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Overview of the thesis

In line with the main research lines of Composting research group (GICOM), this
thesis focuses on the valorisation of solid organic residues and the utilisation of
nanomaterials. Thus the thesis mutually linked the studies by transforming the solid waste
using solid state fermentation (SSF) into value-added products and the use of nanoparticles to

enhance the use of products obtained from SSF.

The first major part covers the valorisation of solid waste and transforms it into
valuable product namely protease. The protease was produced through the fermentation of
hair waste and anaerobically digested sludge (ADS) acting as co-substrate and inoculum. For
industrial application, the protease produced from this work has shown a good result on
dehairing of cowhides. This chapter not only demonstrated from the production of protease
until application on industrial activity but also exhibited the downstream processing in SSF
and reutilisation of the remaining residues after SSF which was a crucial thing to establish a

zero discharge.

The second major part consisted of a preliminary screening work intending to
determine the most suitable support for immobilisation of proteases. Proteases produced from
two different protein-rich solid wastes: hair waste and soy fibre residue. The work aimed to
find the feasible, reusable, reproducible, and cost-effective supports or carrier to be exploited
for protease immobilisation. There were 10 materials were assessed for their biocompatibility
with the protein: gold nanoparticles (AuNps), chitosan beads (wet and dry), chitosan beads
coupled with gold nanoparticles (chitosan/Au), functionalised zeolite particles, the anionic
resin (A520), anionic resin coupled with gold nanoparticles (A520/Au), magnetic iron oxide
(Fe3O4) nanoparticles (MNPs), titanium oxide nanoparticles (TiO,_A and TiO, B). The

immobilisation efficiency was monitored based on immobilisation yield (% 1Y) and enzyme



loading per carrier (U/mg). Iron oxide nanoparticles were shown as a promising support
thanks to its low-cost and easy separation by a magnetic force, thus increasing their

possibilities of reuse.

In the last part of the thesis, both of the proteases from hair waste and soy fibre
residue were immobilised on the support and were tested for application in protein
hydrolysis. The efficiency of immobilised enzymes was compared with the free enzymes
during the protein hydrolysis. Not to mention, the use of the different type of proteases
(animal and plant origin) also was assessed during the protein hydrolysis of different type of
protein (casein, egg white albumin, and oat bran protein isolate), since different protease
produce different effect towards certain substrates. The amino acids released after hydrolysis
reaction were well balanced with the degree of hydrolysis according to each protein

substrates.

Overall, the study represented a multidisciplinary research field spanning waste
management using solid state fermentation including the downstream processing and its
application. In addition, the immobilisation of proteases on low-cost nanoparticles has been
shown to be effective in the hydrolysis of proteins, being a low-cost alternative (both

production and support) to actual techniques.



Resumen

El trabajo realizado en esta tesis se enmarca dentro de las principales lineas de
investigacion del grupo de compostaje (GICOM), por una parte, en la valorizacion de
residuos sélidos por medio de la fermentacion en estado sélido (FES) para la obtencion
de productos de valor afiadido en consoncia con el nuevo paradigma de considerar los
residuos como materias primas Yy, en segundo lugar, en la utilizacion de nanomateriales

para potenciar el uso de los productos obtenidos mediante FES.

La primera parte se centra en el aprovechamiento de residuos sélidos para la
produccion de enzimas de interés, concretamente proteasas. Las enzimas se produjeron
a partir de la FES de la mezcla de residuo de pelo vacuno procedente de la industria de
curtidos y lodos procedentes del proceso de digestion anaerobia utilizado como
cosubstrato e indculo. Por una parte se ha demostrado la capacidad de producir
proteasas y sus posibles aplicaciones en la propia industria, ya que se han obtenido
buenos resultados en el proceso del depilado del cuero. Ademas, se ha establecido un
esquema para el tratamiento posterior a la fermentacion, incluida la reutilizacion de los
residuos generados a lo largo del proceso de modo que se aproxime a un sistema de

residuo cero.

La segunda parte del trabajo consistio en una exploracion preliminar para
determinar cudles son los soportes méas eficientes para inmovilizar las proteasas
producidas por FES de cara a su uso continuado y su mejor preservacion. Se utilizaron
proteasas obtenidas a partir de la FES de residuos ricos en nitrogeno, pelo vacuno
utilizado en la primera parte del trabajo y residuo de soja de una industrial alimentaria.
Se evaluo la aplicabilidad, reutilizacion, reproducibilidad y coste de los soportes para su

uso en la inmovilizacién de dichas proteasas. La evaluacion se efectué con 10



materiales considerando su bio-compatibilidad con las proteasas: nanoparticulas de oro
(NpAu), perlas de quitosano (humedas y secas), perlas de quitosano con nanoparticulas
de oro (Quitosan/Au), zeolitas funcionalizadas, resina anionica A520, resina anionica
con nanoparticulas de oro (A520/Au), nanoparticulas de 6xido de hierro (FesO4) y
nanoparticulas de oxido de titanio (TiO,). La eficiencia de la inmovilizacion se
determind a partir del rendimiento de inmovilizacion y la carga enziméatica de cada
soporte (U/mg). Las nanoparticulas de oOxido de hierro resultaron ser un soporte
prometedor gracias a su bajo coste y a su facil separacion de forma magnética,

aumentado asi sus posibilidades de reutilizacion.

En ultimo lugar, tanto las proteasas obtenidas a partir de los residuos de pelo
como las de residuo de soja se inmovilizaron para ser evaluadas en la hidrdlisis de
proteinas, cuya eficiencia se comparé con la de las enzimas libres en el medio. Se
utilizaron substratos de diferente origen (animales y vegetales): caseina, albumina de
huevo y proteina de salvado de avena, observado un efecto diferente segun el origen de
la proteasa utilizada. Estos resultados se corroboraron con los aminoacidos liberados

tras la hidrolisis de las proteinas.

En términos globales, este estudio representa una investigacion
multidisciplinaria que abarca, por una parte, la gestion y valorizacion de residuos
organicos mediante el proceso de fermentacion en estado sélido, con la produccion y
recuperacion del producto de interés, incluyendo la etapa de postratamiento y asi como
la aplicabilidad del producto. Ademas, la immbolizacion de las proteasas sobre
nanoparticulas de bajo coste se ha demostrado efectiva en la hidrolisis de proteinas tipo,
consistuyendo una alternativa de bajo coste (tanto su produccion como el soporte) a las

técnicas actuales.
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Introduction

1.1 Introduction

The generation of organic solid waste is dramatically increasing each year. The
problems related to organic solid waste disposal become more pronounced in recent years
due to the rapid pace of development towards modernisation throughout the world. Most of
the organic waste is composed of household food waste, agricultural waste, human and
animal wastes, which typically are used as animals feed, are incinerated or go to landfill
(Mussatto et al., 2012). However, incineration is an expensive disposal method and causes air
pollution, while in landfills the organic waste is broken down by microorganisms and forms
leachate that can contaminate the groundwater (Reckinger and Seim, 2016). Also, the
degradation of organics in these conditions produces methane, which is 25 times more
harmful greenhouse gas compared to carbon dioxide (Sanchez et al., 2015). Incorrect waste
management practices can result in public health and environmental problems, regarding
issues such as odours and diseases (Giuntini et al., 2006). Nevertheless, organic wastes are
comprised of materials rich in sugars, minerals, and proteins that could be used for other
processes as substrates or raw materials. Since the cultivation of microorganism requires
carbon, nutrient, and moisture, organic wastes could be a good candidate to provide an

appropriate condition for the development of microorganisms.

In this view, solid state fermentation (SSF) is presented as a promising technology for
waste valorisation through the bioconversion of organic wastes used as either substrate or
inert support (Thomas et al.,, 2013). Microorganisms in SSF will play a role in the
degradation of organic wastes into its constituents to convert them into high value-added
products. SSF shows sustainable characteristics in the bioconversion of solid wastes that have

been proved to be able to give high efficiency regarding product yields and productivities,
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low energy consumption and solving disposal problems (Chen and He, 2012; Mussatto et al.,
2012).

SSF is a process carried out with microorganisms growing on solid and moist
substrates that act as nutrient sources and support the microbial growth in the absence or near
absence of water (Holker and Lenz, 2005; Pandey, 2003). Although SSF is not a new
technology in bioprocessing, and it has been mainly applied in the Asian region. Nowadays it
is gaining much attention due to the increasing use of different types of organic wastes and
the larger production of add-value products (Pandey et al., 2000; Thomas et al., 2013). The
search for sustainable and green processes to transform traditional chemical processes also
highlights the potential of SSF. Thus, the bioconversion of organic wastes into valuable
bioproducts could substitute non-renewable materials and replace the chemical processes into
cleaner practices in the industrial sector. The particular interest of SSF is due to its relative
simplicity as a process that uses abundant low-cost biomaterials with minimal or no pre-
treatment for bioconversion, less waste water generation and the capacity of simulating
similar microenvironments favourable to microorganisms growth (Wang and Yang, 2007).
Similarly, SSF simulates the natural microbiological processes like composting and ensiling

(Singhania et al., 2009).

1.2 Organic waste and its potential

Organic waste can be practically defined as any material or unused by-product from a
process that is biodegradable and comes from either plant or animal. The main forms of
organic waste are household food waste, agricultural waste, industrial waste and human and
animal waste. Organic waste tends to be degraded over time by other organisms depending
on its composition and moisture content. The composition of organic waste varied from the

nature of the original material. Based on the type of organic waste, SSF can be applied with
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the aim of producing different valuable bio-products (Dave et al., 2012; El-Bakry et al., 2015;
Motta and Santana, 2014; Pandey et al., 2000). In this sense, Table 1.1 summarises the use of

different organic wastes with their potential to produce bioproducts.

1.2.1 Agricultural organic waste

Agricultural and agro-industrial activities generate a lot of lignocellulosic by-products
such as bagasse, straw, stem, stalk, cobs, fruits peel and husk, among others. These wastes are
mainly composed of cellulose (35-50%), hemicellulose (25-30%), and lignin (25-30%)
(Behera and Ray, 2016). Typically, in lignocellulosic materials, the main cellulose
constituent is glucose; hemicellulose is a heterogeneous polymer that is mainly comprised of
five different sugars (L-arabinose, D-galactose, D-glucose, D-mannose and D-xylose) and
some organic acids; whereas lignin is formed by a complex three-dimensional structure of
phenylpropane units (Mussatto et al., 2012).

Despite the complex structure and composition of agricultural organic wastes, SSF
has been successfully applied to the production of hydrolytic and ligninolytic enzymes (De
Castro et al.,, 2015; Do-Myoung et al., 2014; Mtui, 2009). Lignin peroxidase has been
produced using corn cobs as a substrate in SSF (Mehboob et al., 2011). Furthermore,
considering the rising price and shortage grains as a custom animal feed, the lignocellulosic
materials have a high potential to produce edible animal feedstuff (Graminha et al., 2008).
However, the direct application for animal feedstuff is limited because of the present of lignin
that reduces its digestibility. Several pre-treatments of straw have been made using SSF for
cellulose and lignin degradation to increase the digestibility of the feed (Chang et al., 2012).
In this sense, SSF can have a great potential in producing enzymes to improve the
digestibility of rich fibre materials such as soybean cotyledon (Lio and Wang, 2012).
Jatropha seed cake has been reported for the production of cellulases through SSF without

any pre-treatment (Dave et al., 2012).



Table 1.1 List of organic wastes and their potential in bioprocessing and production of value-added bioproducts

Category of organic  Type of products  \yaste materials/Residues Potential use References
waste /processes
Municipal/domestic  Kitchen waste Preparation waste, Biopesticide, animal feedstuff, (Ohkouchi
food waste leftover food, sludge, organic acids, antibiotics and Inoue,
cocoyam peels 2007; Zhang
etal., 2015)
Commercial/market  Used coffee grounds, used Enzymes, animal feedstuff, (Jooste et al.,
/hotel tea bags, waste bread, biopesticide, bioethanol, 2013; Rocha
leftover, expired foods, bioplastic etal., 2014)
sludge, organic fraction
Industrial organic Animal products Skin, hides, fleshings Enzymes, animal feedstuff, (Abraham et
waste [tannery wastes, fats, horns, glue, surfactant, lubricant, filler al., 2014;
/slaughterhouse shaving wastes, bones, Kanagaraj et
liver, intestines al., 2006;
Wiradimadija
etal., 2014;
Yazid et al.,
2016)
Paper/wood Pulp, sawdust Enzymes, bioethanol, fuel (Rathna et
industry al., 2014)
Sugar industry Molasses Enzymes, (Ghazi et al.,
fructooligosaccharides 2006)
Poultry processing Skin, blood, fats, hairs, Enzymes, animal feedstuff, (Jayathilakan
feathers, bones, liver, fertiliser etal., 2012)
intestines, wings, trimmed
organs
Marine products Shells, roes, pincers, Enzymes, bioactive compound (Kandra et
processing trimmed parts al., 2012;

Kim and



Agricultural organic
waste

Cereals and spices
processing

Fruits and vegetable
processing

Nuts processing

Corn, wheat, rice,
soya, coffee,
sugarcane, barley

Cattle, broiler

Fruits and
vegetables

Oils and oilseeds

Coconuts

Husk, hull, chaff, stalks,
residues

Skin, peels, pomace, fibre,
kernel, stones, seeds

Shells, coir, pith

Fibre, meal, straw, bran,
husk, pulp, bagasse

Fleshing waste, dung,
litter

Seeds, peels, pomace,
husks

Shells, husks, fibres,
sludge, press cake

Fibres, shell, kernel

Biorefinery, enzymes,
activated carbon

Pectinolytic enzymes,
bioenergy, animal feed, organic
acid

Biopulping, biochar, activated
carbon

Enzymes, animal feedstuff,
fuel, bioethanol, furfural,
compost, chemical feedstock,
biopolymer, organic acid

Animal glue, animal feed
supplement, methane
production, biochar, activated
carbon, biofertiliser,
biopesticide

Enzymes, animal feed, fuel,
compost

Bioethanol, enzymes, fuel,
fertiliser, activated carbon

Resins, pigments, fillers, mats,
activated carbon, tanning
materials

Mendis,
2006)

(Elmekawy
etal., 2013)

(Embaby et
al., 2014;
Panda et al.,
2016)
(Mtui, 2009)

(Govumoni

etal., 2015;

Mussatto et
al., 2012)

(Adams et
al., 2002;
Sebola et al.,
2015; Ukpai
and
Nnabuchi,
2012)
(Botella et
al., 2007;
Mtui, 2009)
(Jorgensen et
al., 2010)

(Gratuito et

al., 2008; S

etal., 2015;
Sapuan et
al., 2003)
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Several authors present other uses for similar materials such as the reinforcement of
composite materials for application in building materials, furniture, fishnet (Sapuan et al.,
2003) or as activated carbons (Gratuito et al., 2008). Agricultural organic wastes also include
livestock manure. Cow dung has been reported to have a high nitrogen content that made it
suitable for methane production (Sebola et al., 2015; Ukpai and Nnabuchi, 2012). The
production of biochar and activated carbon were favoured by utilisation of chicken manure
and cow dung (Demiral and Demiral, 2008; Nguyen and Lee, 2015). Furthermore, high-
quality bio fertiliser was produced employing liquid amino acid hydrolysed from animal

carcases as an additive to mature compost of chicken or pig manure by SSF (Liu et al., 2016).

1.2.2 Industrial organic waste

Industrial organic wastes include any organic by-product in a large variety of
industries such as slaughterhouses, fruit and vegetable processing plants, poultry processing,
paper and pulp manufacturing, marine processing, sugar industry and dairy industry, among
others. Most of these wastes have the potential to be used as a substrate or support in SSF
processes to produce high-value products. For instance, sawdust, which is an easily available
by-product of the wood industry has been used as a support substrate in SSF to obtain high
laccase production by white rot fungi Coriolopsis gallica (Daassi et al., 2016). Leather
industry and slaughterhouses generate many organic wastes containing protein such as animal
fleshing, hair wastes, skin trimming, keratin wastes, chrome shaving, and buffing wastes that
being underutilised. Several authors have reported the utilisation of animal fleshing as a
substrate in SSF for protease production (Ravindran et al., 2011). The mixture of hair wastes
with activated sludge or anaerobically digested sludge showed a high yield of protease
production (Abraham et al., 2014; Yazid et al., 2016). By-products of sugar industry such as

molasses and sugarcane bagasse have been reported in the production of invertase by SSF
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(Veana et al., 2014). Molasses also was chosen as a low-cost substrate to replace an
expensive feedstock (cane sugar) in ethanol production (Kanwar et al., 2012). Additionally,
tapioca industry waste which contains much organic matter with a strong odour that could
cause environmental pollution has been successfully converted into poly(3-hydroxybutyrate)
(PHB) via SSF, thus possibly become an alternative process and reduce the total production
cost (Sathiyanarayanan et al., 2013). Food processing industries generate many by-products
able to be used in SSF for producing valuable bio-products (Elmekawy et al., 2013,
Mandalari et al., 2008). The use of fruits and vegetables waste for production of organic acid
and vital enzymes has been widely reported (Panda et al., 2016). Due to its high and easily
degradable organic content, vegetable wastes show a significant potential for energy
bioconversion, particularly in biofuel production (Singh et al., 2012). Crustaceans by-
products, generated in industrial seafood processing, has been reported in the production of
chitinase and chitosanase with a broad range of applications in biomedical, food and
agrochemical sectors (Nidheesh et al., 2015; Suresh and Anil Kumar, 2012). Fish processing
wastes in SSF are favourable since the waste is easy to obtain at low-cost and provides
appropriate conditions for microorganism cultivation. Fish processing wastes, rich in lipids
and proteins, have been suitable to produce esterase, a product with a varied industrial
application in organic chemical processing, detergent formulations, surfactant and oleo-

chemical industry (Esakkiraj et al., 2012).

1.2.3 Municipal/domestic food waste

Most countries around the world are facing a great challenge to manage domestic
food waste as it is wet, putrescible and sometimes mixed with inorganic waste (impurities).
The composition of domestic food waste is complex and includes oil, water, spoiled and
leftover foods from kitchen wastes and markets. These substances are chemically comprised

of starch, cellulose, protein, fats, lipids, and other organic matter. High moisture and salt
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contents lead to rapid decomposition of the organic wastes and produce unpleasant odours
that can attract flies and bugs, which are vectors for various diseases. Apart from being
perishable, municipal solid waste including household kitchen waste and domestic food waste
from restaurants and markets contained high lignocellulosic materials that could be exploited
to produce valuable bio-products. Domestic food wastes such as waste bread, savoury, waste
cakes, cafeteria waste, fruits, vegetables and potato peels wastes have been reported as a
suitable substrate for glucoamylase enzymes production by Aspergillus awamori via SSF
technology (Melikoglu et al., 2015; Uckun Kiran et al., 2014). Bread waste has been used to
produce amylase (Cerda et al., 2016), whereas municipal solid waste and kitchen waste
residues principally composed of potato peels, orange peels, onion peels, carrot peels,
cauliflower leaves, banana stalks and pea pods has been used to produce of cellulase by SSF
(Abdullah et al., 2016; Janveja et al., 2014). The cultivation of selected industrial yeast
strains using orange peel as a substrate resulted in a high yield of aroma esters (Mantzouridou
et al., 2015). The utilisation of household food wastes with high dry content to produce high
yields of ethanol by SSF has also been reported in several studies (Matsakas and
Christakopoulos, 2015; Matsakas et al., 2014). Likewise, mixed food wastes collected from
restaurants and inoculated with fungal inoculum can produce glucoamylase-rich media and
protease-rich media by SSF, suitable to be used as a feedstock to produce succinic acid which
has wide range application in laundry detergents, plastics, and medicines production (Sun et
al., 2014). Cocoyam peels are common household kitchen wastes in Nigeria presenting a
capability to become a very useful substrate for oxytetracyclines, which are an important
antibiotic to treat many infections (Ezejiofor et al., 2012). The complex composition of food
wastes also makes them suitable for microbial growth, having the potential to produce

Bacillus thuringiensis (Bt) biopesticide through SSF (Zhang et al., 2015).
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1.3 Solid state fermentation (SSF)
1.3.1 General aspects of solid-state fermentation

Solid state fermentation (SSF) has received considerable attention in the past years.
The successful development of bioprocesses in SSF is regarded to several general aspects
including the suitability of different types of microorganisms, substrates and process
parameters. There are different kinds of microorganisms used in SSF process including fungi,
yeasts, and bacteria. However, fungi and yeast are the most commonly reported for the fact
that SSF can provide similar natural habitat, which has low water activity in the fermentation
media. The most common yeast genera reported in SSF are Candida, Saccharomyces, and
Aureobasidium (Lopez-Pérez and Viniegra-Gonzalez, 2016). While common fungal genera
are Aspergillus, Penicillium, and Rhizopus, which have a broad range of species for the
production of a wide number of valuable bioproducts through SSF (El-Bakry et al., 2015).
Although SSF seems to be more favourable for fungi and yeast growth, there is also
increasing evidence of bacteria positive used in producing bioproducts in SSF. The most
common bacteria genera used are Bacillus and Streptomyces (Martins et al., 2011; Singhania
et al., 2009). Many studies are reporting the use of filamentous fungi, mainly chosen in SSF
because of their ability to produce thermostable enzymes of high commercial value (Avila-
Cisneros et al., 2014; Liu et al., 2011; Martins et al., 2011; Saqib et al., 2012). However,
there are also several studies reporting that bacteria strains can produce thermostable
enzymes especially from Bacillus species (Afrisham et al., 2016; Ozdemir et al., 2012;

Prajapati et al., 2015; Tsegaye and Gessesse, 2014).

Selection of suitable substrates also plays a key role in an efficient and economical
production of the desired product. In selecting proper substrates for SSF process, it is

important to ensure the availability and cost of the substrates. They can supply appropriate
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nutrients and physical support for the development of microorganisms in SSF. Organic
wastes from agricultural, industrial processing and domestic food waste are the most suitable
substrates to be used due to their abundance at low or no cost and their chemical composition.
Additionally, by using these organic wastes as substrates, their environmental pollution
problems can be minimised. However, in some cases, an additional supplement has to be
added to the organic wastes. In other situations, a chemically or mechanically pretreatment
(especially for lignocellulosic materials) is necessary due to the inaccessibility of certain
nutrients for microorganisms. For example, a chemical pre-treatment of municipal solid
waste was performed to prepare the solid fraction for an easier microbial uptake in the
production of cellulase (Abdullah et al., 2016). Pulp and paper solid waste were pre-treated
with acid hydrolysis in a microwave prior SSF as a substrate to produce fumaric acid (Das et
al.,, 2016). In the production of an anti-cancer prodrug, camptothecine (CPT) by SSF,
complex protein sources (whey concentrate powder) were added to soybean waste to enhance
the productivity of Fusarium oxysporum producing a secondary metabolite (Bhalkar et al.,

2016).

Other important aspects to improve the efficiency of SSF are the selection and
optimisation of the process variables including initial moisture, particle size, pH, temperature,
media composition, sterilisation, water activity, inoculum density, agitation, aeration,
extraction of product and its downstream process (Pandey, 2003). Among these aspects,
particle size and moisture content have been mainly studied, reported and reviewed by others
(de Castro and Sato, 2015; Martins et al., 2011; Pandey et al., 2000; Singhania et al., 2009).
Ideally, it is apparent that small substrate particles could provide large surface area for
microbial attachment. However, too small particles would result in substrate agglomeration
that could affect the oxygen transfer, thus retarding the microorganism development.

However, although a large particle size of the substrate provides better aeration efficiency, it
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can limit the surface area for microbial attachment (Chen and He, 2012; de Castro and Sato,
2015; Pandey, 2003). Hence, the conditions that are favourable in a particular process are an
aspect that needs to be thoroughly assessed. Moisture content also has a significant role in
SSF as bacteria and fungi have different moisture content requirements. Fungi needs lower
moisture content around 40-60% (Singhania et al., 2009), whereas bacteria can need high
moisture content (60-85%) (Martins et al., 2011). The optimum moisture content in a solid
substrate is closely related to the correct nutrient and oxygen/carbon dioxide diffusion during
fermentation (Orzua et al., 2009). High moisture content would decrease porosity, thus loss
the structure of the particles and interfere in the oxygen diffusion. On the contrary, low
moisture content can limit the nutrient solubility hindering the microorganism development.
An increase of temperature during the fermentation will indicate the growth of the
microorganism. In aerobic fermentation, oxygen is supplied and exchanged with carbon
dioxide, and heat is generated by microorganisms, leading to a temperature increase. In some
cases, high temperatures will negatively affect the growth of microorganisms and product
formation (Pandey, 2003). However, in other cases, high temperatures increase the yield of

the enzyme produced (Abraham et al., 2014, 2013; Yazid et al., 2016).

These general aspects are relevant to point out a general idea to design an efficient
strategy using organic wastes in SSF according to the product required and considering the
cost and waste availability. Fig. 1.1 summarises the whole general processes involve in the

valorisation of organic waste via SSF.
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Fig. 1.1 Flowchart of valorisation of organic waste to produce valuable bio-products using
solid state fermentation (SSF)

1.3.2 Advantages and challenges of solid-state fermentation

In recent years, there is an increasing trend in using SSF in the biotechnology field
due to its simplicity and ability to perform the bioconversion of low-cost solid substrates, in
some cases achieving higher productivity than that of submerged fermentation (SmF)
(Viniegra-Gonzélez et al., 2003). With the prominent characteristic of SSF employing low
requirement of water mimic a natural atmosphere for microbial growth. This condition favour
filamentous fungi growth, enhanced sporulation, and cultivation of mixed culture which is
hard to implement in SmF (Holker et al., 2004) due to broth rheology problems that affect the
transport phenomena and mass transfer in a SmF reactor (Gabelle et al., 2012). Also, the lack
of liquid phase in SSF reduces waste water and lower down the risk of bacterial
contamination. In this sense, SSF offers an advantage by using unsterilized substrates and
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creates non-strict sterile conditions for the process (De la Cruz Quiroz et al., 2015). Also,
SSF provides a simple media preparation with the reduction of reagents use, since the media
normally contain the appropriate nutrient for the process and present negligible foaming
problems during the process. As a matter of fact, the process requires low consumption of
energy since agitation and sterilisation are not always necessary. Similarly, this process
reduces purification costs due to higher end product concentration or by using the product in

a crude form (Lopez-Pérez and Viniegra-Gonzélez, 2016).

Despite these advantages, SSF also faces several challenges such as mass and heat
transfer, scale-up, biomass estimation and recovery and operational control. Also, the
utilisation of natural substrates is often limited by their poor reproducibility and heterogeneity
(Hongzhang et al., 2011). Also, the heterogeneity of the substrate related to porosity can lead
to mass and heat transfer problems in SSF. The substrate bed inside SSF is a complex
medium comprised of a combination of solid, liquid and gas phases that requires an optimal
porosity for mass and heat transfer process. Too much water content compact a substrate
result in reducing the porosity that leads to poor oxygen transfer and may prone to
contamination, while in adverse condition inhibits microbial growth and limits the transfer of
nutrients (Raghavarao et al., 2003). Moreover, the diffusion of mass and heat in SSF depends
on aeration which may differ according to the substrate types. In small scale, an appropriate
aeration allows heat dissipation and a regulation of the mass moisture level. However, the
removal of heat generated during metabolic growth can be a problem at large scale. The high
solid concentration requires a large quantity of air (Mansour et al., 2016). Furthermore,
biomass determination is quite a challenge in SSF, especially involving fungi that usually
develop a strong interaction between mycelia and solid substrate making difficult the
complete recovery of biomass (Rahardjo et al., 2004). Due to this difficulty in biomass

quantification, a lack of important basic scientific engineering and fermentation operational
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control is often found in publications and only a qualitatively or empirically characterisation
is done (Sindhu et al., 2015). The same happens when establishing kinetics of reactions in

SSF.

1.3.3 Production and application of enzymes from solid state fermentation

SSF has opened a new paradigm of bioconversion of organic solid wastes using SSF
with uprising application of SSF in the production of biologically active secondary
metabolites both in lab scale and industrial scale. There are abundant of studies regarding the
application of SSF in the production of various bio-products have been published including
enzymes, organic acids, biofertiliser, biopesticide, biosurfactant, bioethanol, aroma

compounds, animal feeds, pigments, vitamins, antibiotics, and so forth.

In search of green technology, enzyme production has received much attention in
industrial biotechnology processes with the objective of the substitution of chemical
processes, with potentially adverse effects on humans and environment. Various enzymes are
emerging from biotechnology processes, mostly from submerged fermentation, are playing a
key role in a significant number of industrial processes. In recent years, the production of
enzymes from SSF has gained attention due to its simplicity, high productivity, and stability
that make them suitable for industrial processes. Several reviews on the production of
enzymes from SSF have been published in recent years (El-Bakry et al., 2015; Pandey et al.,
2000; Singhania et al., 2009; Thomas et al., 2013). The setup for enzyme production in SSF
is quite straightforward and economical since the abundance of organic wastes can be used as
substrates for the production plus reduces chemicals, energy, and water consumption. Fungi,
yeasts, and bacteria are capable of producing various enzymes through SSF, as the

environment in SSF is favourable for most of the microorganisms. Table 1.2 shows a
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compilation of several organic solid wastes used as substrates for enzyme production with or

without inoculation of specific strains.

Table 1.2 List of several enzymes produced and organic waste used as substrate in solid state

fermentation

ENZYME MICROORGANISM SUBSTRATE Reference
(Abdullah et al.,
cellulase T.reesei Municipal solid waste 2016)
Thermoascus (Dave et al.,
aurantiacus jatropha deoiled seed cake 2012)
(Janveja et al.,
A.niger kitchen waste 2014)
(Do-Myoung et
Penicillium sp empty fruit bunch al., 2014)
(Ortiz et al.,
T.reesei wheat bran 2015)
(Salihu et al.,
A.niger groundnut husk 2014)
(Hai-Yan Sun et
Trichoderma viridae  banana peel al., 2011)
Candida tropicalis, (Zhou et al.,
A. oryzae Ginkgo biloba residues 2015)
(Bansal et al.,
A. niger wheat bran 2014)
(Dave et al.,
Trametes hirsuta wheat bran 2015)
(Gasparotto et
T. reesei soybean bran al., 2015)
(Liuetal.,
A. fumigatus lignocellulosic materials 2011)
(Pathak et al.,
T. harzianum wheat bran 2014)
(Raghuwanshi
T. asperellum lignocellulosic materials etal., 2014)
(Sandhu et al.,
A.niger rice straw and wheat bran 2013)
Phanerochaete (Saratale et al.,
chrysosporium grass powder 2014)
(Kumar et al.,
A.nidulans black gram residues 2016)
(Anto et al.,
glucoamylase  Aspergillus sp banana peels, pineapple peels 2006)
(Ugkun Kiran et
A.awamori domestic food waste al., 2014)
(Melikoglu et
A.awamori bread waste al., 2015, 2013)
(Saxena and
amylase Bacillus sp. Mustard Oilseed cake Singh, 2011)
(Cerda et al.,
Thermomyces sp. soy and bread waste 2016)
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protease

keratinase

lipase

xylanase

inulinase

18

Bacillus subtilis

A fumigatus

A.niger

Pseudomonas
aeruginosa

A.awamori
A. oryzae
Bacillus sp.
A. fumigatus

B. cereus

Candida tropicalis,
A. oryzae

Thermus sp.

N.S.

Thermoactinomyces
sp.

N.S.

Paenibacillus
woosongensis

Pseudomonas
aeruginosa

N.S.
A.niger
A.japonicus

A. tubingensis

B. pumilus

T. harzianum

Colletotrichum
graminicola

A.nidulans

A. ficuum

wheat bran and wheat rava

wheat bran

wheat bran, soybean meal,
cottonseed meal, orange peel

Jatropha curcas seed cake
bread waste

wheat bran, soya bran
green gram husk

wheat bran

cow dung

Ginkgo biloba residues

soy fibre

hair waste, activated wastewater
sludge

agricultural and household waste

hair waste, anaerobic digested
wastewater sludge

dry feathers

Jatropha curcas seed cake
vegetable oil refining waste
oil palm waste residues
castor bean waste

wheat straw

wheat bran

wheat bran

wheat bran
black gram residues

wheat bran

(Pandi et al.,
2016)
(Singh et al.,
2014)

(De Castro and
Sato, 2014)

(Mahanta et al.,
2008)
(Melikoglu et
al., 2015, 2013)
(Novelli et al.,
2016)
(Prakasham et
al., 2006)

(da Silva et al.,
2013)
(Vijayaraghavan
etal., 2014)

(Zhou et al.,
2015)
(El-Bakry et al.,
2016)

(Abraham et al.,
2014)

(Vermaetal.,
2014)

(Yazid et al.,
2016)

(Paul et al.,
2014)

(Mahanta et al.,
2008)
(Santis-Navarro
etal., 2011)
(Silveiraetal.,
2016)
(Herculano et
al., 2016)
(Pandya and
Gupte, 2012)
(Asha Poorna
and Prema,
2007)

(Pathak et al.,
2014)

(Zimbardi et al.,
2013)

(Kumar et al.,
2016)
(Chenetal.,
2011)
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(Mazutti et al.,

marxianus Sugarcane bagasse 2006)
(Daéssi et al.,
laccase Coriolopsis gallica sawdust waste 2016)
(Martinez-
Morales et al.,
Trametes versicolor  oak sawdust 2015)
(Esakkiraj et al.,
esterase B. altitudinis fish processing waste 2012)
lignin Ganoderma waste corn cob (Mehboob et al.,
peroxidase leucidum 2011)
(Veanaetal.,
invertase A.niger Molasses and sugarcane bagasse 2014)
(El-Gindy et al.,
B-xylosidase  A. tamarii ground oats 2015)

Colletotrichum

(Zimbardi et al.,

graminicola wheat bran 2013)
Colletotrichum (Zimbardi et al.,
B-glucosidase  graminicola wheat bran 2013)
multienzyme
protease, .
xylanase, A. awamori babassu cake
cellulase, (Lopez et al.,
endomylase 2013)

N.S.: non-specified

In SSF, non-sterilized and non-inoculated media are often suitable. This aspect can
positively affect the economic feasibility for the production of enzymes at industrial scale.
For example, protease production from hair waste and sewage sludge in 4.5 L reactor (469 U
g DM™) has been successfully scaled up to a 10 L reactor resulting in a stable proteolytic
activity of 435 U g DM™ (Yazid et al., 2016). Also, the production of lipase from the mixture
of winterization residue and waste water sludge in a 4.5 L SSF reactor under non-sterilized
conditions resulted in a high lipolytic activity (120000 U g DM™) (Santis-Navarro et al.,
2011). It has been proved that non-sterilized conditions are applicable in the production of

enzymes by SSF even without specific inoculation (EI-Bakry et al., 2016).

Kriaa and Kammoun (Kriaa and Kammoun, 2016) compared the production of

glucose oxidase by Aspergillus tubingensis in SSF and SmF. Preliminarily, both conditions
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were compared using glucose and gluconic acid as substrates which led to higher activity of
glucose oxidase in SSF (170.59 U ml™) compared to SmF (43.73 U ml™). Then, the
production of glucose oxidase was carried using the mixture of agro-residues such as wheat
bran, molasses and fish meal. Enhance of yield was observed, in a 74% higher than
preliminary SSF and SmF. Similarly, peptidase production by Aspergillus fumigatus in SSF
using wheat bran and SmF using casein as a substrate was compared. An improved yield of
peptidase production, approximately 30 times higher, was obtained through SSF compared

with SmF (da Silva et al., 2013).

In another comparative study among SSF, slurry state fermentation (SISF) and SmF,
revealed that maximum B-xylosidase was obtained in SSF (33.7 U ml™) followed by SISF
(24.9 U mI™") and SmF (5.5 U mI™) (EI-Gindy et al., 2015). The enzymes produced by SSF
maintain a similar or enhanced capability for chemical processes or commercial enzymes
normally produced by SmF. Several studies have been successfully applied the crude
enzymes produced from SSF to industrial processes such as dehairing of hides, hydrolysis of
lignocellulosic materials, detergent formulation, de-inking and biobleaching paper waste,

bioethanol production, xylitol production, silver recovery from X-ray films, and so forth.

Tanning and leather industries release a lot of hazardous chemicals. In this sense,
some authors have explored the use of crude enzymes such as protease, keratinase, and
amylase from SSF in the leather processing as an alternative to chemical processes. Crude
protease produced from hair waste and sewage sludge in SSF showed a high potential to
substitute chemical dehairing (Abraham et al., 2014; Yazid et al., 2016). The results in
cowhide dehairing were as efficient as using chemical and commercial powder enzymes,
indicating the economic viability of the process. Likewise, the crude protease produced by

Bacillus cereus from agro-industrial residues and cow dung as substrates in SSF were
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effectively using for the dehairing of goat hides for 18 h at 30 °C (Vijayaraghavan et al.,
2014). In other studies, the use of crude keratinase in dehairing of goat skins has also been
reported (Paul et al., 2014). The keratinase produced by Paenibacillus woosongensis by SSF
employing chicken feather and rice straw as substrates, showed similar or improved
characteristics than using chemical treatments, without causing damage to the collagen layers
after the dehairing process. Integrated bioprocessing in leather processing including detaining
and fibre opening normally needs a commercial enzyme. This enzyme is expensive for
common processes of tanning and contains some added stabilisers that could contribute to the
pollution of the effluent. Correspondingly, amylase produced by Bacillus subtilis on wheat
bran through SSF showed a good performance in fibre opening process developed on goat
skins in comparison to chemicals and commercial enzymes. Besides, the employment of
crude amylase during the process showed a lower pollution load (COD, TS) (Pandi et al.,

2016).

Crude cellulase produced from agricultural residues under SSF has been used in the
saccharification of lignocellulosic materials such as rice straw, sugarcane bagasse, corn cob,
fruits peel, and wheat bran enhanced the sugar yield for bioethanol production (Bansal et al.,
2014; Dave et al., 2015; Gasparotto et al., 2015; Raghuwanshi et al., 2014; Sandhu et al.,
2013). The utilisation of grass powder as a carbon source in the production of cellulase and
hemicellulase by Phanerochaete chrysosporium by SSF has yielded an efficient enzyme
complex to be employed for hydrolysis of rice husk. Then, the hydrolysate was used by
Clostridium beijerinckii and resulted in higher biohydrogen production, which was better
than other values reported (Saratale et al., 2014). Production of cellulase and xylanase by SSF
inoculating Trichoderma harzianum showed a better activity and stability at optimum pH and
temperature. The crude enzyme complex produced by SSF enhanced the toner removal of

photocopier waste papers with superior strength properties (fibre and microfibrils) compared
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to chemical treatment, and the enzyme complex improves the brightness and drainage as well
(Pathak et al., 2014). Similarly, the crude enzyme complex (cellulase, xylanase, p-
glucosidase) by Aspergillus nidulans cultivated on low-cost crop residues as a substrate under
SSF was efficiently used in the saccharification of pearl millet stover and bio-deinking of
mixed office waste paper with enhanced physical properties (Kumar et al., 2016). There was
reported the use of crude protease produced from low cost agricultural and household waste
by Thermoactinomyces sp. via SSF (Verma et al., 2014). The enzyme was used as an additive
to commercial detergents as an alternative to caustic soda. Interestingly, the crude enzyme
also showed gelatinase activity capable of hydrolysing the gelatine layer locking the silver

salt on used X-ray film for silver recovery.

1.3.4 Downstream processing in SSF and residues reutilisation

Downstream processing is the processes involved in fermentation process mainly
bioseparation such as extraction, purification, and recovery. There are very few studies
reporting about downstream processing in SSF which hampers the process development in
up-scaling. Not to mention the downstream processing that typically engages with
complicated processes and additional facilities that cost up to 70% of production cost
(Zidehsaraei et al., 2009). Since SSF is a process occurs in a limited or absence of liquid;
therefore, extraction with an appropriate solvent is necessary to recover secreted products that
bind to the solid substrates. For this reason, extraction efficiency is crucial to obtain complete

recovery of products from SSF.

Dhillon et al. (2013a) achieved higher citric acid extraction from the SSF process
using response surface methodology involving process parameters such as extraction time,
agitation rate, and solvent volume. Solid-liquid ratio, solvent or buffer type, pH, temperature,

stirring rate, repeated extraction, and extraction time are process parameters that also have
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been studied to optimise the extraction of products from SSF (Ahmed and Mostafa, 2013;
Aikat and Bhattacharyya, 2000; Arantes et al., 2011; Chandra et al., 2010; Pirota et al., 2013;
Rodriguez-Fernéndez et al., 2010). However, in these studies usually, a small amount of solid
substrate from SSF range from 1 g — 20 g in a shake flask was used for the extraction. Only
some of them reported the extraction using the whole substrate fermented (in kg) with the
aim of knowing the total recovery of the product (Yazid et al., 2016). This assessment is
considerably important since it affects the extraction efficiency and product recovery from
SSF. In fact, it was reported that on a scale up system, there was a reduction of product
activity per gramme of dry substrate of about 60% compared to the activity obtained at the

lab scale, yet the total product activity obtained was high (Salariato et al., 2010).

Szabo et al. (2015) found that sonication has a significant effect on enzyme
extraction. They observed that multiple extractions with sonication improved the recovery of
enzymes from SSF with an increment of enzyme yield more than twice that of conventional
single stage extraction. Furthermore, to improve the enzyme recovery from SSF, it has been
observed that extraction followed by diafiltration can enhance the activity recovery by
removing inhibitory phenolic compounds from the extracts (Rezaei et al., 2011). Since the
recovery and concentration steps are significant in enzyme production employing
ultrafiltration with 10kDa cut off after solid-liquid extraction can improve the rate of enzyme

recovery about 74% (Poletto et al., 2015; Yazid et al., 2016).

Moreover, the recovery of biosurfactant such as sophorolipid from SSF can be
improved by employing solid-liquid extraction using methanol followed by multiple re-
extractions of the fermented material with ethyl acetate with continuous mixing for 1h,
subsequently filtered using 0.2 um membrane filtration (Rashad et al., 2014). The resulting
crude extracts were further purified using a rotary evaporator at 40 °C to remove any solvent.
Then, hexane was used to wash the remaining hydrophobic residue after vacuum drying, and
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the partially purified sophorolipid was obtained after vaporising the residual hexane at 40 °C

under vacuum (Hu and Ju, 2001).

An innovation of downstream processing in SSF has been proposed with using
simultaneous extraction and recovery of products scheme (Zidehsaraei et al., 2009). In this
method, the enzyme has been produced through SSF followed by combined separation
method (simultaneous extraction and recovery) based on aphron flotation. Briefly, the
colloidal gas aphron (CGA) was generated by mixing solid biomass from SSF with distilled
water and aluminium sulphate as a flocculating agent. Then the purified enzyme was
recovered by filtration (Fig. 1.2b). This method was considered straightforward by
eliminating the extraction step in conventional SSF (Fig. 1.2a) and producing a relatively
pure enzyme. Furthermore, an efficient employment of single step aqueous two-phase
extraction (ATPE) for downstream processing of enzyme produced from SSF (Fig. 1.2c) has
been reported, avoiding the conventional multi-step procedures involving salt precipitation,
dialysis, and chromatography processes (Bhavsar et al., 2012). In addition, the high recovery
of the enzyme within a short time (3 h) shows the potential for the commercial interest of this

technique.

A novel simplified configuration for conversion of biomass to ethanol using the whole
SSF cultivation medium for the hydrolysis of steam-exploded sugarcane bagasse has been
reported (Pirota et al., 2014). This configuration would allow a single reactor system thus
avoiding additional separation steps. The industrial production of biopolymers such as PHA
(polyhydroxyalkanoate) is usually hampered by the high production cost which involves
capital investment in fermentation media and downstream processing. In this sense, SSF has
been proposed as an alternative to SmF for more feasible PHA production using agro-

industrial waste instead of using expensive defined media (Sindhu et al., 2015).
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Fig. 1.2 Schematic diagram of conventional and innovation of downstream processing in SSF
(a) conventional method; (b) simultaneous extraction and recovery based on aphron flotation;
(c) simultaneous partitioning and purification using ATPE system.

While in downstream processing an enzymatic method is more favourable compared
to a chemical method due to the high recovery rate, the implementation has been limited by
the high cost of the enzyme. A novel downstream separation processing using crude enzyme
produced via SSF using sunflower meal as the main substrate has been proposed to reduce
the high cost of PHA recovery (Kachrimanidou et al., 2016). The enzymatic lysis of bacterial
cells facilitated a high recovery (98%) and purity (96.7%) of poly(3-hydroxybutyrate-co-3-
hydroxyvalerate) showing that enzymatic digestion can be used as an alternative process to

PHA recovery.

After the recovery of products, a solid waste with different level of biodegradability
remains once SSF processing is finished. Late work by our research group (data not
published yet) indicates the possibility to reutilising the remaining solid by composting and

anaerobic digestion. The stabilisation of the remaining organic matter was done by
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composting in the same reactors, and continuing the process until no increment in
temperature was observed; the stability measured by means of the dynamic respiration index
(DRI) was lower than 1 g O, kg OM h™ (Yazid et al., 2016). Solid and liquid wastes
generated after enzyme extraction of SSF during the ethanol fermentation process were
reutilised as a substrate for anaerobic digestion to produce biogas in a zero waste approach
(Narra and Balasubramanian, 2015). Moreover, it has been observed that solid residues
remained after production of citric acid in SSF can be reutilised in a sequential extraction
process to produce fungal chitosan as an eco—friendly alternative to the chitosan derived from

marine shells (Dhillon et al., 2013b).

1.3.5 Economic viewpoint

Solid state fermentation has proved to yield high biomolecules concentrations making
further additional downstream processes easier than in SmF. Consequently, SSF minimised
the requirements for additional equipment as well as energy and water consumption. Since
the cost of substrates represents 30-40% of total production costs (Zhang et al., 2007), the
valorisation of organic solid waste as a substrate in SSF effectively reduces the operational
costs. The superiority of SSF over SmF in several biotechnological processes poses an
attractive economic feasibility. For instance, Zhuang et al. (Zhuang et al., 2007) compared an
economic analysis of cellulase for bioethanol production in SSF and SmF. The analysis
reported on the unit costs of the cellulase production in SSF ($15.67 kg cellulase™) and SmF
($40.36 kg cellulase™), while the market price for cellulase was approximate $90 kg
cellulase™. Comparatively, a sensitivity analysis was performed indicating that the production
cost using SSF was lower than SmF with an efficiency of 99.6%. Furthermore, another report
studied the economic analysis of hydrolases enzyme cocktails (amylase, cellulase, xylanase,

protease) by A. awamori on babassu cake in SSF. They suggested that solid residues or
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fermented cake generated after enzyme extraction can be sold as animal feed, which in turn
compensates the enzyme production costs (Castro et al., 2010). By the same token, SSF
expedites development of formulations of biopesticide from solid organic wastes and
utilisation of low aeration rate and water consumption as well as simple unit operation

decreases the production costs.

However, it seems evident that there is a significant lack of systematic economic

studies on SSF economics, especially those related to the comparison between SSF and SmF.

1.3.6 Future perspectives

The use of SSF in various biotechnological processes and production of value-added
bioproducts seems very appealing and promising as reported in this review. As SSF valorises
organic solid waste, it leads to the reduction of operational and production costs, concurrently
contributes to solid waste management and decreases environmental pollution. Various types
of organic solid waste can be easily used and converted into valuable bioproducts such as
enzymes, organic acids, bioethanol, biopesticides, biosurfactants, and so forth using SSF.
Apart from these apparent advantages, SSF presents a limited application at industrial level
due to several technical aspects that need to be improved and well established, such as
scientific engineering and fermentation operational control. However, with the uprising of
studies related to SSF that are being currently explored, it is believed that there are numerous
aspects of bioreactors technology suitable to enhance the processes to compensate the lack of
application at the industrial level. With the understanding of SSF theory and the development
of current SSF technology for the production of biomolecules, SSF can be considered a novel

paradigm for organic solid waste valorisation.
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1.4 Industrial enzyme — Protease

Industrial enzymes can be divided into three groups which are technical enzymes,
food enzymes, and feed enzymes (Kumar et al., 2014). In a broad sense, technical enzymes
are denoted as products for environments and industries such as leather, detergent, textile,
fuel ethanol, pharmaceutical, and various smaller industries. Food enzymes included products
for food and beverage such as the brewing, alcohol industry, baking industry, dairy industry,
oil and fats industry, aroma and flavour industry. Feed enzymes included the production of
swine, ruminant, poultry, and aqua feedstuff for growth and production efficiency. According
to a market survey, global industrial enzyme demand is forecast to grow at a rate 6.9% for
2010-2020 (Kumar et al., 2014). Among industrial enzymes available in a market, proteases
are exhibited as one of the most versatile enzymes, since they involve a broad range of
applications including as technical enzymes, food enzymes and feed enzymes (Kumar et al.,
2014). Proteases represent one of the major industrial enzymes groups which accounted for

60% of the total enzyme market worldwide (Rao et al., 1998).

Proteases or peptidases are proteolytic enzymes that catalyse the peptide bonds
cleavage in proteins. They are responsible for complete hydrolysis of proteins and associated
with essential biological pathways. Due to their diversity of action and structure,
characterisation of proteases is quite challenging. Previously, proteases were categorised
according to their molecular size, charge or substrate specificity. With the emergence of
molecular biology, the protease can be categorised based on chemical nature of the catalytic
or active sites, mechanism of action, and the evolutionary relationship of their three-
dimensional structure (Beynon and Bond, 2001). Also, due to their variety of specificity of
their action and application, they have captured worldwide attention to exploit their

physiological as well as biotechnological applications (Sawant and Saraswathy, 2014).
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Commonly, proteases produced commercially are non-toxic and non-pathogenic that can be

considered as eco-friendly and safe for every biotechnological sector.

Typically, proteases are divided into exopeptidase or endopeptidase based on their
action site. In particular, proteases are classified as exopeptidases if the enzymes cleave the
peptide bond at the amino (N) or carboxyl (C) terminus of the protein which known as
aminopeptidases and carboxypeptidase respectively, whereas if the enzymes cleave at
internal peptide bonds termed as endopeptidases or proteinases (Fig. 1.3). Conventionally,
endopeptidases are further classified into four prominent groups according to their functional
group present at the active site namely serine proteases, cysteine proteases, metalloproteases,
and aspartic proteases (Rao et al., 1998). Usually, they are referred to acidic, neutral or
alkaline proteases based on their optimal pH (Rao et al., 1998; Sawant and Saraswathy,

2014).

endopeptldase
peptide bonds '

exopeptidase peptidase

amino acid

Fig. 1.3 Class of proteases according to their cleavage of action site on protein molecule

Serine proteases are known to have a reactive serine residue in the active site. They
are extensively distributed among microbial and animal as they play a vital role in organisms
(Rao et al., 1998). This type of proteases are inhibited by L-3-carboxytrans 2,3-epoxypropyl-
leucylamido(4-guanidine)butane (E64), diisopropyl-fluoro-phosphate (DFP),
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phenylmethylsulfonyl fluoride (PMSF), and tosyl-L-lysine chloromethyl ketone (TLCK).
Also, some of the serine proteases are inhibited by thiol reagents such as p-
chloromercuribenzoate (p)CMB) due to the presence of cysteine residue near the active site
which is possibly not involved in the catalytic mechanism of the enzymes. Normally, serine
proteases are active at neutral and alkaline pH, plus optimum at pH range from 7 to 11. The
isoelectric points of this type of proteases are between pH 4 and 6. They have broad substrate
specificities comprising amidase and esterolytic activity. Among serine proteases, serine
alkaline proteases constitute the largest subgroup, which are active at highly alkaline pH.
They hydrolyse a peptide bond which has tyrosine, phenylalanine, or leucine at the carboxyl
side of the splitting bond with optimal pH at 10 and their isoelectric point at approximately

pH 9 (Rao et al., 1998).

Cysteine proteases are active in the presence of reducing agents such as hydrogen
cyanide (HCN), ethylenediaminetetraacetic acid (EDTA) or cysteine, while susceptible to
sulphydryl reagents such as pCMB, iodoacetic acid, iodoacetamide or heavy metals (Ellaiah
et al., 2002). Cysteine proteases work better in neutral pH, and most of them are active within
the range of 5 to 8. The cysteine proteases occur in both prokaryotes and eukaryotes,

predominantly in the plant.

Metalloproteases are the vastly varied catalytic type of proteases with optimum pH at
5 to 9. These enzymes are prone to metal-chelating reagents such as EDTA, but not affected
by sulfhydryl agents of DFP. However, many of the EDTA-inhibited enzymes can be
reactivated by ions such zinc, cobalt, and calcium as they are characterised by the
requirement of divalent metal ion for their activity (Rao et al., 1998). Most of the bacterial

and fungal metalloproteases are zinc-containing enzymes, where the zinc atom is significant
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for enzyme activity, and calcium has the function to stabilise the protein structure (Ellaiah et

al., 2002).

Aspartic proteases are also known as acidic proteases due to their optimal activity at
low pH 3 to 4 and depend on the aspartic acid residues for their catalytic activity. Aspartic
proteases are inhibited by pepstatin and can be affected by the presence of diazoketone
compounds and copper ions. Moreover, microbial acid proteases exhibit specificity against
aromatic or bulky amino acid residues on both sides of the peptide bond, similar to pepsin
although their action is less stringent than pepsin (Rao et al., 1998). Most of the fungal

aspartic proteases are unstable above neutral pH (Ellaiah et al., 2002).

1.4.1 Application of proteases in environmentally friendly processes

Nowadays people are seeking for greener technology to achieve a cleaner
environment. Many chemical processes have been substituted by microbial or enzymatic
processes, which are environmentally friendly. In that sense, alkaline proteases have been
positively used in several industrial processes such as the production of detergents, leather,
meat tenderizers, pharmaceuticals and medical, protein hydrolysates, food products, and

waste processing.

Additionally, the excess of the sludge produced in waste water treatment plant is a
worldwide problem. That is no clear destination for this sludge that can end up in landfills
which imply a significant number of environmental problems. Occasionally, to cope with this
problem, physical and chemical approaches are utilised in the existing treatment plant.
However, this may increase in additional handling costs in term of energy consumption and
emission of secondary pollution. Since protein and carbohydrate are the main content in
activated sludge with 71% and 8%, respectively, but the proportions due to change depending

on sample sludge (Song and Feng, 2011). The use of the sludge to produce proteases together
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with other wastes is a promising alternative for the excess sludge. The proteases catalyse the
hydrolysis of peptide bonds in proteins and responsible for reducing solids content and

flocculation in sludge.

In other scenario, proteases have been recently considered in leather processing
substitute to the conventional methods using hydrogen sulphide and other chemicals, which
have an adverse effect towards safety hazards and environments. Unlike in chemical
processing, proteases have been a preference due to several advantages such as being easy to
control, reliable and rapid reaction, undamaged the grain structure of skin layers, waste
reduction, and eco-friendly technologies. Alkaline proteases speed up the dehairing process
by facilitating the swelling of hair roots that enable an easy removal of the hair from the hides
without damaging the grain structure which is critical for high quality of leather (Khandelwal
et al., 2014). Additionally, the use of proteases in the leather processing can help in
solubilizing the proteinaceous waste, which consequently decreases the biological oxygen
demand in the resulting wastewater. By the same token, alkaline proteases namely keratinase
were used for the treatment of waste feathers from the poultry industry. Insoluble keratins
were hydrolysed and transformed into a high protein source for animal feedstuff and bio-

fertilizers (Kumar et al., 2012; Vigneshwaran et al., 2010).

Hair is composed of protein filament notably keratin which has many disulphide
bonds (S-S) that contribute to the toughness of keratin. Correspondingly, a formulation in a
detergent and household cleaning solvent containing proteases expedite hair degradation and
assist in cleaning drain clogged with deposits containing hair (Jacobson et al., 1987; Takami
et al., 1992). Moreover, a detergent formulation containing proteases as an alternative to
chemical washes assist in bioprocess cleaning operations especially when involving protein-

based residues such as dairy products and meat processing (Sawant and Saraswathy, 2014).
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The employment of proteases has a significant advantage in reducing potential hazard

towards workforces, equipment, and the environment.

Used X-ray offers a great advantage as a source of silver recovery since it can be
found abundance in many public and private hospitals every year. It was estimated
approximately 69 tonnes of silver could be recovered from used X-ray films obtained from
healthcare centres (Bas et al., 2012). A single X-ray film may contain nearly 1.5-2.0% (w/w)
of silver in a gelatin layer. There are several ways to recover silver from X-ray film such as
burning the films, oxidation of metallic silver following electrolysis, stripping the gelatin
layer using different chemicals, and enzymatic hydrolysis of gelatin (Nakiboglu et al., 2001).
Traditionally, the films are burned directly for silver recovery producing the emission of
detrimental unpleasant smell. Whereas stripping the gelatin layer chemically (e.g. using
ammonium thiosulphate, sodium thiosulphate, nitric acid, sodium cyanide, NaOH) may cause
environmental and safety hazards plus incur an additional cost in term of resources and time
(Shankar et al., 2010). In view to this, hydrolysis of gelatin by the proteolytic enzyme is
considered the best alternatives to recover silver from used X-ray films. It is an eco-friendly
process, cheap and efficient with 99.9% purity of silver recovered (Amira and Eida, 2016;

Radha and Arun, 2010; Shankar et al., 2010).

The use of proteases that have broad substrate specificity in industrial processes poses
a practical and eco-friendly value. Besides, at the end of the processes, there will be no
accumulation of biomass or chemicals in the effluent due to autolysis nature of proteases that

can degrade among themselves. Thus, no further treatment of the effluent will be required.

1.5 Enzyme (proteases) preservation via immobilisation

In many biotechnology processes, employment of enzymes may offer an advantage in

the manipulation of stability factors such as pH and temperatures. These factors can be
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changed in a wider range, unlike when using microorganisms. However, there are also many
enzymatic hydrolytic processes that can be hampered by the instability of the enzyme chain
or by low reaction rate. The instability of the enzymes leads to the irreversible thermal
denaturation of protein which normally involves with unfolding step followed by an
irreversible process namely protein aggregation of proteolysis (Eijsink et al., 2004).
Particularly in proteases which known as a proteolytic enzyme, there is a prominent problem
regarding autolysis since proteases can use neighbouring proteases chains as substrates that
lead to auto-digestion (Tavano, 2013). Therefore, it is necessary to find a way to preserve the
proteases and also to enhance the stability of the enzymes throughout the processes. For this
reason, enzyme immobilisation could provide an enhancement towards the stability of the
enzymes by preventing a dissociation of the subunit, unfolding rate of protein chains, and
also forms inflexibility and rigidity of three-dimensional enzyme structures which lead to
resistance of conformational changes induced by heat or pH (Talbert and Goddard, 2012).
Moreover, employment of immobilised enzyme simplifies the end process with easily
removed the catalyst from the reaction medium without the requirement of inactivation of the
enzyme. In a nutshell, utilisation of immobilised enzymes, chiefly proteases would provide
better process control and feasibility, economical production for various biotechnological

applications.

Few significant factors need to be considered to achieve an efficient and economic
enzyme immobilisation such as the type of support, the method of immobilisation, and the
purpose of immobilised enzymes (Mohamad et al., 2015). The support or matrix for
biocatalyst should be inert and biocompatible to the environment; it will not interfere with the
reaction of the substrate and the enzyme, plus do not cause any harm to the environment
(Cipolatti et al., 2014). Various type of supports has been reported in the literature such as

nanomaterials (e.g. nanometals, gold nanoparticles, nanotubes, nanofibrous), natural
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polymers (e.g. alginate, chitosan, collagen, carregenan, gelatin, cellulose), inorganic materials
(e.g. ceramic, silica, zeolites, activated carbon, celite) (Cipolatti et al., 2014; Datta et al.,
2012). Furthermore, the mode of immobilisation also can influence the enzyme stability and
efficiency of enzyme loading. The binding protein/enzyme on solid supports can be achieved
by several modes such as adsorption, covalent binding, encapsulation, entrapment, and cross-

linking as shown in Fig. 1.4 (Asgher et al., 2014).
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Fig. 1.4 Basic methods of enzyme immobilisation (Asgher et al., 2014)

1.5.1 Adsorption

This method of immaobilisation can be considered as the simplest method for enzyme
immobilisation since it involves the attachment of enzymes on a solid surface by dipping the
material into enzyme solution without additional coupling reagents and surface modification
required. Though, this method is the slowest among the available methods of immobilisation.
Adsorption method engages with comparatively weak interactions such as electrostatic

interactions, hydrogen bonds, van der Waals forces, hydrophobic interactions. Also, the
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binding stability is influenced by environmental conditions such as pH, temperature, ionic
strength, and biomolecule concentration. Therefore, the proteins immobilised by this method
easily stripped off from the support. This fact implies a loss of activity and the contamination
of reaction media and thus affects the robustness and recyclability of the immobilised
enzymes. In another point, adsorption method normally faces the denaturation of proteins and
activity loss caused by steric interaction, which results in conformational changes (Xu et al.,

2014).

1.5.2 Covalent binding

This method involves covalent binding of the enzyme to the solid support by chemical
reaction with covalent linkages or cross-linking reagent. This method is considered effective
as the enzyme can be immobilised by multipoint covalent attachment leading to enhancement
of activity, stability, and reusability of the enzymes (Asgher et al., 2014). Fig. 1.5 (a,b) shows
an ideal covalent binding of enzyme and their support. However, most of the cases, the
enzyme tends to encounter the situation in Fig. 1.5 (c, d) which can be overcome by the
addition of spacer molecule/arm or coupling agent such as polyethylene glycol (PEG),
glutaraldehyde (GA), genipin, 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride
(EDC). The addition of spacer arm or coupling agent helps to reduce the steric hindrance by
the surface and the substrate, which enhancing the rigidity of the enzyme on the surface that
can prevent enzyme denaturation (Talbert and Goddard, 2012). Moreover, the coupling
agents are useful as their functional groups (e.g. aldehyde group) can interact with both
functional groups of modified support and proteins (Xu et al., 2014). The drawbacks of this
method are non-specific immobilisation and the fact that once the activity of the enzyme

decays, the support must be discarded as well (Xu et al., 2014).
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Fig. 1.5 Effect of covalent binding of enzyme to support; (a) (b) immobilised enzyme with its
active site facing outward and ready to accept substrate molecule, (¢) non-productive mode
due to the attachment of active site to the surface of the support, (d) distortion of active site
leads to an inactive immobilised enzyme. (http://www1.Isbu.ac.uk/water/enztech/immethod.html)

1.5.3 Encapsulation / entrapment

Encapsulation or entrapment is one of the immobilisation methods that confined or
trapped enzymes in the semipermeable membrane, insoluble beads, microspheres, or
hydrophobic  sol-gels such as calcium alginate beads or gels consist of
propyletrimethoxysilane (PTMS) and tetramethoxysilane (TMQOS) as shown in Fig. 1.2. This
method associates with simple adsorption method which involves ionic interactions, van der
Waals forces, and hydrogen bonds. As a matter of fact, this method is preferable rather than
other methods due to its straightforward and economical preparation, as well as the high
stability of the immobilised enzyme (Asgher et al., 2014). Two types of supports are often
implemented, which are hydrophobic and hydrophilic biomaterials. Typically, hydrophobic
materials are favourable as they are capable of containing a large number of enzymes and
retaining higher activity. The most interesting evidence is the use of sol-gels for enzyme
immobilisation. This permit the biotechnology application as their ability to immobilise
enzymes in defined thin films that are robust and stable with the structure of entrapped

enzymes remains (Asgher et al., 2014).
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1.5.4 Cross-linking

This method is known as cross-linked enzyme aggregates (CLEAS) and crosslinked
enzymes crystals (CLECs). Cross-linking of enzyme aggregates is reported to be easier in
recovery, stable and recyclable (Asgher et al., 2014). CLEAs are economically and
environmentally advantageous as they are easily prepared from crude enzyme extracts and
can improve operational and storage stability which prevents denaturation by temperature,
organic solvents, autoproteolysis and leaching in aqueous media (Sheldon, 2011). This
method allows co-immobilising of two or more enzymes which make CLEAs able to catalyse
various biotransformation reactions, independently or in sequence as catalytic cascade
processes (Sheldon, 2011). CLEAs are prepared by using a precipitating agent to precipitate
the enzymes, and subsequently, the enzyme aggregates are crosslinking chemically to avoid
enzyme re-dissolution after the precipitating agent is removed (Asgher et al., 2014). CLEAs
could be used only in organic media if there is a lack of proper crosslinking, on the contrary,
the particle could remain insoluble under any reaction conditions (Garcia-Galan et al., 2011).
However, there are some setbacks in this method such as low mechanical resistance and
severe diffusional limitations (Sheldon, 2011). Since some enzymes with poor superficial Lys
residues hinder a proper crosslinking, thus the addition of polymer rich in amino residues

(e.g. poly-ethylenimine) may improve the process (Lopez-Gallego et al., 2005).

In a nutshell, to achieve an efficient immobilisation, several aspects has to be
considered including the amount of enzyme loading, type of supports, the technique of

immobilisation and type of biotechnology process involves.
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Research Objectives

As a continuation of previous research done in solid state fermentation, the main

objective of this thesis is to valorise protein-rich solid wastes using solid state fermentation

(SSF) as a medium to produce proteolytic enzymes and utilise them for biotechnological

processing.

To cater the main objective, several specific objectives have been established for this

research study as follows:

To produce protease from the protein-rich solid waste of different nature through solid

state fermentation (SSF) using a pilot-batch mode operation.

To investigate the suitable extraction method for protease production in 10 L reactor

as it is the most critical downstream processing in solid-state fermentation.

To evaluate the viability to continue the process until to obtain stable compost-like

material.

To characterise protease obtained regarding pH and temperatures stability and to

classify the type of protease by respective inhibitors.

To examine the ability of protease produced in biotechnological processes such as
enzymatic dehairing and also compare it with commercial enzyme and chemical

methods used in dehairing.

To choose suitable support for protease immobilisation by screening several materials
including nanoparticles and nanocomposite taking into account the immobilisation

efficiency, reusability, and cost effective for the immobilisation process.

To optimise the enzyme loading per support to avoid the excessive enzyme loading.
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To characterise the most suitable support involving nanomaterials for protease

immobilisation.

To explore different techniques of immobilisation (adsorption and covalent
attachment) that suitable to produce an efficient immobilisation in terms of
immobilisation yield (% 1Y), enzyme loading (U/mg), immobilisation efficiency (%),

and activity recovery (%).

To study operational and storage stability of immobilised proteases.

To determine reusability of immobilised protease by repeating the reaction for several

consecutive cycles until the residual activity exhausted.

To apply immobilised protease in proteins hydrolysis (vegetal and animal sources) to
investigate the effectiveness of immobilisation and to check the effect of different

protease towards different protein substrate as well.
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Summary

This chapter describes all the experimental set-up and the analytical methods used in this
research comprised of solid state fermentation, immobilisation, and application of the
proteases produced in this study. The materials and methods are explained in details in this
chapter, but the process methodology in term of graphical abstract will be specified in each

Chapter of Results and Discussion for better illustration.

3.1 Materials: Organic solid wastes, bulking agents and reactors used in solid state

fermentation (SSF)

3.1.1 Organic solid wastes and bulking agents

The main organic solid wastes used throughout this research are hair wastes, soy fibre
residues, and anaerobically digested sludge (Fig. 3.1). All of them were acquired from local
industries in Barcelona, Spain. The hair waste used in this research was hydrolysed hair
produced during the dehairing of bovine hide and obtained from a local tanning industry Pere
de Carme tannery located in Igualada (Barcelona, Spain). While the soy fibre residues were
obtained after pressing the soya grains during the production of soy milk and derivatives
which received from Natursoy, Castelltercol (Barcelona, Spain). Anaerobically digested
sludge was used as a co-substrate and inoculum to the SSF process was obtained from a local
wastewater treatment plant (Sabadell, Barcelona, Spain). Apart from that, wood chips (Fig.
3.1) were used as a bulking agent to provide an adequate porosity to the mixture during the
SSF, was procured from a composting treatment plant (Manresa and Torrelles, Barcelona,

Spain).
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(a) (b)

(c) (d)

Fig. 3.1 Organic solid wastes and the bulking agent used for the research (a) hair wastes; (b)
soy fibre residue; (c) anaerobically digested sludge; (d) wood chips.

3.1.2 General reactors set-up for protease production in SSF

Before setting up a reactor, the mixture consists of hair waste or soy fibre residues,
anaerobically digested sludge (ADS), and bulking agents were prepared with specific
quantities. Firstly, hair waste or soy fibre residues and ADS were mixed in a weight ratio of
1:2 as describes in previous studies (Abraham et al., 2014; Barrena et al., 2007a), the mixture
was defined as M1. Afterwards, wood chips were used as a bulking agent and mixed to the
M1 in a 1:1 volumetric ratio to create the proper porosity in mixtures (Barrena et al., 2007b)

and the mixture was denoted as M2 as shown in Fig. 3.2.
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(a) (b)

Fig. 3.2 Initial mixture (M2) of substrates (a) hair waste and ADS; (b) soy fibre
residue and ADS; and bulking agents prepared before fermentation process

Several fermentations were carried out under — aerobic environment to ensure the
reproducibility of the process. The reactor set-up consists of 10 L airtight reactors that
equipped with a temperature probe, oxygen sensors, and water trap (Fig. 3.3). A preliminary
fermentation was done to establish a reference profile for protease production in SSF to
identify the highest protease production. The mixtures (M2) which approximately 3.7 kg per
reactors were prepared in duplicate (C1 and C2) in 10 L air tight reactors and fermented for
specified duration according to the type of mixtures content, which was considered as the
control experiments. Samples of 100 g were collected at a time interval (e.g. 0, 3, 6, 14, 20,

and 23 days) after a manual homogenisation of the entire mass in all reactors.

While the production experiments were prepared with the same composition of the
mixture (M2) in triplicate (R1, R2, R3) and fermented in 10 L reactors. These reactors are
used to both produce and extract the proteases in the same reactor in the moment of higher

protease activity detected in the control experiments.
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Fig. 3.3 Solid state fermentation (SSF) experimental set-up using 10 L airtight reactors
equipped with data acquisition and sensors for control and monitoring.

The experiments were performed under near-adiabatic conditions with continuous
aeration at a minimum rate of 0.1 L/min. The experimental set-up included a data acquisition
system with programmable logic controllers (PLC), data reader, and user interfaces for
visualisation and experimental controls (Fig. 3.3). Particularly, PLC system consists of a
microcontroller that interprets the changes in the difference of voltage potential of the sensors
connected to its entries in numerical values, thereby allowing an automatic control and
monitoring. It reads the values of oxygen, temperature, and air flow (allows 0-100 ml/min of

flow rate).

The controller performs roughly 25 readings per second that are sending a temporal
data every second and a real data every minute through serial port interfaces to the reader to
build a continuous database from the acquired results. Each PLC controls three sensors of

oxygen, three flow meters, and three temperature sensors, which resulting in three dynamic
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respiration index (DRI) calculations. The oxygen was regulated using air flow manipulation
in the exhaust gas to maintain the system in favourable aerobic conditions (calibrating the
oxygen sensor to 20.9% of oxygen in air) as previously described (Puyuelo et al., 2010). The
air flow was not supplied excessively to maintain a significant difference between the values

of oxygen concentration at the entrance and exit of the material.

3.2 Methods for determination of biological stability of organic mixtures

3.2.1 Dynamic respiration index (DRI)

The methodology for dynamic respiration index (DRI) determination was as
established by previous studies (Adani et al., 2006, 2004; Barrena et al., 2009; Ponsa et al.,
2010). The dynamic respirometer set-up as shown in Fig. 3.4 is capable of measuring DR1
and cumulative respiration index (AT,) simultaneously. DRI denotes the average oxygen
uptake rate for 24 h of maximum biological activity observed during the respirometric assay
which indicates the degree of stability of the sample. While, AT, is the cumulative oxygen
consumption observed for n days of maximum respiration activity. Both of the indexes are
significant to evaluate and characterise the biodegradable organic matters as well as for

estimation of process requirements (Ponsa et al., 2010).

Fig. 3.4 shows the experimental set-up consists of three glass reactors of 500 mL
and three glass humidifiers placed in a water bath at 37°C coupled with three air mass flow
meters independently, three oxygen sensors, and data acquisition system that has been
mentioned in Section 3.1.2. The reactor is constructed using an Erlenmeyer flask containing a
plastic mesh placed on the floor of the flask that acts as a support to the organic mixture and

to create an air distribution chamber as shown in detail of the reactor (Fig. 3.4).
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Fig. 3.4 Experimental set-up of dynamic respirometer for DRI determination

About 100 g of sample was placed in each reactor and incubated at 37°C. The sample
was continuously aerated and controlled by airflow controller to provide constant airflow.
Exhaust air from the reactors was sent to an oxygen sensor. To build a database for dynamic
respiration index, data acquisition system continuously recording values from mass airflow
meters and oxygen sensors. By using the recorded database the DRI and AT, can be
calculated using Eq. 3.1 and Eq. 3.2, respectively (Ponsé et al., 2010).

DRI, — (04; — 0,5,) X F x 3198 X 60 X 1000*
L 1000? x 22.4 X DM

(Eq.3.1)

Where DRI, is dynamic respiration index for a given time t, mg O, g™ DM h™; (O, — O2,) is
difference in oxygen content between airflow in and out the reactor at that given time; F is
volumetric airflow measured under standard conditions (1 atm and 273 K), mL min™; 31.98
is oxygen molecular weight, g mol™; 60 is conversion factor, min h™; 1000® is conversion
factor, mg g™; 1000° is conversion factor, mL L*; 22.4 is volume occupied by one mole of
ideal gas under normal conditions, L; DM is dry mass of sample loaded in the reactor, g.
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t;+n
AT, = j DRI, - dt (Eq.3.2)
t

l

Where AT, is cumulative oxygen consumption in n days, mg O, g* DM; t; is a time when lag
phase finishes. Lag phase ends when oxygen uptake rate reaches 25% of the maximum
uptake rate calculated as the average of 3 h (Federal Government of Germany, 2001).

A DRI curve can be constructed, and AT, can be calculated based on data collected

on-line as shown in Fig. 3.5.
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Fig. 3.5 Typical curve for dynamic respiration index evolution and calculation (Ponsa et al.,
2010)

3.2.2 Oxygen uptake rate (OUR)

In the biological system, the oxygen uptake rate (OUR) can be used as an indirect
measure of biological activity during the fermentation process. During SSF process, DRI is
an analytical procedure used to assess the stability of organic sample, and OUR is used as a

process parameter that can be monitored on-line (Gea et al., 2004). For monitoring in this
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work, we are calculating the average specific oxygen uptake rate for 1h and 24 h (sOUR; and

SOUR34) using following equation (Eg. 3.3):

(03; — 02,0) X F X 31.98 X 60
22.4 X DM

SOUR (gO,kg=*DMh™1) = (Eq.3.3)

Where, SOUR: specific oxygen uptake rate; (O2; — O20): the difference in the oxygen content
(volumetric fraction) between airflow in (0.209) and out of the reactor at the given time; F
volumetric airflow measured under standard conditions (1 atm and 273 K)(L min™); 31.98:
the molecular mass of oxygen, (g mol™); 60: the conversion factor for minutes to hours; 22.4:
the volume occupied by 1 mol of gas under the normal conditions; DM: dry matter of sample

loaded in the reactor (kg).
3.3 Standard Analytical Methods

Standard analytical methods were determined according to the standard procedures (The

USDA and the US Composting Council, 2001) with triplicates of each sample.
3.3.1 Total solid content (TS) and moisture content (MC)

Total solid content (TS) which is corresponding to dry matter (DM) was determined
by drying the sample in an oven at 105°C for 24 h. The weights of the samples were taken

before and after drying. The TS and moisture content (%) were calculated using Eq. 3.5 and

Eqg. 3.6:

TS(%) = 100 — Aw = Ma 100 (Eq.3.5)
0 M, — M, q.3.

MC(%) = 100 — TS(%) (Eq. 3.6)

Where, M,,: a wet mass of samples, (g); Mq: a dry mass of samples, (g); Mo: a mass of empty

container, ().
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3.3.2 Volatile solid content (VS)

Volatile solid content (VS) which is corresponding to organic matter (OM) was
obtained by sample ignition in a furnace at 550°C for 4h. The VS (%) was expressed as
follows (Eq. 3.7):

M —
VS(%) = —+ ¢

—= Eq.3.7
M, = M, (Eq.3.7)

Where, My: a dry mass of samples, (g); Ma: a mass of ashes of the samples, (g); Mo: a mass of
empty container, (g).
3.3.3 Bulk density

Bulk density (BD) was determined on a wet basis dividing the sample weight by the

sample volume and expressed as follows (Eq. 3.4):

N

BD,(kg-L™1) = (Eq.3.4)

V,<|E

Where, Ms: a mass of the sample, (kg); Vs: volume of sample, (L).

3.3.4 pH and electric conductivity (EC)

The slurry of tested material and deionised water was mixed at a ratio of 1:5 (v/v).
The sample mixture was agitated for 30 min at 25°C to obtain a homogeneous mixture. The
pH was measured using an electrometric pH meter (Crison, micropH200), the pH probe was
dipped directly in the slurry or the extracted solution. Electrical conductivity (EC) was
measured by an electrical conductometer (Crison, microCM2100) using the sample

aforementioned.
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3.3.5 Total Organic Carbon (TOC)

Total organic carbon (TOC) content was determined using a Solid TOC Analyzer O.I.
Analytical Instrument. About 0.5 g of dried and granulated sample was placed in a quartz cup
that has been pre-heated at 950°C. Carbonates were eliminated by adding one drop of HCI
into the quartz cup containing the sample. Then the sample was put into the instrument and
burned at 950°C. A CO; infrared detector quantified the CO, produced by the ignition of the

sample carbon content. The results were expressed as mg of C.
3.3.6 Total Kjeldahl Nitrogen (TKN)

The organic nitrogen content as Kjeldahl nitrogen (TKN) was determined using 0.5 g
of dried and milled sample. The sample was digested at 400°C for 1.5 h using 20 mL of
H,SO,4 (96%) in 300 mL glass Kjeldahl tubes using a block digester with six posts (J.P. Select
S.A., Barcelona, Spain). Before the acid digestion, a catalyst (Kjeltab®) was added. After the
acid digestion, a Buchi Distillation Unit K-355 (Flawil, Swiss) was used for sample
distillation with an excess of NaOH solution (35%). The condensate was collected in a glass
flask containing 100 mL of boric acid (4%) with indicator 4,4, mixed (methyl red -
methylene blue) RV. The solution was titrated with HCI to determine nitrogen content. The

TKN was expressed using following equation (Eq. 3.8).

V.- V)X NXxX1.4
TKN(%):(S M)
Mdb

(Eq.3.8)

Where, Vs: volume of consumed HCI in sample titration, (mL); V.: volume of consumed HCI

in control titration, (mL); N: normality of the HCI; My,: @ mass of the sample, dry basis (g).
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3.3.7 Ammonia soluble content

The inorganic nitrogen content denoted as N-NH," was determined on a fresh sample.
A fresh solid sample was placed in a flask with an extraction solution of KCI 1M at ratio 1:5
(v/v) and hermetically sealed. The solution was agitated for 30 min at room temperature.
Then, an aliquot of 10 mL was poured in a Kjeldahl glass tube. A Bichi Distillation Unit K-
355 (Flawil, Swiss) was used for sample distillation with an excess of NaOH solution (10%).
The condensate was collected in a glass flask containing 100 mL of boric acid (4%) with
indicator 4,4, mixed (methyl red — methylene blue) RV. The solution was titrated with HCI to
determine the nitrogen content. The N-NH," was expressed using following equation (Eq.

3.9).

V,—V.)-1000-N-14-D
N—NH;(mg-kgww—l)z(s ) 7 (Eq.3.9)
w

Where, Vs: volume of consumed HCI in sample titration, (mL); V.: volume of consumed HCI
in control titration, (mL); N: normality of the HCI; D: dilution factor (volume of extraction

solution/volume of sample distilled); M,,: mass of sample, wet basis (g).

3.4 Methods for enzymes and protein determination and characterisation

3.4.1 Enzyme extraction

Typically, about 10 g of homogenised solid samples were taken from the reactors at
different days of SSF, as explained in the previous section. Unless specified otherwise, for
extraction, the samples were mixed with 50 mM HCI - Tris buffer (pH 8.10) at 1:5 (w/v)
ratios for 45 min at room temperature and then centrifuged at 10 000 rpm for 10 min. The
supernatant was collected and filtered through a 0.45 um filter to be used as crude enzyme

extract for further used. All the extractions were done in triplicates.
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For protease production experiments, the extraction was done directly in the reactors.
The reproducibility of proteases was determined by an extraction of the whole fermented
mass in triplicate of 10 L reactors at day 14 of SSF for experiments with hair waste and ADS
as substrates, while for experiments with soy residue and ADS the extraction time was after
day 3 of SSF. Those times were selected as the highest production of protease according to
the protease profile showed in control experiments. In this mode of extraction, the entire
batch was submerged in each reactor with 50 mM HCI — Tris buffer (pH 8.10) at 1:1 (v/v)
ratio for 1h (Fig. 3.6 (2)). Then the extracts were sieved with 2.0 mm stainless steel sieve and
centrifuged as aforementioned (Fig. 3.6 (b)). The supernatant was taken as the crude enzyme
extract (Fig. 3.6 (c)), whereas the remaining solid residues continued the SSF process until 42

days (for SSF with hair waste) and 12 days (for SSF with soy fibre residue) for final matter

stabilisation.

Fig. 3.6 Extraction of whole fermented materials in a single reactor, (a) air bubble supplied to
extract the bioproduct from the solid substrate; (b) stainless steel mesh used to separate the
solid and liquid extract; (c) image of crude protease extract.

3.4.2 Lyophilisation and enzyme concentration by ultrafiltration

The crude enzyme extract obtained after the extraction was frozen at -80°C before

lyophilisation using a vacuum with a bench top VirTis Sentry 5L freeze dryer (Fig. 3.7). The
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frozen samples were attached to quick seal valves on stainless steel drum manifolds. The
lyophilisation process lasts approximately 24 h. The lyophilised extracts were collected and

preserved at 4°C for further use.

Fig. 3.7 Lyophilisation using a vacuum bench top VirTis Sentry 5 L freezes dryer.

The crude extracts were concentrated using Amicon® Ultra-15 centrifugal filter
devices (Millipore, Ireland) with 10k molecular weight cut-off (MWCO) Ultracel® low-
binding regenerated cellulose membrane. The concentrated ultrafiltered liquid was recovered
and stored for further experiments of protease characterisation. In these processes, recovery
yield is defined as the percentage of residual activity on the initial activity of crude extract,
whereas purification fold is the quotient between specific enzymatic activities after

purification on the specific activity of the initial crude extract.
3.4.2 Protease activity assay

The proteolytic activity of the protease was determined using casein as a substrate
according to the method described by Alef and Nannipieri (Alef and Nannipieri, 1995) with
slight modifications. There were several reaction solutions need to be prepared beforehand as

follows:
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e Tris buffer (50 mM, pH 8.1)

About 6.05 g Tris-(hydroxyl methyl) aminomethane was dissolved in 700 mL Milli-Q
water. Subsequently, the pH was adjusted to 8.1 with HCI, and then Milli-Q water was

added to make up the volume to 1000 mL and stored at 4°C until further use.

e Sodium caseinate (2%)

10 g of sodium caseinate was dissolved in 500 mL warm Milli-Q water at 50°C. The

slurry was mixed homogeneously. The solution needs to be freshly prepared.

e Trichloroacetic acid (TCA, 15%)

75 g of crystalline TCA was dissolved in 300 mL Milli-Q water. Then the volume was

made up to 500 mL and stored at 4°C until further use.

e Alkaline reagent

There were three reaction solutions need to be prepared individually and mixed freshly
during the assay as an alkaline reagent. Firstly, 60 mL of NaOH (1M) was diluted with
Milli-Q water before adding 50 g of NaCOj3 anhydrous. Milli-Q water was added to make
up the volume to 1000 mL (Soll). The second reagent was prepared by dissolving 0.5 g
CuSO4-5H,0 in 100 mL of Milli-Q water (Sol2). The third reagent was prepared by
dissolving 1 g potassium sodium tartrate (C4H;sKNaOg-4H,0) in 100 mL Milli-Q water

(Sol3).

The alkaline reagent was prepared by mixing 1000 mL of Soll with 20 mL of Sol2 and

20 mL of Sol3.

e Folin - Ciocalteau reagent (25%)



Materials and Methods

One part of the reagent was diluted with three parts of Milli-Q water. The dilution needs

to be prepared for 5 min before use.
e Tyrosine standard solution (500 ug mL™)

The standard solution was prepared by dissolving 50 mg of tyrosine in 100 mL of Tris

buffer

Briefly, 1 ml of the enzyme extract was added into 4 mL Tris buffer (pH 8.1). Then, 5
ml of a 2% (w/v) casein solution was added to the mixture and incubated at 50°C with 100
rpm for 1 hour. The reaction was terminated by adding 5 ml of 15% (w/v) TCA. The samples
were centrifuged at 10,000 rpm for 10 min at 4°C. An aliquot of 0.5 ml of the supernatant was
added to the alkaline reagent and incubated for 15 min at room temperature before the
addition of 0.5 ml of 25% (v/v) Folin-Ciocalteu phenol reagent. The resulting solution was
incubated at room temperature in the dark for 1h. The absorbance was measured at 700 nm
using a tyrosine standard. One unit of alkaline protease activity was defined as the liberation
of 1 ug of tyrosine per minute under the assay conditions. All activity tests were performed in
triplicate. The calibration curve was established by using standard tyrosine solution and
following all the assay procedure excluding only the incubation part. The standard calibration
curve was presented in the annexe (A.1). The protease activity in this work was calculated

using Eq. 3.10 and Eq. 3.11.

C x15

PA(UmL™Y) = — Eq.3.10
( m ) I1XtXv ( q )
Cx15x% f
_1 —
PA(UGTIDM) = ——— = (Eq.3.11)
] total activity (U)
sPA(U mg~'protein) = (Eq.3.12)

total soluble protein (mg)
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Where, PA: protease activity; sPA: specific protease activity; U: activity unit; C:ug tyrosine;
15: total volume of assay, (mL); 1: volume of enzyme used, (mL); t: time of incubation,
(min); v: volume in colorimetric determination, (mL); f: factor conversion considering the
extraction from the solid sample; DM: the dry weight of the sample, (g); total soluble protein

was determined from Bradford or Lowry assay.

3.4.3 Total soluble protein — Bradford assay, Lowry assay

In standard Bradford assay, the protein determination was done by mixing 1 part of
protein sample with 30 parts of the Bradford Reagent (Sigma-Aldrich, 2012). The sample
was a blank, a protein standard, or a protein sample. The blank consisted of a buffer with no
protein. The protein standard consists of a known concentration protein. Bradford reagent is
stored at 2 — 8°C and the assay was performed at room temperature to begin the colour
development. The absorbance was measured at 595 nm, and the protein concentration was
determined by comparing to the standard curve. In this work, we were used Standard 3.1 ml
assay protocol, which enables to do an assay directly in a cuvette by adding just 1.5 mL of
Bradford Reagent to 0.05 mL of sample (Sigma-Aldrich, 2012). The Bradford Reagent was

brought to room temperature and gently shaken prior the assay.

In Lowry assay, protein was determined by the modified method of Lowry (Lowry et
al., 1951) using bovine serum albumin (BSA) as a standard protein. In this assay, three
reactions solution were prepared as a Lowry solution (SolA + SolB + SolC) with a ratio of
100:1:1 volume basis, respectively. For SolA about 2.86 g of NaOH and 14.31 g of Na,COs
were dissolved in 500 mL of deionized water. SolB was prepared by dissolving 1.42 g of
CuS04-5(H,0) in 100 mL of deionized water. SolC was prepared by dissolving 2.86 g in 100
mL of Na,Tartrate-2(H,O) in 100 mL of deionized water. Folin Reagent was freshly prepared

every assay by mixing 5 mL of 2N Folin and Ciocalteu’s Phenol Reagent with 6 mL of
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deionized water. The assay was initiated by mixing 0.5 mL sample with 0.7 mL of Lowry
solution. Then the sample mixture was incubated for 20 min at room temperature in dark
condition. After 20 min of incubation, the sample mixture was immediately added to 0.1 mL
of Folin Reagent and mixed vigorously. Subsequently, the mixture was incubated for 30 min
at room temperature in dark condition again. After the incubation, the mixture was vortex
briefly, and the absorbance was measured shortly. The protein content was estimated by

measuring the absorbance at 750 nm using Varian Cary® 50 UV-visible spectrometers.

The protein standard curve was established by serially diluted 2 mg ml™ BSA protein

standard as shown in Annex 1 (A.2 for Bradford assay and A.3 for Lowry assay).
3.4.4 Amino acid determination using Ninhydrin method

Ninhydrin method is used to detect amino acid by colour development. Originally, the
colour of ninhydrin solution is yellow and will turn to deep purple. It reacts with a free alpha
— amino group, NH,-C-COOH which present in amino acids, peptides, or proteins. However,
the decarboxylation reaction will only carry on in free amino acid which neither occurs in
proteins nor peptides (Gohel et al., 2006). The ninhydrin reagent was freshly prepared by
dissolving 8 g of ninhydrin in 100 mL of acetone. 1 mL of sample was put into a capped test
tube and diluted with deionized water up to 4 mL. The blank was prepared with protein
solution in the absence of protease. Then, 1 mL of ninhydrin reagent was added to each tube,
and the contents were mixed well. Subsequently, the capped test tubes were placed in boiling
water for 15 min. Later, the test tubes were placed in cold water, and 1 mL of ethanol was
added to each tube and mixed well. The absorbance was read at 570 nm using a
spectrophotometer. The measurement was compared with the calibrating curve of amino acid

standard (Gohel et al., 2006).
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3.4.5 Degree of hydrolysis

The degree of hydrolysis was determined by quantifying the soluble protein content
after precipitation with TCA (Silvestre et al., 2013; Sinha and Khare, 2015). 1ml of protein
hydrolysate was mixed with 1 ml of 10% (w/v) TCA and incubated at 37°C for 30 min to
allow for precipitation followed by centrifugation (10,000 x g, 10 min). Then, the soluble
protein content in the supernatant was determined by the Lowry method (Lowry et al., 1951),
and the soluble protein content was expressed in milligrammes (mg). The degree of

hydrolysis (DH) was determined using the following equation (Eq.3.13):

DH(%) soluble protein content in 10% TCA 100 b 313
= X . .
’ total protein content (Eq )

Where, DH: degree of hydrolysis; TCA; Trichloroacetic acid.

3.4.6 Characterisation of the hydrolysate using liquid chromatography-mass
spectroscopy (LC-MS)

The liquid chromatography-mass spectroscopy (Shimadzu LCMS-2010) (Fig. 3.8)
was used for hydrolysate characterisation of amino acids using Atmospheric Pressure
Chemical lonisation (APCI) coupled with electrospray ionisation (ESI). Sample molecules
are ionised at atmospheric pressure from a highly charged aerosol, and then the ions are
electrostatically extracted to the mass analyser. The sample ions are separated according to
the mass-to-charge ratio (m/z) and amplified by the signal detector, then analysed by
processing software, LCMS solution. The analysis time for all 20 amino acids was 30
minutes and correlated with an amino acids standard solution from Sigma-Aldrich. The
amino acids fragments were full scan using TIC (total ion current) and characterised using
ions in SIM (selected ion monitoring) mode that can scan over a small mass range,
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specifically one mass unit. The characteristic fragment of amino acids in SIM mode used for

quantification was tabulated in Table 3.1.

The hydrolysate was analysed by injecting 2 uL of sample into Aeris Peptide 5U XB-
C18 column (Micron-Phenomenex, USA) with core-shell of 3.6 um (100 A, 250 x 4.6 mm).
The separations were performed using the mixture of 0.01 mM acetic acid in 0.2% aqueous
solution of a formic acid at a flow rate of 0.2 mL min™. The critical MS conditions were as
follows: positive APCI ionisation mode, 300°C drying gas temperature, 1.5 L min™ drying
gas flow rate, 21 bar nebuliser gas pressure, 1.5 kV capillary voltage, 20 V skimmer voltage,

and 55 V fragment voltage.

Fig. 3.8 Image of the liquid chromatography-mass spectroscopy (Shimadzu LCMS-2010)
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Table 3.1 Amino acids quantification during LC-MS analysis using positive APCI ionisation
mode in SIM mode

Constituent mol wt. ionm/z
Glycine (gly) 75.1 76
Alanine (ala) 89.1 90
Serine (ser) 105.1 106
Proline (pro) 115.1 116
Valine (val) 117.2 118
Threonine (thr) 119.1 120
Cysteine (cys) 121.2 122
Cystine (cys-cys) 240.3 241
Hydroxyproline (hyp) 131.1 132
Leucine-isoleucine 131.1 132
(leu-ile)

Asparagine (asn) 132.1 133
Aspartic acid (asp) 133.1 134
Glutamine (gln) 146.2 147
Glutamic acid (glu) 147.1 148
Lysine (lys) 146.2 147
Methionine (met) 149.2 150
Histidine (his) 155.2 156
Phenylalanine (phe) 165.2 166
Arginine (arg) 174.2 175
Tyrosine (tyr) 181.2 182

3.4.7 Polyacrylamide electrophoresis gel (PAGE)

Theoretically, protein electrophoresis is the movement of proteins within an electric
field, and it is widely used to separate proteins for analysis and purification purposes. Protein
separation electrophoresis was performed in a polyacrylamide gel (PAGE) which serves as a
size-selective sieve, covering a protein size range of 5 — 250 kD. The proteins move through a
gel due to the electric field, where the pore structure of the gel allows smaller proteins to

travel faster than the larger proteins as shown in Fig. 3.9.
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Fig. 3.9 Schematic of electrophoretic protein separation in a polyacrylamide gel-based on
molecular weight, MW. (Source: Bio-rad.com)

e Native PAGE

In this system, proteins are prepared in nonreducing, nondenaturing sample buffer, and
the PAGE is performed in the absence of denaturing and reducing agents. The native
charge-to-mass ratio and the interaction of proteins are preserved during separation; make
proteins move in random manners as they can move according to their charge. Thus, this
system is not suitable for molecular determination. However, it allows the separation of
proteins in their active state that can determine proteins of the same molecular weight

(Bio-Rad, 2012).

Typically, the 12% (w/v) Mini-PROTEAN polyacrylamide gel was used using
running buffer Tris/Glycine 1X (dilute 100 mL of buffer 10X with 900 mL of Milli-Q
water). The sample was prepared by adding 1 part of the sample to 2 parts of sample
buffer. Then 15 pL of the samples were load into each well (Fig. 3.5) and one well was
set for the standard molecular marker as a reference (Precision Plus Protein™ Dual Color
standard). The voltage was set to 150 V and let it running until the samples reach the
bottom of the gel. After that, the gel was removed from the plastic covers and washed

three times with Milli-Q water before staining the gel with Bio-Safe Coomassie G-250.
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o SDS-PAGE

In this system, the electrophoresis was performed in the presence of sodium dodecyl
sulphate (SDS) and reducing agents such as 2-B-mercaptoethanol. The addition of the
detergent is to disrupt hydrophobic interactions between and within proteins, while the
reducing agent disrupts intramolecular and intermolecular disulphide bonds. These
characteristics enable the protein to be separated by its size and suitable to estimate

molecular weight (Laemmli, 1970).

The basic procedure is the same with the Native PAGE except that the running buffer
used was Tris/Glycine/SDS 1X. The sample was prepared by adding 15 pL of the sample
to 5 pL of sample buffer 4X which consists of Tris-HCI 125 mM (pH 6.8), 4% w/v SDS,
10% wi/v bromophenol, and 10% v/v 2-B-mercaptoethanol. Prior to sample loading into
the well, the samples were heated at 90°C for 5 min, followed by vortexing and
centrifugation at 14000 x g for 1 min. Until here, the procedure then follows the Native

PAGE.

Tricine-SDS PAGE was used to observe the pattern of smaller proteins generated
after the hydrolysis reaction. Electrophoresis was performed using 10-20% Mini-
PROTEAN Tris-Tricine gels under denaturing and reducing conditions. The reduction
was achieved by heating the sample at 90°C for 5 min in the presence of -
mercaptoethanol (2% v/v). The gel was fixed with methanol (40% v/v) and acetic acid
(10% v/v) and subsequently stained with Coomassie Brilliant Blue R-250. Then, the gel

was destained with a solution containing methanol, acetic acid, and water (20: 4: 26 v/v).
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e Zymogram PAGE

Zymogram PAGE is used to detect and characterise collagenases and proteases. The
electrophoresis was performed using gelatin or casein as a substrate for the enzymes that
are separated in the gel under nonreducing conditions. The procedure is following the
same as Native PAGE procedure. The gel was incubated with the casein 2% for 1 h at
50°C before stain using Coomassie Brilliant Blue R-250 stain, which then leaving clear

areas around active proteases.

3.4.8 Effect of pH and temperature (T) on protease stability

The stability of the enzyme was determined by incubating the protease for 1 h at
different temperatures range from 30°C — 70°C and pH range at 5 — 11. The pH values were
prepared using the following buffers: Acetic acid-sodium acetate 1 M (pH 5), Tris-HCI 1 M
(pH 8), Tris-NaOH 1 M (pH 11). The stability was analysed using the Design — Expert
software (version 6.0.6) using a full central composite design (CCD) that consisted of 13
experimental points, including five replications at the central point and four star points (a =
1). Residual activity was selected as objective function (in %) for each pH and temperature

tested assuming that the initial activity of the enzyme is 100%.

3.4.9 Inhibition study

The effect of various protease inhibitors such as phenylmethylsulfonyl fluoride
(PMSF), trans-epoxysuccinyl-L-leucylamido-(4-guanidino)butane (e64), pepstatin A, and
ethylene diamine tetraacetic acid (EDTA) was determined by the addition of the
corresponding inhibitors at 1 mM and 10 mM (final concentration) to the aliquot of the

protease. The reaction mixtures were preincubated at 37°C for 1 h without the substrate
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fraction and assay under the standard conditions. The recorded residual activities were

compared with that of the control (without inhibitors).

3.5 Methods for support/carrier synthesis for enzyme immobilisation

The proteases produced using SSF were immobilised on different supports/carrier to study
their biocompatibility and to enhance the stability of the enzyme by using a different type of

immobilisation.

3.5.1 Magnetic nanoparticles (MNPs)

Magnetic nanoparticles (MNPs) were synthesised by co-precipitation in the water
phase as described previously (Abo Markeb et al.,, 2016; Hu et al., 2015) with slight
modifications. A mixture of 25 mM ferrous sulphate (FeSO,4-7H,0) and 50 mM of ferric
chloride (FeCls-6H,0) were dissolved in 100 ml of Milli-Q water with the addition of 0.1%
of CTAB as a stabiliser. The mixture was stirred at 40°C for 1 hour under the nitrogen
atmosphere. Then, 125 ml of deoxygenated NaOH (0.5 M) was added dropwise to the
mixture. The mixture was stirred for 1 hour at 40°C to let the solution chemically precipitate.
The resultant MNPs were separated magnetically and washed five times with Milli-Q water

(Fig. 3.10). The recovered MNPs were dried overnight at 60°C.

Fig. 3.10 Magnetic nanoparticles separated using a magnetic drive and final product after
dried
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3.5.2 Titanium oxide nanoparticles (TiO,)

Titanium oxide nanoparticles (TiO,) was synthesised following previous procedure
(Pottier et al., 2003) with slight modifications. Two stocks solution of different Ti*" ion
concentration (TiO,_A and TiO,_B) were prepared by dissolving TiCl, in 10 mL of 3 M HCI
that resulted to 0.7 M (5g of Ti) and 0.35 M (2.5g of Ti) of Ti**, respectively. Then, each
stock solution was diluted with pre-heated 60 mL Milli-Q water at 60°C resulting in Ti** ion
concentration of 0.1 M and 0.05 M correspondingly. Subsequently, the pH was adjusted to pH
5 using 0.5 M NaOH. The suspensions were aged at 60°C without stirring for 1 h. The solid
formed after precipitation was separated by centrifugation at 6000 rpm and washed three
times with Milli-Q water (pH 5). Titanium nanoparticles (white solid precipitate) (Fig. 3.11),

were dried at 80°C for 24 h.

Fig. 3.11 Titanium oxide nanoparticles after dried at 80°C for 24 h

3.5.3 Gold nanoparticles (AuNP)

Gold nanoparticles (AuNP) was synthesised according to a previous study (Bastus et
al., 2011). Prior to the AuNP synthesis, 10 mM stock solution of chloroauric acid (HAuCl,)

was prepared by dissolving 1.0 g HAuCl4-3H,0 in 250 mL Milli-Q water and kept in an
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amber bottle at 4°C. Firstly, 150 mL of 2.2 mM sodium citrate solution was heated at 70°C
for 15 min. Then, 100 mL of 1.0 mM HAuCI, from the stock solution was added into
preheated sodium citrate solution under continuous mixing. Colour development from yellow

to bluish grey and later to ruby-red was observed (Fig 3.12).

(a) (b) (c)

Fig. 3.12 Colour development during gold nanoparticles synthesis, (a) stock solution of
HAuUCI4; (b) reduced form of a gold solution; (c) stabilised form of gold nanoparticles
(AuNP).

3.5.4 Chitosan beads

The chitosan beads were prepared by modifying the procedure from a previous study
(Barreiro-Iglesias et al., 2005). About 2 g of chitosan was mixed with 100 mL of 2% (v/v)
acetic acid solution and agitated for 2 h. Subsequently, into the chitosan solution, 250 mL of
0.5 M NaOH solution containing 12.5% glutaraldehyde was added dropwise using peristaltic
pump equipped with 3 mm needle to form the beads. The beads remained in NaOH solution
for 12 h. Then, the beads were washed with Milli-Q water until the pH become neutral. The

beads were stored at 4°C for further application.
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3.5.5 Chitosan and gold nanocomposite (Chitosan/Au)

Preparation of chitosan beads coated with gold nanoparticles was carried out using a
combination of previous procedure (Barreiro-lglesias et al., 2005; Bastus et al., 2011).
Briefly, 4% (w/v) of chitosan beads were put into 50 mL of trisodium citrate, then heated at
70°C and stirred for 15 min. Subsequently, an aqueous solution of HAuCl, was poured into
the mixture with constant stirring until pink colour developed on the beads (Chitosan/Au).

The Chitosan/Au nanocomposite was washed with Milli-Q water and air-dried.

3.5.6 Anionic resin (A520) and gold nanocomposite (A520/Au)

The preparation of anionic resin (A520) coated with gold nanoparticles was done
using previous method (Alonso et al., 2012; Bastus et al., 2011). Firstly, A520 was treated
with 1 M of trisodium citrate at 70°C for 1 h to allow the ion chloride exchange. Then, 0.5 g
of the polymer was incubated in 50 mL of 2.2 mM trisodium citrate at 70°C for 15 min.
Subsequently, the solution of HAuCl, was added to the mixture and stirred until pink colour
formed. Later A520/Au nanocomposite was washed three times with Milli-Q water and let it

dried (Fig. 3.13).

Before After

Fig. 3.13 Illustration of anionic resin before and after coated with gold nanoparticles
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3.6 Methods for surface modification of supports/carrier by amino silanes

3.6.1 Preparation of amino-functionalised magnetic nanoparticles (MNPs)

The surface of the MNPs was modified using a silanisation reaction. Approximately
0.61 g of MNPs was dispersed in a solution containing 3.05 ml of 3-aminopropyl-
triethoxysilane (APTES), 0.763 ml of Milli-Q water, and 45.75 ml of methanol. The mixture
was ultrasonically agitated for 30 min. Then, 10 ml of glycerol was added and heated at 90°C
for 6 h, and the mixture was stirred until separation (Hu et al., 2015). The surface-modified
MNPs were recovered by applying a magnet, and they were washed three times with Milli-Q

water.

3.6.2 Preparation of amino-functionalised zeolite

The protocol to prepare amino-functionalised zeolite was followed as described
elsewhere (Phadtare et al., 2004). About 1.0 g of zeolite powder was added to a mixture
consists of 1 mL of APTES in 30 mL of dichloromethane (DCM). The mixture slurry was
stirred for 16 h at room temperature. The resulted white amino-functionalised zeolite powder
was repeatedly washed with DCM and vacuum dried. The obtained powder was stored at

room temperature.

3.7 Methods for enzyme immobilisation

For immobilisation of protease onto surface-modified MNPs, 1 ml of alkaline
protease from hair waste (Phw) with an initial activity 466 U/ml and alkaline protease from
soy residue (Psr) with an initial activity 330 U/ml, respectively, was dissolved in 9 ml of Tris-
HCI buffer (pH 8.1). Then, 100 mg of amino-functionalized MNPs was dispersed into the
mixture. Afterwards, the activation of the NH; groups in the nanoparticles was carried out by

adding glutaraldehyde as a crosslinking agent at various concentrations (1%, 2.5%, and 5%
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(v/v)) in the mixtures, followed by gentle agitation at 4 °C for 8 h (Fig. 3.14). Subsequently,
the MNPs that had immobilised proteases (MNPs-protease) were separated by a magnetic
field and washed five times with Tris buffer (50 mM, pH 8.1) to remove any unbound
glutaraldehyde and enzyme. Finally, the MNPs-protease were resuspended in 1 ml of Tris
buffer (50 mM, pH 8.1) and stored at 4 °C for further application.

For immobilisation via adsorption, approximately 100 mg of supports were dispersed
in 9 ml of the Tris buffer solution (50 mM, pH 8.1). Then, 1 ml of free alkaline protease from
hair waste (466 U/ml) or soy residue (330 U/ml) was added. The mixture was gently agitated
at 4°C for 8 to 24 h according to specified experiments. Later, the immobilised proteases were
separated physically either by magnetic force or centrifugation and treated as previously

described.

| [P
L i

e ——

Fig. 3.14 Immobilisation of protease by gentle agitation by using JP Selecta roller placed in
4°C.

The immobilisation yield (%) and the amount of immobilised protease (Phw, Psr)
loading on nanoparticles (U/mg) were calculated using following equations (Egs. 3.14,3.15)
(Sheldon and Van Pelt, 2013):

Enzyme loading (U/mg) = (U; — Ug,) /W (Eq. 3.14)

Immobilisation yield (%) = (U; — Us,)/U; x 100 (Eq. 3.15)
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Where Uj is the initial enzyme activity (U), U is the enzyme activity in the supernatant after
immobilisation (U), and W is the weight of nanoparticles used for immobilisation (mg).
Furthermore, the immobilisation efficiency (%) and activity recovery (%) were calculated as

follows (Egs. 3.16, 3.17) (Sheldon and Van Pelt, 2013):

Efficiency (%) = (Up/Uimm) X 100 (Eq. 3.16)

Activity recovery (%) = (U./U;) X 100 (Eq. 3.17)

Where Ug is the activity of a bound enzyme that is measured in the immobilisation (U), Uinm
is the immobilised enzyme activity determined by subtracting the remaining enzyme activity

in the supernatant from the initial activity (U).

3.8 Characterisation of immobilised enzyme

Functionalized magnetic nanoparticles before and after immobilisation were
characterised using high-resolution transmission electron microscopy (HRTEM, JEM-
2011/JEOL) and scanning electron microscopy (SEM, Zeiss Merlin). The samples were
prepared by placing a drop of the sonicated solutions on a copper grid, and then, the samples
were allowed to dry. Samples with the immobilised enzyme were stained with uranyl acetate
(2%) prior to analysis. Functionalized nanoparticle immobilisation was then confirmed using
Fourier Transform Infrared spectroscopy (FT-IR, Bruker Tenser 27) within a range of 500-

4,000 cm*

3.9 Biochemical stability of immobilised enzyme

3.9.1 Operational stability

To study the operational stability, both immobilised and free enzymes were incubated

for 1 h at various pH and temperature values according to the response surface of the central
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composite design (CCD) performed using the Design-Expert software (version 6.0.6). The
CCD consisted of 13 experimental points, including five replications at the central point and
four star points (o = 1). The pH was adjusted using the following buffers: acetic acid-sodium
acetate 1 M (pH 5), Tris-HCI 1 M (pH 8), and Na,HPO,4-NaOH 0.05 M (pH 11). Analysis of
variance (ANOVA) was conducted to determine the significance of the main effects.

The residual activity of each factor was calculated by assuming that the initial activity

of the immaobilised or free enzyme is 100%.
3.9.2 Storage stability

The storage stability was determined by maintaining the immobilised enzymes via
crosslinking and simple adsorption at 4°C for 60 days. The activity of the enzymes was
measured at day 0™ as the initial activity, while the activity for the 60" and 7" days were used

as the final activity of the immobilised enzymes and free enzymes, respectively.
3.9.3 Reusability

The reusability of immobilised proteases from hair waste (Phw) and soy fibre residue
(Psr) was tested on casein as a model protein. The initial activities of the immobilised
enzymes were measured and compared with seven consecutive repeated uses of immobilised
enzymes under the assay conditions. After each cycle, immobilised enzymes were
magnetically separated and washed with Tris-HCI buffer (50 mM, pH 8.1). Then, they were
resuspended in fresh medium and incubated at 50°C for 120 min. The activity of immobilised

enzymes from the first batch was considered to be 100%.
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3.10 Methods for protease application
3.10.1 Preparation of hides for enzymatic dehairing

The wet salted hides were obtained from the same tannery that supplying the hair
waste for this research (Pere de Carme tannery, Igualada, Barcelona). The hides were cut into
small pieces with the same area (10.68 cm?) for the dehairing process (Fig. 3.15a, 3.15b). The
small pieces of hides were desalted by washing them several times and soaked in tap water

for 24 h (Fig. 3.15c).

(a) (b)

Fig. 3.15 Preparation of hides for the dehairing experiment.(a) wet-salted hide; (b) small
pieces of hides with the same surface area; (c) desalted process by washing and soaking the
small pieces of hides with tap water
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3.10.2 Protease application in enzymatic dehairing

About 0.4 g of protease extracts was dissolved in 15 mL of Tris-HCI buffer to
incubate the hides. The dehairing efficiency of the enzyme was assessed in comparison with
the chemical dehairing process, where the initial amount of hair was assumed to be the same
for each piece. Additionally, a commercial powder provided for tanning industry was tested
as a control. The dehairing process was performed by scraping the hair using tweezers in a
plate fill with water after 24 h incubated with protease or chemicals. The hair was harvested
and measured as total suspended solids (TSS). Dehairing was expressed as percentage

removal where the hair being removed by the chemical treatment was considered as 100%.

Briefly, the chemical treatment consists of a sequential treatment of the cowhides with
the following reagents: sodium carbonate (15 mL, 0.3% wi/v) with a non-ionic surfactant
(0.3% wl/v) (soaking for 22 h), calcium hydroxide (50 mL, 1% w/v, 1 h) and sodium
hydrosulfide (50 mL, 1% w/v, 30 min in orbital agitation) to simulate the chemical dehairing

process used in tannery industries.

3.10.3 Preparation of protein isolates from oat bran

The preparation of oat bran protein isolate (OBPI) was performed as described
elsewhere (Jodayree, 2014) with slight modifications. Briefly, oat bran was added to 1.0 M
NaCl at a ratio of 1:8 (w/v), and the pH was adjusted to 9.5 using 1.0 M NaOH. The mixture
was agitated for 30 min at room temperature. Then, the supernatant was collected after
centrifuged at 5,000 x g for 25 min at 4°C. The pH was adjusted to 4 with 1.0 M HCI before
centrifugation at 5,000 x g for 40 min at 4°C. The supernatant was then discarded, and the
protein isolate was dissolved in Milli-Q water and adjusted to pH 7 with 0.1 M NaOH. The

protein isolate was lyophilised and stored at -20°C for future use (Fig. 3.16).
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Fig. 3.16 Protein isolate (right) prepared from oat bran (left) for protein hydrolysis
experiment

3.10.4 Application of immobilised protease in protein hydrolysis

Before hydrolysis, 4% (w/v) suspension of selected proteins (casein from bovine
milk, egg white albumin, and OBPI) in Tris-HCI buffer (50 mM, pH 8.1) were incubated at
50°C for 15 min. Then, the reaction was initiated by adding 1 ml of free enzymes (330-460
U/ml) or 1 ml immobilised enzymes suspension (31.9-45.9 U/mg NP) into 9 ml of substrate.
The mixture was incubated in a water bath at 50°C with mechanical agitation at 100 rpm. An
aliquot of 6 ml was withdrawn at 0.5, 2, 4, 6, and 24 h. The free enzyme activity was
deactivated by heating the samples in boiling water for 15 min. Then, the samples were
cooled by placing the samples in a cold water bath for 15 min. Subsequently, the samples
were centrifuged at 5,000 x g for 15 min to separate any impurities or enzyme from the
hydrolysate. The immobilised enzyme was separated from the hydrolysate by a magnetic
drive. The hydrolysate was kept frozen at -80 °C before lyophilisation. The residual activity
of each protein hydrolysis was calculated by assuming the initial activity of the immobilised

or free enzyme as 100%.
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Production, downstream processing, biochemical characterisation,
and application of protease from hair waste in SSF
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Assessment of protease activity in hydrolysed extracts from SSF of hair waste by an
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Fig. 4.1 Graphical abstract from protease production in SSF until application of the produced
protease in dehairing
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Summary

This chapter comprised of production of protease from hair waste using solid state
fermentation (SSF) process in 10 L airtight reactors. It is known that SSF can produce
concentrated product such as enzyme due to the less water consumption during the process
compare to submerged fermentation. Therefore, the extraction is crucial in its downstream
processing. Thus, this chapter has investigated the effect of agitation and extraction ratio
during the enzyme extraction. Subsequently, the remaining solid after the extraction was
proceeded to stabilised the end material to produce a stable compost-like material. This
chapter covers the process from fermentation to downstream, characterisation, application,
and residues reutilisation as a platform to assist at the industrial level. Fig. 4.1 illustrated the

whole processes involve in this experimental work for better conception.

Briefly, hair waste from the tannery industry was assessed for its suitability as
substrates for protease production by SSF using a pilot-batch mode operation and
anaerobically digested sludge (ADS) as co-substrate. Maximum protease activity (435.3£13.3
U g™ DM) was observed at the 14™ day of SSF. Single step purification resulted in 2 fold
purification with 74% of recovery by ultrafiltration with 10 kDa cut-off. The recovered
enzyme was stable at a temperature of 30 °C and pH 11; optimal conditions that were
determined by a central composite full factorial experimental design. The enzyme activity
was inhibited by phenylmethylsulfonyl fluoride (PMSF), which indicates that it belongs to
serine protease group. The remaining solid material after protease extraction could be easily
stabilised to obtain a final good quality compost-like material as the final dynamic respiration
index was lower than 1 g O, kg® OM h™. The lyophilised recovered enzymes were a good
alternative in the process of cowhides dehairing with respect to the current chemical

treatment, avoiding the production of solid wastes and highly polluted wastewaters. In a
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nutshell, the entire process can be considered a low-cost, sustainable technology for the
dehairing process, closing the organic matter cycle in the form of value-added product and a

compost-like material from waste.
4.1 The reproducibility of protease production in solid state fermentation (SSF)

In this work, protease was produced from solid state fermentation (SSF) of hair waste
and anaerobically digested sludge (ADS) in 10 L air tight reactors. The process was
conducted in aerobic condition with continuous aeration. Before the fermentation, the
mixture was prepared as mentioned in Section 3.1.2. Briefly, the mixture was prepared by
mixing hair waste and ADS at 1:2 weight ratios with manually homogenised. Then, the
mixture was added with wood chips as a bulking agent at 1:1 volumetric ratio. Unless
mentioned otherwise, these fermentation conditions were maintained throughout the studies.
There are several SSF processes with the same condition were carried out to investigate the
reproducibility of protease production in 10 L reactors. Each fermentation process was

undergone for 23 — 42 days of SSF with sampling at interval time.
4.1.1 Solid state fermentation (SSF)

In typical experiments, primarily, the initial dynamic respiration index (DRI) of the
mixture was determined in respirometric experimental setup (Section 3.2.1). The obtained
DRI was considered high (4.7+0.7 g O, kg™ DM h™) and appropriate to initiate degradation
aerobically during SSF process. This material can be classified as moderately biodegradable
waste as suggested elsewhere (Ponsa et al., 2010). The moisture content (>60%), alkaline pH
and C/N ratio (11) of the mixture were maintained to favour degradation process to produce
alkaline protease enzyme during thermophilic and mesophilic condition. The characterisation
of substrates utilised in SSF was tabulated in Table 4.1. In all experiments, unless specified

otherwise, these fermentation conditions were maintained throughout the study.
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Table 4.1 Characterisation of anaerobically digested sludge, hair waste and initial mixture for
SSF process.

Anaerobically

Characteristics Hair waste digested Mixture®
sludge (ADS)

Physical characteristics

Organic matter (% db) 85.5+0.7 71.3+0.6 84.6+0.4
Water content (% db) 61.9+3.0 85.6+£3.6 72.3+4.4
Dynamic respiration index (DRI) N.D 24+03 4.7+0.7
(g O, kg DM h™)

Electrical conductivity (mS cm™) 4.07+09 1.2+0.7 1.6+0.8
pH 10.7+0.1 8.32+0.04 8.52+0.01
Chemical characteristics

Total carbon (% db) 57.2+0.9 42.0:0.1 68.3+0.4
Total nitrogen (% db) 12.1+0.1 7.2+0.6 6.9+0.1
C/N ratio 4.7 5.9 11

db: dry basis; DM: dry matter; N.D.: not determined.

®Ratio 1:2 (sludge: hair waste)

The results presented in Fig. 4.2 showed the protease production and fermentation
profiles (temperature and oxygen exhaust content) of SSF. With the aim to demonstrate the
reproducibility of the protease production, only one replicate of fermentation profiles was
shown since the profiles were similar for all experiments with the same substrate condition,
though the proteases profiles were obtained from several experiments. No lag phase was
observed because of the previous hydrolysis of hair waste, as pointed in other studies (Du et
al., 2008). The fermentation showed a normal operating condition where the thermophilic
temperature (60°C — 61°C) occurred at the beginning of the SSF (day 2) and decreases
towards the end of the fermentation. In Fig. 4.2, oxygen contents were low during the
thermophilic stage as an evidence of high aerobic respiration activity during that period in the
profile (Gea et al., 2004). The oxygen profiles showed a similar trend to that of co-
composting hair waste and raw activated sludge profiles (Abraham et al., 2014; Barrena et al.,
2007). Based on several replicates of SSF with the same conditions, maximum protease

activity was obtained at day 14™ of fermentation (Fig. 4.2).
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Fig. 4.2 Typical solid state fermentation profiles (one replicate is shown) for 23 days of SSF.
Temperature (-, solid line), the oxygen content in exhausts gas (:---, dotted line), protease
activity profile (®) obtained from several SSF processes.

To validate the processes performances of the replicates, they were assessed through
the statistical comparison of temperature and oxygen profiles that have been summarised in
Table 4.2. Thus, to evaluate the performance of mixtures of hair waste and ADS the area
below the temperature curve, the area below SOUR (specific oxygen uptake rate), the
maximum protease activity, the specific activity and dry mass reduction were calculated until
14 days of SSF. The dry mass reduction of all fermentations was in the range from 7% — 17%
indicated that biomass degradation occurred resulting in the production of protease.
Apparently, there was no considerable difference between replicates for the temperature
curve, where the average was 499 + 15°C day™. The coefficients of variation (CV) for all the

fermentations were lower than 5%, thus validating the process statistically and confirming
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non-statistically differences between replicates (de Guardia et al., 2010). Additionally, the
maximum specific oxygen uptake rate (SOUR max) and accumulated oxygen content
throughout the SSF process were correlated well with a correlation coefficient of 0.951.
Overall, the correlation between the area under the temperature curve and the maximum
protease activity reached, the SOUR max and the maximum protease activity were significant
at p < 0.001. As sOUR max value also correlated to the increasing value of the area below
SOUR (Table 4.2) (p = 0.017), it can be stated that the SSF for the production of proteases
from hair and ADS under this pilot conditions is highly reproducible and the results are

consistent.
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Table 4.2 Summary of the replicates of solid state fermentation (SSF) using 10-L air tight reactors with hair waste and anaerobically digested
sludge as substrates

. Stability
Initial Process parameters during SSF after SSE
water a
content dBu”_(t Time Max PA® U SEA lubl D;y n;assa
of enstty ., sOURmax AreasOUR’® (U g’ DM) Mg soluble  reduction DRI
. (kg L) AreaT 1 a sOUR protein) (%) 1
mixture (°C day™) (g O, kg (g O, kg max (g0, kg
(%) DM h) DM) (h) OMh™)
Experiment performed with in-situ enzyme extraction
R1 513.4 3.9 387 11.7 435.3+13.3 105.1+9.3 10
R2 76.1 0.5 475.8 3.1 337 11.3 31441134 128.4+75.8 7 0.3910.04
R3 500.3 5.3 538 10.9 3149+12.6 112.9+52.2 10
Control experiment
C1 497.0 2.8 220 48.4 403.1+6.5 28.8+3.5 11
73.3 0.67 0.87+0.01
c2 507.9 2.3 165 71.8 413.2+27.1 34.6 +14.3 17

R1, R2 and R3: replicates SSF experiments; Cland C2: control SSF experiments.

PA: protease activity; sPA: specific protease activity; OUR: oxygen uptake rate; DRI: dynamic respiration index; DM: dry matter; OM: organic matter;
values are the average of three replicates of experiments + standard deviation of triplicates.

®*The parameters were calculated after 14 days of SSF (maximum protease production).



4.2 Downstream processing in SSF

In general, the downstream processing involved with bioseparation processes such as
extraction, purification, and recovery. In SSF, extraction is crucial since SSF is performed in
limited or absence of liquid unlike in submerged fermentation. As a matter of fact, the
moisture available after the fermentation process is insufficient for complete extraction, as if
squeezing the fermented solid substrates barely yields any extract (Aikat and Bhattacharyya,
2000). An extraction with an appropriate solvent and condition is necessary to recover the
secreted products that bind to the solid substrates (Yazid et al., 2017). This work was an
attempt to cater all the processes from fermentation to downstream processing in a single

reactor.
4.2.1 Extraction methods

Preliminarily, to investigate the extraction efficiency, we introduced one-factor-at-a-
time (OFAT) method which involved process parameters such as the type of solvent, solid-
liquid ratio, and mechanical assistance. OFAT was chosen to analyse the effect of one factor
towards protease activity and subsequently evaluate another factor with the effect of the
previous factor. These extractions were done after 5 days of SSF. Firstly, we extracted the
fermented material with water or Tris buffer (pH 8.1) using normal solid-liquid ratio (1:5) to
investigate the effect of solvent type towards protease activity. In Fig. 4.3, there was no much
different between water (protease activity: 62.9 + 46.8 U g DM) or Tris buffer (protease
activity: 73.7 + 29.4 U g* DM) as a solvent for the extraction which can favour an
economical means in the downstream process. However, based on the stability study that was
done during this whole study, the protease produced in the SSF process was alkaline
protease; it was more stable with an alkaline solution such as Tris buffer (pH 8.1). Also, the

isoelectric point test determined by the protein precipitation validated that the protease
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produced from the SSF has a negative charge which can be considered as basic. Therefore,

the subsequent extraction was done using Tris buffer (pH 8.1) as a solvent.
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Fig. 4.3 Protease activity obtained with the different condition of extraction after 5 days of
SSF.

The extraction was carried out with the different solid-liquid ratio (1:5 and 1:1) and
with mechanical assistance (static, agitation, and air-bubble). As mentioned in Section 3.4.1
the extraction at a solid-liquid ratio (1:5) with agitation and static condition for 45 min was
designated as the control. In like manner, in the 10 L reactor, the extraction of the solid-liquid
ratio at 1:1 was conducted in static and air-bubble (as an alternative of agitation), provided
that the extraction time was extended to 1 h. In Fig. 4.3, the protease activity for both solid-
liquid ratio (1:5 and 1:1) gave relatively similar result for both in static (89.4 + 20.1 U g* DM
and 84.2 + 19.8 U g™ DM, respectively) and agitation/air-bubble (117.9 + 35.5 U g™ DM and

123.5 + 41.7 U g™ DM, respectively).
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As a result, in the following experiments for the realisation of downstream processing
in a single reactor, the whole fermented material was used for the extraction solid-liquid ratio
(1:1) provided with air-bubble to assist the extraction of bio-product for 1 h. In this manner,
the whole fermented materials were utilised which enable to yield maximum recovery of the
protease from SSF. To point out in Fig. 4.2, the protease extracted at day 14th, showed the
highest protease activity production, which resulted in an average value of 408.1 + 72.7 U g™
DM with a CV equal to 1.8%. These results are in agreement with previous studies using 4.5
L reactors where the highest activity of protease was observed at 14 days of SSF with hair

waste and different co-substrate (Abraham et al., 2014, 2013).
4.2.2 Partial purification and recovery of crude protease

Table 4.3 shows the summary of the partial purification steps tested for the alkaline
protease in the three replicates (R1, R2, and R3). In all cases, the partial purification of
protease resulted in a 2 fold purification factor with 74% of recovery by ultrafiltration using
Amicon Ultra-15 centrifugal filter device with 10 kDa MWCO. Additionally, protease
activity was not detected in permeate as the size of alkaline proteases produced were in the
range between 26 and 100 kDa. Some studies reported that there was no protease activity
detectable in all permeates due to the lost as a deposit in the membrane of the tube
(Bezawada et al., 2011). However, during lyophilisation the loss of activity resulted in 21%,

being this step the most critical for the recovery of protease.
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Table 4.3 Partial purification of protease enzyme from extraction

Total . . P
Samole  Purification ste activit Total protein Specific Recovery Purification
P P (U) ¥ (mg) activity (%) fold
(Umg™)
Crude extract 1037 9.91 £ 0.04 104.7 + 18.5 100 1
R1 Lyophilisation 787 9.86+0.03 79.8 £40.1 76 0.76
Ultrafiltration 710 4.10+0.72 173.3+52.6 68 1.66
Crude extract 715 5.83+0.01 122.6 +75.8 100 1
R2 Lyophilisation 518 5.34+0.20 97.1+20.3 72 0.79
Ultrafiltration 502 3.39+0.16 148.2 + 27.2 70 1.21
Crude extract 855 6.43+0.01 133.1+52.2 100 1
R3 Lyophilisation 752 6.37+0.28 117.9+31.3 88 0.89
Ultrafiltration 720 3.34+0.38 215.4+24.8 84 1.62

4.3 Remaining residues reutilisation

This work deals with the remaining residues after the downstream process in SSF
namely extraction. Normally, in SSF the remaining residues after downstream process will be
discarded or incinerated (Dhillon et al., 2013). There were very few studies reporting the
reutilisation of remaining residues from downstream processing in SSF. In this attempt, the
remaining residues were reutilised in the composting course to produce a compost-like
organic material that is stable and easier to handle and can be applied for agricultural
purpose. The stabilisation of the remaining organic residues after extraction process has been
done by composting in the same 10 L reactors (where the SSF and extraction took place). The
stability of the organic materials from the composting course was compared with the organic
materials from typical SSF. The biological stability is an important measure to control and
optimise the process of biodegradable organic matter. Not to mention, the stability may
influence the odour generation, biomass reheating, residual biogas production, phytotoxicity,

process parameters such as airflow rate and retention time (lannotti et al., 1993).
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4.3.1 Organic matter stability

Unless specified otherwise, in the typical SSF with hair waste and ADS, the
fermentation was ended after 23 days which was when the fermentation profile showed a
stagnant mesophilic and after the protease activity showed no longer increment in the
activity. Normally only some part of the fermented materials were undergone the extraction
process, and another part was used to measure the stability of the organic materials. This end
material will be compared with the organic materials obtained after the downstream and

composting processes.

In the reutilisation scheme, the composting process was carried out and continued in
the same reactors until 42 days with the organic materials after extraction process, to
complete the entire process that implies the stabilisation of the remaining material. The water
content of the material was increased about 40% to 43% (wet basis) of the total remaining
material after extraction process, where it was the main concerned in this work. However,
after continuing with the experiment until 42 days, the result turned out to favour the
stabilisation process. The stabilisation of the materials was continued in the respirometers to

analyse the biodegradability and the stability of the remaining materials.
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Fig 4.4 Dynamic respiration index (DRI) and cumulative oxygen consumption (AT)
measured in 96 h for remaining material from three reactors after stabilisation from (a)

typical SSF, (b) SSF + extraction + composting for 42 days.

For stabilisation measurement, dynamic respiration index (DRI) was used as an
indicator of the biodegradability and biological stability of organic materials as suggested
elsewhere (Adani et al., 2006, 2004; Barrena et al., 2009; Ponsa et al., 2010). Fig. 4.4 shows

the profiles of DRI in the 1 h of maximum activity and cumulative oxygen consumption is
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taken for 4 days (AT,) for typical SSF stabilisation and single reactor of composting
stabilisation (SSF + extraction + composting). Fig. 4.4 (a) shows a typical trend of
stabilisation of organic matter after finished the fermentation by a short lag phase, DRI peak
at 1 g O, kg OM h*, and a successive decreasing phase. While in Fig. 4.4 (b), there were less
pronounced DRI profiles were displayed with low respirometric activity indicated the high
biological stability as been suggested by others (Adani et al., 2004). Thus, shows that the
remaining materials after extraction process can be further stabilised by composting process
disregard of the additional water content after the extraction process. Both of the profiles
from different remaining materials stabilisation treatments were characterised by short lag
phase meaning that the respirometric activity was sufficiently completed within 96 h. As
observed in Fig 4.4 (a), AT, of end SSF material stabilisation were 45-55 g O, kg™* OM with
10 h of lag phase which corresponds to 88% of the final cumulative oxygen consumption.
While AT, of material stabilisation by composting process were 30-35 g O, kg™ OM with no

lag phase was noticed and corresponds to 62% of the final cumulative oxygen consumption.

The activity of protease at the end of SSF process (42 days) was 27.3 + 11.2 U g*
DM, showing a significant decrease of activity at the end of the fermentation. The dry mass
reduction was 21% — 32% and the pH was approaching neutral pH after stabilisation process
(Table 4.4) indicated that the biomass still can be degraded and stabilised after the extraction
of the whole fermented substrates to produce stable compost-like organic materials.
Additionally, the dynamic respiration index (DRI24max) and cumulative oxygen consumption
(AT,) obtained in the materials that had undergone composting process after the downstream
process (indicated as Cp1, Cp2, Cp3) were relatively lower and stable (<0.5 g O, kg OM h™),
compared to the materials that taken directly from the end SSF process (indicated as N1, N2,
N3) (<1.0 g O, kg OM h™*) as shown in Table 4.4. As been reported by Adani et al., (2004)

the DRI24 of 1 g O, kg OM h™* can be used to indicate medium biological stability like fresh
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compost and 0.5 g O, kg OM h™ can be used to indicate high biological stability like mature
compost. The results obtained from both experimental works indicate the degradation of
biodegradable matter and shows that a further stabilisation is useful to get a very stable
compost-like material. Thus, it can be concluded that, even after extraction, DRI showed a
high biological stability, as reported in previous studies (Gupta et al., 2002; Ponsa et al.,

2010).

Table 4.4 Characteristics of remaining material after stabilisation by composting process and
typical SSF

Replicates DRI24"_’i’X 4 ATa 4 rDerc;Iur:SZ; pH conductivity
(80.kg"OMh™)  (gO.kg " OM) (%) (mS/cm)
Cpl 0.29+0.04 26.5£12.9 21 7.77 2.53
Cp2 0.35£0.05 29.9+14.1 23 7.11 1.22
Cp2 0.27+0.03 24.6x11.7 32 6.92 1.02
N1 0.61+0.12 39.7£13.3 11 8.84 3.60
N2 0.7510.15 47.8+£15.9 9 8.85 3.95
N3 0.6910.12 45.2+15.2 12 8.74 4.30

Cp1, Cp2, Cp3: Replicates of remaining materials that undergone composting process for stabilisation
N1, N2, N3: Replicates of end materials after typical SSF process

AT, : cumulative oxygen consumption after 4 days of stabilisation

DRI24,,, : average of dynamic respiration index (DRI1) in the 24 h of maximum biological activity

The growth of white fungi after the stabilisation process indicated the stable compost-
like material approaching maturity compost (Fig. 4.5). Additionally, by physical observation,
we can notice that the hair waste has been degraded during the process with the colour of the
material turned from dark colour to brownish colour material with a mushroom-like odour or
earthy odour contradicted to the initial unpleasant smell of the mixture. Thus, confirmed the

stability of the remaining material.
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Fig. 4.5 Remaining materials after composting and stabilisation process

4.4 Biochemical characterisation of protease
4.4.1 Operational stability and statistically analysis

In this study, the effects of pH (x1) and temperature (x;) were investigated on the
stability of the protease produced from SSF using response surface methodology (RSM).
Table 4.5 presents the coded and actual values with o=1. The pH was studied based on the pH
buffer used for a normal assay which is pH 8 at the centre point, and £3 gave the effect at
acidic (pH 5) and basic (pH 11). While for the temperature, 50°C was chosen as the centre
point followed the normal assay of the protease and +20 gave the effect at mesophilic

temperature (30°C) and thermophilic temperature (70°C).
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Table 4.5 Coded and actual value of independent variables in the experimental design

Independent Coded Range and level
variables factor -a 0 +a
pH X1 Coded -1 0 +1
Actual 5 8 11
Temperature Xz Coded -1 0 1
(°C) Actual 30 50 70

The full factorial centre composite design (CCD) consisted of 13 experimental points
which included five replications at the centre points as shown in Table 4.6. There were
duplicates at the central coding condition with the experimental condition; pH 8 and 50°C.
These were used to evaluate the reproducibility of the experiment and experimental error.
The observed responses in term of residual activity of 13 combination experiments for
studying the enzyme stability on the effect of two independent variables are presented in
Table 4.6. The experiment was done with three replicates of protease obtained from R1, R2,

and R3.

Table 4.6 Central composite experimental design matrix of independent variables in coded
values and three replicates of residual activity as the response

Residual Residual Residual
Coded factor level

RUN activity  activity  activity
(%) (%) (%)
x1 x2 R1 R2 R3
1 -1 -1 55.4 65.3 60.3
2 1 -1 70.2 70.5 73.3
3 -1 1 4.4 10.9 7.6
4 1 1 26.9 5.8 16.3
5 -1 45.8 37.4 41.6
6 1 57.3 50.7 54.0
7 0 -1 65.2 74.1 69.6
8 0 1 34.3 6.2 20.3
9 0 0 53.2 50.3 51.8
10 0 0 54.6 45.7 50.2
11 0 0 54.8 53.7 54.3
12 0 0 49.4 49.8 49.6
13 0 0 54.4 50.0 52.2
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The response surface of protease in front of several conditions of pH and temperature
was determined to assess the stability of the protease. For this, it was analysed using the
regression equation obtained from the analysis of variances (ANOVA) by the Design Expert
software to determine the suitability of the model. Using the multiple regression analysis on
the experimental data, the second order model fitted the residual activity for all replicates
indicating the homogeneity of proteases obtained from the SSF (Eq. 4.1-4.3). In the models,
pHT indicates the interaction term between temperature and pH, however only with R2 the
interaction between pH and temperature not significant. The negative coefficient of T (Eq.
4.1-4.3) suggested that high temperature has a pronounced effect on activity and, as shown in
Fig. 4.6, pH effect becomes insignificant at higher temperatures for all replicates (R1, R2,
and R3). Correspondingly, it can be concluded that the protease produced in the SSF using
hair waste and ADS showed similar stability towards pH and temperature indicating a high

reproducibility.

Res. activity (%) g, = 52.79 + 4.17pH — 29T — 2.78pH? — 7.8T? — 3.25pHT (Eq.4.1)

Res. activity (%)g, = 49.37 + 2.23pH — 31.2T — 4pH? — 7.9T* (Eq.4.2)

Res. activity (%)gs = 51.86 + 5.68pH — 26.5T — 4.7pH? — 7.5T% — 1.07pHT (Eq.4.3)

Table 4.7 shows that the regression for residual activity yield model was significant
(242.97, 82.18, 247.82) and the lack of fit was not significant (0.58, 3.67, 1.29) at p < 0.0001
relative to pure error. The lacks of fit of the F-value for the residual yield for all replicates
were less than the Feriticat value (oo = 0.05 at the degree of freedom 4, 3) of 9.12 for R1 and R3,
while for R2 the Fgiiicar Value was 6.39, respectively which indicates that the treatment

differences were highly significant.

97



Chapter 4

(a)

- *‘;3‘* T
..-.::‘.:13‘-4_; SR
=
P

Residual actvity (%,

i

50 —
Temperature (°C)

(b)

SEEE RS
ST
5 e
s e e e e
A o e e
S e
SotiEataaaat e
s o e e e e
S an R e
40.0 SoaiaE e anaas
e B
- R 2 R i
SR AT A i

4
i

A
1
7
%

o

e T
el
S
S
RS

[
«
(==}

i

%

T

Residual activity (%)

5.0
30
20

60
(© Temperature (°C) 70 110

733
571
409
247

i e S S
ST
iR
Setiipe e e
26 T,
< e

R Y
o A
D s

e

e L

el
s=‘¥ ::,‘s‘

Residual activity (%)

30

50

Temperature (°C) 60

Fig. 4.6 Response surface of residual protease activity (%) on the stability of enzymes on pH
and temperature; (a) R1, (b) R2, (c) R3.

98



Production, downstream processing, biochemical
characterisation, and application of protease from SSF

The fit of the models was checked by the determination of correlation coefficient, R
In this case, for all replicates, the value of the coefficient for residual activity were R? =
0.9943, R? = 0.9762, and R* = 0.9944. The values showed that only 0.57%, 2.38%, and
0.56% of the variables behaviour is not explained by the models. The closer the R? is to 1, the
firmer the model and the better in predicting the response (Amini et al., 2008). The values of
the predicted R? for all models were also high to support for a high significance of the model.
To point out, for all replicates (R1, R2, R3), the predicted R? (0.9797, 0.9129, 0.9692) for the
models were in reasonable agreement with the adjusted R* of 0.9902, 0.9644, 0.9904,
respectively. Therefore, it can be concluded that the proposed models adequately
approximated the response surface and it could be used to predict the values of the variables

within the experimental domain (Gilmour, 2006; Myers et al., 2004).

Table 4.7 Analysis of variance (ANOVA) for the response surface quadratic model

Degrees

Source of Sums of Mean

variations squares square Fvalue (P value)
freedom

R1

Regression 6184.36 5 1236.87 242.97 <0.0001

Residual 35.64 7 5.09

Pure error 24.8 4 6.2

Lack of fit 10.84 3 3.61 0.58

Total 6220 12

R2

Regression 6189.57 4 1547.39 82.18 < 0.0001

Residual 150.63 7 18.83

Pure error 32.26 4 8.06

Lack of fit 118.37 4 29.59 3.67

Total 6340 12

R3

Regression 4751.23 5 950.25 247.82 < 0.0001

Residual 26.84 7 3.83

Pure error 13.65 4 4.4

Lack of fit 13.19 3 3.41 1.29

Total 4778.07 12

R1: R” 0.9943; adjusted R° 0.9902; predicted R” 0.9797
R2: R® 0.9762; adjusted R® 0.9644; predicted R* 0.9129
R3: R’ 0.9944; adjusted R® 0.9904; predicted R” 0.9692

99



Chapter 4

The partially purified protease was found to be an alkaline protease displaying the
residual activity more than 70% when approaching alkaline pH up to 11 (Fig. 4.6). As it was
stable in alkaline pH up to 11, it can be used for industrial purposes where commercially
proteases have highest activity in alkaline pH ranges of 8-12 (Gupta et al., 2002; Kumar et
al., 1999). For thermal stability, the enzymes exhibited good activities over a temperature
range 30-50°C in a wide range of alkaline pH from pH 7 to 11. The optimum enzyme
activity (411.2 + 45.7 U g DM) was obtained at 30°C and pH 11. However, the enzymes
were rapidly inactivated and retained approximately 4-8% of residual activity after
incubation at 70°C at any tested pH (Fig. 4.6). These results were in accordance with
previous studies (Abraham et al., 2014, 2013) reported that the protease produced from hair
waste was highly stable in alkaline and mesophilic temperatures, which coincides with the

conditions of the SSF when it is mainly produced (Fig. 4.2).
4.4.2 Inhibition study

The study and selection of distinct properties of protease may improve operations
whether in food processing or waste management industries. It is important to know the
catalytic mechanisms of protease produced during the fermentation since protease can be
divided into four classes which are serine, cysteine, metalloprotease, and aspartic protease as
been mentioned in Chapter 1 (Section 1.4) that can serve different reaction in certain
processes. Briefly, serine protease is active at pH 7-11 and has broad substrate specificities;
cysteine protease is active at pH 5-8 and sensitive to heavy metal; metalloprotease is active at
pH 5-9 which containing zinc, and the protein structure can be stabilised by addition of
calcium; aspartic or acid protease is active at pH 3-4 which is specifically against aromatic or

bulky amino acids.
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To evaluate the class of the protease, the reduction of protease activity in a response
of inhibitors was used, as the mechanisms of inhibition are relatively different. Some
proteases form covalent complexes between the enzyme and the substrate site such as serine
and cysteine proteases, whereas, there are proteases that do not form covalent enzyme —
substrate complexes which are aspartic and metalloproteases (Garcia-Carreno, 1992). The
inhibitors with highly electrophilic groups including double bond are required to cope with
proteases that form covalent complexes at their catalytic site, whereas the proteases that form
non — covalent complexes are reacted on acid or base catalysis (Garcia-Carreno, 1992). In
order to instigate the inhibition study, there are recommended several inhibitors and their

appropriate enzyme control as listed in Table 4.7.

Table 4.7 List of inhibitors and enzyme control to identify the class of protease

Class Inhibitor Enzyme control
Phenylmethylsulfonyl fluoride (PMSF)

Soybean trypsin inhibitor (SBTI) Trypsin (bovine or
. Tosyl-lysine chloromethyl ketone (TLCK) porcine)

Serine T ;
Trypsin-inhibitor Chymotrypsin
Tosyl-phenylalanine chloromethyl ketone (TPCK) (bovine or porcine)
Chymotrypsin-inhibitor
lodoacetamide (IA)

. p-Hydroxy-mercuribenzoic acid (PHMB) .

Cysteine N-Ethyl-maleimide (NEM) Papain
trans-Epoxysuccinyl-L-leucylamido-(4-guanidino)butane (e64)

Aspartic  Pepstatin A Cath(.epsm D

Pepsin
Ethylenediaminetetraacetic acid (EDTA) Thermolysin
Metallo  Ethylene glycol-bis(B-aminoethyl ether)-N,N,N',N'-tetraacetic Carboxypeptidase A

acid) (EGTA)

To classify the protease produced from hair waste and anaerobically sludge in SSF the
protease was tested with several inhibitors. PMSF was used as an inhibitor of a serine
protease, and trypsin was used as the enzyme control. For cysteine, protease e64 was used as
an inhibitor and papain was used as the control. Pepstatin A is the specific inhibitor of

aspartic proteases, and the appropriate enzyme control was pepsin. For metalloproteases
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classification, the inhibitor used was EDTA with thermolysin as the enzyme control. The

inhibitory assay was followed a normal protease assay with casein as a substrate.

In the present study, pepstatin A, €64, and EDTA which were inhibitors for aspartic,
cysteine, and metalloproteases respectively, had a minimal effect on the protease activity as
shown in Table 4.8. On the contrary, PMSF as an inhibitor of serine protease demonstrated
the reduction in proteolytic activity with 36% — 49% inhibition for all replicates (R1, R2, and
R3) at very low concentration (1mM). Therefore, the protease produced in this study can be
considered as a serine protease. Since serine proteases are active at pH 7-11 and have broad
substrate specificities it may be used in the dehairing process or other industrial processes as
reported in other studies (Huang et al., 2003; Ito et al., 2010; Wang et al., 2007).

Table 4.8 Effect of protease inhibitors on protease activity from different replicates.

Concentration Residual activity (%)

Inhibitor (mM) ” 0 R3
Control - 100 100 100
Pepstatin A 1 98 94 99
10 97 91 96
PMSF 1 36 47 49
10 3.8 5.1 6
e64 1 99 98 98
10 93 87 89
EDTA 1 98.7 94 99.4
10 81 78 86

The residual activity was assayed under the standard assay conditions in the
presence of various inhibitors. 1 mM is the initial concentration of the inhibitors,
and 10 mM is the final concentration of the inhibitors.

Enzyme activities measured in the absence of any inhibitor were taken as 100%.

4.4.3 Polyacrylamide electrophoresis gel (PAGE)

In the SDS-PAGE the bands for several proteins were observed and calculated using
the standard curve (A.4). The observed molecular weights (MW) in SDS-PAGE were 41.7
kDa, 51 kDa, and 65.9 kDa. The validation of the molecular weight of protease produced in

this work was conducted using zymogram. The proteolytic activity of concentrated alkaline
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protease (R1, R2, and R3) subjected to a zymogram revealed five clear hydrolytic zones
around the blue background with a molecular weight from 14.2 kDa, 20.5 kDa, 32.2 kDa,
65.9 kDa, and 103.4 kDa (Fig. 4.7). The molecular weights of the proteases coincided with a
previous study (Abraham et al., 2014) that were obtained after 14 days of SSF in 4.5 L
reactors when the best results in dehairing were observed. Also, it had been reported that in
enzymatic dehairing studies Bacillus sp. had dominated to produce the protease with MW for
B. cereus BGI was 34 kDa (Gupta et al., 2002), B. cereus MCM B-326 was 45 kDa (Zambare
et al., 2007), B. cereus was 66 kDa (Ravindran et al., 2011), B. cereus VITSNO4 was 32 kDa
(Sundararajan et al., 2011), and B. pumilus was 32 kDa (Huang et al., 2003). In these
regards, probably, the proteases that had been produced in this study were produced by the
same consortia of microorganisms mainly from Bacillus sp. that may coexist in the mixture
of hair waste and ADS for protease production. However, further analysis such as 16S rDNA
gene sequencing can be done to validate the consortia involved in this work.
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Fig. 4.7 SDS-PAGE and zymogram of partially purified enzyme on 12% polyacrylamide gel
under non-reducing condition (Lane M1: Standard molecular mass marker proteins in kDa;
Lane M2: egg albumin (45 kDa); bovine serum albumin (66 kDa); Lane 1: crude extracts;
Lane 2, 3, 4: partially purified enzymes from R1, R2, and R3 in SDS-PAGE; Lane 5, 6, 7, 8:
partially purified enzymes from R1, R2, and R3 in zymogram)
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4.5 Application of protease in dehairing process

In order to evaluate the feasibility of the proposed process at industrial scale, the
protease produced was tested on dehairing of high pigmentation cowhides as an alternative to
conventional chemical dehairing. Since chemicals dehairing often cause health and
environmental hazards due to the toxic chemicals employment for dehairing which consists
of lime and sodium sulphide that is highly toxic and has an obnoxious odour (Madhavi et al.,
2011). Normally, in tanning industries, the solubilisation of black and brown hair is slower
compared to the white and calfskin due to melanin and colour pigmentation (Onyuka, 2010).
To validate the possibility of using proteases from SSF in the dehairing process, the
lyophilized enzyme (R1, R2, and R3) with similar initial enzymatic activities of 63.1 + 21.6
U cm? 71.3 #12.0 U cm™ and 78.1 + 48.6 U cm™ respectively, were used for dehairing of
black cowhides. Fig. 4.8 indicates the percentage of hair removal of the rawhide that was
processed for dehairing using Tris—HCI buffer as control, enzymatic and chemical treatments

for comparison.

The promising application of protease produced in this study can be observed in Fig.
4.9. Additionally, the dehairing activity of the obtained enzyme was compared with a
commercial powder used for dehairing that was being used in the tanning industry with a
similar activity (624.4 + 56.1 U mL™" and 729.9 + 28.5 U mL™ for lyophilised extract and
commercial powder respectively). Approximately, between 90% and 95% of hair removal
with respect to chemical treatment was observed in treatment with proteolytic enzymes from
R2 and R3 after 24 h of incubation. The commercial powder was very close to the chemical
treatment. These results suggest that using appropriate enzymatic conditions results in good
dehairing performance as pointed out in other studies (Asker et al., 2013; Dayanandan et al.,
2003; Sundararajan et al., 2011). In the case of R1, protease showed a weaker activity with

only 50% of hair removal probably due to the lower specific protease activity already

104



Production, downstream processing, biochemical
characterisation, and application of protease from SSF

detected in SSF (Table 4.3). Sivasubramanian et al., (2008) suggested that dehairing of hides
is substantially difficult as the structural features and thickness of skin and hide vary greatly;
therefore the dehairing efficiency of the enzyme may vary accordingly. Furthermore, it can
be stated that the protease produced in this work presents the possibility to be an alternative
to chemical dehairing as reported in other studies carried out at lower scales (Dayanandan et

al., 2003; Saravanan et al., 2014; Sivasubramanian et al., 2008; Sundararajan et al., 2011).
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Fig. 4.8 Percentage of enzymatic dehairing with respect to chemical treatment; hair removal
of cowhide using the chemical treatment was considered as 100% of dehairing. Percentage of
hair removal for each treatment was calculated as the hair removed using enzymatic
dehairing with respect to chemical dehairing on a dry matter basis.
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Fig. 4.9 Dehairing.-of‘cow 'hides treated with (a) Tris buffer as control; (b) chemical
dehairing; (c) commercial enzyme; (d) protease from R1; (c) protease from R2; (d) protease
from R3.

Conclusion

The use of hair waste in SSF was found to be a practical approach to produce alkaline
proteases that can be utilised in the dehairing process as an alternative to chemical dehairing
that is not environmental friendly. Moreover, in-situ protease extraction could make SSF
process easier to scale up, due to the employment of single reactor for the process from
fermentation to downstream processing. Additionally, after extraction, SSF can be continued
with the remaining residues to reach final stabilisation, similar to the composting process.
With regards to the enzyme properties, protease activity produced in this study was only
inhibited by PMSF, suggesting that it belongs to the serine protease group. The enzyme
produced has highly and stable alkaline properties with moderate heat stability (30 — 50°C),
which is of relevance during industrial dehairing application. In conclusion, the process

presented can be considered a complete alternative to chemical dehairing. By all means, solid
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waste valorisation of hair waste and ADS via SSF could potentially produce high yield
alkaline serine protease which has broad substrate specificities that may be used in industrial
processes. In future works, to improve the efficiency of wastes utilisation, the use of hair
waste should be investigated with a particular focus on biorefinery concepts (possibility of
obtaining other valuable products). At the same time, subsequent studies should be

concentrated on a deep economic and environmental study of the entire process.
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Fig. 5.1 Graphical abstract of preservation and improvement of proteases produced from SSF
by selection of promising support/carrier.
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Summary

This chapter comprised of a preliminary study of immobilisation, screening various materials
that appropriate for protease immobilisation including the optimisation of enzyme loading
and characterisation of the support/carrier (Fig. 5.1) in order to preserve and improve the
performance of enzymes produced by solid state fermentation (SSF). The initial criterion for
the selection of the most suitable support/carrier was depended on the retention of the
catalytic activity of immobilised enzyme, thus the immobilisation efficiency was monitored
using immobilisation yield (%) and enzyme loading (U/mg) for each support/carrier. Later

the optimum condition obtained from these studies will be carried forward in Chapter 6.

5.1 Assessment of an appropriate support/carrier for protease immobilisation

To achieve an efficient and economical enzyme immobilisation, few significant
factors need to be considered such as the type of support, a method of immobilisation, and
purpose of immobilised enzymes (Mohamad et al., 2015). The support or matrix for
biocatalyst should be inert and biocompatible to the environment so that it will not interfere
with the reaction of the substrate and the enzyme, plus do not cause any harm to the

environment (Cipolatti et al., 2014).

As we concerned, finding a suitable support or carrier is the most crucial step for
protein immobilisation. Nanoparticles have captured our attention as a carrier due to the high
enzyme loadings. Since the nanoparticles maximized surface per unit mass, internal diffusion
limitations are avoided, and external agitation seems unnecessary as nanoparticles undergo
Brownian dispersion efficiently (Jia et al., 2003). The most compelling evidence is in the

enhancement of the enzymatic activity and stability (Gole et al., 2001).
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5.2 Gold nanoparticles (AuNp) as a model carrier

Gold nanoparticles (AuNp) has demonstrated to be an excellent biocompatible
surfaces for the immobilisation of enzymes (Ardao et al., 2012; Phadtare et al., 2004). After
the protein has been immobilised, the protein shell may promote the colloidal stability of
AuNps, which in turn AuNps deliberately render an extra stability to the proteins (Koller et
al., 2010; Pandey et al., 2007). Therefore, gold nanoparticles (AuNp) were chosen as a model

carrier for the protease that we produced by SSF from protein-rich waste.

As the first attempt, proteases produced by SSF from hair waste and ADS were used.
A stock solution of 10" AuNp/ml with an estimated size of 10 nm was provided by Catalan
Institute of Nanotechnology (ICN). To check the biocompatibility of AuNp, about 100 pl of
the protease with 115 + 39 U/ml (approx. 100 mg/ml of lyophilised enzyme) was added to 1
ml of AuNp solution and then were left to conjugate in 4°C for 1 h provided with mild
agitation. The immobilisation process was done in 4°C to reduce the denaturation rate of the
protease enzyme. Fig. 5.2 shows the UV-Vis spectra of the colloidal AuNp solution and the

colloidal AuNp after conjugation with protease.
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Fig. 5.2 UV-Vis spectra of the colloidal AuNps solution (curve 1; —) and the
colloidal AuNps solution after conjugation with protease (curve 2; —) for 1 h
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The surface plasmon resonance in UV-Vis spectra for colloidal AuNps solution ( as
shown in Fig. 5.2 curve 1) shows that the absorbance was 1.084 at 520 nm, which is similar
to other studies with AuNps solution (Ardao et al., 2012; Phadtare et al., 2004). After
conjugation of protease to AuNps the peak was enhanced (abs 1.270) and slightly modified
(wavelength 524) in the UV-Vis spectra as can be seen in Fig. 5.2 (curve 2). This fact showed
the successful immobilisation of protease to AuNps surfaces as indicated in previous studies

regarding with the attachment of the protein to AuNps (Kobayashi et al., 2012).
5.2.1 Protein/enzyme loading on AuNps

An excessive protein or enzymatic loading can reduce the activity and stability of the
enzyme where it can develop a steric hindrance against the substrate (Zhang et al., 2009).
Therefore, to avoid the denaturation and oversaturation of protein loading, the determination
of an appropriate concentration of enzyme to form a bioconjugate with AuNps were explored.
In this experiment different concentration of enzyme (approx. lyophilised extracts: 5.5 mg/ml
— 55 mg/ml) were tested with a constant concentration AuNps (4.5x10"* Np/ml). The enzyme

and nanoparticles were left to form a bioconjugate at 4°C with mild agitation for 1 h.

The loading of protease on AuNps surface was calculated according to Equation 3.14
(Section 3.5.3) and analysed by UV-Vis spectroscopy (Fig. 5.3). A peak shift of absorbance
was observed from 517 nm AuNps with 5.5 mg/ml of lyophilised extracts up to saturation at
522 nm for the concentration higher than 40 mg/ml, whereas the surface plasmon resonance
intensity was kept increasing along with increasing lyophilized enzyme extracts concentration
from 2.31 to 2.38. Similarly, in the case of an immobilised enzyme, the protease loading was
increasing as the amount of lyophilised extracts increased. Since the concentration of AuNps
was kept constant in these experiments, the activity per nanoparticle was increasing due to

the more available free surface of AuNps to attach to proteases. This means that higher
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amount of protease activity can be added to the AuNps solution. Since the enzyme loading on
the AuNps surface was not well known, thus it is necessary to examine the optimum

condition using experimental design which will be discussed afterwards.
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Fig. 5.3 Evaluation of protein loading on AuNps surface with different concentration of

lyophilised enzyme extracts (above). UV-Vis spectra recorded with various concentration of
protein loading (below).
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Furthermore, the immobilisation process was investigated with varying time (0 h — 48
h) and the agitation or static condition. The immobilisation yield was calculated using
Equation 3.15 (Section 3.5.3). In all cases, the protease reaches the AuNps surface almost
instantaneously after mixing and readily conjugates (Fig. 5.4). The immobilisation yield
reached the maximum rate after 1 hour of mixing. The effect of agitation after 1 h was 85%
and the effect of static loading was 82% which not give much different to the loading rate of
protease on AuNps surfaces. It was in agreement with another study (Jia et al., 2003) which
suggested unnecessary of external agitation. Therefore, further experiments were carried out

with mild agitation just to obtain a homogeneous solution for 1 h of immobilisation time.
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Fig. 5.4 Immobilisation yields (%) of the enzyme on AuNps surfaces during conjugation for
48 h under static and agitate condition at 4°C.

5.2.2 Box-Hunter experimental design

In order to determine the optimum condition for enzyme loading per nanoparticles, an
experimental design was constructed according to the Box-Hunter technique as shown in Fig.

5.5. Accordingly, the experimental points were distributed in the extreme values (bullet
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points) and in a circumference of radius which are marked as star points in Fig. 5.5. The
distribution used was to confirm that the information obtained from each experiment to be the

same since all the points were equidistant from the centre point (Sanchez et al., 2000).

X1

+1

+1 X2

Fig. 5.5 Experimental design with two factors (X1 and X2) according to Box-Hunter
experimental design. The dot points represent the condition tested.

The design of experiment by Box-Hunter for determining the appropriate amount of
protease and AuNps to establish a decent bioconjugate was tabulated in Table 5.1 consists of
16 experiments with 4 replicates at the centre. Two factors were used to set up the design,
which were the concentration of nanoparticle (Np/ml) as X1, and the lyophilised enzyme
extracts concentration (mg/ml) as X2. Correspondingly, it resulting in three responses as the
objective function, where F1 was protease activity per weight of AuNps (U/mg Np), F2 was
the percentage of immobilized enzyme (%), and a was a specific objective function with the
combination of 75% of F1 and 25% of F2. The results suggested that F1 and F2 gave
different responses towards the optimisation of the immobilisation condition. Therefore, the

specific objective function (a) was employed because of its influence on the optimum
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immobilisation condition that comprises both enzyme loading (U/mg Np) and immaobilisation

yield (%). This response was illustrated in Fig. 5.6.

Table 5.1 Experimental design of protein loading on AuNps surfaces and its responses

Run X1 X2 X1 X2 A B Uo F1 F2 a=(0.40*F1)
(coded) (coded) (actual) (actual) A/B A/Uo +(0.25*F2)
(Np/ml)  (mg/ml) (U/mg) (%)
1 0 0 4.5x10" 45 84 227 105 37 80 34
2 0 0 4.5x10" 45 87 227 105 38 82 35
3 0 0 4.5x10" 45 85 227 105 38 81 34
4 0 0 4.5x10" 45 88 227 105 39 84 36
5 1 1 1.0x102 100 162 5.06 229 32 70 30
6 1 -1 1.0x102 10 18 506 26 4 69 19
7 -1 1 1.0x10"" 100 80 051 229 157 35 68
8 -1 -1 1.0x10" 10 19 051 26 38 73 32
9 0.71 0.71 7.7x10" 77 131 3.89 177 34 74 31
10 0.71 -0.71 7.7x10" 13 29 389 33 7 87 25
11 -0.71 0.71 1.3x10" 77 131 066 177 199 74 94
12 -0.71 -0.71 1.3x10" 13 30 0.66 33 45 90 39
13 1 0 1.0x10"2 45 97 5.06 105 19 92 30
14 -1 0 1.0x10" 45 97 051 105 192 92 96
15 0 1 4.5x10"" 100 213 227 229 94 93 58
16 0 -1 4.5x10"" 10 16 227 26 7 62 18

X1: AuNps concentration; X2: lyophilised enzyme extracts concentration; A: activity of immobilised enzyme
(U); B: weight of AuNps (mg); Uo: initial activity of enzyme (U); F1: objective function of activity per weight of
AuNps; F2: objective function of percentage of immobilised enzyme; a: objective function of F1 and F2.

100

| 7l

0
—
30\
80 —'\
E 90
(=) ]
E
D
=
o
£ 60 4 (
a
@ 30
5
a
e
a
3] / /
i —
[='%
(=]
e
—
_,/
20 _///
90 : 20
20411 det11 Ger11 8e+11 le+12

AuMps concentration (Mp/ml)

Fig. 5.6 Contour plot of specific objective function (a) towards protein loading and
immobilisation yield
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By applying a, the appropriate and optimised concentration of lyophilised enzyme
extracts was around 60 mg/ml (approx. initial activity 138 U) using a lower concentration of
AuNps (1.15x 10" NP/ml; approx. 0.581 mg), which resulted in the maximum

immobilisation yield.

In order to verify the immobilisation of the enzyme on the nanoparticles, transmission
electron microscopy (TEM) was used. Fig. 5.7 (a) shows the AuNp before the immobilisation
process, a particle with a clear surrounding can be observed. While after the immobilisation
one can notice a layer covering the surface of the nanoparticle (Fig. 5.7 b). This result was in
accordance with other studies where a layer as hallo covering the AuNps after enzyme
immobilisation was observed (Ardao et al., 2012). Thus we can conclude that the

immobilisation of the produced proteases was successful using AuNps as a carrier.

(a) (b)

Fig. 5.7 TEM image of AuNps: 100 nm before (a) and after (b) enzyme immobilisation
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5.2.3 Operational stability of immobilised protease on AuNps

The investigation on immobilisation efficiency was carried forward by comparing free
and immobilised enzyme operational stability in terms of the pH and temperature using
optimum enzyme loading condition. The pH was varied within a range of 5-11 and
temperature was varied between 30°C-70°C, where the residual activity was determined by
comparing the initial activity of the enzyme before each treatment, denoted as 100%. The
immobilised enzyme showed a significantly enhanced pH and temperature stability and a
shift in the optimum temperature operation. At 30°C both of the enzymes were stable at pH
11, but immobilised enzyme had 20% more activity at pH 11 than free enzyme (Fig. 5.8 a).
Furthermore, at 50°C, the immobilisation enzyme maintained more activity at pH 11 unlike to
free enzyme, that only had 54% of residual activity at pH 11 (Fig. 5.8 c). While at 70°C, the
immobilised enzyme depicted improvement of residual activity at pH 11 where the residual
activity was more than 80% at the end of the incubation reaction. However, the free enzyme

showed its optimum at pH 8, whereas the activity was drop at pH 11 (Fig. 5.8 b).

Uniquely, during the experiments, the nanoparticles showed no aggregation in the
colloidal solution whenever treated with each condition. It is known that nanoparticles tend to
aggregate in high pH condition (Koller et al., 2010). However, in this experiment, this
phenomenon was not observed. This could be due to the formation of AuNps-enzyme
complex, which formed a protein shell that provides a colloidal stability to the nanoparticles
as reported previously by others (Koller et al., 2010; Pandey et al., 2007). These observations
suggested that the immobilised enzyme on AuNps could enhance the enzyme activity and

stability of the enzyme as proposed previously (Gole et al., 2001).
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5.2.4 Reusability of immobilised enzyme

The reusability was performed using the optimum enzyme loading condition obtained
from the Box-Hunter experimental design. To study the reusability of immobilised enzyme,
the activity of protease was calculated from the reaction of bioconjugate materials over 4
consecutive reuse cycles. The separation process was done using centrifugation at 5000 rpm
for 30 min. The supernatant was taken to analyse the activity, and the pellet with AuNps-
enzyme and casein residues was washed thoroughly using Tris buffer. Then the casein
hydrolysis reaction was reinitiated using the resuspended pellet in 1 mL of Tris buffer. The
first batch was considered as 100% of reaction. In the next cycle was observed less than 80%
of reusability. After that, the activity was drop abruptly, completely losing activity by the
fourth cycle of the reaction. The reusability of the enzyme immobilised on AuNps was lasting

until fourth cycles (Table 5.2).

Table 5.2 Biocatalytic activity of protease immobilised on AuNps during successive reuses.

Immobilised

No of activity on %

cycle AuNps Reusability
(U/mg Np)

1 214 100

2 168 79

3 42 20

4 17 8

The main reason to establish immobilised enzyme was to enable the reusability of the
enzyme to reduce the operating cost. Moreover, it is important to consider that enzyme
immobilisation is not only for enzyme stabilisation but also to avoid the enzyme inactivation
at the end of the reaction process as the catalyst can easily be removed from the reaction
medium (Tavano, 2013). In this work, the immobilisation on AuNps surfaces was successful.

However, the problem came whenever to recover the nanoparticles from the reaction
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medium. As observed in Fig. 5.9, the casein was interspersed with AuNps-enzyme complex
and required a washing process to remove the casein from the pellet. The inefficient of
reusability of the immobilised enzyme was due to AuNps-enzyme loss during the washing
process. As a matter of fact, the loss of biocatalytic activity of immobilised enzyme also

corresponds to the weakly bound of an enzyme that leaches out during the reaction cycle.

Fig. 5.9 Observation of reusability of immobilised protease on AuNps (a) after incubation
with substrate in hydrolysis reaction, (b) after separation by centrifugation for 1-3 cycles
where casein residue bound with the nanoparticles, (c) after separation by centrifugation for
4" cycle

Even though AuNps demonstrated an efficient immobilisation yield and enzyme
loading that prove the biocompatibility as a carrier, but the reusability of the immobilised
enzyme on AuNps was insignificant. Not to mention, the price for AuNps also is considered
as expensive comparing to other available materials used for immobilisation. Likely, the
problem of reusability may be overcome if the AuNps could be tethered at high density to a
more large surface, such as that provided by micron-sized particles as suggested by others
(Phadtare et al., 2004). They had demonstrated AuNps loaded on amine-functionalized Na-Y
zeolite particles (pore diameter 12 A, particle size 0.8 mm) provided a biocompatible surface
for the immobilisation of the fungal protease enzyme. Moreover, the use of other

nanoparticles can be explored for the proteases immobilisation such as zeolite particles,
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chitosan, magnetic nanoparticles, titanium oxide nanoparticles, and others that are considered

as cheap materials in comparison to gold nanoparticles.

5.3 Immobilisation of proteases on different support/carrier

To find a better and feasible support/carrier for the proteases immobilisation, different
supports were tested. The ideal supports/carrier for enzyme immobilisation should include
high affinity to proteins, availability for chemical modifications, mechanical stability and
rigidity, reusability, ease of preparation, biodegradable, and affordable (Datta et al., 2012;

Mohamad et al., 2015).

The work done here was considered as a screening process using simple adsorption
technique to see the biocompatibility of the support/carrier towards the protease. As AuNps
resulted an excellent biocompatibility with the proteases from SSF using hair waste and ADS
(Phw), it has been chosen as a model support/carrier for the other materials in the screening
for immobilisation support/carrier. Also, protease from SSF of soy fibre residue and ADS
(Psr) was assessed for the biocompatibility with the support/carrier along with Phw. The
adsorption and desorption activity of proteases (both Phw and Psr) were tested on different
supports that were classified in term of price (cheap, moderate, and expensive) relative to the
gold nanoparticles. All the supports/carriers were synthesised according to the method in the
Section 3.5.1. The supports/carriers had been synthesised by direct supervision of PhD

student in UAB (Gicom). In details, the list of supports used in this work is as follows:

A) Cheap support
1) Chitosan beads (wet and dry)
2) Functionalised zeolite particles
3) Anionic resin (A520)
4) Fe304 nanoparticle (MNPS)

B) Moderate support
1) Titanium oxide (TiO,_A nanoparticles)
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2) Titanium oxide (TiO,_B nanoparticles)
3) Chitosan/Au
4) A520/Au

C) Expensive support

1) AuNps

For conjugation process, 3 ml of proteases enzyme with an initial activity of 519 U/ml
for Phw and 336 U/ml of Psr respectively were added to each tube containing 27 ml of Tris
buffer and supports. The tubes were agitated gently for 24 hours at 4°C. Sampling was done
in every 2 hours after conjugation to check the performance of the immobilisation process.
Since the weights of the supports were varied (approx. 0.1 g), the results were expressed as
immobilisation yield (% 1Y) according to Equation 3.15 (Section 3.5.3). All experiments

were run simultaneously.

Naturally, chitosan dissolves readily in acidic solution and forms viscous solution
upon an increase in pH. In the first assessment, chitosan beads were used after preparation
using neutralisation method and subjected to crosslinking with glutaraldehyde as mentioned
in Section 3.5.1.4. Chitosan is considered as a cheap material as it is derived from low-cost
crustacean shell wastes and readily available in powder and flakes forms commercially
(Krajewska, 2004). Chitosan was made into beads to facilitate the separation after
conjugation that increases the enzyme reusability of the immobilised enzyme later on. By the
same token, to overcome the separation and reusability problems, AuNps were tethered to the
large surface with more density (Phadtare et al., 2004); chitosan beads were coated with

AuNps to enhance the biocompatibility for protease immobilisation.

During 24 h of immobilisation process, immobilisation of Phw on nanocomposite of
chitosan and AuNps (Chitosan/Au) exhibited an enhanced (60% of immobilisation yield after

5 h) and consistent conjugation with immobilisation of Phw on AuNps alone with 58% of
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immobilisation yield after 5 h (Fig. 5.10 a). However, the immobilisation of Psr on
Chitosan/Au showed an insignificant effect towards immobilisation yield where the
maximum immobilisation yields was only 13% after 7 h (Fig. 5.10 b). With Psr, dry chitosan
beads rather demonstrated a better immobilisation yield compared to wet chitosan beads
achieving a maximum immobilisation yield of 23% after 7 h, while an opposite effect was
observed when using Phw. After all, AuNps still showed as an excellent carrier for both of

the proteases (Phw and Psr).

Since a good yield was achieved using Chitosan/Au with Phw comparable with using
AuNps as a carrier, further TEM analysis was taken to compare the image before and after

immobilisation process as shown in Fig. 5.11.

(a) (b)

Fig. 5.11 (@ TEM image of cross-sectioned chitosan coated with gold nanoparticle
(Chitosan/Au) before immobilisation, (b) TEM image of cross-sectioned chitosan coated with
gold nanoparticle (Chitosan/Au) after enzyme immobilisation.
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Fig. 5.10 Enzyme immobilisation yield of (a) Phw and (b) Psr on chitosan beads, chitosan-
AuNps nanocomposite and compared with AuNps as a model carrier.

As shown in Fig. 5.11 (a), the AuNps coated chitosan were well dispersed as
suggested by the dark area due to denser particles. They presented a crystalline form with
approximately 10-25 nm in size. The chitosan/Au particles were cross-sectioned, fixed, and
embedded before the analysis. The white contrast on the surface is supposed to be the pores
of chitosan. Due to the small channel of the pores, the resin used to prepare the sample before

analysis is not able to go into them resulting in a brighter contrast in the image. In Fig. 5.11
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(b) the surface seems covered with particles in a smoother way than that of Fig. 5.11 (a). It
was probably due to the enzyme attachment and covering the surface of the chitosan/Au, thus

confirming the immobilisation of the enzyme.

Furthermore, the immobilisation assessment was carried on adsorption of Phw and Psr
on anionic resin (A520). The anionic resin is considered as cheap, mechanically resistant,
chemically stable, nontoxic, non-polluting and ease of renewability (Ribeiro and Vitolo,
2005). Also in this work, the surface of A520 was coated with AuNps to investigate the effect
of immobilisation efficiency. A520 alone showed a maximum immobilisation yield with Phw
(67%) after 24 h of conjugation (Fig. 5.12 a), while with Psr the maximum immobilisation
yield was 27% at the beginning of the conjugation process. Then desorption occurred until 24
h (Fig. 5.12 b). At the end of the conjugation period, the colour of the resin changes from
white to a brownish colour. It was due to the enzyme adsorption since the enzyme solution

was brown in colour.

Moreover, the effect of coating the anionic resin with AuNps (A520/Au) gave a
similar yield with AuNps alone for Psr after 24 h of conjugation period. However, for the
Phw in the similar conditions, there was no improvement was observed in the immobilisation
yield in comparison with the immobilisation on AuNps alone (Fig. 5.12). However,
immobilisation yield with Phw was similar to that of Psr after 24 h which was 48% achieved
only after 3 h of conjugation period with A520/Au. Different proteases (Phw and Psr)
presented a different immobilisation profile and the preference for the conjugation seem
unclear. Though, immobilisation on the anionic resin surface displays no further desorption
occurred during 24 h and reached plateau, which indicated the stability of the support for

immobilisation process (Ribeiro and Vitolo, 2005).
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Fig. 5.12 Enzyme immobilisation yield of (a) Phw and (b) Psr on anionic resin, anionic resin-
AuNps nanocomposite and compared with AuNps as a model carrier.

Fig. 5.13 shows a TEM image of cross-sectioned anionic resin. Image before enzyme
immobilisation (Fig. 5.13 a) presented a grey surface of anionic resin that is similar to the
image of the resin used for fixation and embedding of the sample before the analysis. It only
distinguished by some of the bright colours in a certain area due to the surface that was not

being covered by the resin as the resin cannot penetrate in such small channels. After
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immobilisation Fig. 5.13(b), the pores with bright colour were filled with enzyme making the

image look different from Fig. 5.13(a), where the pores look denser than before.

(a) (b)

Fig. 5.13 (a) TEM image of cross-sectioned anionic resin (A520) before immobilisation, (b)
TEM image of anionic resin (A520) after enzyme immobilisation

Fig. 5.14 shows a cross-sectioned TEM image of A520/Au before and after
immobilisation of proteases. The AuNps were noticeable as scattered dark spot on the surface
of the resin, the resin was in grey colour due to less dense than metal (Fig. 5.14 a). The size
of gold nanoparticle was estimated to be approximately 25 nm. After immobilisation in Fig.
5.14(b) the concentration of gold nanoparticle became denser due to the attachment of
enzyme via weak bonding and also the enzyme was attached to the pores of the resin surface
when comparing with the material without enzyme in Fig. 5.14(a). The image of the particles
appeared darker than the previous image because of gold nanoparticles can crosslink to the
protein and act as a marker for a protein making them more visible in TEM (Iborra et al.,

2004).
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(a) (b)

Fig. 5.14 TEM image of cross-sectioned anionic resin coated with gold nanoparticle
(A520/Au) (a) before enzyme immobilisation, (b) after enzyme immobilisation.

The search of an appropriate support/carrier was continued with cheap materials with
the aim to find a substitute of AuNps as a support/carrier. Immobilisation of Phw on different
cheap materials with large surface area and pore sizes such as zeolite, TiO, and Fe3O4
nanoparticles showed a considerable effect on the immobilisation yield achieved similarly
with AuNps (maximum yield in the range 50% — 62%) during 24 h of conjugation period
(Fig. 5.15 a). Besides, the immobilisation on Fe3O, nanoparticles (MNPs) presented an
enhanced yield after 24 h showing a high potential to be used as a support for proteases
immobilisation. Likewise, the percentage of immobilisation of Psr on MNPs (32%) showed
an immobilisation yield comparable to those obtained with AuNps (47%) at the beginning of
conjugation period (Fig. 5.15 b). However, there is no significant effect on immobilisation
yield using functionalised zeolite and TiO, nanoparticles even when increasing the

concentration of titanium (Section 3.5.2) during the synthesis.
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Fig. 5.15 Enzyme immobilisation yield of (a) Phw and (b) Psr on cheap materials (zeolite,

TiO, nanoparticles, FesO4 nanoparticles; MNPs) and compared with AuNps as a model
carrier.

In the quest to find a suitable support/carrier for enzyme immaobilisation, 10 materials
had been tested. The immobilisation yield (%) after 24 h has been considered taking into
account the adsorption and desorption reaction occurred during the period of conjugation.
The immobilisation yield (%) of each material was compared with immobilisation yield (%)
of AuNps in Fig. 5.16. AuNps was chosen as a model carrier as explained previously, this

support showed an excellent biocompatibility for Phw and Psr.
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(a) —4—Phw (%) (b) —4=Psr (%)

chi bead(wet) chi bead(wet)

A520/Au A520/Au

Fig. 5.16 Analysis of immobilisation yield (% 1Y) of 10 materials used as a support/carrier
for proteases (Phw and Psr) immobilisation via adsorption for 24 h at 4°C in relative to AuNp
as a model carrier for both of the proteases. (a) Phw; (b) Psr.

For Phw, the potential supports for immobilisation relative to AuNps were anionic
resin (A520) followed by Fe3;O, nanoparticles (MNPs) with the radar localised similarly to
AuUNps radius (Fig. 5.16 a). While for Psr, the significant supports were A520/Au and MNPs
relative to AuNps radius (Fig. 5.16 b). Although both of the proteases showed different
potential supports, MNPs as a suitable common support for both proteases immobilisation.

Therefore MNPs was chosen as a suitable support for Phw and Psr immobilisation.

5.4 Magnetite (FesO,4) nanoparticles as a carrier

5.4.1 Effect of stabiliser in MNPs suspension towards immobilisation yield

The use of magnetic nanoparticles (MNPs) as a support for immobilisation of the
proteases produced by SSF was supposed to be practical and feasible as they are easy to
prepare at low cost and present a limited toxicity. However, MNPs in suspension are usually
unstable and tend to spontaneously form agglomeration to minimise their high surface

energies (Andrade et al., 2012). In order to improve colloidal, chemical stability and allow
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further functionalisation of the MNPs, coating with stabilisers by metals (e.g gold), inorganic
materials (e.g silica), organic polymer (e.g polyacrylamides, esters, polyethylene amine,
polyethylene glycol, polydopamine), or monomers (e.g. fatty acids, citric acid, phosphoric
acids, phosphates) has been proposed (Circu et al.,, 2016). Coating nanoparticles with
stabiliser can affect the size, shape, and magnetism of the MNPs. On the other hand, pH,
temperature, ionic strength, can prevent agglomeration phenomena as previously reported in

other studies (Circu et al., 2016; Lu et al., 2007).

In order to study the effect of stabiliser in MNPs suspension towards immaobilisation
yield, three stabilisers were considered. Tetramethylammonium hydroxide (TMAOH),
cetyltrimethylammonium(CTAB), and citrate were chosen as stabilisers because they were
effective to control the surface charge in previous studies (Andrade et al., 2012; Nigam et al.,
2011; Ramos Guivar et al., 2015). Prior the immobilisation of protease on MNPs suspension,
the enzyme was tested with the stabilisers to check the inhibition effect of them towards
enzymatic activity. The initial activity was taken as 100% of activity. Interestingly, the
stabiliser turned out to enhance the enzyme activity instead of inhibits the activity as shown
in Table 5.3.

Table 5.3 Inhibition effect of proteases (Phw and Psr) activity towards different stabiliser
Residual activity (%)

Psr Phw
initial 100 100
enzyme + 10 mM
TMAOH 110 113
enzyme + 2.2 mM
CTAB 108 111
enzyme + 2.2 mM
citrate 100 107
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Subsequently, the immobilisation was carried out using a magnetite suspension with
the addition of the different stabilisers (TMAOH, CTAB, citrate). The concentration of
stabiliser was the same used in the inhibition test, as mentioned in Table 5.3. Before adding
the stabilisers, two protocols of MNPs synthesis involving different base for precipitation
were used. Briefly, in protocol A, the MNPs was synthesised with ammonium hydroxide
(NH4OH) and protocol B was synthesised using sodium hydroxide (NaOH). Each stabiliser
was added to the both prepared MNPs (MNPs synthesised with protocol A and B). Fig. 5.17
shows a TEM image of MNPs synthesised with the different protocol using base NH,OH or

NaOH.

As observed in Fig. 5.17, the TEM image shows that MNPs synthesised using
precipitating agent NH,OH (Fig. 5.17 a) were more uniform and monodisperse compared to
those obtained with NaOH (Fig. 5.17 c¢). The electron diffraction image confirmed the
uniform and crystalline form of MNPs obtained with NH,OH. The size of MNPs was
estimated by Software ImageJ to be 16 nm (Fig. 5.17 b). In contrast, when synthesised with
NaOH, the image of the particles confirmed the crystalline structure of the materials with
several larger particles observed around the crystalline rings with the estimated size of MNPs

of 13 nm (Fig. 5.17 d).
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(a) (b)

(c) (d)

Fig. 5.17 TEM and electron diffraction images of MNPs with CTAB as stabiliser (a) TEM
image of MNPs synthesised following protocol A (NH,OH), (b) electron diffraction image of
MNPs synthesised using protocol A (NH;OH), (¢) TEM image of MNPs synthesised
following protocol B (NaOH), (d) electron diffraction image of MNPs synthesised using
protocol B (NaOH).

This might be due to small size of MNPs that are possibly embedded into larger
particles as observed in the TEM image (Fig. 5.17 c). This was in accordance with previous
studies where the effect of different precipitating agent (NH,OH and NaOH) in magnetite
synthesis were studied (Peternele et al., 2014). They suggested that the differences in the
MNPs size obtained with NH,OH and NaOH were due to differences in the nucleation
process and grain growth during synthesis. Since NH,OH is a weak base that produces a

smaller number of magnetite cores which favouring crystal growth that resulted in particles
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of larger sizes, contrary to NaOH that considered as a strong base (Gnanaprakash et al., 2007;

Peternele et al., 2014).

Table 5.4 shows the different pH of the MNPs suspension synthesised from different
precipitating agent NH,OH (A) and NaOH (B) after addition of enzymes. In all cases the pH

was approaching alkaline condition that favours the proteases activity.

Table 5.4 pH of MNPs suspension with different stabiliser before and after addition of
proteases

pH before pH after
enzyme enzyme
addition addition

MNPs in different
solvent/stabiliser

MNPs_CTA 3.75 8.11
MNPs_CTB 8.93 7.79
MNPs_TA 11.79 8.15
MNPs_TB 11.77 8.18
MNPs_CA 7.08 7.45
MNPs_CB 9.32 7.43

MNPs: magnetic nanoparticles; CTA: MNPs synthesised with NH,OH and CTAB;

CTB: MNPs synthesised with NaOH and CTAB; TA: MNPs synthesised with NH,OH and
TMAOH; TB: MNPs synthesised with NaOH and TMAOH; CA: MNPs synthesised with
NH,0H and citrate; CB: MNPs synthesised with NaOH and citrate.

Effect of immobilisation yield (%) using MNPs suspension with stabiliser and naked
MNPs without the stabiliser was used as a control for comparison as shown in Fig. 5.18. As
we can see, the addition of CTAB as a stabiliser gave a significant yield of immobilisation of
Phw before 24 h that was 70-75% (Fig. 5.18 a) compared to those treated with TMAOH and
citrate. The result was satisfactory in terms of cost and time. Likewise, the immobilisation
yield of Psr also improved (53%-61%) after addition of CTAB compared to the naked MNPs
(Fig. 5.18 b). The addition of CTAB on the nanoparticles surface often gives stabilisation to
guantum dots in an aqueous medium as observed previously using metal nanoparticles
(Ramos Guivar et al., 2015). Even though MNPs synthesised with NH,OH presented uniform

particles compared to those obtained with NaOH, the immobilisation of SSF proteases were
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more efficient using MNPs synthesised using NaOH based on the immobilisation yield
observed in both proteases (Phw and Psr) using CTAB as a stabiliser (Fig. 5.18). Therefore,
for further experiments, NaOH was chosen as a precipitating agent as it favoured the

immobilisation.
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Fig. 5.18 Immobilisation yield of magnetic nanoparticles suspension using different
stabilisers (TMAOH, CTAB, and citrate) and naked magnetic nanoparticles for 24 h. Note
that MNPs_TA: magnetic nanoparticles (protocol A) with TMAOH; MNPs_TB: magnetic
nanoparticles (protocol B) with TMAOH; MNPs_CTA: magnetic nanoparticles (protocol A)
with CTAB; MNPs_CTB: magnetic nanoparticles (protocol B) with CTAB; MNPs_CA:
magnetic nanoparticles (protocol A) with citrate; MNPs_CB: magnetic nanoparticles
(protocol B) with citrate.

137



Chapter 5

5.4.2 Enzyme loading per carrier — Box Hunter experimental design

To optimise the immobilisation yield, enzyme loading per carrier was carried out
using Box-Hunter experimental design as mentioned in previous section (Section 5.2.2).
Sixteen experimental runs were conducted with four replicates at the centre point with both of
the proteases (Phw and Psr) individually. The experimental design was tabulated in Table 5.5.
In this work, the immobilisation yield and enzyme loading were chosen to reflect the
efficiency of the immobilisation, thus we taking a2 as the objective function which was 25%

of immobilisation yield and 75% of enzymatic loading. Both proteases favour the condition
with a higher amount of MNPs and initial activity of the enzyme as shown in Fig. 5.19. In

addition, we also calculated another objective function to standardise condition for both

proteases which was a3 that comprised of 50% of al and 50% of o2.
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Fig. 5.19 3D mesh plot of proteases loading on MNPs as a carrier according to Box-Hunter
experimental design with objective function (0.25F1 + 0.75F2)
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Table 5.5 Experimental design of proteases loading per carrier (MNPSs) according to Box-Hunter experimental design

X1 X2_initial X2_initial
Run X1 X2 (actual) Phw Psr B F1_h F1_s F2_h F2_s ol © a3
(coded) (coded) (mg/ml) (actual)  (actual) (% 1Y) (% 1Y) (U/mg)  (U/mg)
(U/ml) (U/ml)
1 0 0 5 87 75 27 14 31 19 6.0 3.1 12 7 10
2 0 0 5 87 75 13 17 15 22 2.9 3.7 6 8 7
3 0 0 5 87 75 25 21 28 28 5.5 4.7 11 11 11
4 0 0 5 87 75 19 14 22 19 4.3 3.1 9 7 8
5 1 1 10 189 186 159 136 84 73 15.9 13.6 33 28 31
6 -1 -1 1 21 15 9 2 43 10 9.0 1.5 17 4 11
7 1 -1 10 21 15 2 2 9 10 0.2 0.2 2 3 3
8 -1 1 1 189 186 15 20 8 10 15.1 19.5 13 17 15
9 -1 0 1 87 75 3 9 3 11 2.6 8.6 3 9 6
10 1 0 10 87 75 45 23 52 31 4.5 2.3 16 9 13
11 0 -1 5 21 15 13 10 64 69 3.0 2.3 18 19 19
12 0 1 5 189 186 32 22 17 12 7.1 5.0 10 7 8
13 -0.71 -0.71 1 24 24 10 8 43 31 7.9 5.8 17 12 14
14 -0.71 0.71 1 150 144 6 6 4 4 4.5 4.3 4 4 4
15 0.71 -0.71 8 24 24 2 4 10 15 0.3 0.5 3 4 3
16 0.71 0.71 8 150 144 114 120 76 83 14.8 15.5 30 32 31

A: immobilised activity of Phw (U/ml); B: immobilised activity of Psr (U/ml);

F1_h & F1_s: immobilisation yield of Phw and Psr as objective function 1;

F2_h & F2_s: enzyme Phw and Psr loading per carrier as objective function 2;
al: objective function of (0.25*F1) + (0.75*F2) for Phw;
a2: objective function of (0.25*F1) + (0.75*F2) for Psr;

a3: objective function of (0.5*al) + (0.5*a2);
All experimental run were carried out with 3 ml as a total volume
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It is known that during immobilisation an excessive load on the support can reduce
the activity due to a large enzymatic chain that can act as a steric barrier against the substrate
(Tavano, 2013). As observed in Table 5.5, the optimum value obtained from o3 was similar
for condition (X1: 1, X2: 1 and X1: 0.71, X2: 0.71) where both of them were at higher range
tested in this experiment. Since there was no effect of the excessive load, which can reduce
the activity, we decided to carry forward the condition with X1: 1, X2: 1 (10 mg/ml MNPs,

100 mg/ml) for further study.

Conclusion

To sum up, the work done in this chapter was to prepare and develop the most
suitable condition for proteases (Phw and Psr) immobilisation using an appropriate
support/carrier. For the beginning, we started with the most compatible support which was
gold nanoparticles (AuNps). However, AuNps alone was difficult to separate from the
substrate after each reaction, unless it was coupled with other larger materials. Thus other
materials were investigated for the sake of reusability, reproducibility, feasibility, and cost
effective. Of all the materials considered in this study for the carrier, magnetic nanoparticles
(MNPs) are shown the most appropriate for immobilisation of proteases derived from hair
waste and soy waste. Also, the characteristic of MNPs that ease the separation process with
only use magnetic drive without the requirement of other mechanical apparatus seems the
most compelling and promising mean. Therefore, MNPs was chosen to be the support for
further experiments and reaction (specifically in Chapter 6) with NaOH as a precipitating
agent during the nanoparticles synthesis and optimum enzyme loading obtained from the

Box-Hunter experimental design.
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Immobilisation of protease produced from SSF on magnetic
nanoparticles and its application in protein hydrolysis

Part of this chapter has been published in Journal of Molecular Catalysis B: Enzymatic
(2017) — ARTICLE IN PRESS.

The immobilisation of proteases produced by SSF onto functionalized magnetic
nanoparticles: Application in the hydrolysis of different protein sources.

Noraziah Abu Yazid, Raquel Barrena, Antoni Sanchez.

http://dx.doi.org/10.1016/j.molcatb.2017.01.009
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Fig. 6.1 Graphical abstract of immobilisation of protease on magnetic nanoparticles and its
application in protein hydrolysis
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Summary

This chapter demonstrated the application of the immobilised protease on a promising
support/carrier obtained from Chapter 5. In this work, the use of relatively inexpensive
enzyme preparative for immobilisation onto functionalized MNPs and crosslinking with
glutaraldehyde was assessed. The goal was to test the viability of using low-cost proteases
derived from an animal (hair waste) and vegetable (soy fibre residues) protein-rich wastes
that were produced by SSF after being immobilised onto functionalized MNPs in the
hydrolysis of different type of proteins. The relative differences regarding stability and
reusability between the free and immobilised enzymes were significant, exhibiting the
feasibility of the immobilised enzymes produced in this work. Also, the magnetic properties
of the support render a convenient separation between the substrate and the enzymes within
the catalytic system. The whole processes involve in this experimental has been illustrated in

Fig. 6.1.

Briefly, alkaline proteases produced from protein-rich waste (hair waste and soy fibre
residues) by solid state fermentation (SSF) were immobilised onto functionalised magnetic
iron oxide nanoparticles (MNPSs) using glutaraldehyde as a crosslinking agent. The covalent
binding method had a better immobilisation yield compared to simple adsorption, retaining
93%-96% (45.9+£10.6 U/mg nanoparticles, 31.9+34 U/mg nanoparticles) of hair waste and
soy residues proteases, respectively after crosslinking with 5% glutaraldehyde for 6 h.
However, the adsorption immobilisation yield was 47%-54% after 8 h for both proteases.
MNPs and immobilised proteases were characterised using transmission electron microscopy
(TEM), scanning electron microscopy (SEM), Fourier transforms infrared spectroscopy (FT-
IR) and electron diffraction. The results indicated successful crosslinking between the
proteases and amino-functionalised MNPs. The operational stability (pH and temperature)

and storage stability of free and immobilised enzyme were also analysed. Despite the fact that

143



Chapter 6

the optimum pH of free and immobilised proteases was identical in the alkaline region, the
immobilised proteases reached their optimum condition at higher temperatures (40 °C — 60
°C). After 2 months of storage at 4 °C, the immobilised proteases showed excellent stability,
retaining more than 85% of their initial activity. The high magnetic response of MNPs
renders an ease of separation and reusability, which contributes to the residual activity of
both immobilised proteases on MNPs retaining more than 60% of their initial values after
seven hydrolytic cycles. These results showed the enhancement of the stability of the
crosslinking interactions between the proteases and nanoparticles. The immobilised proteases
were capable of hydrolysing selected proteins (casein, oat bran protein isolate, and egg white
albumin). However, differences in the degree of hydrolysis were observed, depending on the

combination of the protease and type of substrate used.
6.1 Production of proteases from hair waste and soy fibre residue in SSF

In this work, the protease was produced from SSF using a mixture of anaerobically
digested sludge (ADS) and hair waste or soy fibre residue as substrate. The proteases were
produced in the 10 L reactors according to Section 3.1. The characterisation of all substrates
use to produce proteases was tabulated in Table 6.1. The initial dynamic respiration index
(DRYI) for both mixtures; hair waste and soy fibre residue were 8.80 + 1.8 g O, kg DM h*
and 6.94 + 0.04 g O, kg™t DM h™ which can be considered as highly degradable (Ponsé et al.,
2010) and high enough to initiate the aerobic fermentation. Protein content from each waste

was appropriate to produce protease in SSF.

Fig. 6.2 shows the typical fermentation profile of protease from both sources where
the maximum temperature achieved in hair waste was in the range of 60 °C- 63 °C, whereas
the maximum temperature achieved in soy fibre residue fermentation was in the range of 55

°C- 60 °C. The pH at the production of the protease was similar (pH 8.87-pH 8.96) for both
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of the sources during the production of protease. The fermentation of hair waste was
continued until 23 days, and the fermentation of soy fibre residue was continued until 12 days
for stabilisation of the residues. The stabilisation of final mixtures for hair waste and soy fibre

residue were sufficient with DRI less than 1.0 g O, kg OM h™* as suggested by others (Adani

et al., 2004).
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Fig. 6.2 Fermentation profile of protease production in SSF using different substrate
(a) hair waste and ADS; (b) soy fibre residue and ADS.
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Table 6.1 Characterisation of hair waste, soy fibre residue, anaerobically digested sludge
(ADS), and an initial mixture of for SSF process.

Hair Soy fibre

Characteristics . ADS Mixture® Mixture®
waste residue

Physical characteristics

Organic matter (% db) 86.9+0.6 909104 76.3+03 881+0.5 893104

Water content (% db) 66.1+73 854+55 854+t42 69.7+9.1 76.7+54

Dynamic respiration index (DRI)

(g0, kg DM h™) N.D. N.D. N.D. 8.80+1.8 6.94+0.04

Stabilisation DRI

(g0, kg OM hh) N.D. N.D. N.D. 0.83+0.4 0.71+0.5

Electrical conductivity (mScm™) 2.27+0.3 1.57+0.2 159+04 2.79+0.2 1.54+0.3

pH 9.13 6.43 8.34 8.38 8.04

Chemical characteristics

Total carbon (% db) 57.6+09 487+0.6 451+03 402+14 40+0.6

Total nitrogen (% db) 10.1+0.1 48+04 82+06 93+11 46+0.2

C/N ratio 5.7 10.1 5.5 4.3 8.7

db: dry basis; DM: dry matter; OM: organic matter; N.D.: not determined.
®Ratio 1:2 (sludge: hair waste)
®Ratio 1:2 (sludge: soy fibre residue)

The substrate mixture for fermentation was prepared by adding ADS at a constant
ratio (1:2 w/w) to standardise the condition of the substrate for protease production for this
work, which the different factor was only hair waste (from animal) and soy fibre residue
(from plant). This factor will be evaluated for protein hydrolysis efficiency of various
sources. Also, by adding ADS to soy fibre residue can alter the initial pH from slightly acidic
to an alkaline condition to produce alkaline protease (Table 6.1). The protease production
from different source distinctively from animal and plant was an attempt to investigate the
reaction of each protease. Since it is necessary to select the source for protease production as
the same protease can present a distinct behaviour which could influence the choice of the

enzyme for a given application particularly in industrial level (Tavano, 2013).

In view of the fact that different source of residues will result in various protease

production pattern (Pandey et al., 1999), the protease was extracted at day 14" for hair waste
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as a substrate (Fig. 6.2a), while for soy fibre residue, the protease was extracted after the
thermophilic phase based on the fermentation profile (Fig 6.2b). The protease from soy fibre
residue was extracted just after the thermophilic phase. Since the protease was considered to
be produced during active phase with the substance that readily degraded such as soy fibre
residue compared to hair waste that required more time to be degraded to produce more
protease based on the previous study (Abraham et al., 2013). Afterwards, the protease

extracts were collected and lyophilised before immobilisation process.

6.2 Immobilisation of protease onto functionalised magnetic nanoparticles (MNPs)

The Phw and Psr enzymes from SSF were immobilised onto magnetic nanoparticles
via simple adsorption and crosslinking with glutaraldehyde (GA). Both methods were carried
out for 8 h with the aim of investigating the effect of time and crosslinker concentration on
immobilisation (Fig. 6.3 and Fig. 6.4). The simple adsorption yielded a maximum activity
recovery of 28% with an activity loading of 8.7+£2.2 U/mg NP for Phw and 33% Psr (activity
loading of 7.0£1.7 U/mg NP) after 8 h of immobilisation (Fig. 6.3a and Fig. 6.4 a). The
immobilisation efficiency for both Phw and Psr in simple adsorption increased during 8 h
with a maximum of 60-61% efficiency yield, while the maximum immobilisation yield in
simple adsorption for both Phw and Psr were 47% and 54%, respectively (Fig. 6.3b and Fig.
6.4b). The surfaces of naked MNPs likely possess high reactivity, which makes them
susceptible to degradation under particular environmental conditions. This fact could involve
weaker binding forces that contribute to the poor stability of the protein attachments to the
surface (Cowan and Fernandez-Lafuente, 2011; Xu et al., 2014). Immobilisation via the

crosslinker showed good results for both enzymes studied (Phw and Psr).
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Fig. 6.3 The effect of the glutaraldehyde (GA) concentration and crosslinking time on (a) the
activity recovery of Phw with 0% GA (simple adsorption) (M), 1% GA (Z4), 2.5% GA
(H8), 5% GA (=) and enzyme loading per carrier of Phw with 0% GA (simple adsorption)
(—), 1% GA (—=—), 2.5% GA (—+), 5% GA (—=—); (b) immobilisation yield of Phw
with 0% GA (simple adsorption) (H), 1% GA (), 2.5% GA (), 5% GA (=),
immobilisation efficiency of Phw with 0% GA (simple adsorption) (—#—), 1% GA (—&—),
2.5% GA (—), 5% GA (—=—) onto amino-functionalized MNPs.
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Fig. 6.4 The effect of the glutaraldehyde (GA) concentration and crosslinking time on (a) the
activity recovery of Psr with 0% GA (simple adsorption) (Il), 1% GA ( Zd), 2.5% GA (),
5% GA () and enzyme loading per carrier of Psr with 0% GA (simple adsorption) (—e—),
1% GA (—o—), 2.5% GA (—%), 5% GA (—=—); (b) immobilisation yield of Psr with 0%
GA (simple adsorption) (Il),1% GA ( Z3), 2.5% GA ( B), 5% GA (&) and immobilisation
efficiency of Psr with 0% GA (simple adsorption) (—#—), 1% GA (—=—), 2.5% GA (—¥),
and 5% GA (—=—) onto amino-functionalized MNPs.
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The immobilisation yield increased according to the increase in the GA concentration
from 1%-5% up to 6 h; then, it decreased abruptly for Phw (Fig. 6.3b). Only when using Psr
with 1% GA, the immobilisation yield continues increasing (Fig. 6.4b). Maximum activity
recovery and immobilisation yields were obtained after 6 h of crosslinking time, 90% and
96% respectively, which is (equivalent to an activity load of 45.9+10.6 U/mg NP) for Phw

with 5% GA (Fig 6.3a and Fig. 6.3b).

Similarly in Psr with 5% GA the maximum activity recovery and immobilisation
yields were 92% and 93%, respectively (equivalent to activity loading of 31.9£34 U/mg NP)
(Fig. 6.4a and Fig. 6.4b). In addition, the immobilisation via crosslinker was superior to
simple adsorption as both of the enzymes (Phw, Psr) showed good immobilisation efficiency
in the range of 45% to 98% during 6 h of immobilisation time (Fig 6.3b and Fig. 6.4b).
Correspondingly, it indicated that the crosslinking time and GA concentration play a major
role during the immobilisation of enzymes in this study. As GA plays a role as a spacer arm
for the carriers by providing aldehyde groups for coupling to free amine groups from the
enzymes, forming imines, it can also act as a denaturing agent (Chae et al., 1998).
Additionally, some studies obtained different crosslinking times (between 1 h to 4 h) and GA
concentrations (from 1% to 6%), implying good biocompatibility for these specific enzymes

(Chae et al., 1998; Hu et al., 2015; Prasertkittikul et al., 2013; Wang et al., 2014).

6.3 Characterisation of the functionalised magnetic nanoparticles (MNPSs)

6.3.1 Characterisation of MNPs using TEM, electron diffraction, and SEM

Transmission electronic microscopy (TEM) images of MNPs before and after
modification with APTES and after the enzymes immobilisation onto the activated surface
were compared (Fig. 6.5). The average particle size of naked MNPs slightly increased from

10.2 nm (Fig. 6.5a) to 16.1 nm (Fig. 6.5b) after surface modification with APTES. This effect
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has been observed previously in other studies (Lopez et al., 2010; Quanguo et al., 2010).
After surface modification with APTES, fewer nanoparticle aggregates formed. As suggested
previously (Jin et al., 2010), surface modifications of magnetic nanoparticles can improve
their solubility and help avoid aggregation of particles. In Fig. 6.5¢ and Fig. 6.5d, a layer
covering the surface of MNPs upon immobilisation of the proteases (Phw and Psr) can be

seen.

(a)

Fig. 6.5 TEM images at a magnification of 30,000x of (a) naked MNPs, (b) amino-
functionalized MNPs, (c) amino-functionalized MNPs after being immobilised with Phw, and
(d) amino-functionalized MNPs after being immobilised with Psr.
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The thickness of this layer covering the surface of MNPs was estimated to be
approximately 5.1 nm for Psr and 8.4 nm for Phw, indicating an increase in the size of the
particles. Based on electron diffraction analysis (Fig. 6.6) of the TEM images, the crystalline
structure of the particles was not affected by surface modifications. Fig. 6.6a shows a clear
loop, confirming the crystalline structure of MNPs. After surface modification by APTES or
CTAB as a stabiliser, the crystalline structure was not modified; however, the size of some
nanoparticles was enlarged, as observed in Fig. 6.6b and Fig. 6.6¢c. Once protease
immobilisation was performed, the structure of the nanoparticles became an amorphous

structure, confirming that the enzyme covered the surface of the nanoparticles (Fig. 6.6d).

(a) (b)

(c) (d)

Fig. 6.6 The electron diffraction images of (a) naked MNPs, (b) MNPs after the addition of
CTAB, (c) MNPs after surface modification with APTES, and (d) MNPs after the
immobilisation of the enzymes Phw and Psr.
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The surface of the naked MNPs and functionalised MNPs can be observed in SEM
images (Fig. 6.7a and Fig. 6.7b). The small and spherical particles with well-defined edges
are observed as in other studies (Ladole et al., 2014). In contrast, in Fig. 6.7c and Fig. 6.7d,
the edge surface of nanoparticles is smooth because they are covered by the enzymes,
indicating that the immobilisation of proteases onto amino functionalised MNPs was

successful.

Figure 6.7 also shows the element quantification using energy dispersive X-ray
(EDX). For naked MNPs (Fig. 6.7a) the element carbon (C) was due to the holey carbon grid
used during the analysis. As we can observe element silicon (Si) appeared after MNPs being
functionalised by a silanisation reaction with APTES (Fig. 6.7b). While after the
immobilisation of proteases (Phw and Psr) on MNPs, the element of C was enhanced and the
nitrogen (N) element was quantified which can be indicated as enzyme protein appeared in
the sample that demonstrated the successful of immobilisation process. The quantification of
each element in naked MNPs, amino-functionalised MNPs, and immobilised proteases (Phw

and Psr) on amino functionalised MNPs was tabulated in Table 6.2.

Table 6.2 Energy dispersive X-ray analysis (EDX) element quantification

Amino Amino Amino
Naked . . . . . .
MNPs functionalised- functionalised- functionalised-
MNPs MNPs-Phw MNPs-Psr

Element [wt%] [At%] [wt%] [At%] [wt%] [At%] [wt%] [At%]

C 5.09 2.58 6.47 15.63 17.00 33.74 1430 29.20
N n.d. n.d. n.d. n.d. 2.78 4.73 3.20 5.60
0] 36.21 57.18 26.72 4847 25.17 37.52 2631 40.03
Si n.d. n.d. 2.3 2.38 1.22 1.04 1.00 0.85
Fe 58.70 40.24 64.51 33,52 53.83 2298 55.19 24.32

n.d. not detected
no peak was omitted during the analysis
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amino-functionalized MNPs, (c) amino-functionalized MNPs after being immobilised with
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6.3.2 Characterisation of MNPs using FT-IR

The surface modification and immobilisation of proteases (Phw and Psr) onto
nanoparticles were confirmed by a comparison of the FT-IR spectra of naked MNPs,
functionalised MNPs, and Phw and Psr immobilised onto functionalised MNPs. The FT-IR
spectrum in Fig. 6.8A shows a strong absorption peak at 584 cm™, which could correspond to
Fe-O, as indicated in other studies (Bruce and Sen, 2005; Yamaura et al., 2004). It has been
suggested that this strong peak could be due to the stretching vibration mode associated with
metal-oxygen absorption. In this region, the stretching vibration peaks related to metal
(ferrites in particular) in the octahedral and tetrahedral sites of the oxide structure were found
(Lopez et al., 2010). In Fig. 6.8A, the peaks at 1,662 cm™ and 3,444 cm™ were due to the
bending and stretching vibration of -OH, respectively (Pavia et al., 2015). After grafting with
APTES, the characteristic peak of the Fe-O bond shifted from 584 cm™ to 638 cm™ and 640
cm™ because of the formation of the Fe-O-Si bond (Fig. 6.8B, Fig. 6.8C and Fig. 6.8D). The
shifting of the absorption peaks to high wavenumbers is due to the greater electronegativity
of -Si(O-) compared to H, which contributes to the bond forces for Fe-O bonds (Bini et al.,

2012).

Additional strong peaks at 1,039 cm™, 1,035 cm™, and 1,034 cm™ correspond to the
Fe-O-Si bending vibrations, indicating that alkyl silanes are successfully attached to
functionalised MNPs (Fig. 6.8B, Fig. 6.8C, and Fig. 6.8D). Additionally, the presence of
silane groups was observed at 995 cm™, 893 cm™, and 896 cm™ and was from the stretching
vibrations of the Si-OH and Si-O-Si groups from APTES (Bini et al., 2012; Pavia et al.,

2015).
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immobilisation of Psr.
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Characteristic peaks of the immobilised enzymes attached via the crosslinker (Fig.
6.8C and Fig. 6.8D) were observed at 1,536 cm™, 1,544 cm™ and 1,630 cm™ because of the
C=N and C=0 absorption from the glutaraldehyde and NH; from the enzyme (Wang et al.,
2014). Small shifts in intensity from 2,928 cm™ (Fig. 6.8B) to 2,991 cm™ (Fig. 6.8C) and
2,984 cm™ (Fig. 6.8D) correspond to the C-H stretching vibration from the methyl group
(Casillas et al., 2012), which illustrated the effect before and after the immobilisation of the
enzymes. Additionally, in Fig. 6.8C and Fig. 6.8D, there were broad and strong peaks at
3,325 cm™ and 3,344 cm™, which indicated the vibration modes of the O-H and —~NH groups
from enzymes that interact with nanoparticles, which has been suggested previously (Sinha

and Khare, 2015).
6.4 Biochemical characterisation of immobilised proteases (Phw, Psr)
6.4.1 Operational stability of immobilised Phw and Psr

The operational stability regarding temperature and pH is an important criterion in the
application of immobilised enzymes (De Castro and Sato, 2014; Tavano, 2013). Various pH
values (5-11) and temperatures (30 °C-70 °C) were tested, and the results were compared with
those of free enzymes (Phw_free, Psr_free) to check the operational stability of the
immobilised proteases. The results were analysed using analysis of variance (ANOVA) to
indicate the significant factor influencing the stability of both enzymes. The ANOVA results
in Table 6.3 shows that the regression coefficients had a high statistical significance (p<0.05)
and show the values obtained for the coefficient of determination for both Phw_im and
Psr_im (R? 0.9730 and R? 0.9733) and Phw _free and Psr_free (R? 0.9723 and R? 0.9712,
respectively). The values indicated that the model of the immobilised enzymes could not
explain only 2.7% of the variables behaviour, while with the free enzymes the value was 2.8-

2.9%.
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Table 6.3 Analysis of variance (ANOVA) for the response surface quadratic model for
immobilised (Phw_im and Psr_im) and free (Phw_free and Psr_free) enzymes

Degree
Protease source of - Sums of of Mean F-value Prob>F

variation square freedom square
Phw_im Regression 12107.4 5 2421.5 50.47 <0.0001
Residual 335.9 7 47.98
Pure error 150 4 375
Lack of fit 185.9 3 61.95 1.65
Total 12443.2 12
Psr_im Regression 5108.7 5 1021.7 50.99 <0.0001
Residual 140.3 7 20
Pure error 58.8 4 14.7
Lack of fit 81.5 3 27.2 1.85
Total 5248.9 12
Phw_free  Regression  3382.4 3 1127.5 105.4 <0.0001
Residual 96.3 9 10.7
Pure error 20.8 4 5.2
Lack of fit 75.5 5 15.1 2.9
Total 3478.7 12
Psr_free Regression 6452.3 3 2150.8 101.1 <0.0001
Residual 191.5 9 21.3
Pure error 32.3 4 8.1
Lack of fit 159.2 5 31.8 3.94
Total 6643.8 12

Phw_im: R* 0.9730, adj R> 0.9537, pred R> 0.8519
Psr_im: R® 0.9733, adj R”0.9542, pred R” 0.8260
Phw_free: R*0.9723, adj R*0.9631, pred R> 0.9315
Psr_free: R®0.9712, adj R*0.9616, pred R* 0.9224

For immobilised enzymes, the calculated F-value (a=0.05, DOF=4,3) was 9.12 for the
regression. This value was higher than the tabulated F-values (1.65, 1.85), indicating that the
treatment differences were highly significant. Similarly, in free enzymes, the obtained F-
values (2.90, 3.94) were less than the critical F-value (Fo.os45 = 5.19), reflecting the
significance of the model. The following Equations (6.1-6.4) represent the second order

polynomial model of the residual activity for the experimental data:
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Residual Phw_im(%) = —407.2 + 56.5pH + 10.1T — 2.6pH? — 0.1T? — 0.16pHT  (6.1)
Residual Psr_im(%) = —275.9 + 41.8pH + 6.3T — 1.8pH? — 0.05T% — 0.17pHT (6.2)
Residual Phw_free(%) = 22.2 + 2.5pH + 1.5T — 0.026T? (6.3)

Residual Psr_free(%) = 66.4 + 1.04pH + 0.54T — 0.021T? (6.4)

For free enzymes, the models (Egs. 6.3-6.4) were reduced by removing the interaction
between pH and temperature, as it was not significant to the stability of the free enzymes.
Contour plots of the second order polynomial model were generated as a function of the

independent variables of pH and temperature for immobilised and free enzymes.

The contour plots of free Phw and Psr exhibited their stability under mesophilic
conditions (30 °C to 40 °C). Free enzymes were stable over a broad range of pH values
(Fig. 6.9b and Fig. 6.9d), with no optimum condition obtained in the range tested (pH 5-11).
However, both of the immobilised enzymes had improved the stability by achieving their
optimum condition in the alkaline region (pH 8 to 11) with thermophilic temperature stability
ranging from 40 °C to 60 °C for immobilised Phw (Fig. 6.9a) and 40 °C to 55 °C for

immobilised Psr (Fig. 6.9c).
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Fig. 6.9 Contour plots of the residual activity (%) of the enzymes regarding their operation
stability as a function of pH and temperature of (a) immobilised Phw, (b) free Phw, (c)
immobilised Psr, and (d) free Psr

6.4.2 Storage stability of immobilised Phw and Psr

Storage stability plays a crucial role in the use immobilised proteases, as the shelf life
determines the viability of an immobilised enzyme over time (Kumar et al., 2009). The
storage stabilities of enzymes immobilised via a crosslinker (Phw_GA and Psr_GA) and

adsorption (Phw_adsorp and Psr_adsorp) were tested by dispersing the immobilised enzymes

160



Immobilisation of protease produced from SSF
on magnetic nanoparticles and its application

in Tris buffer and maintaining them at 4 °C for 60 days. Free enzymes (Phw_free and
Psr_free) were used as controls to monitor the durability of enzyme activity. Phw_free and
Psr_free were not stable in solution, as their activity decreased over time. This fact could be
related to the behaviour of the proteases, as they tend to autolyse themselves by nucleophilic
attack on the intermediate in the presence of water (Beynon and Bond, 2001; Rao et al.,
1998). After 7 days of storage at 4 °C, the residual activity of Phw_free and Psr_free was less

than 17% (Table 6.4).

Table 6.4 The storage stability of free and immobilised enzymes created via crosslinking
with glutaraldehyde (GA) and via adsorption (adsorp) during 60 days of storage.

Initial Final Residual
Enzymes activity activity activity

(U/ml) (U/ml) (%)
Phw_GA 501 +72 458 £51 91
Psr_GA 346 £ 69 297 +£84 86

Phw_adsorp 190+ 15 77+9 41
Psr _adsorp 1529 465 30
Phw_free 537 +26 91+21* 17

Psr_free 358 +29 42+3° 12

% The final activity was determined after 7 days of storage.
The standard deviation was calculated from 3 replicates.

There was a significant decrease in the activity of the immobilised enzyme via
adsorption over 60 days of storage, with a residual activity of less than 45%. The weak
bonding between the enzyme and nanoparticles could induce partial desorption during the
period of storage. Immobilisation via adsorption involves relatively weak interactions, such
as electrostatic interactions, hydrogen bonds, van der Waals forces and hydrophobic
interactions, which tend to strip off enzymes from the carrier easily, thus leading to a loss of

activity and contamination of the reaction media (Xu et al., 2014). However, the enzymes
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immobilised via crosslinking (Phw_GA and Psr_GA) retained 91% and 86% of their residual
activity, respectively, after 60 days of storage at 4 °C (Table 6.4). These results show that
enzymes immobilised created by crosslinking provide a distinctive advantage in stability over

immobilised enzymes created by adsorption at a longer duration of storage.

6.4.3 Reusability of immobilised Phw and Psr

For the sake of the cost-effective use of enzymes, reusability is a critical factor to
consider (Chen et al., 2014). The reusability of immobilised Phw and Psr created using
crosslinking was evaluated in a repeated batch process using fresh casein as a model protein
in each batch cycle (Fig. 6.10). Both immobilised Phw and Psr retained 66% and 64% of their
activity, respectively, after 7 cycles, indicating a significant enhancement of the stability of
the crosslinking interaction between the proteases and nanoparticles. In this work, testing the

reusability was feasible, as the immobilised enzymes were easily separated by a magnetic

force.
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Fig. 6.10 The reusability of immobilised Phw and immobilised Psr onto amino-functionalized
MNPs using casein as a model substrate for the hydrolysis reaction
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6.5 Application of immobilised proteases in the hydrolysis of proteins

6.5.1 Degree of hydrolysis

The degree of hydrolysis was determined by calculating the percentage of solubilised
protein in 10% of trichloroacetic acid (TCA) in relation to the total protein content of the
sample as mentioned in Section 3.4.5. Casein has been used as a model protein to evaluate
the degree of hydrolysis (DH) of immobilised enzymes created via crosslinking and free Phw
or Psr. While egg white albumin was chosen as protein source from animal and oat bran
protein isolate was selected for protein source from vegetal. The different sources of protein
were exploited to investigate the effect of protease from hair waste (Phw) and soy fibre

residue (Psr). The results of the hydrolysis are shown in Fig. 6.11a.

The DH of immobilised Phw (24%) was higher than that of free Phw (15%) during
the first 30 min of reaction time (Fig. 6.11a). The maximum DH was achieved after 24 h and
was 80% for immobilised Phw and 40% for free Phw. Besides, the residual activity of both
immobilised Phw and Psr were stable for 24 h whereas the residual activity of free Phw and
Psr had decreased pronouncedly after 24 h at 50 °C indicating an improvement of process
efficiency and thermal stability of the immobilised enzymes (Sinha and Khare, 2015). The
higher stability may be possibly due to the multipoint covalent binding of protease to the
solid support that limits the flexibility and conformational mobility of the enzyme, hence

inhibits unfolding or denaturation of the enzyme (Singh et al., 2011).
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Fig. 6.11 The degree of hydrolysis of the selected protein hydrolysates obtained from the
hydrolysis of immobilised Phw (—2—), free Phw (——), immobilised Psr (—&—), and free Psr
(—¥) with (a) casein; (b) oat bran protein isolate (OBPI); and (c) egg white albumin. The
residual activity of immobilised Phw (—=—), free Phw (—®—), immobilised Psr (—*—) and
free Psr (—*) in 50 °C during 24h.
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Likewise, the DH of immobilised Psr (12%) showed the same rate as that of free Psr
(13%) and continued to increase over time with a similar profile, reaching the maximum DH
30% in free Psr and 50% in immobilised Psr after 24 h of reaction time. Thus, the
immobilised enzymes in the present study could enhance the ability of free enzymes to
hydrolyse protein, as shown by the model protein, reflecting that the active enzymes were
successfully immobilised. The effect of both proteases (Phw and Psr) was also evaluated in
the hydrolysis of the protein source from animals (egg white albumin) and vegetables (oat
bran protein isolate). The hydrolysis of oat bran protein isolate (OBPI) corroborated the
efficiency of immobilised Phw and Psr, as they had a higher DH compared to free Phw and

Psr over a longer duration (Fig. 6.11b).

These results agree with those obtained using functionalised magnetite nanoparticles
to hydrolyse soy protein isolates and whey protein isolates (Lamas et al., 2001; Wang et al.,
2014). It seems that Psr exhibited a higher DH than (free and immobilised) Phw when using a
vegetable protein source. In the hydrolysis of egg white albumin, immobilised Psr reached a
maximum DH 60% after 24 h, and free Psr achieved maximum DH 45% after 6 h, while Phw
reached a maximum DH of 70% and 51% for immobilised and free Phw, respectively
(Fig. 6.11c). Hence, the different source of the proteases seems to be a distinct behaviour that
depends on the substrate source; in fact, it could determine the choice of enzymes according

to the application, as suggested by others (Tavano, 2013).

6.5.2 Peptide and amino acid analysis after treated with immobilised proteases

SDS-PAGE of the hydrolysates from selected proteins (casein, OBPI, egg white
albumin) is shown in Fig. 6.12. The presence of several smaller peptides with low molecular
weights supports the idea that proteins were hydrolysed by immobilised protease derived

from an animal source (Phw) and vegetable source (Psr). Similar profiles were obtained for

165



Chapter 6

both immobilised enzymes (Phw and Psr), showing their ability to perform the reaction after

being grafted on nanoparticle surfaces created by crosslinking with glutaraldehyde.

Fig. 6.12 SDS-PAGE of the hydrolysates after reduction using 2-mercaptoethanol for
selected proteins before and after treatment with the immobilised proteases; (1) Molecular
mass marker; (2) casein; (3) egg white albumin; (4) hydrolysate from casein after treated with
immobilised Phw; (5) hydrolysate from egg white albumin after treatment with immobilised
Phw; (6) hydrolysate from OBPI after treatment with immobilised Phw; (7) hydrolysate from
casein after treatment with immobilised Psr; (8) hydrolysate from egg white albumin after
treatment with immobilised Psr; (9) hydrolysate from OBPI after treatment with Psr.

The hydrolysis of proteins was initiated with 4% (w/v) of proteins as substrate
(casein, OBPI, and egg albumin) using immobilised proteases (Phw and Psr). The amino
acids of the hydrolysates were analysed without derivatisation using LC-MS following the
method in Section 3.4.6 for 30 minutes, and 20 amino acids were correlated with their
standards as in A.5 — A.21, except for tryptophan. The amino acids were quantified according
to Table 3.1 (Section 3.4.6) using positive APCI ionisation mode in SIM mode. The amino

acids composition of the hydrolysates was shown in Table 6.5.
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Table 6.5 Amino acids distribution (% w/w) in protein hydrolysates of 100 mg of dried
protein after treated with immobilised proteases for 24 hours.

Casein 0.5h 2h 4h 6h 24h

Psr Phw  Psr Phw  Psr Phw  Psr Phw  Psr Phw
ala 0.21 031 0.83
val 1.22 046 0.12 1.12 7.39
thr 14.81 3.53 7.10 6.78
cys 21.29 33.78 25.18 37.11 26.75 39.00 29.80 31.24 31.64 32.26
hyp-leu-ile® 1.04 1.19 0.46 0.67 9.41
asn 354 049 188 123 360 338 173 4.00 15.13
gln-lysb 0.17 491
met 0.53 0.28 0.28 5.71
phe 959 036 041 054 140 3.01 272 509 426 311
arg 0.21
tyr 221 029 126 140 3.39 280 216 1.08 13.96
OBP 0.5h 2h 4h 6h 24h

Psr Phw  Psr Phw  Psr Phw  Psr Phw  Psr Phw
ala 0.21
val 0.28 129 191 184 350 216
thr 482 290 5.40
cys 31.67 25.39 32.76 29.50 31.65 34.47 3531 3833 39.79 32.61
hyp-leu-ile® 0.25 1.13 091 057 262 194
asn 030 099 274 555 4,02 391 3.03 631 419
gln-lysb 0.47
met 0.17 0.18
phe 370 269 051 067 203 198 248 412 149 1.67
arg 0.20 0.27
tyr 071 139 161 221 279 359 533 3.17
Egg 0.5h 2h 4h 6h 24h
albumin Psr Phw  Psr Phw  Psr Phw  Psr Phw  Psr Phw
ala 0.98
val 0.24 0.57 057 431
thr 4.44 0.95
cys 16.59 23.16 21.73 27.86 22.68 29.39 22.22 29.89 24.17 28.11
hyp-leu-ile® 041 1.22 4.5
asn 0.42 1.55 037 237 137 332 4385 9.72
gln-lysb 0.36
met 0.21 0.19 0.56 2.08
phe 463 357 037 056 049 133 055 134 119 215
arg 1.07
tyr 0.17 1.82 2.77 3.08 3.04

OBPI: oat bran protein isolate;

hyp-leu-ile®: hydroxyproline, leucine, and isoleucine were determined at the same mass ion (132 m/z) in
Table 3.1

gIn—Iysb: glutamine and lysine were determined at the same mass ion (147 m/z) in Table 3.1
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The total nitrogen content (N %) of each unhydrolysed proteins were 13.6% 0.2, 12.9%
+1.5, and 10.5%z=3.5 in casein, egg albumin, and oat bran protein isolate (OBPI), respectively
determined using the Kjeldahl method in Section 3.3.5. The N factors used for the conversion
from total N content to proteins were 6.38, 6.25, and 5.38 for casein, egg albumin, and OBPI,
respectively (Who/Fao, 2002). Out of 20 amino acids detected from the sample hydrolysates,
only the residues with significant amount were tabulated in Table 6.5. The amino acids
composition released was well balanced with the degree of hydrolysis (Fig. 6.11) and was
different in each protein substrates which had treated with different proteases (Phw and Psr)
due to the different nature of these proteins. There are a significant amount of tyrosine,
phenylalanine, and leucine residues signify that these proteases probably belongs to alkaline
serine which has broad substrate specificities and hydrolyses a peptide bond which has
tyrosine, phenylalanine, or leucine at the carboxyl side of the splitting bond (Rao et al.,

1998).

Furthermore, in Table 6.5, amino acids composition from hydrolysate obtained from
different proteases hydrolysis showed high cysteine content (>30%) during 24 h of hydrolysis
reaction and more prominent when hydrolysis of OBPI using Psr which both were from
vegetal/plant source. This finding was corresponding to the study with the hydrolysate from
defatted soy flakes which were a vegetal source protein (Ding et al., 2015). As a matter of
fact, in plants/vegetal there are the peptides with the abundance of cysteine (cys) residues that
called phytochelatins (PC) that have general structure (glu-cys), which known to bind heavy

metals.

Normally, hard metals such as Ca** and Mg®* will bind to acidic amino acid residues
such as aspartic acid (asp) and glutamic acid (glu), while soft metals such as Zn**, Cu**, and

Fe?* rather bind to cys and histidine (his) residues (Viswanathan et al., 2012). However, in
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this study, the cys residue was found in abundance which not binding to the Fe** ions in the
nanoparticles indicated the successful of amino functionalised magnetite with covalent
binding to the proteases and denoted the irreversible immobilisation as suggested in iron
magnetic nanoparticles immobilisation (Xu et al., 2014). In this case, protease immobilised
on amino functionalised magnetic nanoparticles can be used without affecting the reaction or

residues of amino acids during the protein hydrolysis.
Conclusion

Low-cost proteases obtained through the SSF of protein-rich wastes (hair waste and
soy fibre residues) were successfully immobilised onto functionalised MNPs over a relatively
short time. The ease of the separation and reusability of these enzymes in comparison with
free enzymes could be considered an advantage of their use in industrial processes.
Additionally, stability was enhanced from mesophilic to thermophilic conditions under
alkaline conditions, preventing autolysis of the enzymes and maintaining their initial
activities for 2 months with only 9%-14% activity loss. Immobilised Phw and Psr were able
to hydrolyse some proteins derived from plant and animal sources with a high degree of
hydrolysis, indicating that they are promising for immobilised enzyme applications in a wide

range of industrial processes.

All in all, the degree of hydrolysis of the protein can be a determiner to produce
certain amino acids and the hydrolysates produced in the present work can be further used in

peptide synthesis for heavy metal sequestration scheme.
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Conclusions and Recommendations

From the findings obtained in this study, in general, we can conclude that the extraction,

immobilisation and utilisation of proteases produced by SSF using organic waste were

successful. Apart from the general conclusion, several specific issues can be withdrawn from

the results obtained in this research study as presented as following:

Most of the studies involved solid residues in SSF dealing with small scale and
barely explore the reproducibility of the process. In this study, the SSF of protein-
rich solid waste and anaerobically digested sludge has demonstrated a
reproducibility process with the similar protease production profile generated from
several batch fermentations in 10 L reactors. Furthermore, statistically, the
coefficients of variation (CV) for all fermentations were lower than 5% validating
the process and confirming that there were non-significant differences between

replicates.

Since SSF is a process occurred in a limited of water activity, therefore extraction of
bio-product has become a significant downstream processing in SSF. Downstream
processing in SSF is scarcely reported in the literature and commonly treated in a
lower scale, which hampers the up-scaling process. This study successfully
demonstrated an extraction process using the whole material in 10 L reactors, that
enables the utilisation of the whole material to yield maximum recovery of the

protease from SSF.

The reutilisation of the remaining residues after solid state fermentation was
accomplished by stabilisation process in the reactor until a compost-like material
was obtained which is stable and easy to handle and could be applied for agricultural

purpose.
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The protease produced from hair waste was classified as an alkaline serine protease
that has broad substrate specificities which suitable for dehairing process, coupled
with its stability at the alkaline condition with moderate heat stability (30°C — 50°C),

suitable for the industrial application.

Even though the lyophilised protease extracts has lost its activity about 21% after
lyophilisation process, it still exhibited a promising alternative for chemical methods
in dehairing of cowhides with the result was comparable with the commercial

enzyme and chemical methods.

The selection of suitable support has become a key consideration for enzyme
immobilisation. In this work, out of 10 materials screened for immobilisation
support, magnetic nanoparticles seem appropriate for immobilisation of proteases

from hair waste and soy waste.

Nanoparticles have exhibited ideal characteristics as a support for proteases
immobilisation with high biocatalysts efficiency and sufficient enzyme loading.
Besides, immobilisation of proteases on nanoparticles has improved the stability and
performance of the enzymes. Additionally, the magnetic nanoparticles as a support
for enzyme immobilisation have an extra advantage on reusability, reproducibility,
feasibility and cost effective. Not only inexpensive but also offer an easy preparation

and separation processes.

Box-hunter experimental design technique has been used to determine the optimal
load of protease activity on magnetic nanoparticles. The optimisation was carried out

taking into account the maximum enzymatic load and the possibility of reuse.



Conclusions and Recommendations

In this work, it has been demonstrated that the characterisation of the support for
protease immobilisation can be an important aspect as it can provide a visual
interpretation regarding enzyme attachment and chemical and physical modification

occurred after and before immobilisation.

Immobilisation via covalent binding is an excellent method for the produced
proteases. It provides higher stability regarding operation that enhanced from
mesophilic to thermophilic conditions under alkaline conditions. In addition, the
storage stability was maintained for 2 months with only 9%-14% activity loss. The
stability improvement is very useful for industrial application mainly associated with

the hydrolytic reaction.

Enzyme immobilisation on magnetic nanoparticles not only can provide enzyme
stabilisation but also eliminate the step of enzyme inactivation at the end of reaction
as it can be easily removed, subsequently, can be reused for the next reaction. The
activity of immobilised enzyme was maintained above 60% for both proteases after
seven consecutive cycles of reaction indicating a high stability of the immobilised
enzyme. Also, the biocompatibility of this method of immobilisation with magnetic

nanoparticles as a support is demonstrated for enzyme immobilisation.

The immobilised proteases exhibited an enhanced performance with their ability to
hydrolyse different protein substrates with a high degree of hydrolysis, which is

useful for industrial applications.

As observed in this study, the same protein substrate can produce different
hydrolysates using different proteases, as proteases produced from various sources
(animal and vegetal sources) may present distinct behaviour. Therefore the sources
of the enzyme could influence the production of protease for a given application.
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Finally, from this research work, several suggestions for future studies should be considered

as follows:

176

In an effort to impart the sustainability concept in wastes utilisation via SSF, the use
of solid waste should be investigated with a particular focus on biorefinery concepts.
Hence, the viability to produce other valuable products in the same process could be
an interesting approach. In addition, economic and environmental studies of the
complete process are needed, since there is a lack of information available involving
SSF.

The identification of microorganisms directly involved in the production of proteases
through SSF would be very useful in the optimisation of the protease production. The
enrichment with protease producing microorganisms could achieve higher
productivity. In this sense, the use of 16S rDNA gene sequencing could be conducted
to identify the consortia involved in this work.

New uses of immobilised proteases could be explored, for example in the
improvement of the hydrolysis of the anaerobic digestion process.

The hydrolysates produced from reaction with immobilised proteases can be further

utilised for peptide synthesis for heavy metal sequestration.
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Annexe 1: Calibration curve
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A.1 Standard curve for protease activity determination

Annexes

The protease activity obtained from the assay in Section 3.4.2 was correlated with the

standard curve. The standard curve was constructed using L-tyrosine (500 pg/ml) as a

standard protein.

Abs (700nm)

No Std Buffer Concentration
(ml) (ml) [ug/ml]

0 0 5 0
1 0.05 4.95 1.67
2 0.125 4.875 4.17
3 0.2 4.8 6.67
4 0.25 4.75 8.33
5 0.5 45 16.67
6 0.75 4.25 25
7 1 4 33.33
8 1.25 3.75 41.67
9 15 35 50
10 1.75 3.25 58.33
11 2 3 66.7
12 2.25 2.75 75
13 25 25 83.3

1.2

1
y = 0.0129x

0.8 R? =0.9922

0.6

0.4

0.2

0 10 20 30 40 50 60 70

Concentration of tyrosine [ug/ml]

Absorbance (700 nm) = 0.0129 x concentration (pg/ml)

80
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Annexes

A.2 Standard curve Bradford method

Total soluble protein content was determined using Bradford method assay in Section 3.4.3
was correlated with the standard curve. The standard curve was constructed using 2 mg/mi

bovine serum albumin (BSA) as a standard protein.

Protein
0 td (m concentration
N std (ml) ?;'SO i
[mg/ml]
0 0 0.3 0
1 0.03 0.27 0.2
2 0.06 0.24 0.4
3 0.09 0.21 0.6
4 0.12 0.18 0.8
5 0.15 0.15 1
6 0.18 0.12 1.2
7 0.21 0.09 1.4
1.2
y =0.8636x
€ ! RZ = 0.9927 ¢
C
L 0.8
v
Y06
C
3
5 0.4
3
< 0.2
0
0 0.2 0.4 0.6 0.8 1 1.2 1.4

BSA standard (mg/ml)

Absorbance (700 nm) = 0.8636 x concentration (mg/ml)
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A.3 Standard curve Lowry method

Annexes

Total soluble protein content was determined using Lowry method assay in Section 3.4.3 was

correlated with the standard curve. The standard curve was constructed using 0.2 mg/ml

bovine serum albumin (BSA) as a standard protein.

Abs 750

1.2

Protein
No Std (ml) ?;'IZ)O concentration
[mg/mi]
0 0 0.5 0.00
1 0.05 0.45 0.02
2 0.1 0.4 0.04
3 0.15 0.35 0.06
4 0.2 0.3 0.08
5 0.25 0.25 0.10
6 0.3 0.2 0.12
7 0.35 0.15 0.14
8 0.4 0.1 0.16
9 0.45 0.05 0.18
10 0.5 0 0.20
y =5.9711x
R?=0.994

0 0.05 0.1 0.15
BSA standard concentration (mg/ml)

Absorbance (750 nm) = 5.9711 x concentration (mg/ml)

0.2
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A.4 Determination of molecular weight (MW) of unknown protein by SDS-PAGE

To determine the molecular weight (MW) of an unknown protein by SDS-PAGE, a standard
curve of the log (MW) versus R was generated using the Precision Plus Protein standards.
The strong linear relationship (R? = 0.9902) between the protein MW and migration distances
indicated the reliability in predicting MW.

Table A.4 Data to establish the standard curve for molecular weight (MW) determination

No MW Ro Re Log MW
1 10 8.2 0.964706 1

2 15 7.5 0.882353 1.176091
3 20 6.5 0.764706 1.30103
4 25 5.5 0.647059 1.39794
5 37 4.5 0.529412 1.568202
6 45 4.3 0.505882 1.653213
7 50 3.4 0.4 1.69897
8 66.5 2.8 0.329412 1.822822
9 75 2.3 0.270588 1.875061
10 100 1.8 0.211765 2

11 150 1.3 0.152941 2.176091
12 250 1 0.117647 2.39794

Ry = migration distance of the protein
Rr= migration distance of the protein/migration distance of the dye front

2.5
2
2 15
s
& 1 y =-1.2436x +2.234
R? = 0.9902
0.5
0
0 0.2 0.4 0.6 0.8 1 1.2

Rf
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Annexes

Amino acids calibration curve analysed with LC-MS using Aeris Peptide 5U XB-C18 column
(Micron-Phenomenex, USA) with core-shell of 3.6 um (100 A, 250 x 4.6 mm). The mobile
phase is 0.1% formic acid in deionized water. All the standards were obtained from Sigma-
Aldrich, Spain.
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A.5 Chromatograph 21 amino acids analysed using LC-MS with positive APCI ionisation
mode in SIM mode
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A.6 Amino acid — Cysteine

Il%g'l:?? [i(x]] "¢}
275 |E
250] f concentration
[ no area
225] | (m M)
200 ! 1 7590 0.05
1753 2 8885 0.1
v | 3 86910 0.25
- '! 4 252821 05
' 5 572125 1
1,004 I
0.754 |
|
0504
025 "\I
L A
o PR R SR Ao I
00 25 50 75 100 125
700000
600000 y = 611551x - 46723
R? = 0.9953
500000
©
@ 400000
<
4
@ 300000
(-9
200000
100000
0
0 0.2 0.4 0.6 0.8 1 1.2

Concentration (mM)
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A.7 Amino acid — Arginine
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A.8 Amino acid — Alanine
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A.9 Amino acid — Aspartic acid
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A.10 Amino acid — Cystine
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A.11 Amino acid — Glutamic acid
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A.12 Amino acid — Glutamine-lysine
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A.13 Amino acid — Glycine

100,000)

Annexes

i TR e
124
113 no area concentration
10 (mM)
0s 1 12163 0.05
PE 2 25280 0.125
07 3 49975 0.25
06 4 77811 0.5
0] 5 122198 1
043 6 169552 1.5
. 7 213323 2
02 |
|
014 I| -
s i i i i
00 5 5 75 100 125 120 175 200 s
250000
y =100364x + 17975
200000 R? =0.9904
g 150000
<
X~
©
& 100000
50000
0
0 0.5 1 1.5 2 2.5

Concentration (mM)

211



Annexes

A.14 Amino acid — Histidine
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A.15 Amino acid — Leucine-Isoleucine
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A.16 Amino acid — Methionine
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A.17 Amino acid — Phenylalanine
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A.18 Amino acid - Proline
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A.19 Amino acid — Serine
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A.20 Amino acid — Threonine
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Annexes

(%“%‘%}ﬁ) Time 0000 Scend 1% 1
1.75+4
1504
125+
1.00-4
0.75+4
0.50-4
0254
il 5
; ; ; ; ; ; ; ; ; ; ; : ; ; 3
o area concentration
(mM)
1 146178 0.05
2 299811 0.125
3 745539 0.25
4 1693707 0.5
5 3057486 1
6 3964759 1.5
7 5284322 2
8 7060084 2.5
8000000
7000000 y = 3E+06x
R2 = 0.9932
6000000
« 5000000
g
;u 4000000
& 3000000
2000000
1000000
0
0 0.5 1 1.5 2 2.5 3

Concentration (mM)

219



Annexes

A.22 Amino acid — Valine
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Abstract: The abundance of organic solid waste throughout the world has become a common issue
that needs complete management at every level. Also, the scarcity of fuel and the competition
between food and substance as an alternative to a petroleum-based product has become a major
problem that needs to be properly handled. An urge to find renewable substances for sustainable
development results in a strategy to valorize organic solid waste using solid state fermentation (SSF)
and to manage the issue of solid wastes in a green approach. This paper reviews management of solid
wastes using SSF, with regard to its current application, advantages and challenges, downstream
processing in SSF, economic viewpoint, and future perspectives.

Keywords: solid state fermentation (SSF); downstream processing; organic wastes; value-added;
enzymes; organic acids; biopesticides; biosurfactants; aroma compounds

1. Introduction

The generation of organic solid waste is dramatically increasing each year. The problems related
to organic solid waste disposal have become more pronounced in recent years due to the rapid pace of
development towards modernization throughout the world. Most of the organic waste is composed of
household food waste, agricultural waste, human and animal wastes, etc. which are normally used
as animal feed, incinerated or go to landfill sites [1]. However, incineration is an expensive disposal
method and causes air pollution, while in landfills the organic waste is broken down by microorganisms
and forms leachate that can contaminate the groundwater [2]. In addition, the degradation of organics
in these conditions produces methane, which is 25 times more harmful greenhouse gas compared to
carbon dioxide [3]. Incorrect waste management practices can result in public health and environmental
problems, regarding issues such as odors and diseases [4]. Nevertheless, organic wastes are comprised
of materials rich in sugars, minerals, and proteins that could be used for other processes as substrates
or raw materials. Since the cultivation of microorganism requires carbon, nutrient, and moisture,
organic waste could be a good candidate to provide the appropriate conditions for the development
of microorganisms.

In this view, solid state fermentation (SSF) is presented as a promising technology for waste
valorization through the bioconversion of organic wastes used as either substrate or inert support [5],
whilst microorganisms will play a role in the degradation of organic wastes into its constituents
to convert them into high value-added products. SSF shows sustainable characteristics in the
bioconversion of solid wastes that have been proved to be able to give high efficiency in terms
of product yields and productivities, low energy consumption, and solving disposal problems [1,6].
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SSF is a process carried out with microorganisms growing on solid and moist substrates that act as
nutrient sources and support the microbial growth in the absence or near absence of water [7,8]. SSF is
not a new technology in bioprocessing since it has been mainly applied in the Asian region from ancient
time, but recently it is gaining a lot of attention due to the increasing use of different types of organic
wastes and the larger production of added-value products [5,9]. The search for sustainable and green
processes to transform traditional chemical processes also highlights the potential of SSF. Thus, the
bioconversion of organic wastes into valuable bio-products could substitute non-renewable materials
and transform chemical processes into cleaner practices in the industrial sector. The particular interest
of SSF is due to its relatively simple as a process that uses abundant low-cost biomaterials with minimal
or no pre-treatment for bioconversion, less waste water generation, and the capacity for simulating
similar microenvironments favorable to microorganism growth [10]. Similarly, SSF simulates natural
microbiological processes such as composting and ensiling [11].

The present paper attempts to present routes for organic waste valorization using SSF technology
with regard to recent applications and developments in SSF.

2. Organic Waste and Its Potential

Organic waste can be practically defined as any material or unused by-product from a process
that is biodegradable and comes from either plant or animal. The main forms of organic waste are
household food waste, agricultural waste, industrial waste, and human and animal waste. Organic
waste tends to be degraded over time by other organisms depending on its composition and moisture
content. The composition of organic waste varies from the nature of the original material. Depending
on the type of organic waste, SSF can be applied with the aim of producing different valuable
bio-products [9,12-14]. In this sense, Table 1 summarizes the use of different organic wastes with their
potential to produce bio-products.

Table 1. List of organic wastes and their potential use in solid state fermentation (SSF) to obtain
value-added bio-products.

Category of Type of . . .
Organic Waste Products/Processes Waste Materials/Residues Potential Use References
Municipal /domestic Kitchen waste Preparation waste, leftover Blopestlc.ldes,. ammal. ff.seqstuff, [15,16]
food waste food, sludge, cocoyam peels organic acids, antibiotics
. Used coffee grounds, used Enzymes, animal feedstulff,
Commercial/ tea bags, waste bread, . ..
. biopesticides, [17,18]
marke/hotel leftover, expired . . .
bioethanol, bioplastics
foods, sludge
. . Animal products/  Skin, hides, fleshing wastes, Enzymes, animal feedstuff,
Industrial organic .
waste tannery/ fats, horns, shaving wastes, glues, surfactants, [19-22]
slaughterhouse bones, liver, intestines lubricants, fillers
PaP er/wood Pulp, sawdust Enzymes, bioethanol, biofuels [23]
industry
. Enzymes,
Sugar industry Molasses fructo-oligosaccharides [24]
Skin, blood, fats, hairs,
Poultry processin feathers, bones, liver, Enzymes, animal [25]
yP g intestines, wings, feedstuff, biofertilizers
trimmed organs
Marine products Shells, roes, pincers, Enzymes, bioactive
. . [26,27]
processing trimmed parts compounds
bCereals and. Husk, hull( chaff, Enzymes, activated carbon [28]
spices processing stalks, residues
Fruits and . . . . .
vegetables Skin, peels, pomace, fiber, Pectinolytic enzymes, biofuels, [29,30]

processing

kernel, stones, seeds

animal feed, organic acids
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Table 1. Cont.

Category of Type of

Organic Waste Products/Processes Waste Materials/Residues Potential Use References
. S Biopulping, biochar,
Nuts processing Shells, coir, pith activated carbon [31]
Corn. wheat. rice Enzymes, animal feedstuff,
Agricultural so, 2 o ff(,ee ’ Fiber, meal, straw, bran, biofuels, bioethanol, furfural, [1,32]
organic waste ya, 4 husk, pulp, bagasse chemical feedstock, ’

sugarcane, barle . L
8 ! y biopolymers, organic acids

Animal glue, animal feed
supplement, methane
Cattle, broiler Fleshing wastes, dung, litter production, biochar, [33-35]
activated carbon,
biofertilizers, biopesticide

Fruits and Enzymes, animal feed,
vegetables Seeds, peels, pomace, husks biofuels, compost [31,36]
. . Shells, husks, fibers, Bioethanol, enzymes, biofuels,
Oils and oil seeds sludge, presscake biofertilizers, activated carbon (371

Resins, pigments, fillers, mats,
Coconuts Fibers, shell, kernel activated carbon, [38—40]
tanning materials

2.1. Agricultural Organic Waste

Agricultural and agro-industrial activities generate a large amount of lignocellulosic by-products
such as bagasse, straw, stem, stalk, cobs, fruit peel and husk, among others. These wastes are
mainly composed of cellulose (35%-50%), hemicellulose (25%-30%), and lignin (25%-30%) [41].
Typically, in lignocellulosic materials, the cellulose main constituent is glucose; hemicellulose is
a heterogeneous polymer that is mainly comprised of five different sugars (L-arabinose, D-galactose,
D-glucose, D-mannose, and D-xylose) and some organic acids; whereas lignin is formed by a complex
three-dimensional structure of phenylpropane units [1].

Despite the complex structure and composition of agricultural organic wastes, SSF has been
successfully applied to the production of hydrolytic and ligninolytic enzymes [31,42,43]. Lignin
peroxidase has been produced using corn cobs as a substrate in SSF [44]. Furthermore, considering
the rising price and shortage of grains as a custom animal feed, lignocellulosic materials have a great
potential to produce edible animal feedstuff [45]. However, the direct application for animal feedstuff
is limited because of the presence of lignin that reduces its digestibility. Several pre-treatments of
straw have been made using SSF for cellulose and lignin degradation to increase the digestibility of the
feed [46]. In this sense, SSF can have a great potential in producing enzymes to improve the digestibility
of rich fiber materials such as soybean cotyledon [47]. Jatropha seed cake has been reported for the
production of cellulases through SSF without any pre-treatment [13]. Several authors present other
uses for similar materials such as the reinforcement of composite materials for application in building
materials, furniture, fishnet, etc. [39,40] or as activated carbons [38]. Agricultural organic wastes
also include livestock manure. Cow dung was reported to have a high nitrogen content that made it
suitable for methane production [33,34]. The production of biochar and activated carbon were favored
by utilization of chicken manure and cow dung [48,49]. Furthermore, high-quality biofertilizer was
produced employing liquid amino acid hydrolyzed from animal carcasses as an additive to mature
compost of chicken or pig manure by SSF [50].

2.2. Industrial Organic Waste

Industrial organic wastes include any organic by-product from a large variety of industries
such as slaughterhouses, fruit and vegetable processing plants, poultry processing, paper and pulp
manufacturing, the sugar industry, and the dairy industry, among others. Most of these wastes have
the potential to be used as a substrate or support in SSF processes to produce high value products.
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For instance, sawdust, which is an easily available by-product of the wood industry, has been used as
a support substrate in SSF to obtain high laccase production by white rot fungi Coriolopsis gallica [51].
The leather industry and slaughterhouses generate many organic wastes containing protein such as
animal fleshing, hair wastes, skin trimming, keratin wastes, chrome shaving, and buffing wastes that
are being underutilized. Several authors have reported the utilization of animal fleshing as a substrate
in SSF for protease production [52]. The mixture of hair wastes with activated sludge or anaerobically
digested sludge showed a high yield of protease production [19,20]. By-products of the sugar industry
such as molasses and sugarcane bagasse have been reported in the production of invertase by SSF [53].
Molasses also was chosen as a low-cost substrate to replace an expensive feedstock (cane sugar) in
ethanol production [54]. Additionally, tapioca industry waste which contains considerable organic
matter with a strong odor that could cause environmental pollution has been successfully converted
into poly-3-hydroxybutyrate (PHB) via SSE, thus possibly becoming an alternative process and reducing
the total production cost [55]. Food processing industries generate many by-products able to be used in
SSF for producing valuable bio-products [28,56]. The use of fruits and vegetable waste for production
of organic acid and vital enzymes has been widely reported [30]. Due to its high and easily degradable
organic content, vegetable wastes show a great potential for energy bioconversion, particularly in
biofuel production [57]. Crustacean by-products, generated in industrial seafood processing, have
been reported in the production of chitinase and chitosanase with a wide range of applications
in biomedical, food and agrochemical sectors [58,59]. Fish processing wastes in SSF are favorable
since the waste is easy to obtain at low-cost and provides appropriate conditions for microorganism
cultivation. Fish processing wastes, rich in lipids and proteins, have been found suitable to produce
esterase, a product with a versatile industrial application in organic chemical processing, in detergent
formulations, and in the surfactant and oleochemical industry [60].

2.3. Municipal/Domestic Food Waste

Most countries around the world are facing a great challenge to manage domestic food waste as it
is wet, putrescible, and sometimes mixed with inorganic waste (impurities). Generally, the composition
of domestic food waste is complex and includes oil, water, as well as spoiled and leftover foods from
kitchen wastes and markets. These substances are chemically comprised of starch, cellulose, protein,
fats, lipids, and other organic matter. High moisture and salt contents lead to rapid decomposition of
the organic wastes and produce unpleasant odors that can attract flies and bugs, which are vectors for
various diseases. Apart from being perishable, municipal solid waste including household kitchen
waste and domestic food waste from restaurants and markets contains high lignocellulosic materials
that could be exploited to produce valuable bio-products. Domestic food wastes such as waste
bread, savory, waste cakes, cafeteria waste, fruits, vegetables and potato peel wastes have been
reported as a suitable substrate for glucoamylase enzymes production by Aspergillus awamori via
SSF technology [61,62]. Bread waste has been used to produce amylase [63], whereas municipal
solid waste and kitchen waste residues principally composed of potato peel, orange peel, onion peel,
carrot peel, cauliflower leaves, banana stalks and pea pods have been used to produce cellulase by
SSF [64,65]. The cultivation of selected industrial yeast strains using orange peel as a substrate resulted
in a high yield of aroma esters [66]. The utilization of household food wastes with high dry content
to produce high yields of ethanol by SSF has also been reported in several studies [67,68]. Likewise,
mixed food wastes collected from restaurants and inoculated with fungal inoculum can produce
glucoamylase-rich media and protease-rich media by SSF, suitable to be used as a feedstock to produce
succinic acid which has a wide range of applications including laundry detergents, plastics, and
medicine production [69]. Cocoyam peel is a common household kitchen waste in Nigeria presenting
a capability to become a very useful substrate for oxytetracyclines, which are an important antibiotic
to treat many infections [70]. The complex composition of food wastes also makes them suitable for
microbial growth, having potential to produce Bacillus thuringiensis (Bt) biopesticide through SSF [16].
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3. General Aspects of Solid State Fermentation

Solid state fermentation (SSF) has received great attention in the past years. The successful
development of bioprocesses in SSF is linked to several general aspects including the suitability of
different types of microorganisms, substrates, and process parameters. There are various types of
microorganisms used in the SSF process including fungi, yeasts, and bacteria. However, fungi and
yeast are the most commonly reported for the reason that SSF can provide a similar natural habitat,
which has low water activity in the fermentation media. The most common yeast genera reported in
SSF are Candida, Saccharomyces and Aureobasidium [71], while common fungal genera are Aspergillus,
Penicillium, and Rhizopus, which have a broad range of species for the production of a wide number of
valuable bio-products through SSF [12]. Despite SSF seeming to be more favorable for fungi and yeast
growth, there is also increasing evidence of bacteria successfully used in producing bio-products in
SSE. The most common bacteria genera used are Bacillus and Streptomyces [11,72]. There are a lot of
studies reporting the use of filamentous fungi, mainly chosen in SSF because of their ability to produce
thermostable enzymes of high commercial value [72-75]. However, there are also several studies
reporting that thermostable enzymes can be produced by bacteria strains especially from Bacillus
species [76-79].

Selection of suitable substrates also plays a key role in an efficient and economical production of
the desired product. In selecting proper substrates for the SSF process, it is important to ensure the
availability and cost of the substrates. They can supply appropriate nutrients and physical support for
the development of microorganisms in SSE. Organic wastes from agricultural, industrial processing,
and domestic food waste are the most suitable substrates to be used due to their abundance at low
or no cost and their chemical composition. Additionally, by using these organic wastes as substrates
their environmental pollution problems can be minimized. However, in some cases, an additional
supplement has to be added to the organic wastes. In other cases, a chemical or mechanical
pretreatment (especially for lignocellulosic materials) is necessary due to the inaccessibility of certain
nutrients for microorganisms. For example, a chemical pre-treatment of municipal solid waste was
performed to prepare the solid fraction for an easier microbial uptake in the production of cellulase [65].
Pulp and paper solid waste were pre-treated with acid hydrolysis in a microwave prior to SSF as a
substrate to produce fumaric acid [80]. In the production of an anti-cancer pro-drug, camptothecine
(CPT), by SSE, complex protein sources (whey concentrate powder) were added to soybean waste to
enhance the productivity of Fusarium oxysporum producing a secondary metabolite [81].

Other important aspects to enhance the efficiency of SSF are the selection and optimization
of process variables including initial moisture, particle size, pH, temperature, media composition,
sterilization, water activity, inoculum density, agitation, aeration, extraction of product and its
downstream process [7]. Among these aspects, particle size and moisture content have been mainly
studied, reported and reviewed by others [9,11,72,82]. Ideally, it is apparent that small substrate
particles could provide a large surface area for microbial attachment. Yet, extremely small particles
would result in substrate agglomeration that could affect oxygen transfer, thus retarding microorganism
development. However, although a large particle size of the substrate provides better aeration
efficiency, it can limit the surface area for microbial attachment [6,7,82]. Hence, the conditions that are
favorable in a particular process are an aspect that needs to be thoroughly assessed. Moisture content
also has a significant role in SSF as bacteria and fungi have different moisture content requirements.
Fungi need lower moisture content around 40%—-60% [11] whereas bacteria can require high moisture
content (60%—85%) [72]. The optimum moisture content in a solid substrate is closely related to
the correct nutrient and oxygen/carbon dioxide diffusion during fermentation [83]. High moisture
content would decrease porosity, with the loss of the structure of the particles and interfere in oxygen
diffusion. On the contrary, low moisture content can limit nutrient solubility hindering microorganism
development. An increase of temperature during the fermentation will indicate the growth of the
microorganism. In aerobic fermentation, oxygen is supplied and exchanged with carbon dioxide
and heat is generated by microorganisms, leading to a temperature increase. In some cases, high
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temperatures will negatively affect the growth of microorganisms and product formation [7]. However,
in other cases, high temperatures increase the yield of the enzyme produced [19,20,84].

These general aspects are relevant to point out a general idea to design an efficient strategy using
organic wastes in SSF according to the product required and considering the cost and waste availability.
Figure 1 summarizes the whole general processes involved in the valorization of organic waste via SSE.

Organic waste: :ﬂh'f::
= Industrial otsture
N ==== Particle size
= Agricultural pH
= Domestic cte.

.Pre— Yes = Mechanically
* Chemically

treat t? . .

reatmen = Biologically

No

Inoculum?

Monitor:
Aeration
Temperature

etc.
Remaining Solid-liquid extraction Fermented medium
. (other downstream .
residues (to be directly used)
strategy)
- Composting High value added
Lo bio-products @
Anaerobic digestion feedstocks

Biogas and/or compost

Figure 1. Flowchart of valorization of organic waste to produce valuable bio-products using solid state
fermentation (SSF).

4. Advantages and Challenges of Solid State Fermentation

In recent years, there has been an increasing trend for using SSF in the biotechnology field
due to its simplicity and ability to perform the bioconversion of low-cost solid substrates, in some
cases achieving higher productivity than that of submerged fermentation (SmF) [85,86], due to broth
rheology problems that affect the transport phenomena and mass transfer in a SmF reactor [87].
In addition, the lack of a liquid phase in SSF reduces waste water and lower down the risk of bacterial
contamination. In this sense, SSF offers an advantage by using unsterilized substrates and creates
non-strict sterile conditions for the process [88]. Also, SSF provides a simple media preparation with
the reduction of reagents use, since the media normally contain the appropriate nutrient for the process
and present negligible foaming problems during the process. As a matter of fact, the process requires
low consumption of energy since agitation and sterilization are not always necessary. Similarly, this
process reduces purification costs due to higher end product concentration or by using the product in
a crude form [71].

In spite of these advantages, SSF also faces several challenges such as mass and heat transfer,
scale-up, biomass estimation, and recovery and operational control. In addition, the utilization
of natural substrates is often limited by their poor reproducibility and heterogeneity [89]. Also,
the heterogeneity of the substrate related to porosity can lead to mass and heat transfer problems
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in SSF [90]. Moreover, the diffusion of mass and heat in SSF depends on aeration which may differ
according to the substrate types. In the small scale, an appropriate aeration allows heat dissipation
and a regulation of the mass moisture level. However, the removal of heat generated during metabolic
growth can be a problem at the large scale. The high solid concentration requires a large quantity of
air [91]. Furthermore, biomass determination is quite a challenge in SSF, especially involving fungi that
usually develop a tight interaction between mycelia and solid substrate making difficult the complete
recovery of biomass [92]. Due to this difficulty in biomass quantification, a lack of important basic
scientific engineering and fermentation operational control is often found in publications and only a
qualitative or empirical characterization is done [93]. The same happens when establishing kinetics of
reactions in SSF.

5. Applications of Solid State Fermentation

SSF has opened a new paradigm of bioconversion of organic solid wastes through the production
of biologically active metabolites both at the lab and industrial scale. The application of SSF in the
production of different bio-products has been widely reported including enzymes, organic acids,
biofertilizers, biopesticides, biosurfactants, bioethanol, aroma compounds, animal feed, pigments,
vitamins, antibiotics, etc.

5.1. Enzymes Production

In search of green technology, enzyme production has received a lot of attention in industrial
biotechnology processes with the objective of replacement of chemical processes having potentially
negative effects on humans and the environment. Various enzymes emerging from biotechnology
processes, mainly from submerged fermentation, are playing a key role in a large number of industrial
processes. In recent years, the production of enzymes from SSF has gained attention due to the
simplicity, high productivity, and stability that make them suitable for industrial processes. Several
reviews on the production of enzymes from SSF have been published in recent years [5,9,11,12]. Fungji,
yeasts, and bacteria are capable of producing various enzymes through SSE, as the environment in SSF
is favorable for most microorganisms. In Table 2, a compilation of several organic solid wastes used as
substrates for enzyme production with or without inoculation of specific strains is shown.

Table 2. List of several enzymes produced and organic waste used as substrates in SSF.

Enzyme Microorganism Substrate Reference
cellulase T. reesei Municipal solid waste [65]
Thermoascus aurantiacus Jatropha deoiled seed cake [13]
A. niger kitchen waste [64]
Penicillium sp. empty fruit bunches [43]
T. reesei wheat bran [94]
A. niger groundnut husks [95]
Trichoderma viridae banana peel [96]
Candida tropicalis, Ginkgo biloba residues [97]

A. oryzae
A. niger wheat bran [98]
Trametes hirsuta wheat bran [99]
T. reesei soybean bran [100]
A. fumigatus lignocellulosic materials [73]
T. harzianum wheat bran [101]
T. asperellum lignocellulosic materials [102]
A. niger rice straw and wheat bran [103]
Phanerochaete chrysosporium grass powder [104]
A.nidulans black gram residues [105]
glucoamylase Aspergillus sp. banana peel, pineapple peel [106]
A. awamori domestic food waste [61]
A. awamori bread waste [62,107]

amylase Bacillus sp. mustard oil seed cake [108]
Thermomyces sp. soy and bread waste [63]
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Enzyme Microorganism Substrate Reference
Bacillus subtilis wheat bran and wheat rava [109]
A. fumigatus wheat bran [110]
protease A. niger wheat bran, soybean meal, cottonseed [111]
meal, orange peel
Pseudomonas aeruginosa Jatropha curcas seed cake [112]
A. awamori bread waste [62,107]
A. oryzae wheat bran, soya bran [113]
Bacillus sp. green gram husk [114]
A. fumigatus wheat bran [115]
B. cereus cow dung [116]
Candida tropicalis, Gi . .
A. oryzae inkgo biloba residues [97]
Y
Thermus sp. soy fiber [117]
N.S. hair waste, activated wastewater sludge [19]
Thermoactinomyces sp. agricultural and household waste [118]
NS hair waste, anaerobic digested [20]
wastewater sludge
keratinase Paenibacillus woosongensis dry feathers [119]
lipase Pseudomonas aeruginosa Jatropha curcas seed cake [112]
N.S. vegetable oil refining waste [120]
A. niger oil palm waste residues [121]
xylanase A. japonicus castor bean waste [122]
A. tubingensis wheat straw [123]
B. pumilus wheat bran [124]
T. harzianum wheat bran [101]
Colletotrichum graminicola wheat bran [125]
A. nidulans black gram residues [105]
inulinase A. ficuum wheat bran [126]
Kluyveromyces marxianus sugarcane bagasse [127]
laccase Coriolopsis gallica sawdust waste [51]
Trametes versicolor oak sawdust [128]
esterase B. altitudinis fish processing waste [60]
lignin peroxidase Ganoderma leucidum waste corn cob [44]
invertase A. niger molasses and sugarcane bagasse [53]
B-xylosidase A. tamarii ground oats [129]
Colletotrichum graminicola wheat bran [125]
-glucosidase Colletotrichum graminicola wheat bran [125]
multienzyme
protease,
xylanase, A. awamori babassu cake [130]
cellulase,
endomylase

N.S.: non-specified.

In SSF, non-sterilized and non-inoculated media are often suitable. This aspect can positively
affect the economic feasibility for the production of enzymes at the industrial scale. For example,
protease production from hair waste and waste water sludge in a 4.5 L reactor (469 U-g~! DM)
has been successfully scaled up to a 10 L reactor resulting in a stable proteolytic activity of
435 U-g~! DM [20]. Also, the production of lipase from the mixture of winterization residue and
waste water sludge in a 4.5 L SSF reactor under non-sterilized conditions resulted in a high lipolytic
activity (120,000 U-g~! DM) [120]. It has been proved that non-sterilized conditions are applicable in
the production of enzymes by SSF even without specific inoculation [117].

Kriaa and Kammoun [131] compared the production of glucose oxidase by Aspergillus tubingensis
in SSF and SmF. Preliminarily, both conditions were compared using glucose and gluconic acid
as substrates which led to higher activity of glucose oxidase in SSF (170.59 U-mL~!) compared to
SmF (43.73 U-mL™1!). Then, the production of glucose oxidase was carried out using a mixture of
agro-residues such as wheat bran, molasses and fish meal. An enhanced yield was observed, 74%
higher than preliminary SSF and SmF. Similarly, peptidase production by Aspergillus fumigatus in
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SSF using wheat bran and SmF using casein as a substrate was compared. An improved yield
of peptidase production, approximately 30 times higher, was obtained through SSF compared
to SmF [115]. In another comparative study among SSE, slurry state fermentation (SISF) and
SmF, revealed that maximum (-xylosidase was obtained in SSF (33.7 U-mL~!) followed by SISF
(24.9 U-mL~!) and SmF (5.5 U-mL~1) [129].

The enzymes produced by SSF maintain a similar or enhanced capability for chemical processes
or commercial enzymes normally produced by SmF. Several studies have been successfully applied to
the crude enzymes produced from SSF to industrial processes such as dehairing of hides, hydrolysis of
lignocellulosic materials, detergent formulation, deinking and biobleaching paper waste, bioethanol
production, xylitol production, silver recovery from X-ray films, etc.

Tanning and leather industries release a lot of hazardous chemicals. In this sense, some authors
have explored the use of crude enzymes such as protease, keratinase, and amylase from SSF in leather
processing as an alternative to chemical processes. Crude protease produced from hair waste and
waste water sludge in SSF showed a high potential to substitute chemical dehairing [19,20]. The results
in cowhide dehairing were as efficient as using chemical and commercial powder enzymes, indicating
the economic viability of the process. Likewise, the crude protease produced by Bacillus cereus from
agro-industrial residues and cow dung as substrates in SSF were effectively used for the dehairing
of goat hides for 18 h at 30 °C [116]. In other studies, the use of crude keratinase in dehairing of
goat skins has been also reported [119]. The keratinase produced by Paenibacillus woosongensis by SSF
employing chicken feather and rice straw as substrates, showed similar or improved characteristics
to using chemical treatments, without causing damage to the collagen layers after the dehairing
process. Integrated bioprocessing in leather processing including detaining and fiber opening normally
needs a commercial enzyme. This enzyme is expensive for the regular processes of tanning and
contains some added stabilizers that could contribute to the pollution of the effluent. Correspondingly,
amylase produced by Bacillus subtilis on wheat bran through SSF showed a good performance in the
fiber opening process developed on goat skins in comparison to chemicals and commercial enzymes.
Besides, the employment of crude amylase during the process showed a lower pollution load (COD,
TS) [109].

Crude cellulase produced from agricultural residues under SSF has been used in the saccharification
of lignocellulosic materials such as rice straw, sugarcane bagasse, corn cob, fruits peel, and wheat bran
enhanced the sugar yield for bioethanol production [98-100,102,103]. The utilization of grass powder as
a carbon source in the production of cellulase and hemicellulase by Phanerochaete chrysosporium by SSE
yielded an efficient enzyme complex which could be employed for hydrolysis of rice husk. Then, the
hydrolysate was used by Clostridium beijerinckii and resulted in higher biohydrogen production, which
was superior to other values reported [104]. Production of cellulase and xylanase by SSF inoculating
Trichoderma harzianum showed a better activity and stability at optimum pH and temperature. The crude
enzyme complex produced by SSF enhanced the toner removal of photocopier waste papers with
superior strength properties (fiber and microfibrils) compared to chemical treatment, and the enzyme
complex improved the brightness and drainage as well [101]. Similarly, the crude enzyme complex
(cellulase, xylanase, 3-glucosidase) by Aspergillus nidulans cultivated on low-cost crop residues as a
substrate under SSF was efficiently used in the saccharification of pearl millet stover and bio-deinking
of mixed office waste paper with enhanced physical properties [105]. Verma et al. [118] reported the
use of crude protease produced from low cost agricultural and household waste by Thermoactinomyces
sp. via SSE. The enzyme was used as an additive to commercial detergents as an alternative to caustic
soda. Interestingly, the crude enzyme also showed gelatinase activity capable of hydrolyzing the
gelatine layer locking the silver salt on used X-ray film, for silver recovery.

5.2. Organic Acids Production

Organic acids are categorized as the third largest products among biologically produced
compounds [132] and their application has been continuously increasing. Organic acids are known
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to hold extensive and versatile applications in many industries such as those for food and beverage
preservation, animal feed production, soap manufacturing, medicines and pharmaceutical products,
industrial solvents, perfumes preparation, oil and gas stimulation treatments, among others. Organic
acids such as citric acid, lactic acid, succinic acid, fumaric acid, humic acid, oxalic acid, gluconic
acid, and gallic acid have been produced commercially both by chemical synthesis and biological
fermentation. Over the past years, several attempts have been made to develop and produce organic
acids using SSF. Several authors have evaluated the potential use of organic solid waste such as
sugarcane bagasse, cassava bagasse, coffee husk, kiwi fruit peel, wheat bran, rice bran, pineapple
waste or apple pomace in organic acid production by SSF [1,9,30].

Citric acid is a weak acid that plays an important role in several industries such as food, cosmetics,
pharmaceutical, and chemical products, etc. presenting an increase in its global demand over the
last years. Aspergillus niger is a well-known citric acid producer, capable of using a wide variety
of raw materials and achieving high yields. This acid has been mainly produced using SmF by
A. niger using starch or sucrose-based media. However, the use of non-food materials (agro-industrial
residues, fruit wastes, and other solid by-products) by SSF would be a greener approach for citric
acid production. Fruit wastes such as pineapple pulp waste [133], grape peel [134], mixed fruit
waste [135], apple pomace [136], orange peel [137], or banana peel [138,139] have been extensively
studied to produce citric acid by SSF. When comparing SSF and SmF with A. niger growing on
orange peel, the production of citric acid increased about 3-fold in SSF (193.2 g-kg~!) compared to
SmF (73.6 g-kg~!) [140]. The addition of methanol, ethanol, isopropanol or methyl acetate, copper,
and zinc has been related to the enhancement of the production of citric acid [141]. The amount
of citric acid (640 g-kg~! orange peels) by A. niger grown on orange peels supplemented with
molasses and 3.5% methanol in the medium after 72 h fermentation [137] and with pineapple pulp
as substrate showed higher yield in a medium with methanol (5.25 g-kg~!) compared to medium
without methanol (3.25 g-kg~!) [133]. Similarly, the addition of 3% (v-w~!) ethanol and 4% (v-w 1)
methanol to apple pomace as substrate increased the citric acid concentration up to 90% compared
to the control study [136]. Likewise, the high amount of citric acid (82 g-kg~!) obtained after 72 h
was reported with banana peel as substrate supplemented with 1% (v-w~!) methanol and 10 ppm of
copper ions [139]. However, other studies found that the addition of methanol was detrimental for
citric acid production [140]. Goud et al. [134] reported that a higher yield of citric acid was obtained
with a particle size of 0.63 mm compared to 0.25 mm and 0.15 mm particle size of grape peel in the
medium, indicated that the production of citric acid by SSF was also influenced by this parameter.

Apart from fruit wastes, citric acid can also be produced from agro-industrial wastes such as
oil palm empty fruit bunches [142], sugarcane bagasse [143], cassava bagasse [144], and biodiesel
by-products [145] through SSF. Yadegary et al. [143] optimized citric acid production using sugarcane
bagasse as a substrate by SSF using the Taguchi statistical method. Alkaline and acid pretreatment
showed an increase in the yield production of 97.81 g-kg~! and 87.32 g-kg ™! respectively, compared
with untreated sugarcane bagasse yield of 75.45 g-kg~!. The production and scale up of citric
acid can be influenced by operation parameters such as pH, inoculum development, substrate
concentration, incubation temperature, and bioconversion time as reported in the study with oil
palm empty fruit bunches as a substrate under SSF [142]. The bioconversion of biodiesel by-product
(tung cake and glycerine) by A. niger under SSF for the production of citric acid has also been reported.
The high yield of citric acid obtained (350 g-kg ') provides a feasible way to manage the solid waste
economically [145].

Lactic acid is another organic acid that has many applications in food, pharmaceutical, cosmetics,
and chemical industries. The demand is increasing as it acts as a precursor to produce poly-lactic acid
(PLA) for biodegradable plastic production. It is commonly produced from fungi (Rhizopus sp.) and
bacterial strains (Lactobacillus sp.) in fermentation. A study of comparison between a wild and mutant
strain of Rhizopus sp. for lactic acid production from cassava peel using SSF, indicated that the mutant
strain subjected to mutation by UV radiation yielded the highest production (57.6 mg-g~!) while the
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wild strain only yielded 32.4 mg-g~! [146]. In an effort to reduce the production costs, several low-cost
materials were used as a carbon source or support for L-lactic acid production by Lactobacillus sp. in
SSF such as cassava bagasse [147], sugarcane bagasse [148], rice straw [149], wheat bran [150], tea
waste [151], pine needles [152], etc. During the production of lactic acid, the nitrogen source also
plays an important role in improving the yield. Several authors reported the utilization of wheat bran
as substrate impregnated with low-cost nitrogen sources such as red lentil flour and baker’s yeast
substituting peptone and yeast extracts during the SSF process. As a result, higher yields up to 96% of
lactic acid efficiency (g lactic acid produced per g substrate utilized) have been reported [150,153].

El-Naggar et al. [154] investigated five cellulosic wastes included rice husks, wheat bran, corn
cobs, wheat straw, and rice straw by A. glaucus, A. oryzae, and Penicillium purpurogenum. Through
SSF, the production of high concentrations of levulinic acid (46.15 mg-g~!) on corn cobs and oxalic
acid (43.20 mg-g~!) on rice husks by P. purpurogenum were studied. The production of oxalic
acid was enhanced by the optimization of inoculum size and the initial substrate concentration.
A. niger (10° spores-g~—! dry weight) and 5% (w-v~!) corn cob as a substrate in 0.1 N NaOH solution
which contributed to a maximum yield (123 g-kg~! DM) [155]. Another remarkable route of waste
valorization via SSF is the production of fumaric acid from pulp and paper solid waste from the paper
industry. Das et al. [80] compared the production of fumaric acid by Rhizopus oryzae through SmF
and SSF. The highest fumaric acid production was obtained from SSF (41.45 g-kg~! DM) after 21 days
with 75 um < x < 300 pm particle size, whereas 23.47 g-L ! of fumaric acid were produced through
SmF after 48 days. Furthermore, humic acid that has a diverse application in agriculture, industry,
the environment, and biomedicine has been commercially produced from non-renewable materials.
Utilization of empty fruit bunches from oil palm processing by T. reesei for humic acid production by
SSF provides an alternative for humic acid production [14].

5.3. Biopesticides Production

It is widely known that the use of chemical insecticides can cause harmful effects on human health
as well as give environmental problems. The shift towards biopesticides has become more attractive in
recent years. SSF was found to be the most suitable platform for biopesticide production as the spores
produced in SSF are more stable and resistant to stress than those produced in SmF [8,88]. Both fungi
and bacteria are able to produce biopesticides.

De Vrije [156] reviewed the development of fungal biopesticides produced by Coniothyrium
minitans through SSF and its viable application on oilseed rape and lettuce, which were the most
susceptible crops to have problems with the parasite Sclerotinia sclerotiorum. Employing continuous
slow mixing (0.2 rpm) in a scraped-drum reactor during biopesticide production by C. minitans on oats
can overcome heat accumulation in the large scale with high spore yields 5 x 10'2 spores per kg of
dry oats [157]. Production of spores from Clonostachys rosea on white rice grain in polyethylene bags
(20.5 cm x 25 cm) using SSF showed no significant effect on mixing yield with 1.1 x 10® spores-g~! DM
with 15 days of fermentation [158]. Contrarily, spore production of a biocontrol agent C. rosea on wheat
bran and maize meal in a new developed SSF reactor showed an efficient yield of 3.36 x 10'° spores-g~!
DM, which was 10 times higher than in a conventional tray reactor [159]. Several agricultural wastes
such as rice husk, tea leaf waste, and wheat bran have revealed great sporulation of Beauveria bassiana
in SSF that presents pathogenicity towards the larvae M. domestica [160].

Bacillus thuringiensis is a common producer of biopesticides releasing a crystalline protein known
as d-endotoxin. Several studies compared the production of §-endotoxin by B. thuringiensis by SSF
and SmF. Higher biomass production and induced early sporulation were achieved using several
agricultural products. In addition, this process led to a reduction in the batch time for the economical
production of biopesticides [161-163]. Zhuang et al. [164] demonstrated a cost-effective production
of B. thuringiensis biopesticides using a mixture of waste water sludge and wheat bran by SSF that
yielded a high number of viable cells (5.98 x 10'° CFU-g~!), spore counts (5.26 x 10! CFU-g~1), toxin
production (7.14 mg-g’l d-endotoxin) and entomotoxicity (4758 IU-mg’l). In other studies, kitchen
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waste (5.01 x 10!° CFU-g~!; 15,200 IU-mg~!) was found to be efficient to produce B. thuringiensis
biopesticides compared to conventional medium (2.51 x 10° CFU-g~}; 12,900 TU-mg~!) during
48 h of SSE. This study showed kitchen waste as an alternative medium to reduce production
costs [165]. Utilization of soy fiber residue as substrate at lab scale for production of viable cells
(3.8 x 10° CFU~g’1 DM) and spores (1.3 x 108 sporesg’1 DM) of B. thuringiensis under non-sterile
condition eased the scale up to 10 L SSF reactors (9.5 x 107 CFU-g~! DM; 1.1 x 10® spores-g~—! DM)
and substantially reduced the production costs and facilitated the waste management [166].

5.4. Biosurfactant Production

The production of biosurfactants during recent years has received great attention due to their
eco-friendly features such as low toxicity, highly efficiency, and high biodegradability, contrary to the
chemical synthesis of surfactants that mainly come from petroleum [167]. They are involved in various
applications including environmental, food, household, agricultural, biomedical, cosmetics and the
pharmaceutical industries. Since the emergence of biosurfactants, submerged fermentation has been
a dominant research field in the manufacture of biosurfactants. However, during SmF, apart from
having low yields and diluted product streams, severe foaming and a gradual increase in viscosity
can occur [5]. The addition of chemical antifoams to overcome the problem implies a negative effect
on the production of biosurfactants [168]. However, SSF can avoid the foaming problems during
biosurfactant production, among other advantages such as low production costs, reduced waste water
effluent, and no dilution problems.

Fungi, yeasts, and bacteria are able to produce biosurfactants (e.g., rhamnolipids, surfactin,
sophorolipids, and peptidolipids) as secondary metabolites during their growth. Production of
biosurfactants (surfactin and rhamnolipids) by Pleurotus djamor on sunflower seed shells as substrates
supplemented with sunflower seed oil as carbon source has been reported under SSF [169]. A reduction
in water surface tension from 72 to 29 mN-m~! with 10.2 g~L’1 of biosurfactants was produced. Also,
their ability to remove 77% of waste frying oil from contaminated sand was demonstrated. A mixture
of two by-products of olive mill factory (olive leaf residues and olive cake flour) was utilized as
a substrate for Bacillus subtilis cultivation in SSF [170]. The results showed a potential to produce
lipopeptides as 30.67 mg-g~! dry substrate within 48 h, while at the same duration higher production
of lipopeptides (50.01 mg-g~! dry substrate) by Bacillus amyloliquefaciens on rice straw and soybean
flour by SSF was obtained [171]. Additionally, in a 1000-fold scale up of surfactin production by
B. amyloliquefaciens on rice straw and soybean mixtures reached 15.03 mg-g~! dry substrate [172],
which was higher than the production by Bacillus pumilus in SSF using okara and sugarcane bagasse
that yielded about 3.3 g-kg~! dry substrate [173].

Various organic solid wastes can be utilized in SSF to produce diverse biosurfactants. For instance,
soy processing waste cultivated with two different microorganisms showed that Candida guilliermondii
produced a glycolipids complex while B. subtilis produced lipoprotein and glycolipids [174]. Also,
B. subtilis was reported to yield lipopeptide biosurfactants when cultivated on potato peel from kitchen
organic wastes [175]. Maximum yield of sophorolipids (18 g-mg~! dry substrate) was attained by the
cultivation of Starmerella bombicola on a mixture of wheat bran, glucose and oleic acid [176]. It was
reported that by employing an intermittent mixing in SSF during the fermentation the production
of sophorolipids increased in a 31% [177]. Moreover, the cultivation of Pseudomonas aeruginosa on
a mixture of sugarcane bagasse and corn bran supplemented with glycerol and soybean oil in SSF
produced 45 g-L~! of rhamnolipids [178].

In general, the utilization of low-cost materials such as solid organic wastes impregnated with
appropriate carbon and nitrogen sources together with a suitable microorganism play a key factor
towards efficient biosurfactant production by SSE.
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5.5. Bioethanol Production

Bioconversion of organic solid wastes instead of food source using SSF for bioethanol production
is suitable and attractive for sustainability and renewable energy production. Several authors
have proved the efficiency of SSF in the reduction of capital costs and consumption of energy and
water during bioethanol production. The process also offers a valorization of organic solid wastes,
the elimination of sugar extraction and additional separation steps, a production of higher yield and a
simplification of the operation by carrying out the hydrolysis and the fermentation together.

Both yeast and fungi are the most reported microorganisms involved in bioethanol production
due to their convenient environment in SSF. Saccharomyces cerevisiae yeast has been extensively reported
as a responsible organism for the bioconversion of solid wastes (apple pomace, grape pomace,
sugar beet pomace, potato peel, sweet sorghum stalks, sugarcane bagasse, food waste, etc.) into
bioethanol production under SSF [54,179-183]. Du et al. [181] confirmed the feasibility of scaling
up the bioconversion of sweet sorghum stalks by S. cerevisiae from 500 mL to a 127 m3 rotary drum
fermenter and subsequently in a 550 m® rotary drum fermenter with 88% of relative theoretical
ethanol yield in less than 20 h. Anjani et al. [180] presented an interesting integrated bioconversion
of potato peel by SSF for the production of bioethanol and manure by employing yeast and fungi
(Aspergillus niger, A. variabilis and S. cerevisiae) in an effort to achieve zero waste generation. In Asian
regions, palm oil trunk [184], rice straw [185,186], and banana pseudo stem [187] were successfully
utilized to produce bioethanol with high yield (84%) by Aspergillus sp. and T. reesei through SSE.

Production of bioethanol in SSF has proved to achieve higher yields compared to SmF. For instance,
the ethanol yield in a bioconversion of grape and sugar beet pomace was more than 82% obtained
at 48 h and was higher than in liquid fermentations [179]. Also, the ethanol obtained was more
concentrated than in SmF reducing the recovery costs. The utilization of the whole fermented medium
containing an enzyme cocktail from Trichoderma reesei, A. niger, A. oryzae [188], and Kluveromyces
marxianus [189] evidenced an efficient cost reduction by reducing enzyme extraction that enables
the use of a single reactor system in SSF. Likewise, a consolidated bioprocess integrating enzyme
production, saccharification, and fermentation for bioethanol production in SSF by Trichoderma sp.,
Penicillium sp., and S. cerevisine avoided enzyme preparation, and reduced energy consumption and
equipment investment [183].

Apart from yeast and fungi, other attempts have been made using bacterial strains to produce
bioethanol that resulted in efficient bioconversion. In fact, an integrated bioconversion process of
organic solid wastes (switchgrass and sweet sorghum bagasse) by Clostridium phytofermentans [190]
and Zymomonas mobilis [191,192] competently resulted in a high bioethanol yield through SSF.

5.6. Aroma Compounds Production

There is a wide spectrum of application of aroma compounds in food, cosmetic, chemical, and
pharmaceutical fields. Normally, aroma compounds have been produced by steam distillation and
extraction of natural sources (e.g., plants, fruits, herbs, spices). Yet, the extraction of natural sources
often gives various problems and low yields of the desired compounds that increase the downstream
costs [193]. Although chemical synthesis may offer an economical price compared to natural extraction,
environmental problems due to the manufacturing processes and the resolution of racemic mixtures
are difficult to solve [194].

The range of aroma compounds such as fruit-like or flower-like depends largely on the strains
and conditions [1]. Various fungi, yeast, and bacteria have the capability to produce aroma
compounds such as Ceratocystis fimbriata, Aspergillus sp., Neurospora sp., Kluyveromyces marxianus,
Bacillus subtilis, etc. [194]. The use of different yeast strains promotes the formation of the desired
aroma compounds. Apple pomace inoculated with Saccharomyces cerevisiae, Hanseniaspora valbyensis,
and Hanseniaspora uvarum indicated that a high level of fatty acids and their corresponding ethyl esters
could be obtained with Saccharomyces strains. Also, substrate inoculated with Hanseniaspora sp. gave a
high level of acetic esters and 132 volatile compounds belonging to different chemical families were
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identified by chromatographic analysis [195]. Apart from that, in the SSF process with food industry
waste mixtures as a substrate for cultivation of S. cerevisiae, K. marxianus and kefir respectively, the
production of e-pinene was only observed as a product of kefir fermentation yielding a high amount
(4208 mg-kg ! of SSF product) [196]. Several authors have demonstrated the production of fruity aroma
compounds by C. fimbriata in SSF using coffee residues (coffee husk, coffee pulp) as substrates [197,198].
Steam treated coffee husk is appropriate for aroma production by C. fimbriata supplemented with
20% of glucose concentration, while the addition of leucine improves the aroma intensity by 58%,
especially by increasing the ester production [199]. The production of fruity aroma compounds was
increased (99.60 umol-g~1!) using waste from citric juice production industry (citric pulp) cultivated
with C. fimbriata by SSF supplemented with 50% of soya bran as a nitrogen source and 25% of sugarcane
molasses as a carbon source [200]. This yield is higher than other ones reported in previous studies
using other solid substrates [197]. The influence of oxygen on the total volatile compounds was
demonstrated in studies carried out using cassava bagasse as a substrate for K. marxianus in SSF using
packed bed reactors. Nine major fruity aroma compounds were identified, the lower aeration rates
(0.06 L-h~!-g~! of initial dry matter) being responsible for an increase in total volatile compound
production [201].

SSF has become a preferable method to produce aroma compounds as it can supply a natural
condition for microbials to grow and also yields a higher concentration of aroma compounds compared
to SmF. For instance, the production of 6-pentyl-o-pyrone (6-PP), which is related to coconut smells,
by Trichoderma sp. was compared in SSF and SmF. Sugarcane bagasse was used as a solid support
for SSF reaching a higher yield of 6-PP concentration (3.0 & 0.5 mg-g~! DM) with no evidence of
growth inhibition compared to that reported in the literature for SmF [202]. Other studies using
T. viridae showed that increasing the concentration of sugarcane bagasse produced a significant
increase in the 6-PP production (3.62 mg-g~! DM) after five days of fermentation. This production
was higher than those reported in previous studies under the same fermentation conditions [203],
whereas less 6-PP production by T. harzianum IOC 4042 using the same support was reported
(0.093 mg-g~! DM) after seven days of fermentation [204]. Comparative analysis of production
of aroma compounds by Pleurotus ostreatus JMO 95 fruit body and its mycelium obtained under
SmF and SSF (agar and sugarcane bagasse) showed that the main aromatic compounds octan-3-one
(sweet and fruity odor), octan-3-ol (hazelnut and sweet herbaceous odor) were produced in the same
proportions on the agar surface and on the solid support culture. However, in liquid fermentation, the
aromatic intensity produced was very low [205].The cultivation of P. ostreatus and Favolus tenuiculus
by SSF using eucalyptus waste from the essential oil industry as a substrate was able to transform
1,8-cineole to new aroma compounds which were 1,3,3-trimethyl-2-oxabicyclo[2.2.2]octan-6-0l and
1,3,3-trimethyl-2-oxabicyclo[2.2.2] octan-6-one [206].

6. Downstream Processing in SSF and Residue Reutilization

Downstream processing is the processes involved after the fermentation process mainly
bioseparations such as extraction, purification, and recovery. There are few studies reporting on
downstream processing in SSF which hampers the process development in up-scaling. Not to mention
the downstream processing that usually implies the need for additional processes and facilities that
represent a cost up to 70% of production cost [207]. Since SSF is performed in limited or absence of
liquid, an extraction with an appropriate solvent is necessary to recover secreted products that bind to
the solid substrates. For this reason, extraction efficiency is crucial in order to obtain the maximum
product-recovery from SSE. Dhillon et al. [208] achieved higher citric acid extraction from the SSF
process using response surface methodology involving process parameters such as extraction time,
agitation rate, and solvent volume. Solid-liquid ratio, solvent or buffer type, pH, temperature, stirring
rate, repeated extraction, and extraction time are process parameters that also have been studied to
optimize the extraction of products from SSF [209-214]. However, in these studies usually a small
amount of solid substrate ranging from 1-20 g in a shake flask was used for the extraction, and only
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some of them reported the extraction using the whole substrate fermented (in kg) with the aim of
knowing the total recovery of the product [20]. This assessment is considerably important since it
affects the extraction efficiency and product recovery from SSE. To point out, it was reported in a scale
up system, there was a reduction of product activity per gram of dry substrate of about 60% compared
to the activity obtained at the lab scale, yet the total product activity obtained was high [215].

Szabo et al. [216] found that sonication has a significant effect on enzyme extraction.
They observed that multiple extractions with sonication improved the recovery of enzymes from
SSF with an increment of enzyme yield more than twice that of conventional single stage extraction.
Furthermore, in order to improve the enzyme recovery from SSF, it has been observed that extraction
followed by diafiltration can enhance the activity recovery by removing inhibitory phenolic compounds
from extracts [217]. Since the recovery and concentration steps are significant in enzyme production,
employing ultrafiltration with 10 kDa cut off after solid-liquid extraction can improve the rate of
enzyme recovery by about 74% [20,218]. Moreover, the recovery of biosurfactant such as sophorolipid
from SSF can be improved by employing solid-liquid extraction using methanol followed by multiple
re-extractions of the fermented material with ethyl acetate with continuous mixing for 1 h, subsequently
filtered using 0.2 um membrane filtration [219]. The resulting crude extracts were further purified using
a rotary evaporator at 40 °C to remove any solvent. Then, hexane was used to wash the remaining
hydrophobic residue after vacuum drying and the partially purified sophorolipid was obtained after
vaporizing the residual hexane at 40 °C under vacuum [220].

An innovation of downstream processing in SSF has been proposed using a simultaneous
extraction and recovery of products scheme [207]. In this method, the enzyme was produced through
SSF followed by a combined separation method (simultaneous extraction and recovery) based on
aphron flotation. Briefly, the colloidal gas aphron (CGA) was generated by mixing solid biomass
from SSF with distilled water and aluminum sulfate as a flocculating agent. Then the purified
enzyme was recovered by filtration (Figure 2b). This method was considered straightforward by
eliminating the extraction step in conventional SSF (Figure 2a) and producing a relatively pure
enzyme. Furthermore, an efficient employment of single step aqueous two-phase extraction (ATPE)
for downstream processing of enzyme produced from SSF (Figure 2c) has been reported, avoiding
the conventional multi-step procedures involving salt precipitation, dialysis, and chromatography
processes [221]. In addition, the high recovery of the enzyme within a short time (3 h) shows the
potential commercial interest of this technique.

A novel simplified configuration for conversion of biomass to ethanol using the whole SSF
cultivation medium for the hydrolysis of steam-exploded sugarcane bagasse [188]. This configuration
would allow a single reactor system thus avoiding additional separation steps. The industrial
production of biopolymers such as PHA (polyhydroxyalkanoate) are normally hampered by the
high cost of production which involves capital investment in fermentation media and downstream
processing. In this sense, SSF has been proposed as an alternative to SmF for more feasible PHA
production using agro-industrial waste instead of using expensive defined media [93]. While in
downstream processing an enzymatic method is more favorable compared to a chemical method
due to the high recovery rate, the implementation has been limited by the high cost of the enzyme.
A novel downstream separation processing using crude enzyme produced via SSF using sunflower
meal as the main substrate has been proposed to reduce the high cost of PHA recovery [222].
The enzymatic lysis of bacterial cells facilitated a high recovery (98%) and purity (96.7%) of
poly(3-hydroxybutyrate-co-3-hydroxyvalerate) showing that enzymatic digestion can be used as
an alternative process to PHA recovery.

After the recovery of products, a solid waste with different level of biodegradability still remains
once SSF processing is finished. Late work by our research group (data not published yet) indicates the
possibility to reutilizing the remaining solid by composting and anaerobic digestion. The stabilization
of the remaining organic matter was done by composting in the same reactors, and continuing the
process until no increment in temperature was observed; the stability measured by means of the
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dynamic respiration index (DRI) was lower than 1 g O,-kg ™! OM-h~! [20]. Solid and liquid wastes
generated after enzyme extraction of SSF during the ethanol fermentation process were reutilized as a
substrate for anaerobic digestion to generate biogas in a zero waste approach [223]. Moreover, it has
been observed that solid residues remained after production of citric acid in SSF can be reutilized in a
sequential extraction process to produce fungal chitosan as an eco-friendly alternative to the chitosan
derived from marine shells [224].

Solid
residue

(a) CONVENTIONAL METHOD

Solid -liquid
extraction

Filtration

Centrifugation

(b) SIMULTANEOUS EXTRACTION & RECOVERY

Crude L Multi-step
G urification
extract P

CGA generation

Purified
(solid + liquid + alums) enzyme

(¢) SIMULTANEOUS PARTITIONING & PURIFICATION

SSF

Crude Liquid-liquid
enzymatic extraction
extract using ATPE

Purified
enzyme

Solid-liquid

extraction

Figure 2. Schematic diagram of the downstream processing in SSF (a) conventional method;
(b) simultaneous extraction and recovery based on aphron flotation; (c) simultaneous partitioning and
purification using the ATPE system.

7. Economic Viewpoint

Solid state fermentation has proved to yield high biomolecules concentrations making further
additional downstream processes easier than in SmF. Consequently, SSF minimized the requirements
for additional equipment as well as energy and water consumption. Since the cost of substrates
represents 30%—40% of total production costs [225], the valorization of organic solid waste as a
substrate in SSF effectively reduces the operational costs. The superiority of SSF over SmF in several
biotechnological processes poses an attractive economic feasibility. For instance, Zhuang et al. [226]
compared an economic analysis of cellulase for bioethanol production through SSF and SmF
The analysis reported the unit costs for the cellulase production in SSF ($15.67 kg-cellulase ') and
SmF ($40.36 kg-cellulase '), while the market price for cellulase was approximate $90 kg-cellulase .
Comparatively, a sensitivity analysis was performed indicating that the production cost using SSF was
lower than SmF with an efficiency of 99.6%. Furthermore, another report studied the economic analysis
of hydrolases enzyme cocktails (amylase, cellulase, xylanase, protease) by A. awamori on babassu cake
in SSF suggesting that solid residues or fermented cake generated after enzyme extraction can be sold
as animal feed, which in turn compensates the enzyme production costs [227].

However, it does seem evident that there is an important lack of economical systematic studies on
SSF economics, especially those related to the comparison between SSF and SmF.
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8. Future Perspectives and Concluding Remarks

The use of SSF in various biotechnological processes and in the production of value- added
bio-products seems very appealing and promising as reported in this review. As SSF valorizes organic
solid waste, it leads to the reduction of operational and production costs, concurrently contributes
to solid waste management, and decreases environmental pollution. There are various types of
organic solid waste that can be easily used and converted into valuable bio-products such as enzymes,
organic acids, bioethanol, biopesticides, biosurfactants, etc. by means of SSE. Apart from these evident
advantages, SSF presents limited application at industrial level due to several technical aspects that
need to be improved and well established, such as scientific engineering and fermentation operational
control. However, with the uprising of studies related to SSF that are being currently explored, it is
believed that there are numerous aspects of bioreactor technology suitable to enhance processes to
compensate for the lack of application at the industrial level. With the understanding of SSF theory and
the development of current SSF technology for the production of biomolecules, SSF can be considered
a novel paradigm for organic solid waste valorization.
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ABSTRACT

Hair wastes from the tannery industry were assessed for its suitability as substrates for protease produc-
tion by solid-state fermentation (SSF) using a pilot-batch mode operation and anaerobically digested
sludge as co-substrate. Maximum protease activity (52,230 + 1601 U g~ ! DM) was observed at the 14th
day of SSF. Single step purification resulted in 2 fold purification with 74% of recovery by ultrafiltration
with 10 kDa cut-off. The recovered enzyme was stable at a temperature of 30 °C and pH 11; optimal con-
ditions that were determined by a central composite full factorial experimental design. The enzyme activ-
ity was inhibited by phenylmethylsulfonyl fluoride, which indicates that it belongs to serine protease
group. The remaining solid material after protease extraction could be easily stabilized to obtain a final
good quality compost-like material as the final dynamic respiration index was lower than
1g0,kg ' OM h~. The lyophilized recovered enzymes were a good alternative in the process of cow-
hides dehairing with respect to the current chemical treatment, avoiding the production of solid wastes
and highly polluted wastewaters. In conclusion, the entire process can be considered a low-cost sustain-
able technology for the dehairing process, closing the organic matter cycle in the form of value added pro-

duct and a compost-like material from a waste.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Traditionally, the tanning industry has been always associated
with high pollution of the environment, which is mainly related
to the use of toxic chemicals and the production of huge amounts
of highly polluted wastewaters and solid wastes that impart a
great challenge to the environment (Ahmad and Ansari, 2013).
Over the years a large quantity of solid waste is generated world-
wide from tanning processes such as skin trimming, shaving,
dehairing, fleshing and production of buffing waste, which are
associated to the increasing of high oxygen demand in water, dis-
charging of highly toxic metal salts and the emission of unpleasant
odour and atmospheric pollutants (Kanagaraj et al., 2006). Conse-
quently, these processes lead to health and safety issues due to
the land, air, surface, and groundwater contamination.

Approximately 5-10% of dry hair per ton of animal is being dis-
posed to land or sanitary landfills (Onyuka et al., 2012). The main
composition of hair waste is protein that constitutes 65-95% of
hair weight where the rest consists of water, lipids, pigments and
trace elements (Dawber, 1996). Furthermore, keratin, which is a

* Corresponding author.
E-mail address: antoni.sanchez@uab.cat (A. Sdnchez).

http://dx.doi.org/10.1016/j.wasman.2016.01.045
0956-053X/© 2016 Elsevier Ltd. All rights reserved.

constituent of protein in hair waste has a structure that take long
time to degrade under natural environmental conditions, therefore
landfill is not the best option to manage this material and it can
cause severe environmental problems (Gupta and Ramnani, 2006).

Due to the environmental concern, EU tanners’ environmental
costs for hair waste disposal are estimated about 5% of their turn-
over (IPCC, 2003). Hence, any alternative treatment for hair waste
would be attractive to tanning industry. In some cases, due to its
high content of nitrogen, composting of hair waste has been pro-
posed as a friendly environmental technology to produce a valu-
able organic amendment (Barrena et al., 2007a). However, for an
efficient waste management the organic solid waste abundantly
produced from tanneries could be recycled and exploited into
other value added products. Currently, only few works regarding
the recycle of hair waste into these products are reported. One of
the preferable ways of hair waste valorisation is its bioconversion
into proteolytic enzymes that could be used in the same tanneries
for dehairing (Wang et al., 2007). This strategy demonstrated to be
a viable technique through solid-state fermentation (SSF)
(Abraham et al., 2013).

Due to this origin, hair waste are highly alkaline and do not pre-
sent the appropriate characteristics to be degraded alone and the
use of a co-substrate and an inoculum is necessary to activate
the biological transformation and accomplish the biodegradation
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process of hair waste. Dewatered sewage sludge has been effec-
tively tested as a co-substrate to biodegrade hair waste (Barrena
et al.,, 2007a; Abraham et al., 2014). Other economical option is
to use as co-substrate anaerobically digested sludge (ADS), which
has been successfully used as a co-substrate for different organic
wastes (Barrena et al., 2007b). Furthermore, ADS is available in suf-
ficient quantity and can be easily obtained from local wastewater
treatment plants. To date, the use of hair waste and ADS as co-
substrates for the production of alkaline protease has not been
studied.

Literature regarding the production of alkaline protease by SSF
is relatively abundant (Haddar et al., 2010; Mukherjee et al., 2008;
Uyar and Baysal, 2004). However, most of the protease production
via SSF is carried out with few grams of material, which hampers
the development of the process at industrial scale (Ravindran
et al.,, 2011). Moreover, the information about the recovery yields
of protease activity is very scarce. As alkaline proteases have
numerous potential applications in detergent industries, food pro-
cessing, tanning and leather processing, waste treatment, textile
and pharmaceutical industry (Abidi et al.,, 2008; Gupta et al.,
2002; Khan, 2013; Raj et al., 2012), it is essential to develop highly
scalable process of SSF that could use wastes as substrates or the
hydrolysed materials for applications as biofuels (Han et al.,
2015a).

In this context, the present study highlighted the protease pro-
duction and extraction using a pilot-batch mode operation pre-
senting the yields and recovery achieved on an easily scalable
low-cost downstream process. In addition, a first approach to the
characterization of enzyme produced is also presented. It also
examines the possibility to continue the SSF process after the pro-
tease extraction in the same reactor after final material
stabilization.

2. Materials and methods
2.1. Materials

The main waste used for this research was hydrolysed hair pro-
duced during the dehairing of bovine hide and obtained from a
local tanning industry located in Igualada (Barcelona, Spain). ADS
from a local wastewater treatment plant were used as co-
substrate for the SSF process. The complete characterization of
substrates in terms of physical, chemical and overall biological
activity is presented in Table 1. For the mixture, firstly, hair waste
and ADS were mixed in a weight ratio of 1:2, as described in pre-
vious studies (Abraham et al., 2014; Barrena et al., 2007a). After-
wards, wood chips were used as bulking agent to the mixture

Table 1
Characterization of anaerobically digested sludge, hair waste and initial mixture for
SSF process.

Characteristics Hair Anaerobically  Mixture®
waste digested
sludge

Physical characteristics
Organic matter (% db) 85.5+0.7 713+0.6 84.6+04
Water content (% wb) 62+3 86+4 72+4
Dynamic respiration index (DRI) N.D. 24+03 4.7+0.7

(g0, kg"?OMh™1)
Electrical conductivity (mScm™')  4.1£0.9 1.2+£0.7 1.6+0.8
pH 10.7+0.1 8.32+0.04 8.52+0.01
Chemical characteristics
Total carbon (% db) 57209 42.0+0.1 68.3+04
Total nitrogen (% db) 121+01 7.2+0.6 6.9+0.1
C/N ratio 4.7 5.9 11

db: dry basis; wb: wet basis; OM: organic matter; N.D.: not determined.
@ Ratio 1:2 (sludge:hair waste).

hair: sludge in a 1:1 volumetric ratio to create the proper porosity
in the mixtures (Barrena et al., 2007b).

Protease inhibitorsphenylmethylsulfonyl fluoride (PMSF), pep-
statin A and trans-epoxysuccinyl-i-leucylamido-(4-guanidino)
butane (e64) were purchased from Sigma-Aldrich (St. Louis).

2.2. Solid state fermentation

Several fermentations were carried out under - aerobic environ-
ment. A preliminary fermentation was done to establish a reference
profile for protease production in SSF using the above-explained
mixture. The mixtures (approximately 3.7 kg) were prepared in
duplicate (C1 and C2) in 10-L air tight reactors and fermented for
23 days, which was considered the control experiment. Samples
of 100 g were collected at 0, 3, 6, 14, 20 and 23 days alter manual
homogenization of the entire mass in all the reactors. SSF for pro-
tease extraction with the same mixture content was done in tripli-
cate (R1, R2 and R3) using the same 10-L reactors. These reactors
are used to produce the proteases and to extract them in the same
reactor in the moment of higher protease activity detected in the
control experiment. The extracts were purified, characterized and
used in the dehairing process, as explained later.

The experiments were performed under near-adiabatic condi-
tions with continuous aeration at a minimum rate of 0.1 L/min.
The reactors included a data acquisition system with a PLC (pro-
grammable logic controllers), which allowed data reading every
minute. Particularly, PLC system reads the values of oxygen, air-
flow and temperature, which are connected to a personal com-
puter, and it enables on-line complete monitoring. The oxygen
was regulated by means of airflow manipulation in the exhaust
gas to maintain the system in favourable aerobic conditions (oxy-
gen content above 12%), as previously described (Puyuelo et al.,
2010).

2.3. Enzyme extraction

For the control experiment, in which the protease activity was
only monitored, about 10 g of homogenized solid samples were
taken from the reactors at different days of SSF, as explained. The
samples were mixed and extracted with 50 mM HCI-Tris buffer
(pH 8.10) at 1:5 (w/v) ratios for 45 min at room temperature. Then
the mixtures were separated by centrifugation at 10,000 rpm for
10 min. The supernatant was collected and filtered through a
0.45 pm filter and used as crude enzyme extract for further charac-
terization and use. All the extractions were done in triplicates.

To ensure the reproducibility, extraction of the whole fer-
mented mass was performed in triplicate 10-L reactors at day 14,
which was the time when the control experiment showed the
highest production of protease according to the protease profile.
In this mode of extraction the entire batch was submerged in each
reactor with 50 mM HCI-Tris buffer (pH 8.10) at 1:1 (v/v) ratio for
1 h. Then the extracts were sieved with 2.0 mm stainless steel
sieve and centrifuged as aforementioned. The supernatant was
taken as the crude enzyme extract, whereas the solid remaining
residues continued the SSF process until 42 days for final
stabilization.

2.4. Lyophilisation

The crude enzyme extracts obtained after the extraction at 14th
day of SSF (R1, R2 and R3) were frozen to —80 °C prior to lyophili-
sation using vacuum with a bench top VirTis Sentry 5L freeze
dryer. The frozen samples were attached to quickseal valves on
stainless steel drum manifolds. The lyophilisation process lasts
approximately 24 h. The lyophilised extracts were collected and
preserved at 4 °C for further use.
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2.5. Partial purification and characterization of protease

The crude extracts were concentrated using Amicon® Ultra-15
centrifugal filter devices (Milipore, Ireland) with 10 k molecular
weight cut-off (MWCO) Ultracel® low binding regenerated cellu-
lose membrane The concentrated ultrafiltered liquid was recov-
ered and stored for further experiments of protease
characterization. In these processes, recovery yield is defined as
the percentage of residual activity with respect to the initial activ-
ity of crude extract, whereas purification fold is the quotient
between specific enzymatic activity after purification with respect
to the specific activity of the initial crude extract.

Molecular weight of proteases was estimated by SDS-PAGE
electrophoresis using 12% polyacrylamide (w/v) precast gels (Bio-
rad®). The gel was stained with Coomassie Blue G-250 (Biorad®).
Zymogram was carried out using casein (Sigma-Aldrich) as copoly-
merized substrate to reveal protease profile from the extracts
(Abraham et al., 2014).

The stability of the enzyme was determined by incubating the
lyophilised extracts for 1 h at different temperatures within 30-
70 °C and different pH values using the following buffers: Acetic
acid-sodium acetate 1 M (pH 5), Tris—HCl 1 M (pH 8), Tris—-NaOH
1M (pH 11). The stability was analysed using the Design-Expert
software (version 6.0.6) using a full central composite design
(CCD) that consisted of 13 experimental points, including five
replications at the central point and four star points (o = 1) Resid-
ual activity was selected as objective function (in %) for each pH
and temperature tested assuming that the initial activity of the
enzyme is 100%.

The effect of various protease inhibitors such as phenylmethyl-
sulfonyl fluoride (PMSF), trans-epoxysuccinyl-L-leucylamido-(4-
guanidino)butane (e64), pepstatin A, and ethylene diamine tetra
acetic acid (EDTA) were determined by the addition of the corre-
sponding inhibitors at 1 mM and 10 mM (final concentration) to
the aliquot of the protease. The reaction mixtures were pre-
incubated at 37 °C for 1 h without the substrate fraction and assay
under standard conditions. The recorded residual activities were
compared with that of the control (without inhibitors).

2.6. Application of alkaline protease in cowhides dehairing

The cowhide was cut in small pieces with the same area
(10.68 cm?) for the dehairing process. About 0.4 g of lyophilized
enzyme extracts was dissolved in 15 mL of Tris-HCl buffer to incu-
bate the hides. The dehairing efficiency of the enzyme was
assessed in comparison with the chemical dehairing process,
where the initial amount of hair was assumed to be the same for
each piece. Additionally a commercial powder provided by for tan-
ning industry was tested. The dehairing process was performed by
scrapping the hair using tweezers in a plate fill with water after
24 h incubated with protease or chemicals. The hair was harvested
and measured as TSS (total suspended solids). Dehairing was
expressed as percentage removal where the hair being removed
by the chemical treatment was considered 100%. Briefly, the chem-
ical treatment consists of a sequential treatment of the cow hides
with the following reagents: sodium carbonate (15 mL, 0.3%, w/v)
with a non-ionic surfactant (0.3%, w/v) (soaking, 22 h), calcium
hydroxide (50 mL, 1%, w/v, 1 h) and sodium hydrosulfide (50 mL,
1%, w/v, 30 min in orbital agitation) to simulate the chemical
dehairing process used in tannery industries.

2.7. Analytical methods
2.7.1. Dynamic respiration index (DRI)

On the basis of the methodology to assess the degree of biolog-
ical stability of the remaining solid material from SSF, the dynamic

respiration index (DRI) was measured using a dynamic respirome-
ter (Ponsa et al., 2010). The determination consists of placing 100 g
of sample in a 500-mL Erlenmeyer flask and incubating the sample
in a water bath at 37 °C. A constant airflow was supplied through
the sample, and the oxygen content in the outgoing gases was mea-
sured. From this assay, DRI was determined as the maximum aver-
age value of respiration activity measured during 24 h, expressed in
g0, kg™ OM h™! (Adani et al., 2006; Ponsa et al., 2010).

DRI was used as a test to determine the stability of organic mat-
ter after SSF. In this sense, lower respiration activity can be consid-
ered as stable compost (Adani et al., 2004).

2.7.2. Protease activity assay

The protease activity was measured using casein (2%) as sub-
strate according to Alef and Nannipieri (1995), with a slight mod-
ification as described previously (Abraham et al., 2013). One unit of
alkaline protease activity was defined as 1 pg of tyrosine liberated
under the assay conditions.

2.7.3. Protein determination

Protein concentration was determined by the modified method
of Lowry et al. (1951) using bovine serum albumin (BSA) as stan-
dard protein. The protein content was estimated by measuring
the absorbance at 750 nm using Varian Cary® 50 UV-visible
spectrometer.

2.7.4. Routine analytical methods

Dry matter (DM) and organic matter contents (OM), total sus-
pended solid (TSS), bulk density and pH in solid samples were
determined according to standard methods (TMECC, 2001).

3. Results and discussion
3.1. Solid-state fermentation

Primarily, the initial DRI of the mixture was considered high,
4.7%0.7g0,kg ' OM h~! (Table 1) to initiate aerobically degrada-
tion during SSF process. The moisture content (>60%) and C/N ratio
(11) of the mixture were maintained to favour degradation process
to produce protease enzyme during thermophilic and mesophilic
condition. The results presented in Fig. 1 showed the protease pro-
duction and fermentation profiles (temperature and oxygen
exhaust content) of SSF. No lag phase was observed because of
the previous hydrolysis of hair waste, as pointed in other studies
(Du et al., 2008). The fermentation showed a normal operating con-
dition where the thermophilic temperature (60 °C) occurred at the
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Fig. 1. Solid state fermentation profiles (one replicate is shown) for 23 days of SSF:
Temperature (—, solid line), oxygen content in exhausts gas (----, dotted line),
protease activity profile (— @ —, long dash) from several SSF.
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beginning of the SSF (day 2) and decreases towards the end of the
fermentation. In Fig. 1, oxygen contents were low during the ther-
mophilic stage as an evidence of high aerobic respiration activity
during that period in the profile (Gea et al., 2004). The oxygen pro-
files showed a similar trend to that of co-composting hair waste
and raw activated sludge profiles (Abraham et al., 2014; Barrena
et al.,, 2007b).

To validate the processes performances of the replicates, they
were assessed through the statistical comparison of temperature
and oxygen profiles that have been summarized in Table 2. Thus,
to evaluate the performance of mixtures of hair waste and anaero-
bically digested sludge (ADS) the area below the temperature
curve, the area below sOUR (specific oxygen uptake rate), the max-
imum protease activity, the specific activity and dry mass reduc-
tion were calculated until 14 days of SSF. Apparently, there was
no considerable difference between replicates for the temperature
curve, where the average was 499 + 15 °C day . The coefficients of
variation (CV) for all the fermentations were lower than 5%, thus
validating statistically the process and confirming non-
statistically differences between replicates (de Guardia et al,
2010). Additionally, the maximum specific oxygen uptake rate
(sOUR max) and accumulated oxygen content throughout the SSF
process was correlated well with a correlation coefficient of
0.951. Overall, the correlation between the area below the temper-
ature curve and the maximum protease activity reached, the SOUR
max and the maximum protease activity were significant at
p <0.001. As sOUR max value also correlated to the increasing
value of the area below sOUR (Table 2) (p = 0.017), it can be stated
that the SSF for the production of proteases from hair and ADS
under this pilot conditions is highly reproducible and the results
are consistent.

Table 2

3.2. Enzymatic activity profile and extraction

Protease profile is shown in Fig. 1 at day 14th, the highest pro-
tease activity production was observed, which resulted in a e value
0f 48,971 + 872 U g~! DM with a CV equal to 1.8%. These results are
in agreement with previous studies using 4.5 L reactors where the
highest activity of protease was observed at 14 days of SSF with
hair waste and different co-substrate (Abraham et al., 2014,
2013). Therefore, this time was selected to carry out the extraction
of the enzyme in further experiments.

The SSF process was continued until 42 days with the mixture
after extraction to complete the entire process that implies the sta-
bilization of the remaining material. The activity of protease at the
end of SSF process (42 days) was 3273 + 1342 U g~! DM, showing a
significant decrease of activity at end of the fermentation. The
average of dynamic respiration index (DRI) of the mixtures at the
end of the process (42 days) was lower than 1g0, kg™ OMh™!,
which indicates the degradation of biodegradable matter and show
that a further stabilization is useful to obtain a very stable
compost-like material. Thus, it can be concluded that, after extrac-
tion, DRI showed a high biological stability, as reported in previous
studies (Gupta et al., 2002; Ponsa et al., 2010).

3.3. Partial purification and characterization

Table 3 shows the summary of the partial purification steps
tested for alkaline protease in the three replicates (R1, R2 and
R3). In all cases, the partial purification of protease resulted in a
2 fold purification factor with 74% of recovery by ultrafiltration
using Amicon Ultra-15 centrifugal filter device with 10 kDa
MWCO. Additionally, protease activity was not detected in

Summary of the replicates of solid state fermentation (SSF) using 10-L air tight reactors with hair waste and anaerobically digested sludge as substrates.

Initial water Bulk Process parameters during SSF Max PA? sPA* (Umg~' Dry mass Stability after SSF
content of density (Ug'DM) soluble reduction®
mixture (%) (kgL™") protein) (%)
Area T? sOUR max Area sOUR® Time DRI
(°Cday™') (gO,kg 'DMh™!) (gO,kg !'DM) sOUR (g0,kg ' OMh™1)
max (h)
Experiment performed with in-situ enzyme extraction
R1 76.1 0.5 5134 39 387 11.7 52,230+1601 12,615+111 10 0.39+0.04
R2 475.8 3.1 337 113 37,732+£1608 15,403 + 909 7
R3 500.3 53 538 10.9 37,782+ 1514 13,547+626 10
Control experiment
c1 733 0.67 497.0 2.8 220 48.4 48,354 +78 345421 11 0.87 £0.01
Cc2 507.9 2.3 165 71.8 49,587 +324 4157 +86 17

R1, R2 and R3: replicates SSF experiments; Cland C2: control SSF experiments.

PA: protease activity; sPA: specific protease activity; OUR: oxygen uptake rate; DRI: dynamic respiration index; DM: dry matter; OM: organic matter.
Values are the average of three replicates of experiments + standard deviation of triplicates.
2 The parameters were calculated after 14 days of SSF (maximum protease production).

Table 3
Partial purification of protease enzyme from extraction.

Sample Purification step Total activity (U) Total protein (mg) Specific activity (U mg™") Recovery (%) Purification fold
R1 Crude extract 124,410 9.91 £ 0.04 12,560+ 111 100 1
Lyophilization 94,408 9.86 +0.03 9571 + 240 76 0.76
Ultrafiltration 85,180 4.10£0.72 20,796 £ 631 68 1.66
R2 Crude extract 85,830 5.83+0.01 14,715 + 909 100 1
Lyophilization 62,180 5.34+0.20 11,646 + 244 72 0.79
Ultrafiltration 60,230 3.39+0.16 17,788 + 163 70 1.21
R3 Crude extract 102,600 6.43+0.01 15,059 + 625 100 1
Lyophilization 90,180 6.37 +0.28 14,148 +375 88 0.89
Ultrafiltration 86,340 3.34+0.38 25,843 +288 84 1.62

R1, R2 and R3: triplicates SSF experiments. Samples were taken after 14 days of SSF (maximum protease production).

Values are the average of three replicates in the experiments + standard deviation.
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Fig. 2. Response surface of residual protease activity (%) on stability of enzymes
with respect to pH and temperature.

Table 4
Analysis of variance (ANOVA) for the response surface quadratic model.
Source of Sums of  Degrees of  Mean square  F-value P value
variations squares freedom
Regression 6184.36 5 1236.87 24297 <0.0001
Residual 35.64 7 5.09
Pure error 24.8 4 6.2
Lack of fit 10.84 3 3.61 0.58
Total 6220 12

R? 0.9943; adjusted R? 0.9902; predicted R? 0.9797.

permeate as the size of alkaline proteases produced were in range
between 26 and 100 kDa. Some studies reported that there was no
protease activity detectable in all permeates due to the lost as a
deposit in the membrane of the tube (Bezawada et al., 2011). How-
ever, during lyophilisation the loss of activity resulted in 21%, being
this step the most critical for the recovery of protease.

The response surface of protease in front of several conditions of
pH and temperature was determined to assess the stability of the
protease. For this, it was analysed using the regression equation
obtained from the analysis of variances (ANOVA) by the Design
Expert software to determine the suitability of the model (Eq.
(1)). In the model, pHT indicates the interaction term between
temperature and pH. The negative coefficient of T (Eq. (1)) sug-
gested that high temperature has a pronounced effect on activity
and, as shown in Fig. 2, pH effect becomes insignificant at higher
temperatures.

Residual activity (%) = 52.79 + 4.17pH — 29T — 2.78pH?* — 3.25pHT
M

Table 4 shows that the regression for residual activity yield
model was significant (242.97) and the lack of fit was not signifi-
cant (0.58) at p <0.0001 relative to pure error. The lack of fit of
the F-value for the residual yield was less than the Fgca Value
(0c=0.05 at degree of freedom 4, 3) of 9.12, which indicates that
the treatment differences were highly significant. The fit of the
models were checked by the determination of correlation coeffi-
cient, R2. In this case, the value of the coefficient for residual activ-
ity was R?=0.9943. The values showed that only 0.57% of the
variables behaviour is not explained by the model (Amini et al.,
2008). The predicted R? (0.9797) for the model was in reasonable
agreement with the adjusted R? of 0.9902, therefore it can be con-
cluded that the proposed model adequately approximated the
response surface and it could be used to predict the values of the
variables within the experimental domain (Gilmour, 2006; Myers
et al., 2004).
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Fig. 3. Zymogram of partially purified enzyme on 12% polyacrylamide gel after
SDS-PAGE under non-reducing condition (Lane M1: standard molecular mass
marker proteins in kDa; Lane M2: egg albumin (45 kDa); bovine serum albumin
(66 kDa); Lane 1: crude extracts; Lane 2, 3, 4: partially purified enzymes from R1, R2
and R3).

The partially purified protease was found to be an alkaline pro-
tease displaying the residual activity more than 70% when
approaching alkaline pH up to 11 (Fig. 2). As it was stable in alka-
line pH up to 11, it can be used for industrial purposes where com-
mercially proteases have highest activity in alkaline pH ranges of
8-12 (Gupta et al.,, 2002; Kumar et al., 1999). For thermal stability,
the enzymes exhibited good activities over a temperature range
30-50 °C in a wide range of alkaline pH from pH 7 to 11. The opti-
mum enzyme activity (49,347 + 5487 U g~! DM) was obtained at
30°C and pH 11. However, the enzymes were rapidly inactivated
and retained approximately 4-8% of residual activity after incuba-
tion at 70 °C at any tested pH (Fig. 2). These results were in accor-
dance with previous studies (Abraham et al., 2014, 2013) reported
that the protease produced from hair waste was highly stable in
alkaline and mesophilic temperatures, which coincides with the
conditions of the SSF when it is mainly produced (Fig. 1).

The proteolytic activity of concentrated alkaline protease (R1,
R2, and R3,) subjected to a zymogram revealed four clear hydroly-
tic zones around the blue background with molecular weight from
26 kDa to 100 kDa (Fig. 3). The molecular weights of the proteases
coincided with previous study (Abraham et al., 2014) that were
obtained after 14 days of SSF in 4.5 L reactors, when the best
results in dehairing were observed. Probably, these proteases were
produced by the same type of microorganisms that may coexist in
the mixture of hair waste and ADS for protease production.

In the present study, pepstatin A (acid protease inhibitor), e64
(cysteine protease inhibitor), and EDTA (metalloprotease inhibitor)
had a minimal effect on the protease activity (Table 5). On the con-
trary, PMSF (serine protease inhibitors) inhibited the enzyme
activity at very low concentration (1 mM). Therefore, the protease
produced in this study can be considered as serine protease type.
Since serine proteases generally are active at pH 7-11 and have
broad substrate specificities it may be used in the dehairing pro-
cess as reported in other studies (Huang et al., 2003; Ito et al.,
2010; Wang et al., 2007).
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Table 5
Effect of protease inhibitors on protease activity from different replicates.

Inhibitor Concentration (mM) Residual activity (%)
R1 R2 R3
Control - 100 100 100
Pepstatin A 1 98 94 99
10 97 91 96
PMSF 1 36 47 49
10 3.8 5.1 6
e64 1 99 98 98
10 93 87 89
EDTA 1 98.7 94 99.4
10 81 78 86

The residual activity was assayed under the standard assay conditions in the
presence of various inhibitors. 1 mM is the initial concentration of the inhibitors
and 10 mM is the final concentration of the inhibitors.

Enzyme activities measured in the absence of any inhibitor were taken as 100%.
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Fig. 4. Percentage of enzymatic dehairing with respect to chemical treatment; hair
removal of cowhide using the chemical treatment was considered 100% of
dehairing. Percentage of hair removal for each treatment was calculated as the
hair removed using enzymatic dehairing with respect to chemical dehairing on a
dry matter basis.

3.4. Dehairing of cowhides

In order to evaluate the feasibility of the proposed process at
industrial scale, the protease produced was tested on dehairing
of high pigmentation cowhides. Normally, in tanning industries
the solubilisation of black and brown hair is slower compared to
the white and calfskin due to melanin and colour pigmentation
(Onyuka, 2009).

To validate the possibility of using proteases from SSF in the
dehairing process, the lyophilized enzyme (R1, R2, and R3) with
similar initial enzymatic activities of 7556+ 129.8Ucm 2,
8561+12.0Ucm 2 and 9373 +48.6Ucm 2 respectively, were
used for dehairing of black cowhides. Fig. 4 indicates the
percentage of hair removal of the raw hide that was processed
for dehairing using Tris-HCl buffer as control, enzymatic and
chemical treatments for comparison. Additionally, the dehairing
activity of the obtained enzyme was compared with a commercial
powder used for dehairing that was being used in the tanning
industry with a similar activity (74,885+3137UmL™' and
87,588 +1110UmL™" for lyophilized extract and commercial
powder respectively).

Approximately, between 90% and 95% of hair removal with
respect to chemical treatment was observed in treatment with pro-

teolytic enzymes from R2 and R3 after 24 h of incubation. The com-
mercial powder was very close to the chemical treatment (Han
et al., 2015b). These results suggest that using an appropriate enzy-
matic conditions results in good dehairing performance as pointed
out in other studies (Asker et al., 2013; Dayanandan et al., 2003;
Sundararajan et al.,, 2011). In the case of R1, protease showed a
weaker activity with only 50% of hair removal probably due to
the lower specific protease activity already detected in SSF
(Table 3). Sivasubramanian et al. (2008) suggested that dehairing
of hides is substantially difficult as the structural features and
thickness of skin and hide vary greatly; therefore the dehairing
efficiency of enzyme may vary accordingly.

Furthermore, it can be stated that the protease produce in this
work presents the possibility to be an alternative to chemical
dehairing as reported in other studies carried out at lower
scales (Dayanandan et al., 2003; Saravanan et al, 2014,
Sivasubramanian et al., 2008; Sundararajan et al., 2011).

4. Conclusions

The use of hair waste in SSF was found to be a practical
approach to produce alkaline proteases that can be used in the
dehairing process. Moreover, in-situ protease extraction could
make SSF process easier to scale up. Additionally, after extraction,
SSF can be continued with the same mixture to reach final stabi-
lization, similar to that of compost. With regard to the enzyme
properties, protease activity was only inhibited by PMSF, suggest-
ing that it belongs to the serine protease group. The enzyme pro-
duced has highly and stable alkaline properties with moderate
heat stability (30-50 °C), which is of relevance during industrial
dehairing application. In conclusion, the process presented can be
considered a complete alternative to chemical dehairing. In future
works, to improve the efficiency of wastes utilization, the use of
hair waste should be investigated with a special focus on biorefin-
ery concepts (possibility of obtaining other valuable products). At
the same time, next studies should be focused on a deep economic
and environmental study of the entire process.
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ABSTRACT

Alkaline proteases produced from protein-rich waste (hair waste and soya residues) by solid state
fermentation (SSF) were immobilised onto functionalized magnetic iron oxide nanoparticles (MNPs)
using glutaraldehyde as a crosslinking agent. The covalent binding method had a better immobilisation
yield compared to simple adsorption, retaining 93%-96% (459 &+ 106 U/mg nanoparticles, 319 + 34 U/mg
nanoparticles) of hair waste and soya residues proteases, respectively after crosslinking with 5% glu-
taraldehyde for 6h. However, the adsorption immobilisation yield was 47%-54% after 8 h for both
proteases. MNPs and immobilised proteases were characterized using transmission electron microscopy
(TEM), scanning electron microscopy (SEM), Fourier transform infrared spectroscopy (FT-IR) and electron
diffraction. Our results indicated successful crosslinking between the proteases and amino-functionalized
MNPs. The operational stability (pH and temperature) and storage stability of free and immobilised
enzyme were also analysed. Despite the fact that the optimum pH of free and immobilised proteases was
identical in the alkaline region, the immobilised proteases reached their optimum condition at higher
temperatures (40°C-60°C). After 2 months of storage at 4°C, the immobilised proteases showed good
stability, retaining more than 85% of their initial activity. The high magnetic response of MNPs render
an ease of separation and reusability, which contributes to the residual activity of both immobilised
proteases on MNPs retaining more than 60% of their initial values after seven hydrolytic cycles. These
results showed the enhancement of the stability of the crosslinking interactions between the proteases
and nanoparticles. The immobilised proteases were capable of hydrolysing selected proteins (casein,
oat bran protein isolate, and egg white albumin). However, differences in the degree of hydrolysis were
observed, depending on the combination of the protease and type of substrate used.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

higher yields is highly recommended from a commercial point of
view [3].

Because of the proteolytic nature of alkaline proteases, they
have been commercially utilised for industrial applications, explic-
itly in the food, pharmaceutical, textile, detergent, and leather
industries [1,2]. Their specific role in protein hydrolysis has drawn
worldwide attention regarding the versatility of these enzymes for
biotechnological applications. Currently, the general cost of pro-
tease production is very high, considering the cost of substrates,
commercial media and maintenance of cultures used for inocu-
lation. For this reason, the need to develop novel processes with

* Corresponding author.
E-mail address: antoni.sanchez@uab.cat (A. Sanchez).

http://dx.doi.org/10.1016/j.molcatb.2017.01.009
1381-1177/© 2017 Elsevier B.V. All rights reserved.

Different options have been considered to reduce the cost and
increase the utilization of proteases. One of the most promising
alternatives is solid state fermentation (SSF), which allows the pro-
curement of value-added products using inexpensive waste as a
solid substrate. SSF has been successfully applied in the production
of proteases using protein-rich waste without the need to inoculate
a specific microorganism [4,5]. In addition to recycling the abun-
dant solid waste produced by industries as cheap substrates, SSF
avoids the hassle of maintaining cultures since microorganism can
develop mutations over time [6]. Economically, no additional cost is
required, as there is no restricted sterilized environment required
to produce proteases through SSF since a specific microorganism
for inoculation is not involved.

http://dx.doi.org/10.1016/j.molcatb.2017.01.009
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Apart from that, soluble proteases are susceptible to autolysis,
which leads to their rapid inactivation. The instability and lack of
flexibility, reusability and recovery make their use a challenge for
commercialization. Therefore, the use of immobilisation enzymes
offers an attractive method in which immobilised enzymes have
enhanced stability that allows for their recyclability and simple
recovery without contamination of the final product [7]. There
are five basic enzyme immobilisation methods, including sim-
ple adsorption, covalent binding, encapsulation, crosslinking, and
entrapment [8].

Of all the methods, covalent binding provides firm binding
between the enzyme and carrier, thus avoiding enzyme leakage
as it can be regulated by using specific functional groups (-NHy,
-SH) [9]. This method of immobilisation provides an efficient way
to increase the stability and flexibility of enzyme reusability and
recovery [10]. Coupling agents, such as glutaraldehyde, maleic
anhydride and genipin, have been widely used as their functional
groups can interact with the functional groups of modified carri-
ers and proteins [10,11]. Glutaraldehyde can be used either to alter
enzymes after immobilisation or to activate the support for enzyme
immobilisation. In addition, the use of glutaraldehyde can increase
protein stability, thus avoiding protease autolysis [2,12].

In recent years, the immobilisation of enzymes onto nano-
materials, particularly iron oxide magnetic nanoparticles (MNPs),
to form nanobiocatalysts has attracted much attention in some
fields of research, including biolabeling, bioseparation, biosen-
sors, biofuel cells, and environmental analysis [9,13]. The use of
MNPs has been particularly attractive for immobilisation because
of their special characteristics, such as their high surface area, sim-
ple manipulation and separation by the application of an external
magnetic field, biocompatibility, biodegradability, and low toxicity
[10,14]. There are several studies reporting the application of puri-
fied protease immobilised on magnetic supports [15-18]; however
there are only a few studies that have exploited MNPs for crude
protease immobilisation and further use in protein hydrolysis and
synthesis [19].

In this work, the use of relatively inexpensive enzyme prepara-
tive for immobilisation onto functionalized MNPs and crosslinking
with glutaraldehyde was assessed. The goal was to test the viability
of using low-cost proteases derived from animal (hair waste) and
vegetable (soy fibre residues) protein-rich waste that were pro-
duced by SSF after being immobilised onto functionalized MNPs in
the hydrolysis of different type of proteins. The relative differences
in terms of stability and reusability between the free and immo-
bilised enzymes were significant, exhibiting the feasibility of the
immobilised enzymes produced in this work. Also, the magnetic
properties of the support render a convenient separation between
the substrate and the enzymes within the catalytic system.

2. Materials and methods
2.1. Material and reagents

Ferric chloride (FeCl3-6H,0), ferrous sulphate (FeSO4-7H,0),
(3-aminopropyl)-triethoxysilane (3-APTES, 97%), glutaraldehyde
solution (50%), cetyl-trimethyl-ammonium bromide (CTAB),
trichloroacetic acid (TCA), Folin-Ciocalteu reagent, casein from
bovine milk, and egg white albumin were obtained from Sigma-
Aldrich (Spain). Oat bran containing 17.6% protein was purchased
from a supermarket (Mercadona, Spain). Hair waste with a protein
content of 75.6% was obtained from the local tanning industry
located in Igualada, Barcelona, and soya fibre residues with a
protein content of 25.1% were received from Natursoy, Spain. 3-
mercaptoethanol, tricine sample buffer, 10%-20% Mini-PROTEAN
gels, and Coomassie 250 stain were purchased from Bio-Rad

(Spain). All other chemicals were from commercial sources and
were of analytical grade.

2.2. Preparation of the protease enzyme concentrates from
protein-rich waste using SSF

Two different sources of alkaline proteases were produced from
protein-rich waste, hair waste and soya fibre residues using solid
state fermentation (SSF) as described elsewhere [4,5]. Briefly, hair
waste and soya fibre residues were individually mixed with anaer-
obically digested sludge at a weight ratio of 1:2, and then, the
mixtures were added to a bulking agent (wood chips) at a volumet-
ric ratio of 1:1. SSF was undertaken in triplicate using 101 air-tight
reactors for approximately 1-3 weeks. Later, the proteases, Phw
from hair waste and Psr from soya fibre residues, were extracted
from the reactors using Tris—HCI buffer (50 mM, pH 8.1). The times
for extracting proteases for different substrates were specified for
each case based on the maximum activity of the protease pro-
duced during SSF. Phw at day 14th yielded 787 +124U/g DW,
and Psr at day 4th yielded 634 +24UJ/g DW. The extracts were
ultrafiltrated through Amicon Ultra-15 centrifugal filter devices
(Millipore, Ireland) with a 10 kDa molecular weight cut-off (MWCO)
prior to lyophilisation. The initial activities after lyophilisation for
Phw and Psr were 466 U/ml and 330 U/ml, respectively.

2.3. Preparation of oat bran protein isolate (OBPI)

The preparation of oat bran protein isolate (OBPI) was per-
formed as described elsewhere [20] with slight modifications.
Briefly, oat bran was added to 1.0 M Nacl at a ratio of 1:8 (w/v),
and the pH was adjusted to 9.5 using 1.0 M NaOH. The mixture was
agitated for 30 min at room temperature. Then, the supernatant was
collected after centrifuged at 5000 x g for 25 min at4°C. The pH was
adjusted to 4 with 1.0 M HCl prior to centrifugation at 5000 x g for
40 min at 4°C. The supernatant was then discarded, and the pro-
tein isolate was dissolved in Milli-Q water and adjusted to pH 7
with 0.1 M NaOH. The protein isolate was lyophilised and stored at
—20°C for future use.

2.4. Synthesis of amino-functionalized Fe304 magnetic
nanoparticles (MNPs)

Magnetic nanoparticles (MNPs) were synthesised by co-
precipitation in water phase [21,22] with slight modifications. A
mixture of 25 mM ferrous sulphate and 50 mM of ferric chloride
were dissolved in 100ml of Milli-Q water with the addition of
0.1% of CTAB as a stabiliser. The mixture was stirred at 40°C for
1 h under the nitrogen atmosphere. Then, 125 ml of deoxygenated
NaOH (0.5 M) was added dropwise to the mixture, and the mixture
was left for 1 hat 40 °Cto let the solution chemically precipitate. The
resultant MNPs were separated magnetically and washed five times
with Milli-Q water. The recovered MNPs were dried overnight at
60°C.

The surface of the MNPs was modified using a silanization reac-
tion. Approximately 0.61g of MNPs was dispersed in a solution
containing 3.05 ml of APTES, 0.763 ml of Milli-Q water, and 45.75 ml
of methanol. The mixture was ultrasonically agitated for 30 min.
Then, 10ml of glycerol was added and heated at 90°C for 6h,
and the mixture was stirred until separation. The surface-modified
MNPs were recovered by applying a magnet, and they were washed
three times with Milli-Q water.

2.5. Immobilisation of alkaline proteases (Phw, Psr)

To begin with immobilisation of protease onto surface-modified
MNPs, 1 ml of alkaline protease from hair waste (Phw) with an ini-

http://dx.doi.org/10.1016/j.molcatb.2017.01.009
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Fig. 1. The effect of the glutaraldehyde (GA) concentration and crosslinking time on the activity recovery of (a) Phw and (c) Psr with 0% GA (simple adsorption) (W), 1% GA
(#42),2.5% GA (B8 ), and 5% GA (32 ); enzyme loading per carrier of (a) Phw and (c) Psr with 0% GA (simple adsorption) (—— ), 1% GA (—o— ), 2.5% GA (—»— ), and 5% GA
(—a— ); immobilisation yield of (b) Phw and (d) Psr with 0% GA (simple adsorption) (M), 1% GA (Z4 ), 2.5% GA (B8 ), and 5% GA (53 ); immobilisation efficiency of (b) Phw
and (d) Psr with 0% GA (simple adsorption) (—#—), 1% GA (—2— ), 2.5% GA (—»— ), and 5% GA (—a— ) onto amino-functionalized MNPs.

tial activity 466 U/ml and alkaline protease from soya residue (Psr)
with an initial activity 330 U/ml, respectively, was dissolved in 9 ml
of Tris—HCl buffer (pH 8.1). Then, 100 mg of amino-functionalized
MNPs was dispersed into the mixture. Afterwards, the activation
of the NH, groups in the nanoparticles was carried out by adding
glutaraldehyde as a crosslinking agent at various concentrations
(1%, 2.5%, and 5% (v/v)) in the mixtures, followed by gentle agita-
tion at 4°C for 8 h. Subsequently, the MNPs with the immobilised
proteases (MNPs-protease) were separated by a magnetic field and
washed five times with Tris buffer (50 mM, pH 8.1) to remove any
unbound glutaraldehyde and enzyme. Finally, the MNPs-protease
were resuspended in 1 ml of Tris buffer (50 mM, pH 8.1) and stored
at 4°C for further application.

For immobilisation via adsorption, approximately 100 mg of
naked MNPs were dispersed in 9ml of the Tris buffer solution
(50 mM, pH 8.1). Then, 1 ml of free alkaline protease from hair waste
(466 U/ml) or soya residue (330 U/ml) was added. The mixture was
gently agitated at4°C for 8 h. Later, the immobilised proteases were
magnetically separated and treated as previously described.

The immobilisation yield (%) and the amount of immobilised
protease (Phw_im, Psr_.im)loading on MNPs (U/mg) were calculated
using following equations (Eqgs. (1) and (2) [15,23]:

Enzyme loading (U/mg) = (U; — Usp)/W (1)
Immobilisation yield (%)= (U; - Usp) /U x 100 (2)

Where U; is the initial enzyme activity (U), Usp is the enzyme activ-
ity in the supernatant after immobilisation (U), and W is the weight

of MNPs used for immobilisation (mg). Furthermore, the immobil-
isation efficiency (%) and activity recovery (%) were calculated as
follows (Egs. (3) and (4) [23]:

Efficiency (%) = (Ue/Ujmm) x 100 (3)
Activity recovery (%)= (Ue/U;) x 100 (4)

Where U, is the activity of bound enzyme that is measured in
the immobilisate (U), Uy, is the immobilised enzyme activity
determined from subtracting the remaining enzyme activity in the
supernatant from the initial activity (U).

2.6. Characterization of the immobilised enzymes

Functionalized MNPs before and after immobilisation were
characterized wusing high resolution transmission electron
microscopy (HRTEM, JEM-2011/JEOL) and scanning electron
microscopy (SEM, Zeiss Merlin). The samples were prepared by
placing a drop of the sonicated solutions on a copper grid, and then,
the samples were allowed to dry. Samples with the immobilised
enzyme were stained with uranyl acetate (2%) prior to analysis.
Functionalized nanoparticle immobilisation was then confirmed
using Fourier Transform Infrared spectroscopy (FT-IR, Bruker
Tenser 27) within a range of 500-4000 cm~!.

http://dx.doi.org/10.1016/j.molcatb.2017.01.009
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Fig. 2. TEM images at a magnification of 30,000 x of (a) naked MNPs, (b) amino-functionalized MNPs, (c) amino-functionalized MNPs after being immobilised with Phw, and

(d) amino-functionalized MNPs after being immobilised with Psr.

2.7. Stability of immobilised protease

The storage stability was determined by maintaining the immo-
bilised enzymes via crosslinking and simple adsorption at 4 °C for
60 days. The activity of the enzymes was measured at day Oth as
the initial activity, while the activity for the 60th and 7th days
were used as the final activity of the immobilised enzymes and
free enzymes, respectively.

To study the operational stability, both immobilised and free
enzymes were incubated for 1h at various pH and temperature
values according to the response surface of the central composite
design (CCD) performed using the Design-Expert software (version
6.0.6). The CCD consisted of 13 experimental points, including five
replications at the central point and four star points (ac=1). The
pH was adjusted using the following buffers: acetic acid-sodium
acetate 1 M (pH 5), Tris—HCl 1 M (pH 8), and Na,HPO4-NaOH 0.05 M
(pH 11). Analysis of variance (ANOVA) was conducted to determine
the significance of the main effects.

The residual activity of each factor was calculated by assuming
that the initial activity of the immobilised or free enzyme is 100%.

2.8. Reusability of immobilised protease

The reusability of immobilised proteases from hair waste (Phw)
and soya fibre residue (Psr) was tested on casein as a model
protein. The initial activities of the immobilised enzymes were

measured and compared with seven consecutive repeated uses of
immobilised enzymes under the assay conditions. After each cycle,
immobilised enzymes were magnetically separated and washed
with Tris—HCl buffer (50 mM, pH 8.1). Then, they were resuspended
in fresh medium and incubated at 50 °C for 120 min. The activity of
immobilised enzymes from the first batch was considered to be
100%.

2.9. Application of immobilised proteases in protein hydrolysis

Prior to hydrolysis, 4% (w/v) suspension of selected pro-
teins (casein from bovine milk, egg white albumin, and OBPI)
in Tris-HCl buffer (50 mM, pH 8.1) were incubated at 50°C for
15 min. Then, the reaction was initiated by adding 1 ml of free
enzymes (330-460 U/ml) or 1 ml immobilised enzymes suspension
(319-459U/mg NP) into 9 ml of substrate. The mixture was incu-
bated in a water bath at 50 °C with mechanical agitation at 100 rpm.
An aliquot of 6 ml was withdrawn at 0.5, 2, 4, 6, and 24 h. The free
enzyme activity was deactivated by heating the samples in boil-
ing water for 15 min. Then, the samples were cooled by placing the
samples in a cold water bath for 15 min. Afterwards, the samples
were centrifuged at 5000 x g for 15 min to separate any impurities
or enzyme from the hydrolysate. The immobilised enzyme was sep-
arated from the hydrolysate by a magnetic drive. The hydrolysate
was kept frozen at —80°C prior to lyophilisation.

http://dx.doi.org/10.1016/j.molcatb.2017.01.009
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Fig. 3. The electron diffraction images of (a) naked MNPs, (b) MNPs after the addition of CTAB, (c) MNPs after surface modification with APTES, and (d) MNPs after the

immobilisation of the enzymes Phw and Psr.

2.10. Analytical methods

2.10.1. Protease assay

The proteolytic activity of the free and immobilised protease
was determined using casein as a substrate according to method
described by Alef and Nannipieri [24] with slight modifications.
Briefly, 1 ml of the enzyme extract (free enzyme) or 0.1 g of immo-
bilised protease in 0.9 ml of Tris buffer (pH 8.1) was added to 5 ml
of a 2% (w/v) casein solution and incubated at 50°C and 100 rpm
for 1h. The reaction was terminated by adding 5 ml of 15% (w/v)
TCA. The samples were centrifuged at 10,000 rpm for 10 min at4°C.
An aliquot of 0.5 ml of the supernatant was added to the alkaline
reagent prior to the addition of 0.5 ml of 25% (v/v) Folin-Ciocalteu
phenol reagent. The resulting solution was incubated at room tem-
perature in the dark for 1h. The absorbance was measured at
700nm using a tyrosine standard. One unit of alkaline protease
activity was defined as the liberation of 1 g of tyrosine per minute
under the assay conditions. All activity tests were performed in
triplicate.

2.10.2. Total protein content determination

The total protein content was determined by the Lowry method
[25] using bovine serum albumin (BSA) as a standard. The
absorbance was analysed at 750 nm using an UV-vis spectropho-
tometer (Varian Cary 50).

2.10.3. Degree of hydrolysis
The degree of hydrolysis was determined by quantifying the sol-
uble protein content after precipitation with TCA [19,26]. 1 ml of

protein hydrolysate was mixed with 1 ml of 10% (w/v) TCA and
incubated at 37°C for 30 min to allow for precipitation. This was
followed by centrifugation (10,000 x g, 10 min). Then, the soluble
protein content in the supernatant was determined by the Lowry
method [25], and it was expressed in milligrams. The degree of
hydrolysis (DH) was determined using the following equation (Eq.
(5)):

soluble protein contentin 10% TCA

total protein content

DH (%) = x 100 (5)

2.10.4. Electrophoresis

Tricine-SDS PAGE was used to observe the pattern of smaller
proteins generated after the hydrolysis reaction. Electrophore-
sis was performed using 10-20% Mini-PROTEAN Tris-Tricine gels
under denaturing and reducing conditions. The reduction was
achieved by heating the sample at 90°C for 5min in the presence
of B-mercaptoethanol (2% v/v). The gel was fixed with methanol
(40% v/v) and acetic acid (10% v/v) and subsequently stained with
Coomassie Brilliant Blue R-250. Then, the gel was destained with a
solution containing methanol, acetic acid, and water (20:4:26 v/v).

3. Results and discussion
3.1. Immobilisation of Phw and Psr onto magnetic nanoparticles

The Phw and Psr enzymes from SSF were immobilised onto
magnetic nanoparticles via simple adsorption and crosslinking

with glutaraldehyde (GA). Both methods were carried out for 8 h
with the aim of investigating the effect of time and crosslinker

http://dx.doi.org/10.1016/j.molcatb.2017.01.009
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Fig. 4. The SEM images at 50.00 KX magnification of (a) naked MNPs, (b) amino-functionalized MNPs, (c) amino-functionalized MNPs after being immobilised with Phw, and

(d) amino-functionalized MNPs after being immobilised with Psr.

concentration on immobilisation (Fig. 1). The simple adsorption
yielded a maximum activity recovery of 28% with an activity load-
ing of 874+22U/mg NP for Phw and of 33% Psr (activity loading
of 70+ 17 U/mg NP) after 8 h of immobilisation (Fig. 1a and c). The
immobilisation efficiency for both Phw and Psrin simple adsorption
increased during 8 h with a maximum of 60-61% efficiency yield,
while the maximum immobilisation yield in simple adsorption for
both Phw and Psr were 47% and 54%, respectively (Fig. 1b and d).
The surfaces of naked MNPs likely possess high reactivity, which
makes them susceptible to degradation under particular environ-
mental conditions. This fact could involve weaker binding forces
that contribute to the poor stability of the protein attachment’s to
the surface [9,27].

Immobilisation via the crosslinker showed good results for both
enzymes studied (Phw and Psr). The immobilisation yield increased
according to the increase in the GA concentration from 1%-5% up
to 6h; then, it decreased abruptly for Phw (Fig. 1b). Only when
using Psr with 1% GA, the immobilisation yield continues increas-
ing (Fig. 1d). Maximum activity recovery and immobilisation yields
were obtained after 6 h of crosslinking time, 90% and 96% respec-
tively, which is (equivalent to an activity load of 459 +£ 106 U/mg
NP) for Phw with 5% GA (Fig. 1a and b). Similarly in Psr with
5% GA the maximum activity recovery and immobilisation yield
were 92% and 93%, respectively (equivalent to activity loading of
319+34U/mg NP) (Fig. 1c and d). In addition, the immobilisation
via crosslinker was superior to simple adsorption as both of the

enzymes (Phw, Psr) showed good immobilisation efficiency in the
range of 45%-98% during 6 h of immobilisation time (Fig. 1b and
d). This indicated that the crosslinking time and GA concentration
play an important role during the immobilisation of enzymes in
this study. As GA plays a role as a spacer arm for the carriers by
providing aldehyde groups to couple to free amine groups from the
enzymes, forming imines, it can also act as a denaturing agent [12].
Additionally, some studies obtained different crosslinking times
(between 1 h-4h) and GA concentrations (from 1% to 6%), implying
good biocompatibility for these specific enzymes [12,21,28,29].

3.2. Characterization of the functionalized nanoparticles used for
immobilisation

Transmission electronic microscopy (TEM) images of MNPs
before and after modification with APTES and after the enzymes
immobilisation onto the activated surface were compared (Fig. 2).
The average particle size of naked MNPs slightly increased from
10.2 nm (Fig. 2a) to 16.1 nm (Fig. 2b) after surface modification with
APTES. This effect has been observed previously in other studies
[30,31]. After surface modification with APTES, fewer nanoparticle
aggregates formed. As suggested previously [10], surface modifi-
cations of magnetic nanoparticles can improve their solubility and
help avoid aggregation of particles. In Fig. 2c and d, a layer covering
surface of MNPs upon immobilisation of the proteases (Phw and
Psr) can be seen. The thickness of this layer covering the surface of

http://dx.doi.org/10.1016/j.molcatb.2017.01.009
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Fig. 5. The FT-IR spectra of (A) naked MNPs, (B) amino-functionalized MNPs, (C) amino-functionalized MNPs after immobilisation of Phw, and (D) amino-functionalized
MNPs after immobilisation of Psr.
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Table 1
Analysis of variance (ANOVA) for the response surface quadratic model for immobilised (Phw_im and Psr.im) and free (Phw_free and Psr_free) enzymes.
Protease Source of variation Sums of square Degree of freedom Mean square F-value Prob > F
Phw_im Regression 12107.4 5 24215 50.47 <0.0001
Residual 3359 7 47.98
Pure error 150 4 37.5
Lack of fit 185.9 3 61.95 1.65
Total 12443.2 12
Psr_im Regression 5108.7 5 1021.7 50.99 <0.0001
Residual 140.3 7 20
Pure error 58.8 4 14.7
Lack of fit 81.5 3 27.2 1.85
Total 52489 12
Phw _free Regression 33824 3 1127.5 1054 <0.0001
Residual 96.3 9 10.7
Pure error 20.8 4 5.2
Lack of fit 75.5 5 15.1 29
Total 3478.7 12
Psr_free Regression 6452.3 3 2150.8 101.1 <0.0001
Residual 191.5 9 213
Pure error 323 4 8.1
Lack of fit 159.2 5 31.8 3.94
Total 6643.8 12

Phw_im: R? 0.9730, adj R? 0.9537, pred R? 0.8519.
Psr_im: R% 0.9733, adj R? 0.9542, pred R? 0.8260.
Phw._free: R? 0.9723, adj R? 0.9631, pred R? 0.9315.
Psr_free: R? 0.9712, adj R? 0.9616, pred R? 0.9224.

Table 2
The storage stability of free and immobilised enzymes created via crosslinking with
glutaraldehyde (GA) and via adsorption (adsorp) during 60 days of storage.

Enzymes Initial activity (U/ml) Final activity (U/ml) Residual activity
(%)
Phw_GA 501+72 458 +51 91
Psr_.GA 346 + 69 297 +84 86
Phw_adsorp 190+15 77+9 41
Psr _adsorp 15249 4645 30
Phw_free 537+26 91+21¢ 17
Psr_free 358+29 42 +3° 12

The standard deviation was calculated from 3 replicates.
2 The final activity was determined after 7 days of storage.

MNPs was estimated to be approximately 5.1 nm for Psr and 8.4 nm
for Phw, indicating an increase in the size of the particles.

Based on electron diffraction analysis (Fig. 3) of the TEM images,
the crystalline structure of the particles was not affected by surface
modifications. Fig. 3a shows a clear loop, confirming the crystalline
structure of MNPs. After surface modification by APTES or CTAB as
a stabilizer, the crystalline structure was not modified; however,
the size of some nanoparticles was enlarged, as observed in Fig. 3b
and c. Once protease immobilisation was performed, the structure
of the nanoparticles became an amorphous structure, confirming
that the enzyme covered the surface of the nanoparticles (Fig. 3d).
The surface of the naked MNPs and functionalized MNPs can be
observed in SEM images (Fig. 4a and b). The small and spherical
particles with well-defined edges are observed as in other studies
[32]. In contrast, in Fig. 4c and d, the edge surface of nanoparti-
cles is smooth because they are covered by the enzymes, indicating
that the immobilisation of proteases onto functionalized MNPs was
successful.

The surface modification and immobilisation of proteases (Phw
and Psr) onto nanoparticles was confirmed by a comparison of the
FT-IR spectra of naked MNPs, functionalized MNPs, and Phw and
Psr immobilised onto functionalized MNPs. The FT-IR spectrum in
Fig. 5A shows a strong absorption peak at 584 cm~!, which could
corresponds to Fe-0, as indicated in other studies [33,34]. It has
been suggested that this strong peak could be due to the stretch-
ing vibration mode associated with metal-oxygen absorption. In

this region, the stretching vibration peaks related to metal (fer-
rites in particular) in the octahedral and tetrahedral sites of the
oxide structure were found [31]. In Fig. 5A, the peaks at 1662 cm™!
and 3444 cm~! were due to the bending and stretching vibration
of —OH, respectively [35]. After grafting with APTES, the character-
istic peak of the Fe-O bond shifted from 584 cm~! to 638 cm~! and
640 cm~! because of the formation of the Fe-O-Si bond (Fig. 5B-D).
The shifting of the absorption peaks to high wavenumbers is due to
the greater electronegativity of —-Si(O-) compared to H, which con-
tributes to the bond forces for Fe-O bonds [36]. Additional strong
peaks at 1039cm!, 1035cm~!, and 1034cm™! correspond to the
Fe-0-Si bending vibrations, indicating that alkyl silanes are suc-
cessfully attached to functionalized MNPs (Fig. 5B-D). Additionally,
the presence of silane groups was observed at 995cm~1, 893 cm™!,
and 896 cm~! and were from the stretching vibrations of the Si-OH
and Si-0O-Si groups from APTES [35,36]. Characteristic peaks of the
immobilised enzymes attached via the crosslinker (Fig. 5C and D)
were observed at 1536cm~?, 1544cm~! and 1630cm~! because
of the C=N and C=0 absorption from the glutaraldehyde and NH,
from the enzyme [29]. Small shifts in intensity from 2928 cm~!
(Fig. 5B) t0 2991 cm~! (Fig. 5C) and 2984 cm~! (Fig. 5D) correspond
to the C—H stretching vibration from the methyl group [37], which
illustrated the effect before and after the immobilisation of the
enzymes. Additionally, in Fig. 5Cand D, there were broad and strong
peaks at 3325 cm~! and 3344 cm~!, which indicated the vibration
modes of the O—H and —NH groups from enzymes that interact
with nanoparticles, which has been suggested previously [19].

3.3. Operational stability of immobilised Phw and Psr

The operational stability in terms of temperature and pH is
an important criterion in the application of immobilised enzymes
[2,38]. To study this factor (Phw_im, Psr_im), various pH values
(5-11) and temperatures (30 °C-70°C) were tested, and the results
were compared with those of free enzymes (Phw_free, Psr_free).
The results were analysed using analysis of variance (ANOVA)
to indicate the significant factor influencing the stability of both
enzymes. The ANOVA results in Table 1 show that the regression
coefficients had a high statistical significance (p<0.05) and show

http://dx.doi.org/10.1016/j.molcatb.2017.01.009
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Fig. 6. Contour plots of the residual activity (%) of the enzymes in terms of their operation stability as a function of pH and temperature of (a) immobilised Phw, (b) free Phw,

(c) immobilised Psr, and (d) free Psr.

the values obtained for the coefficient of determination for both
Phw_im and Psr_im (R? 0.9730 and RZ 0.9733) and Phw._free and
Psr_free (RZ 0.9723 and R2 0.9712, respectively). The values indi-
cated that the model of the immobilised enzymes could not explain
only 2.7% of the variables behaviour, while with the free enzymes
the value was 2.8-2.9%. For immobilised enzymes, the calculated
F-value (o =0.05, DOF=4,3) was 9.12 for the regression. This value
was higher than the tabulated F-values (1.65, 1.85), indicating that
the treatment differences were highly significant. Similarly, in free
enzymes, the obtained F-values (2.90, 3.94) were less than the criti-

cal F-value (Fg g5¢4,5) = 5.19), reflecting the significance of the model.
The following Egs. (6) - (9) represent the second order polynomial
model of the residual activity for the experimental data:

Residual Phw_im (%) = —407.2 + 56.5pH + 10.1T

—2.6pH? — 0.1T? — 0.16pHT (6)
Residual Psr_im (%) = —275.9 + 41.8pH + 6.3T
—1.8pH? — 0.05T% — 0.17pHT (7)
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Fig. 9. SDS-PAGE of the hydrolysates after reduction using 2-mercaptoethanol for selected proteins before and after treatment with the immobilised proteases; (1) Molecular
mass marker; (2) casein; (3) egg white albumin; (4) hydrolysate from casein after treated with immobilised Phw; (5) hydrolysate from egg white albumin after treatment
with immobilised Phw; (6) hydrolysate from OBPI after treatment with immobilised Phw; (7) hydrolysate from casein after treatment with immobilised Psr; (8) hydrolysate
from egg white albumin after treatment with immobilised Psr; (9) hydrolysate from OBPI after treatment with Psr.

Residual Phw _free (%) = 22.2 + 2.5pH + 1.5T — 0.026T? (8)
Residual Psr_free (%) = 66.4 + 1.04pH + 0.54T — 0.021T? 9)

For free enzymes, the models were reduced by removing the
interaction between pH and temperature, as it was not significant
to the stability of the free enzymes.

Contour plots of the second order polynomial model were
generated as a function of the independent variables of pH and
temperature for immobilised and free enzymes. The contour plots
of free Phw and Psr exhibited their stability under mesophilic con-
ditions (30°C-40°C). Free enzymes were stable over a broad range
of pH values (Fig. 6b and d), with no optimum condition obtained
in the range tested (pH 5-11). However, both of the immobilised
enzymes had improved the stability by achieving their optimum
condition in the alkaline region (pH 8-11) with thermophilic tem-
perature stability ranging from 40 °C to 60 °C for immobilised Phw
(Fig. 6a) and 40°C to 55 °C for immobilised Psr (Fig. 6¢).

3.4. Storage stability of immobilised Phw and Psr

Storage stability plays a crucial role in the use immobilised
proteases, as the shelf life determines the viability of an immo-
bilised enzyme over time [39]. The storage stabilities of enzymes
immobilised via a crosslinker (Phw_GA and Psr_GA) and adsorp-
tion (Phw_adsorp and Psr.adsorp) were tested by dispersing the
immobilised enzymes in Tris buffer and maintaining them at 4°C
for 60 days. Free enzymes (Phw_free and Psr_free) were used as
controls to monitor the durability of enzyme activity. Phw_free
and Psr_free were not stable in solution, as their activity decreased
over time. This fact could be related to the behaviour of the pro-
teases, as they tend to autolyse themselves by nucleophilic attack

on the intermediate in a presence of water [1,40]. After 7 days of
storage at 4°C, the residual activity of Phw_free and Psr_free was
less than 17% (Table 2). There was a significant decrease in the
activity of the immobilised enzyme via adsorption over 60 days of
storage, with a residual activity of less than 45%. The weak bond-
ing between the enzyme and nanoparticles could induce partial
desorption during the period of storage. Generally, immobilisation
via adsorption involves relatively weak interactions, such as elec-
trostatic interactions, hydrogen bonds, van der Waals forces and
hydrophobic interactions, which tend to strip off enzymes from
the carrier easily, thus leading to a loss of activity and contamina-
tion of the reaction media [9]. However, the enzymes immobilised
via crosslinking (Phw_GA and Psr_GA) retained 91% and 86% of
their residual activity, respectively, after 60 days of storage at 4°C
(Table 2). These results show that enzymes immobilised created
by crosslinking provide a distinctive advantage in stability over
immobilised enzymes created by adsorption at a longer duration
of storage.

3.5. Reusability of immobilised Phw and Psr

For the sake of the cost-effective use of enzymes, reusability
is a critical factor to consider [41]. The reusability of immobilised
Phw and Psr created using crosslinking was evaluated in a repeated
batch process using fresh casein as a model protein in each batch
cycle (Fig. 7). Both immobilised Phw and Psr retained 66% and 64%
of their activity, respectively, after 7 cycles, indicating a signifi-
cant enhancement of the stability of the crosslinking interaction
between the proteases and nanoparticles. In this work, testing the
reusability was feasible, as the immobilised enzymes were easily
separated by a magnetic force.
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3.6. Application of immobilised Phw and Psr in the hydrolysis of
proteins

Casein has been used as a model protein to evaluate the degree
of hydrolysis (DH) of immobilised enzymes created via crosslink-
ing and free Phw or Psr. The results of the hydrolysis are shown in
Fig. 8a. The DH of immobilised Phw (24%) was higher than that of
free Phw (15%) during the first 30 min of reaction time (Fig. 8a). The
maximum DH was achieved after 24 h and was 80% for immobilised
Phw and 40% for free Phw. Besides, the residual activity of both
immobilised Phw and Psr were stable for 24 h whereas the residual
activity of free Phw and Psr had decreased pronouncedly after 24 h
at 50 °C indicating an improvement of process efficiency and ther-
mal stability of the immobilised enzymes [19]. The higher stability
may be possibly due to the multipoint covalent binding of protease
to the solid support that limit the flexibility and conformational
mobility of the enzyme, hence inhibits unfolding or denaturation of
the enzyme [42]. Likewise, the DH of immobilised Psr (12%) showed
the same rate as that of free Psr (13%) and continued to increase
over time with a similar profile, reaching the maximum DH 30%
in free Psr and 50% in immobilised Psr after 24 h of reaction time.
Thus, the immobilised enzymes in the present study could enhance
the ability of free enzymes to hydrolyse protein, as shown by the
model protein, reflecting that the active enzymes were successfully
immobilised.

The effect of both proteases (Phw and Psr) was also evaluated
in hydrolysis of the protein source from animals (egg white albu-
min) and vegetables (oat bran protein isolate). The hydrolysis of oat
bran protein isolate (OBPI) corroborated the efficiency of immo-
bilised Phw and Psr, as they had a higher DH compared to free
Phw and Psr over a longer duration (Fig. 8b). These results agree
with those obtained using functionalized magnetite nanoparticles
to hydrolyse soya proteinisolates and whey proteinisolates [29,43].
It seems that Psr exhibited a higher DH than (free and immobilised)
Phw when using a vegetable protein source. In the hydrolysis of
egg white albumin, immobilised Psr reached a maximum DH 60%
after 24 h and free Psr achieved maximum DH 45% after 6 h, while
Phw reached a maximum DH of 70% and 51% for immobilised and
free Phw, respectively (Fig. 8c). Hence, the different source of the
proteases seems to be a distinct behaviour that depends on the
substrate source; in fact, it could determine the choice of enzymes
according to the application, as suggested by others [2].

SDS-PAGE of the hydrolysates from selected proteins (casein,
OBPI, egg white albumin) is shown in Fig. 9. The presence of several
smaller peptides with low molecular weights support the idea that
proteins were hydrolysed by immobilised protease derived from
an animal source (Phw) and vegetable source (Psr). Similar pro-
files were obtained for both immobilised enzymes (Phw and Psr),
showing their ability to perform the reaction after being grafted on
nanoparticle surfaces created by crosslinking with glutaraldehyde.

4. Conclusion

Low-cost proteases obtained through the SSF of protein-rich
wastes (hair waste and soya fibre residues) were successfully
immobilised onto functionalized MNPs over a relatively short time.
The ease of the separation and reusability of these enzymes in
comparison with free enzymes could be considered an advan-
tage of their use in industrial processes. Additionally, stability
was enhanced from mesophilic to thermophilic conditions under
alkaline conditions, preventing autolysis of the enzymes and main-
taining their initial activities for 2 months with only 9%-14% activity
loss. Immobilised Phw and Psr were able to hydrolyse some pro-
teins derived from plant and animal sources with a high degree

of hydrolysis, indicating that they are promising for immobilised
enzyme applications in a wide range of industrial processes.
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