.

Additionally, the thermostability of MNPs and CCMNPs was confirmed by TGA-DSC by
monitoring changes in weight due increase in heating temperature. The TGA curve of MNPs shows
weight loss with an increase in temperature until 150 °C. This may be attributed to the removal of
OA and other organic layers present. DSC shows large exothermic peaks at 125 °C while Zeng et
al. (2021) obtained large exothermic peaks between 200 and 400 °C, corresponding to oxidation
and decomposition of OA. The small endothermic peak at 350 °C resulted from Fe3Osto Fe203
transition. It can be observed that CCMNPs were stable up to 250 °C, weight loss at 75 °C could
be water adsorbed on NPs. Uncoated MNPs and CCMNPs show a significant change in weight at
600 °C, CCMNPs retaining very less weight due to chitosan susceptibility to extremely high
temperatures. This means that the working temperature of CCMNPs and corresponding
composites cannot be higher than 85 °C. Therefore, when working with CCMNPs, the temperature

must not exceed 85 °C for desired results.

Highly positive or negatively charged zeta potential is required for various biological applications
(Santos et al. 2018) to avoid aggregation of NPs. zeta potential 26 — 30 mV upwards and zeta
potential less than —30 mV are highly stable (Nallamuthu, Devi and Khanum 2015). In the present
study, the positive zeta potential of CCMNPs was almost half that of MNPs due to the presence of
chitosan. Ahmadifard et al. (2020) reported a similar observation but negatively charged on zeta
potential for uncoated MNPs and CCMNPs of —42.5 and —20.2, respectively. Based on the
obtained zeta potential, it is concluded that MNPs and CCMNPs are stable in dispersed water. The
difference in charge between uncoated and coated MNPs indicates that chitosan layer has
successfully covered the NPs thus providing them with protection from corrosion, resulting in

improvement in retinol stability and solubility.

The next part of the investigation was to collect the fluffy remains of SCB and pretreat them to

liberate xylan. The highest xylan extraction yield from SCB was an average of 75.1% and was
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achieved using optimized RSM parameters. Silva et al. (2021) reported the highest xylan
extraction yield from SCB of 59% after working with 15% solids and a xylanase dosage of 500
IU/g. The prominent absorption band at 3440 cm™ was attributed to O-H stretching vibrations that
are present at the SCB xylan and water involved in the hydrogen bonds (Sun et al. 2013). A sharp
absorption band at 1620 cm™ was due to bending made by water because hemicellulose usually
has a strong affinity for water (Ayoub et al. 2013). Brienzo, Siqueira and Milagres (2009) and
Peng et al. (2009), implied that the absence of a band around 1730 cm™ confirms that the
application of NaOH completely cleaved ester bonds on SCB. Additionally, Kacurakova et al.
(1999) also emphasized the absence of pectin in the extracted xylan by the absence of a band at
1520 cm™. The glycosidic linkage between sugar units was characterized by a sharp band at 900
cm? (Sabiha-Hanim, Noor and Rosma 2015). Jayapal et al. (2013), concluded that overall
absorbance bands at 3440, 1400,1020 and 900 cm™ were associated with xylan molecule, therefore

the current study has successfully extracted xylan from sugarcane bagasse.

Preliminary studies evaluating the action of TIxylA and TIxyn1 on extracted xylan from SCB was
monitored by TLC. The end-product xylose from hydrolysis action on xylan was confirmed by
dark spots from TLC. Results reveal successful synergistic action of TIxylA and TIxynl on xylan
to liberate xylose. Purified xylanase acted on p-1,4-glycosydic bonds to release
xylooligosaccharides; therefore, xylosidase preferably cleaved on XOS releasing xylose as the
final product. From the results, it is concluded that TIxylA and TIxynl are synergistic with each
other, which is also evidenced in a reported study by Della Torre et al. (2021) where only XOS
were liberated from beech wood xylan from purified xylanase of T.lanuginosus PC7S1T with no
xylose being produced. The importance of xylan to xylose hydrolysis has motivated Lee, Jin and
Cha (2022) to engineer Sulfolobus acidocaldarius to utilize xylan by introducing xylanase and
xylosidase. The synergetic action of xylanase and xylosidase on 5% xylan was visualized by dark
spots on TLC. In another report, xylan-to-xylose conversion was achieved by two step
saccharification. The first step involved saccharification by xylanase (CtXynllA) and o-1-
arabinofuranosidase (PsGH43 12) and the second step of saccharification was by xylosidase
(BoGH43), xylose was evident from TLC resulting to 69.6% xylan-to-xylose conversion for SCB
(Thakur et al. 2021).
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Different enzyme systems were employed to select the best enzyme system for better xylose
production. From the three enzyme systems, the free enzyme showed better yield followed by co-
immobilized TIxylA and TIxynl on CCMNPs. However, the co-immobilized system was selected
for further studies due to its stability for prolonged use during fermentation/application processes.
The difference between free and co-immobilized systems on xylose production was less than 8%,
whereas the mixture of solely immobilized enzymes only had about 15% xylose yield after 36 h.
It is impossible to immobilise 100% of enzymes on nanoparticles, especially if it is more than one
enzyme. Synthesis and drying methods of MNPs play a significant role in effectiveness binding of
enzymes on NPs. Lyophilized dried NPs account for up to 200% higher enzyme immobilization
than the same NPs dried in a vacuum oven. The binding efficiency of proteins to MNPs is
dependent on the availability of the carboxyl and amino groups on the NP (Ziegler-Borowska et
al. 2019). Anything above 60% binding efficiency is considered after enzyme immobilization for
effective application on the substrate. An average of 82.5% binding efficiency was observed after
co-immobilization of TIxylA and TIxynl on CCMNPs while unbound protein was below 20%.
Kaur et al. (2021a) reported 79.44% binding efficiency on single immobilization of ellagic acid
on Tween 80-coated chitosan nanoparticles while Deng et al. (2021) obtained 87.5%
immobilization efficiency of B-glucosidase from Agrocybe aegerit on magnetic nanoparticles. The

binding efficiency of the obtained immobilized system is effective for application on substrate.

Co-immobilized CCMNPs showed aggregated spherical shapes. Less aggregation was observed
on HRTEM. Using image J, the average size of co-immobilized CCMNPs was 21.34 nm, HRTEM
accurately demonstrates chitosan covering co-immobilized CCMNP with a thin layer surrounding
NPs. Covalent attachment of co-immobilized TIxylA and TIxynl on CCMNPs was further
confirmed by FTIR (Fig 3.8). In all cases of synthesized NPs, 563, 3000 — 3600 cm™ are associated
with Fe —O and hydroxyl group from absorbed water on NPs. Sharp and broad peak at 3440 cm™
regions in all samples corresponds with the OH bond stretching (Altun et al. 2015; Gonzélez-
Martinez et al. 2021). In this experiment, the hypothesis was that GA would act as a cross-linker
to link amine of amino on MNPs to amine groups of enzymes during immobilization. While direct
functionalization by covering FesO4 nanoparticles with APTES was used to eliminate the loss of
magnetism Ghazanfari et al. 2016). From FTIR results, it is conclusive that GA has linked enzymes

to the NPs while APTES evenly dispersed MNPs reducing aggression of NPs.
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Sharp peaks at 1637 and around 1400 cm™* were associated with covalently bonded enzymes with
glutaraldehyde, indicating successful co-immobilization of enzymes on CCMNPs. These peaks
have slightly shifted to those reported by Sukprasert et al. (2021), which were 1722 and 1459.
Alam et al. (2021), associated asparaginase protein structure on MNPs with 1750 and 1260 cm™
peaks, -C=0 and -C-O stretching, respectively. The peak corresponding to Si—-O-Si of APTES is
observed at 1020 cm, confirming coverage of saline with the free amine group of APTES on
MNPs. Karade et al. (2021) reported a peak corresponding to APTES at 1015 cm™. It is important
to maintain an average of 10% GA, low GA is sufficient for enzyme binding while high/excess
GA causes an enzyme to lose versatility due to unwanted binding enzyme active sites. This results
in excessive binding of enzyme molecules, thus decreased enzyme activity (Sheldon and
biotechnology 2011). GA does not only provide crosslinking but also improves enzyme rigidity
resulting in improved enzyme stability (Barbosa et al. 2013). Zhang et al. (2020) associated 1394
cmabsorption peaks to laccase immobilized on chitosan of FesOs nanoparticles. All these FTIR
spectra indicate that enzymes were successfully co-immobilized on CCMNPs, and chitosan was
attached to the surface of FesOs nanoparticles. They can therefore be applied in various

biotechnology applications.

The zeta potential of +29.057 and +28.87 mV on produced CCMNPs in the present study indicate
that they are stable. Melo et al. (2020) reported zeta potential values between +20.1 and +28.4 mV
after immobilization of peroxidase into chitosan nanoparticles. TGA thermogram of co-
immobilized CCMNPs shows two gentle decomposition processes. The first decomposition is
exhibited in the range of 25 — 200 °C related to the elimination of water. The next decomposition
step range of 200 — 400 °C may be related to the decomposition of amine groups of co-immobilized
enzymes and chitosan. Gawali et al. (2021) reported four major decompositions on Fes3Oa
nanoparticles with proteins at about 25, 200 and 350 and 500 °C. A broad endothermic peak was
caused by the reduction of amine on chitosan of co-immobilized CCMNPs (Naicker, Nombona
and van Zyl 2020) from the DSC profile of co-immobilized CCMNPs. The broad endothermic
peak is caused by oxidation. When comparing the TGA-DSC profile of CCMNP without enzymes,
it was noted that very less weight was retained after 600 °C. Coupling with enzyme has improved
thermal stability, this was noted by improved weight retained after 600 °C, improving mechanical
properties at elevated temperatures than its optimum making them suitable for applications at

slightly higher temperatures.
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Free, solely immobilized, and co-immobilized TIxylA showed high activity in a pH range of 5—
7.0, with optimal pH 6.0, 5.50 and 6.0, respectively. A thermophilic fungal xylanase from T.
dupontii KKU-CLD—E2-3 showed maximum activity at high alkaline pH of 8.0 (Seemakram et
al. 2020b). However, Liu et al. (2014) reported high activity in the pH range of 4.0-7.0 with
optimal pH at 5.5 and 5.0 for free and immobilized Aspergillus niger xylanase on CCMNPs.
Nanoparticles provide a buffering effect on enzymes to bear enhanced alkaline or acidic
environments. The highest activity for free, solely immobilized, and co-immobilized Tlxynl was
5.50, 5.0 and 5.50, respectively. Both enzymes exhibited the same pH optimum range for free and
co-immobilized. Cheng et al. (2019) reported a forward shift from pH 7.0 to 7.50 after
immobilizing a-glucosidase on APTES functionalized FesOs nanoparticles. The shift in pH
optimum is attributed to the binding of enzymes on the support matrix via a Schiff base reaction,
changing the enzymes’ conformation and increasing its relative activity at a broader pH range

(Feng et al. 2016).

The lack of pH and temperature stability of free enzyme together with solely immobilized and co-
immobilized enzyme system provoked the research group to commence the study. Enzyme
stability is the product of equilibrium between stabilizing and destabilizing forces associated with
linkages (de Castro et al. 2015). pH stability results indicated that free TIxylA showed maximum
activity at pH 6.5, with 56,21% residual activity after 4 h. Xylanase from T.lanuginosus VAPS-24
was most stable at pH 7.0 (Kumar, Chhabra and Shukla 2017). Solely immobilized TIxylA on
CCMNPs showed improved pH stability compared to free TIxylA at pH 6.0 with a 10.07%
improvement. A maximum of 1.97 and 3.57 U/mg were reported at pH 6.0 and 4.0 for free and
immobilized xylanase respectively on CCMNPs to evaluate its biochemical properties and reuse
capacity (Amaro-Reyes et al. 2019). There was no significant difference in the retained residual
activity between free and co-immobilized TIxylA. Co-immobilized TIxylA retained 56.51%
residual activity after 4 h incubation at pH 6.0. Ladole et al. (2021) reported maximum activity at
pH 5.5 for pectinase and naringinase on CCMNPs for clarification and debittering of grapefruit
juice. Moreover, co-immobilized TIxylA on CCMNPs was chosen for prolonged application due
to the stability provided by the NPs

Free TIxynl was poorly stable in most pH ranges, retaining only 36.39% residual activity at pH

5.5 after 4 h. Generally, yeast xylosidases have pH stability of 5.0 (Tong et al. 2021) and 5.5 (Souto
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et al. 2021). TIxynl was solely immobilized on CCMNPs to enhance pH stability. Immobilized
TIxynl improved pH stability at pH 6, with 2.45-fold over 4 h from free TIxynl1. Surprisingly,
Liao et al. (2020) reported slightly lower pH stability than that of free HpaB and HpaC separately
immobilized on MNPs. Co-immobilized TIxynlon CCMNPs were stable at pH 6.0. The co-
immobilized TIxynl retained a slightly lower residual activity than solely immobilized TIxylA.
Improvement and stability of both solely and co-immobilized enzymes in acid and alkaline
environments may be due to the covalent bond between enzymes and CCMNPs (Guo et al. 2021)

resulting in a stable molecular structure.

Temperature is another important factor for enzyme characterization over a wide temperature
range. Moreover, immobilized enzymes usually display better temperature stability and activity
than free enzymes. Thermal behavior for free, solely immobilized, and co-immobilized TIxylA on
CCMNPs was carefully studied. Free TIxylA showed fair stability at 60 and 70 °C with the optimal
temperature at 50 °C. Lower thermal stability on free TIxylA may be attributed to the sensitive
environment the enzyme was exposed to, hindering efficient delivery and supplementation of
enzymes (Pavlovic, Rouster and Szilagyi 2017). Following immobilization of TIxylA on CCMNPs,
thermal stability improved from that of free TIxylA. Functionalization of CCMNP increased
electrostatic attraction between CCMNPs and TIxylA, resulting in improved substantial thermal
stability of NPs. Co-immobilized TIxylA showed better thermal stability amongst all enzyme
systems. In another report, bi-enzyme immobilization of cellulase and lysozyme onto amino-
functionalized magnetitic nanoparticles showed improved thermal and pH stability for application

in the extraction of lipids from microalgae (Chen et al. 2018).

Free TIxynl was fairly stable between 30 and 40 °C, relative activity decreased drastically with
increased temperature. Increasing temperature from 60 to 80 °C indicated no residual activity
during 4 h. A case where free enzyme isocitrate dehydrogenase rapidly loses activity at a
temperature above 30 °C was also discovered by Farhan et al. (2021) for the determination of
magnesium in water. The decrease in activity at elevated temperatures may cause partial enzyme
denaturation. Immobilizing TIxyn1 on CCMNPs indicated better thermal stability due to covalent
bonding between TIxynl and GA of CCMNPs (Amin et al. 2018). Solely immobilized TlIxynl
showed activity at 60, 70 and 80 °C after 4 h and improved stability at lower temperatures of the

study. Co-immobilized TIxynl showed similar thermal stability behaviour to that of solely
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immobilized TlIxynl with slight thermal stability. Projected thermal stability made it ideal for its
application in biomass degradation. Co-immobilized TIxynl had the highest thermal activity at
30 °C, retaining 60.26% activity after 4 h. Stability improved in increased temperature, however,

results revealed that TIxynl prefers lower temperatures.

Overall, the stability of immobilized TIxylA and TIxyn1 was largely preserved as compared to free
enzymes. Enzyme stability could have been enhanced by a substrate (You et al. 2010). These
results show that immobilized enzymes can be used at a wider pH and temperature range providing
significant advantageous biotechnology applications. Similarly, Bilal et al. (2021), reported
broader pH and temperature stability for co-immobilized lysozyme and cellulase on amino-
functionalized MNPs for the degradation of Nannochloropsis sp. cell wall compared to free
enzymes. Immobilization may have enhanced enzyme structural stability providing long-term
stabilization and preventing inactivation during harsh environments (Saringer et al. 2021). Zhang
etal. (2011), reported superior functional stability and efficiency from tri-immobilized a-amylase,
B-amylase, and glucosidase on polydopamine microcapsule for bioconversion of starch to
isomaltooligosaccharide. The resulting co-immobilized TIxylA and Tixynl on CCMNPs were

used to hydrolyze xylan from SCB for xylose production.

Long-term storage stability offers preservation of enzymes and saves enzyme costs, this is one of
important properties for industrial applications (DiCosimo et al. 2013). Generally, immobilized,
and co-immobilized enzymes improve stability including storage for future use. Immobilized
enzymes showed improved storage stability compared to free enzymes. In all cases of free, solely
immobilized, mixed solely enzymes and co-immobilized TIxylA and TIxyn1; solely immobilized
enzymes showed slightly higher stability than co-immobilized enzymes with a difference less than
10%. Immobilized lipase storage stability on MNPs for biodiesel production did not decrease
appreciably for 60 days (Shalini et al. 2021), the noticeable decrease was noted from days 70 and
80. In another storage stability, immobilized a-amylase showed improved stability compared to
free a-amylase, retaining 60% of its initial activity after 6 weeks storage at 4 °C (Defaei et al.
2018). There are very few studies on storage stability for co-immobilized enzymes. Liao et al.
(2020) reported 76,6% retained stability activity for 12 days on co-immobilized two-component
hydroxylase monooxygenase on magnetic nanoparticles while free enzymes decreased at a fast

rate retaining 29.2% of activity.
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For upscaled production of products, scientists have performed RSM for optimizing production
parameters. Response surface methodology designs experiments to minimise time and resources
and minimizes several experiments (Chelladurai et al. 2021). Appropriate optimization of xylose
sugars from lignocellulosic biomass warrants multiple products under biorefinery. During the
present study, RSM provided by Design-Expert software version 6.0 was effective in obtaining
optimal conditions for xylan hydrolysis by TIxylA and TIxynl co-immobilized on CCMNPs to
produce xylose. All parameters displayed a positive effect on xylose production. On optimized
conditions, 70.62% xylan was converted to xylosidase. The production was carried out by
considering significantly influencing factors such as TIxylA and TIxynl load on CCMNPs,
temperature, and pH. According to our knowledge and intensive reading, this is the first study that
optimized xylose production from SCB using RSM on co-immobilized TIxylA and Tlxynl on
CCMNPs. There are few reports on the immobilization of xylanase and xylosidase on CCMNPs
for hydrolysis of xylan to yield xylose. Synthesis of silver nanoparticles from Bacillus cereus was
optimized with other parameters using RSM to study their characterization, antimicrobial,
antioxidant, and catalytic potential (Ibrahim et al. 2021). For future studies and the application of
our research, it is mandatory to optimize CCMNPs on RSM for immobilization of any enzyme.
This may have a significant effect on the absorption of enzymes thus better action of application.
In another study, Shahedi et al. (2019), used RSM to optimize fatty acid methyl esters yield using
co-immobilized lipase from Candida antarctica B and Rhizomucor miehei on epoxy functionalized
silica gel. This study is like that of Shahedi et al. (2021), enhanced biodiesel production by
transesterification of palm oil using bi-enzymes lipase from Candida antarctica B and T.
lanuginose immobilized on epoxy functionalized silica gel. In both literature studies and any other
study, no one has attempted to optimize enzyme co-immobilized dose on RSM with other factors

for improved production.

After validating optimum conditions for co-immobilization of TIxylA and TIxyn1l on CCMNPs to
hydrolyze xylanase to xylose. It was mandatory to upscale xylose production from shake flasks to
laboratory bioreactors to enable fermentation by S. stipitis to yield bioethanol. The results showed
no significant xylose concentration but greater production on a large scale. Xylose as a substrate
for bioethanol production, batch, fed-batch and repeated batch fermentation processes were
investigated to increase vyield. During batch fermentation, minimum medium assisted in

highlighting the metabolism of xylan to xylose using free and co-immobilized TIxylA and TlIxynl
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on CCMNPs, offering quick identification of any metabolites present and easy interpretation of
the production trend.

Limitations associated with batch fermentation such as the inability to control fermentation
conditions (Pérez-Burillo et al. 2021), and not being able to provide data for the prolonged time
effect of the substrate during fermentation (Liu, Segato and Wilkins 2021) restrict it from being
used. Therefore, xylose production was studied using fed-batch strategies by first optimizing the
time of feed and concentration of the feed. Xylan feeding (10 g/L) at 24 h intervals was best for
maximum Xylose production against other xylan concentrations. Increasing substrate for 2 g/L to
10 g/L induced xylose production. Decreased xylose production at a concentration higher than 10
g/L may be attributed to inhibition influenced by excessive substrate concentration on xylose
production (Lu et al. 2020). It is important to note that too less substrate can result in low product
yield (Tasminto, Bachruddin and Kurniawati 2021). Based on our intense reading, we have found
no reports on fed-batch strategies of xylan for xylose production. Instead, researchers like
Schneider et al. (2001); Prasad Uday et al. (2017) have used xylan on fed-batch strategies as a
carbon source to enhance xylanase production by Bacillus strain and Aspergillus niger
KP874102.1, respectively. Overall, optimization for feeding concentration resulted to 9.47 g/L

xylose.

The results showed that co-immobilized TIxylA and TIxyn1 on CCMNPs retained 66% of activity
and 39.68% conversion after 6 cycles of 48 h while there was 60% of activity and 19.30%
conversion after 6 cycles of 24 h. This suggests that co-immobilized TIxylA and TlIxyn1 that were
stable on the surface of CCMNPs, had high efficacy and reusability, and an external magnet
efficiently recovered immobilized enzymes. Alnadari et al. (2021) reported 40.44% activity and
converted a maximum of 28.67% galactooligosaccharides after six repeated 12 h cycles from
immobilized p—glucosidase on MNPs. In another report, 52.67% conversion efficiency of rice
straw was obtained from immobilized cellulase on MNPs with retention of 50.43% activity after
4 cycles (Kaur et al. 2021b). Results from fermentation systems suggested that fed-batch is a

greater option to enhance the production of xylose from xylan.

Xylose is one of the most abundant sugars present in lignocellulosic biomass, its efficiency and
rapid utilization is a prerequisite for sustainable and economical production of bioethanol. The

final stage of the present study aimed at the fermentation of xylose sugar bioethanol by S.stipitis
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froma 5 L bioreactor. The study obtained multi-products which is ethanol and xylitol. There was
an over 80% xylose-to-ethanol conversion, implying that S.stipitis is the most efficient yeast strain
for xylose fermentation to ethanol. In a similar study, 2.6 g/L ethanol was produced from 5.95 g/L
xylose by Pichia kudriavzevii yeast, with 88.8% fermentation efficiency (Hebbale, Mishra and
Ramachandra 2021). Ethanol production through fed-batch from 300.0 g/L resulted in 135.0 g/L
ethanol after 30 h (Cruz et al. 2021); from these results, it is possible to vacuum concentrate xylose

for a maximum substrate to enhance bioethanol production.

In the present study, xylitol was produced as a byproduct of ethanol having many health benefits.
Xylitol is a sugar alcohol naturally occurring in small amounts in fibrous birchwood, fruits and
vegetables. It is widely used in oral products for whitening and removing plaque formation; low
glycemic index making it ideal for diabetics. Kluveromyces marxianus Il PE453 mtcc 5314 was
designed for lignocellulosic bioethanol and xylitol production by Dasgupta et al. (2017) using the
multiproduct biorefinery concept. Xylitol can also be used as raw material for plastics and directly
utilized as a plasticizer for polymer interactions (Chaudhary 2010). Most xylitol is produced
chemically on catalytic reduction of pure xylose under high pressure and temperature utilizing

expensive catalysts and intense costs and energy consumption.

Ethanol obtained in the present study has significant amount of conversion for its application in
the motor industry and many more. Ethanol production is projected to reach 131 billion L by 2027,
most of this increment is expected to take place in developing countries (Aarti, Khusro and
Agastian 2021). Twenty and thirty percent of fuel containing ethanol was found to be the best
blend by volume; engine performance and pollutant emission of an Sl engine using ethanol-
gasoline fuels (He et al. 2003). Ethanol-gasoline blending also contributes to increased brake
power, brake thermal efficiency, volumetric efficiency and fuel consumption (Al-Hasan 2003).
However, an increase in ethanol blends results in tail pipe unburned ethanol and acetaldehyde
emission increase; its inhalation can alter breathing by narrowing airway openings, irritating the
eyes and nose, damaging cell lining, prompting white blood cells to enter the lungs and causing

global warming.

Conclusively, the present study reports on the co-immobilization of xylanolytic enzymes on
CCMNPs for hydrolysis of lignocellulosic biomass for application in bioethanol production. Many

thanks to the recovery of magnetic nanoparticles which allowed recycling and repeatable use of
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CCMNPs. It is important to note that Brazil is in first place in bioethanol production as their
monthly sugarcane is equivalent to that of South Africa annually. Their SCB is waste from first-
generation (1G) ethanol which is then used for second-generation (2G) bioethanol from sugarcane
mills. To be competitive on the costs associated with bioethanol production, our next investigation
will consider complete hydrolysis of xylan incorporating other synergistic enzymes like
arabinofuranosidase, -glucuronidase, acetlylxylan esterase, ferulic acid esterase and p-coumaric
acid esterase. Future perspectives should focus on the oxidation of bioethanol to acetaldehyde,
which may become a better and green choice for preparation from ethylene. To further reduce
energy-demanding costs of anhydrous bioethanol, bioethanol can be converted to other valuable
chemicals that are insensitive to water reactions such as Ha through catalytic steam reforming,
acetaldehyde, acetic acid or ethyl acetate. The synthesis of NP’s using plants and microorganisms
has immense potential as it is eco-friendly and cost effective, uses minimal harsh chemicals and
requires little energy. Bacteria (actinomycetes), fungi and yeasts have been previously studied for

intra and extracellularly synthesis of metal nanoparticles.
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APPENDIX

1. Characteristic IR Absorptions

Key: w=weak, m=medium, n=narrow, b=broad, sh=sharp, s=strong

Frequency of functional group bond measured in cm™

690-515(m) C-Br stretch alkyl halides
700-610(b, s)-C=C-H:C-H bend alkynes
725-720(m) C-H rock alkanes

850-550(m) C-Cl stretch alkyl halides
900-675(s) C-H ”oop” aromatics
910-665(s,b)N-H wag 1°, 2° amines
950-910(m) O-H bend carboxylic acids
1000-650(s)=C-H bend alkenes
1250-1020(m)C-N stretch aliphatic amines
1300-115(m)C-H wag(-CH2X) alkylhalides

1320-1000 (s) C-O stretch alcohols, carboxylic acids, esters, ethers.

1335-1250 (s) C-N stretch aromatics amines

1360-1290 (m) N-O symmetric stretch nitro compounds
1370-1350 (m) C-H rock alkanes

1470-1450 (m) C-H bend alkanes

1500-1400 (m) C-C stretch (in-ring) aromatics
1550-1475(s) N-O asymmetric stretch nitro compounds
1600-1585(m) C-C stretch (in-ring) aromatics
1650-1580(m) N-H bend 1° amines

1680-1640(m) -C=C-stretch alkenes

1760-1665 (s) C=0 stretch carbonyls (general)
1710-1665 (s) C=0 stretch o, B-unsaturated aldehydes, ketones
1715(s) C=0 stretch ketones, saturated aliphatic
1730-1715(s) C=0 stretch a, p-unsaturated esters
1740-1720(s) C=0 stretch aldehydes, saturated aliphatic
1750-1735(s) C=0 stretch esters, saturated aliphatic
1760-1690(s) C=0 stretch carboxylic acids
2830-2695(m) H-C=0:C-H stretch aldehydes
3100-3000(m) =C-H stretch alkenes

2260-2210(v) C=N stretch nitriles

3100-3000 (s) C-H stretch aromatics

2260-2100(w) -C=C-stretch alkynes

3300-2500 (m) O-H stretch carboxylic acids

3400-3250 (M) N-H stretch 1°,2° amines, amides
3500-3200 (s,b) O-H stretch, H-bonded alcohols,phenols
3600-3610 (s,sh) O-H stretch, free hydroxyl alcohols, phenols
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