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ABSTRACT 

Keratin is one of the most abundant proteins, which is derived from wool, feathers, nails, hair, 

and other sources. Chicken feathers are a well-known keratin waste by-product, produced in 

large quantities by poultry slaughterhouses. Their disposal is expensive, and includes 

incineration of the waste thus contributing to greenhouse gases; or disposal in landfills, also 

leading to environmental pollution or they can be recycled into low-quality feeds for animals. 

Research is done worldwide for the beneficiation of waste chicken feathers into commercial 

products; these include cosmetics, pharmaceutical products, and biomedical products, and it is 

also useful in the production of animal feed. The focus of this research was to characterize and 

analyze keratinous hydrolysates formed from waste chicken feathers using enzymatic and 

chemical hydrolysis for their suitable applications in different industries. The novelty of this 

project is based on looking at analytical techniques of the keratinous hydrolysate produced 

from newly formed keratinolytic microorganisms and newly optimized chemical methods from 

the waste chicken feathers. 

Different fungal and bacterial strains were tested for the degradation of waste chicken feathers. 

The quality and quantity of the hydrolysate formed were determined by using a combination 

of analytical techniques, where the characterization is done via proximate and ultimate 

analysis. We used Fourier Transform Infrared Spectroscopy (FTIR), which showed the 

presence of the keratinous structure, which is known to have high protein content. 

Thermogravimetric Analysis (TGA), showed that a thermally stable hydrolysates were 

obtained, which is known to be formed by the hydrophobic hydrolysate, which is best for 

animal feed. CHNS analysis showed evidence that we have high protein content in the 

hydrolysate. Bradford assay revealed different quantities of the hydrolysate while Sodium 

Dodecyl Sulphate–Poly-Acrylamide Gel Electrophoresis (SDS-PAGE), showed mostly 

medium to low molecular weight, due to the presence of amino acids and small peptide chain. 

A low Ash Content was obtained which means a cleaner fraction of keratin. The hydrolysate 

formed from the enzymatic hydrolysis contains a mixture of amino acids and peptides. These 

peptides and essential amino acids formed are known to play a special role in various biological 

activities.  

The hydrolysates formed from different degradation methods were also compared, focusing on 

the qualities and quantities formed from enzymatic and chemical hydrolysis. While looking at 

all the characterization techniques, enzymatic was the best and suitable for animal feed due to 
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the obtained keratin structure, which is more soluble, contains high protein content, has low 

molecular weights, and has a cleaner fraction of keratin. Future work will be based on obtaining 

a peptide chain using Liquid Chromatography with tandem Mass Spectrometry (LC-MS/MS), 

then testing the hydrolysates for bioactivities.  
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CHAPTER 1. INTRODUCTION 

 

1.1 Background of the study 

Keratin is one of the most abundant proteins, which has the characteristics of greater 

mechanical stability, chemical resistance, and low solubility. These properties are due to that 

keratin has the presence of hydrogen bonds, compact microfibrils, and high disulphide 

crosslinks between two cysteine residues (Cardamone 2010). Chicken feathers are known to 

contain 91% of pure keratin, which can be considered a suitable protein source (Ramya, 

Thangam, and Madhan 2020). The high protein source can be used in cosmetics, biomedicals, 

pharmaceuticals, leather tanning, detergents, fertilizers, and animal feeds. Feathers are a major 

waste in the poultry industry and their disposal causes environmental problems.  

There are various methods that are applied for the extraction of keratin from keratinous waste. 

Chemical hydrolysis is one of the methods used to extract keratin using strong acids, which is 

known to damage the keratin and destroys some of the important amino acids (Zhang et al. 

2013).  

Thermochemical is used mostly to improve the yield of keratin which also ensure the structure 

is not destroyed, while supercritical water and high steam flash explosion treatments 

disintegrate the keratin (Ramya et al. 2020). Oxidation and reduction methods are used to break 

the disulphide bonds and they don’t damage the peptide chain but they use a large quantity of 

oxidizing and reducing agents.  

While enzymatic hydrolysis is known to have the potential for high productivity, less effluent 

generation, and low energy consumption (Srivastava et al. 2020). The microorganisms like 

bacteria, fungi, and actinomycetes are used to produce keratinases which are important in the 

degradation of keratin. The hydrolysis of keratin with enzymatic hydrolysis process has two 

main step, which includes, sulphitolysis, which is the reduction of the disulphide bond followed 

by the breakdown of the protein into amino acids, which is known as proteolysis (Kurnert, 

1976).  

The keratin produced is characterized by various techniques like FTIR, TGA, CHNS, SDS 

PAGE, Ash content and Bradford Assays. All these techniques combined gives an overview of 

the structure, quality and quantity of the hydrolysate produced. 
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1.2 Thesis Rational 

The poultry industry generates 5 billion tonnes of waste chicken feathers globally, while South 

Africa generates 230 million kg per annum (Khumalo M 2019). This causes environmental 

problems, where costly strategies are used to get rid of the waste feathers which in turn causes 

all types of pollution. Waste chicken feathers can be valorized to valuable products, like keratin 

which is rich in protein and have high quantities of peptides and amino acids which are suitable 

for numerous applications. There are industrial applications for keratin hydrolysate produced 

from different methods. Cosmetics, bio-medicals, pharmaceuticals, fertilizers, detergents, 

leather industries, bio-adhesives and animal feed are some of the industries which are 

applicable to keratin. There are methods used to degrade the waste feathers to valuable products 

and have been extensively studied, with the focus on the optimization of the processes.  

Using enzymatic hydrolysis is known to be one of the biotechnological processes, where it uses 

enzymes for the degradation of keratinous biomass, where the applications are focused in 

fertilizers, detergents and animal feeds. There are a variety of keratinases that degrade keratin 

to high quality products. Most of the researchers focuses on the production of the keratinase 

and the optimization of the processes. There is a wide gap in characterizing the hydrolysates 

produced using modern techniques and comparing the hydrolysate produced from various 

methods for different applications.  

This research is aimed to answer the following questions, 

 Can the enzymatic hydrolysis produce a keratin hydrolysate that has the animal feed 

quality? 

 Which analytical techniques can be used to determine the quality and the quantity of 

the keratin hydrolysate? 

 What is the difference between the chemical and enzymatic hydrolysate? 

 What quality determines the applications of the hydrolysates produced? 

 Do fungal and bacterial strains produce the same hydrolysate quality? 

 

1.3 Research Objectives 

The objective of this research is to fully characterize the hydrolysate from the enzymatic and 

chemical hydrolysis and to determine the quality of the hydrolysate produced. 

The objectives of the thesis are: 
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 To use newly produced and characterised keratinase from a Masters thesis for the 

degradation of waste chicken feathers, the keratinase were produced from waste 

chicken feathers. 

 To use hydrolysate from published optimised chemical hydrolysis method for analysis. 

 To fully analyze the enzymatic and chemical hydrolysates using analytical techniques. 

 To characterize the hydrolysates using the following techniques; FTIR, TGA, CHNS 

analysis, SDS PAGE, ash content and Branford assays. 

 To compare the analyzed enzymatic hydrolysate with the chemical hydrolysate 

produced.  

 To determine the suitability of the enzymatic hydrolysate as ingredient for the protein 

animal feed. 

1.4 Thesis Overview 

The structure of the thesis comprises of manuscripts. Each chapter is a manuscript submitted 

to a specific journal which is under review process or published online. All the manuscripts are 

structured according to the specification format of the journal submitted to. 

Chapter 1. Introduces the background, thesis rational, the objectives and the overview of the 

thesis. 

Chapter 2. Paper 1: Characterization and analysis of keratinous material for animal feed 

production: A Review. 

Chapter 3. Paper 2: Keratinous hydrolysate profiling: Comparison of the differences obtained 

from different extraction methods.  

Chapter 4. Paper 3. Characterization and analysis of enzymatic chicken feather keratin for 

animal feed production. 

Chapter 5. Conclusions and future work 
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CHAPTER 2 

LITERATURE REVIEW 

Chapter Overview 

Chicken feathers are known to consist of keratin protein. The keratin protein can be extracted 

from the waste chicken feathers to more valuable products which can be used in industrial 

applications. The applications of the end product obtained from the extraction methods 

depend on the quality and quantity of the protein hydrolysate formed. 

In this review we critique the enzymatic hydrolysis, how most researcher focuses on the 

optimisation processes and neglect the full analysis of the protein hydrolysate formed. And 

how most of the techniques and their suitability to determine the quality and the quantity of 

the protein hydrolysate are not mentioned in their analysis.  

This chapter reviews the importance of the quality of the enzymatic hydrolysate as a protein 

ingredient for animal feed, where we focus on characterization techniques. The use of a 

combination of analytical techniques is crucial to determine the quality for a suitable 

industrial application.  
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PAPER 1: 

ANALYTICAL TECHNIQUES AND ANALYSIS OF KERATINOUS 

HYDROLYSATE AS SUPPLEMENT FOR ANIMAL FEEDS: A REVIEW 

Kekana L.M1,2, Sithole B.B1,2 and Govinden R.3  

1University of KwaZulu-Natal, College of Agriculture, Science and Engineering, School of 

Engineering, Durban, South Africa 

2Biorefinery Industrial Development Facility, Council for Scientific and Industrial Research, 

Durban, South Africa 

3University of KwaZulu-Natal, College of Agriculture, Science and Engineering, School of 

Life Sciences, Durban, South Africa 

Corresponding author: Kekana LM, University of KwaZulu Natal, College of Agriculture, 

Science and Engineering, School of Engineering, Durban, South Africa, E-mail: 

mphokk@live.co.za 

 

Abstract 

Keratin is one of the most abundant proteins that can be derived from wool, feathers, nails, 

hair, and other sources. A large number of keratinous by-products are mostly disposed in 

landfills. These disposal methods cause environmental pollution, which is air, water, and soil 

pollution. Various hydrolysis or extraction methods can be applied to keratinous by-products 

during industrial processing applications. The focus of this study is the enzymatic hydrolysis 

of keratinous material as protein ingredients for animal feeds which is of biotechnological 

interest due to the quality and quantity of the hydrolysate formed. These hydrolysate 

parameters are determined using a combination of analytical techniques, where the 

characterization is done via proximate and ultimate analysis. The enzymatic hydrolysate 

contains a mixture of amino acids and peptides which are key in several biological activities. 

This review focuses on the analytical techniques for the characterization of the enzymatic 

hydrolysates produced by diverse microorganisms for their quality and the quantity of the 

animal feed. 

 

 

1 
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2.1 Introduction 

Animal feeds are foods with high nutritious components and are used to feed a variety of 

animals. Some factors are known to determine the composition of the animal feeds, which are 

the prices of raw material, nutritional value of the components, nutritional requirement of the 

specific animal as well as rules and regulation of the government (DAFF 2015). 

The production of animal feed requires the use of various agricultural raw materials, whose 

provenance is from industrial mills or simple farm mixes. The global animal feed market is 

experiencing a huge demand owing to the growth of animal-based products. Between 2015 and 

2016 a growth rate of 3.7% was reported with around 1032 million tons animal feed per annum 

produced globally in 2016. China was the highest producer in 2016, with 187.20 million tons 

per annum and South Africa was ranked 22nd with 11.74 million tons per annum (DAFF 2015). 

The South African feed industry is known to be about 87 years old, and came into existence 

after the severe droughts and depression in the1930's (DAFF 2015). The industry produces 

feeds for five different significant categories, including poultry, dairy, beef, sheep, and pigs 

(Figure 2.1).  The broiler feed volumes were the highest (29%) followed closely by beef and 

sheep feed (28%). Globally pig feed represents the 2nd largest share of the animal feed 

produced, while in SA, it's only represents 8%. The remaining 5% includes feed for dogs, 

horses, ostriches, and aquaculture.  

 

Figure 2.1 Major categories of South African animal feed industries for the year 2015/2016 

(DAFF 2015)  

Others
5%

Broilers
29%

Layers
11%

Pigs

8%

Beef and Sheep
28%

Dairy
19%
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South Africa does not import compound animal feed, which is a mixture of products of 

vegetable or animal origin in their natural state derived from industrial processing for oral 

feeding, it is mostly the feed ingredients or additives that are imported from other countries. 

The export and import markets of these ingredients play a significant role in animal feed 

production. The major primary ingredients used in animal feeds include oilcake, maize, and 

fishmeal.  Oilcake is the protein used in most animal feeds and its ingredients includes oilseeds, 

soybean, groundnut cotton, and sunflower. Most of these ingredients are expensive and either 

imported or exported. 

Due to the impact of drought, disease outbreak and an increase in population the demand for 

meat, milk and eggs has increased. This has led to farmers being keen on enhancing the 

performance and the health of their livestock to meet this increased demand and also the 

potential for an increase in demand for additives, minerals, vitamins, proteins, and antioxidants. 

Keratin is one of the most abundant proteins present in higher vertebrates (mammals, birds, 

and reptiles. Food industries (meat markets and slaughterhouses) and wool industries produce 

millions of tons of keratin-containing biomass globally. Keratin biomass is derived from living 

organisms or their body parts after death. The major source of keratin includes skin, hides, 

wool, nails, hooves, claws, scales, and feathers. Large amounts of keratin by-products are 

disposed off as waste, which is a potential threat to the environment. The environmental 

problems lead to landscape degradation and local disturbance, which in turn leads to soil and 

water pollution. Chicken feathers are a well-known keratin waste by-product, produced large 

quantities by poultry slaughterhouses. Their disposal is expensive, and includes incineration of 

the waste thus contributing to greenhouse gases; or disposal in landfills, also leading to 

environmental pollution or they can be recycled into low-quality feeds for animals. Research 

is done worldwide for the beneficiation of the waste chicken feathers produced. The keratin 

by-products from different industries can be converted into commercial products; these include 

cosmetics, creams, shampoos, hair conditioners, biomedical products, and it is also useful in 

the beneficiation of animal feed. 

 

2.2 Keratinous material as a protein ingredient for animal feed production   

Proteins are a class of macromolecules that perform a diverse range of functions for the cell, 

where amino acids are the building blocks of proteins. There are 20 commonly occurring amino 
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acids. A protein’s size, shape, and function is determined by the sequence and number of amino 

acids. Two amino acids are bonded together by a peptide bond which is formed by the 

dehydration reaction (Figure 2.2). The more the amino acid sequence grows through the peptide 

bonds, the resulting chain is called a polypeptide. A combination of polypeptide chains forms 

a protein.   

 

 

Figure 2.2. Peptide bond between two amino acids (biologydictionary.net’). 

 

Proteins are organized at four levels: primary, secondary, tertiary, and quaternary structure, 

depending on the complexity of the polypeptides and their conformations. The protein keratin 

is constituted of one polypeptide and is described as having a secondary structure. It is mainly 

found in two forms, α-helix and β- pleated sheet (Wang et al. 2016),  (Figure 2.3). Where the 

α-helix its helical structure is stabilized by a hydrogen bond, red bonds in structure B, causing 

the chain to twist and exhibit a helical shape and β-pleated sheet consist of β-strands which are 

either parallel or antiparallel where chains are held together by intermolecular hydrogen bonds 

(red dotted bonds in structure A).  Keratin is one of the proteins being researched. It is a fibrous 

protein and a major constituent of animal biomass in the form of hair, nail, feathers, wool, 

horns, and hooves. It is highly stable and insoluble in most organic solvents and is a cysteine-

rich protein   
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A)                           B) 

 

Figure 2.3. The structure of keratin A) β-pleated sheet B) α-helix (Wang et al. 2016). 

Glycine and alanine, the smallest amino acids are found in high concentration in the α-helix 

where the keratin molecules are held together by hydrogen bonds and disulphide cross-linked 

bonds. These bonds form a more rigid structure and contributes to the insolubility of keratin. 

The α-form is mostly found in mammals in wool, hair, nails, hooves, and horns while the β-

pleaded sheet is a major component of birds and reptile tissues such as feathers, claws, and 

beaks (Greenwold et al. 2014). 

Keratinous materials contain protein consisting of amino acids and peptides, similar in 

composition to soybean and cotton seed extracts; hence, they can be used for nutritional 

purposes in animal feed. However, the materials are not easily digestible due to the highly 

disulphide cross-linked structure of the polypeptides, which must be cleaved before utilization. 

Degradation of keratin waste can, therefore, provide an inexpensive source of digestible protein 

and amino acids. 

There are different methods of extraction for the keratinous biomass, including chemical (acid 

and alkaline hydrolysis), thermal, and enzymatic hydrolysis [(Fontoura et al. 2019a), (Fontoura 

et al. 2014a),(Lo, Too, and Wu 2012a)(Eremeev et al. 2009a),(Alahyaribeik and Ullah 

2020),(Sharma, Gupta, Chik, et al. 2017)]. Ionic liquids are green and promising materials for 

the potential application in various fields because of their functionality. They are typically non-

volatile, non-flammable, chemically and thermally stable and highly soluble [(Wang and Cao 

2012a),(Idris et al. 2013b),(Sinkiewicz et al. 2017)]. Keratin from chicken feathers can be 
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extracted using hydrophobic ionic liquids. The extracted keratin is known to have good 

solubility in water while the ionic liquid itself is immiscible with water. This makes for the 

easy separation of the extracted keratin to be separated from the reaction system by water. But 

the ionic liquids are expensive compared to the inorganic reagents but since they can be reused 

this improves the efficiency of the whole process leading to lower overall cost. The 

disadvantage of this method is the low yield of the keratin extracted 75.1% vs 95% for 

extraction with inorganic chemicals [(Sinkiewicz et al. 2017)(Ji et al. 2014)]. 

The chemicals used to extract keratin from chicken feathers are reducing agents. These 

reducing agents facilitate the reduction in the stability of the solid keratin fibres in feathers. 

The reagent breaks down the keratin fibre disulphide bonds, hydrogen bonds, and salt linkages 

to dissolve it into a protein solution. This method utilising reducing agents causes the 

dissolution of chicken feathers in chemicals followed by the separation of the protein from the 

chemicals. The most common reducing agents are sodium sulphide, potassium cyanide, and 

thioglycolic acid, and others used by different authors (Khumalo et. al, 2019).The most widely 

used reducing agent is sodium sulphide reported to completely dissolve chicken feathers. 

However, the chemical and thermal hydrolysis methods are known to destroy and convert the 

essential amino acids required in animal feed.  

The quality and the quantity of the keratin hydrolysate obtained depend on the extraction 

method used. Hence this review focuses on enzymatic hydrolysis due to the quality of the 

hydrolysate formed. The characterization techniques will be used to determine the quality and 

quantity of the keratin hydrolysate for future modification purposes and for the level of 

industrial upscaling. 

2.3 Enzymatic hydrolysis 

The hydrolysis of keratin waste by keratinolytic microorganisms is considered a beneficial 

biotechnological alternative for keratin recycling and valorization.  Keratinases are enzymes 

that disrupt the disulphide bonds of the major amino acid in the keratin, cysteine, where they 

are more readily available to the extracellular microbial hydrolytic enzymes. These 

microorganisms are grown in a basal medium containing keratinous substrate, where they 

produce keratinolytic enzymes. Enzymatic hydrolysis is a reaction where the keratinolytic 

enzyme catalyzes the hydrolysis of the peptide bond resulting in the formation of a C-terminal 

(COO-) and N-terminal (NH3
+) and also revealing the hydrophobic groups of the amino acids 

residues (Patterson et al., 1988). This reaction changes both the primary and secondary 
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structure of the protein peptide. The release of the peptide can be promoted by the activity of 

the microorganism and the enzyme. There are factors which play a major role in the production 

of active enzymes, and these include the kind of microbial strain used, the fermentation method, 

the basal medium composition, pH, and temperature.   

The microorganisms producing the keratinases are bacteria, fungi, and actinomycetes. They 

are known to catalyze the release of peptides from keratin. Bacillus strains, like Bacillus 

pumilus, Bacillus subtilis, and Bacillus licheniformis known to degrade keratin effectively, 

produce feather degrading enzymes (Brandelli et al. 2015). Chickens fed by feather hydrolysate 

produced by Bacillus sp. and supplemented with amino acids grow as well as chicken fed by 

soybean meal.  

Enzymatic hydrolysis of waste keratin material is thus, an attractive means of generating high 

quality, small or large peptides that have both nutritional and physiological or regulatory 

functions in livestock, poultry, and fish. Some peptides of plant or animal sources also have 

antimicrobial, antioxidant, antihypertensive, and immunomodulatory activities (Hou et al. 

2017). It is where an enzyme is used for the hydrolysis of the feather to protein hydrolysate 

that can be used as a supplement in animal feed and the production of keratin peptides with 

biological activities (Brandelli et al. 2015). In 1995 Kida et al. developed an apparatus and set 

of conditions for effective enzymatic hydrolysis of horn and hoof proteins. The resulting 

enzymatic hydrolysate displayed anti-oxidative activity (Kida et al. 1995). 

Protein hydrolysates are a mixture of peptides and amino acids resulting from the cleaving of 

the peptide bonds of keratinous biomass. The protein hydrolysate contains an enhanced level 

of free amino acids and with exposed hydrophobic groups, viz., their amino and carboxylic 

groups. The presence of hydrophobic and aromatic groups of the amino acids in the peptide 

chain is known to increase their antioxidant potential (Callegaro, Brandelli, and Daroit 

2019)(Callegaro, Welter, and Daroit 2018). Bioactive peptide potential is sought after in animal 

feed formulations. 

The peptides which confer biological functions beyond their nutritional value are called 

bioactive peptides, usually with 2 to 20 amino acid residues bonded by peptide bonds (Hou et 

al. 2017). Enzymatic hydrolysis can improve the solubility, viscosity and emulsification of 

these peptides. Most peptides generated from animal and plant proteins are incorporated in 

diets for feeding pigs, poultry, fish, and domesticated animals. They are feed peptides to 
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improve the nutrition status, gut function, and ability to resist infectious diseases  (Bhat, 

Kumar, and Bhat 2015). 

Protein food such as milk and soybean are known to produce hydrolysates which have 

biological activities due to the bioactive peptides which are significant for animal and human 

health and nutrition and relate to the feed and food industries (Kida et al. 1995) (figure 2.4).  

The bioactive peptides affecting human health are known to have the same effect as the 

bioactive peptides in the enzymatic hydrolysate, such as antimicrobial, antioxidant, 

antihypertensive, and immunomodulatory.  This affects the quality of feed formulation and 

hence is widely researched.  

 

Figure 2.4. The effect of the bioactive peptide on human health and the quality of food (Kida 

et al. 1995). 

Antioxidant peptides from food are known to be healthy compounds and are safe with low cost, 

easy absorption, low molecular weight, and higher activities. While the antioxidant peptides 

obtained from enzymatic hydrolysis are known to be more stable and have a simple structure. 

Besides antioxidant activities, they also present nutritional and other functional properties. 

The mechanism behind the antioxidant activity of the peptide is not yet fully understood. Most 

studies showed that they are inhibitors of lipid peroxidation, chelators of transition metal ions, 

scavengers of free radicals and that they keep cells safe from damage by reactive oxygen 

species (Table 2.1). 
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Table 2.1.  Amino Acid composition in relation with their peptide antioxidant activities 

(Sarmadi and Ismail 2010a). 

Amino Acids (AAs)                         Mechanism of action 

Aromatic AAs Radicals are converted into stable molecules by donating 

electron, due to their ability to serve as hydrogen donors. 

This improves the properties of amino acids. 

Hydrophobic AAs The solubility of peptides in lipids is enhanced, which in 

turn facilitates the accessibility of hydrophobic radical 

species. 

Acidic and Basic AAs Side chain carboxyl and amino groups act as hydrogen 

donors and metal ion chelators. 

Cysteine SH group acts as a radical scavenger, protecting tissue 

from oxidative stress and improves the glutathione 

activities. 

 

After the enzymatic hydrolysis reaction, there is a need for the identification and 

characterization of the primary and secondary structures formed as well as the peptide sequence 

released during hydrolysis, which will provide information about the bioactive peptide and the 

amino acids formed. In order to understand the enzymatic degradation of keratin, there is a 

need to understand the molecular structure of keratin at a microscopic level. The understanding 

of the peptides and amino acids formed during enzymatic hydrolysis will provide information 

about the quality of the feed formulation required for animal feeds. However, most authors 

don’t provide sufficient information about the identity and characteristics of the peptides and 

amino acids formed for feed formulation. With the use of intensive characterization techniques, 

more information can be obtained for modification and industrial production purposes to 

determine the best feed. 

 

2.4 Characterization of keratinous biomass  

2.4.1 Characterization of keratinous biomass via proximate and ultimate analysis 
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Biomass characterization is mostly done by proximate and ultimate analysis, to determine their 

compositional and structural properties. Proximate analysis is known to provide the physical 

characteristics of biomass, such as the moisture content, ash, volatile matter, total solids, 

decomposition temperature, and crystallinity of biomass. All these parameters affect the 

composition behaviour of the biomass, while the ultimate analysis determines the chemical 

composition of the biomass. It usually determines the major elemental components such as 

carbon, hydrogen, nitrogen, oxygen, and sulphur in the biomass (Singh et al. 2017). 

2.4.2 Characterization of keratinous biomass using different techniques 

Characterization is important in determining the characteristics and behavioural properties of 

the biomass. Following the hydrolysis from the keratinous biomass, different techniques are 

used to determine the quality and quantity of the hydrolysate produced. The most widely used 

techniques are Fourier Transform Infrared Spectroscopy (FTIR), CHNS analysis, Sodium 

Dodecyl Sulphate Polyacryamide Gel Electrophoresis (SDS-PAGE), High Performance Thin 

Layer Chromatography (HPTLC), High performance Liquid Chromatography (HPLC), 

Matrix-Assisted Laser Desorption/ Ionization Time of Flight Mass Spectroscopy (MALDI-

TOF-MS), Nuclear Magnetic Resonant Spectroscopy (NMR) and Liquid Chromatography 

Mass spectrometry (LC-MS). Subsequent to enzymatic hydrolysis, the characterization 

techniques will determine the quality of the peptides and amino acids required for animal feed 

production.  

From literature, it is evident that the bioactivity of the keratinous hydrolysate is related to 

peptides of 2-20 amino acid residues and a molecular mass of less than 6 KDa (Sarmadi and 

Ismail 2010a) in addition the presence and content of the aromatic and hydrophobic amino acid 

residues appear to be involved in the antioxidant activities of the peptides and the hydrolysate. 

While keratin is known to contain 50-60% of hydrophobic and aromatic amino acid residues 

(Arai et al., 1983), there are 20 well known amino acids with their different characteristic side 

chains, 14 of which are essential amino acids as they are not synthesized by the body and have 

to be supplied by the diet. Amino Acids are widely distributed in biological fluids and are 

involved in many biological processes where certain amino acids are known to participate in 

those biological activities (Song et al. 2018).  

I. Fourier Transform Infrared Spectroscopy (FTIR) 
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This is an analytical technique used to identify polymers and organic materials and is an 

example of ultimate analysis. The absorption bands identify molecular components and 

structures. This review, highlights the important functional groups present in the keratinous 

materials of the peptide chains by focussing on the fingerprints of the molecular components 

of the keratin structure which are required to profile the animal feed and understand the 

chemical structure of the keratinous material. 

FTIR analysis will aid in the detection of any changes in the chemical composition of the 

peptide. Keratin samples display spectral bands corresponding to peptide bonds (-CO-NH), 

which are identified as Amide A, which is Amide I–III (figure 2.5). The bands represent the 

secondary structure of the extracted keratin β-sheet.  

 

Figure 2.5. FTIR curve for keratin hydrolysate (Eslahi et al. 2013). 

Table 2.2 below illustrates the different functional groups present in the keratin structure and 

their assigned transmission bands [(Alahyaribeik and Ullah 2020),(Tesfaye, Sithole, and 

Ramjugernath 2018),(Sharma, Gupta, Chik, et al. 2017)].  

This technique will also help with the determination of the disulphide bonds in the hydrolysate, 

as the presence of these bonds is indicative of the poor digestibility of the hydrolysate in animal 

feed. From the enzymatic degradation, we don't expect to see this band as the disulphide bond 

will be degraded by the enzymes and also the S=O which is formed due to a reaction of 

sulphides and cysteine in protein.  

Calian et al. used FTIR and observed that only the S-S bonds were affected by different 

microorganisms. It was reported that the different strains disrupted the peptides bonds of the 
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keratin chain, where the breaking of the S-S bonds in the range of 600-620 cm-1 and the 

appearance of the bands around 1035-1075 cm-1 which are signed to sulphoxide bond (S=O) 

and seen as a sign of biodegradation (Lo, Too, and Wu 2012b).  Alahyaribeik et.al., and Tesfye 

et al., presented similar results of the chemical extraction where the disulphide bonds were 

observed, as chemical extraction partially breaks the disulphide bond linkage, or not shown on 

the spectrum and similar results were seen with other authors [(Sharma, Gupta, Chik, et al. 

2017),(Wang and Cao 2012b),(Sharma, Gupta, Bin Tuan Chik, et al. 2017)]. Most authors are 

only interested in the fingerprint of the structure and do not mention any disulphide bond 

breakages. 

The only drawback of this technique is that it is only an ultimate analysis and does not represent 

the whole keratin structure but it is widely used as it is easily accessible. 

 

Table 2.2. Important functional groups present in keratinous material shown in the FTIR 

Functional groups Transmission bands (cm-1) Type of peptide group 

stretching vibration of 

O-H And –N-H 

3400 – 3250 Amide A 

-C=O 1750-1610 Amide I 

-C-H stretching and 

N-H bending 

1590-1470 Amide II 

C-N stretching and N-H 

bending 

1310-1200 Amide III 

S=O stretching 1021–1076 cysteine-S-sulfonated 

residues 

-S-S- bridge 500–600 cross linking disulphide 

group 
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II. CHNS analysis  

This is a technique used for organic elemental analysis, which is an ultimate analysis and 

determines the amount of Carbon, Hydrogen, Nitrogen, and Sulphur present in the sample ref. 

It can be both seen as qualitative and qualitative analysis as it can be used to determine the 

protein content in the keratinous materials. This is an important technique as it can predict the 

protein content of the animal feed from keratinous material.  

Tiwary et al. 2012 , reported on a keratinase from Bacillus sp., which degraded chicken feathers 

to feather meal. The quality of the feather meal was determined by CHNS analysis, where they 

obtained 14% N, 44% C, 3.2% S, and 1.4% H. Their feather meal contained 87% protein, which 

constitutes a protein-rich meal. While Kakkar et al., obtained a hydrolysate containing 13.3% 

N, 45.3%, and 6.84% H, which has 83% of protein after chemical hydrolysis. However, most 

authors neither consider nor mention the sulphur content of their hydrolysate.  Enzymatic 

hydrolysis, produces a higher protein content compared to chemical hydrolysis. This technique 

only quantifies (the percentage) the protein present in the hydrolysate but does not identify the 

amino acids or peptides present nor the absolute protein content. 

 

III. Sodium Dodecyl Sulphate Polyacryamide Gel Electrophoresis (SDS-PAGE) 

This is an electrophoretic technique that uses polyacrylamide gel to separate proteins based on 

their molecular weight. It is used to determine the different range of molecular weights present 

in the hydrolysate after degradation of the keratinous material. This is the proximate analysis 

as the molecular weight of the hydrolysate is a physical property of the material. Protein and 

peptides of different molecular weights are visible as different bands on the gel as shown in 

figure 2.6. 
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Figure 2.6. SDS-PAGE gel for keratin compared to a marker (Kakkar, Madhan, et al. 2014a). 

Literature reports that the bioactivity of the keratinous hydrolysate is related to peptides of 2-

20 amino acid residues with molecular mass of less than 6 kDa (Sarmadi and Ismail 2010b). 

The use of SDS-PAGE has been reported for the analysis of the protein hydrolysates generated 

by both chemical and enzymatic hydrolysis. The chemical hydrolysate usually shows a higher 

molecular weight of over 10 kDa due to the cross-linking of keratin units, and many other 

bands are seen at 10 kDa and but not lower than 5 kDa [(Alahyaribeik and Ullah 2020),(Idris 

et al. 2013a),(Zoccola, Aluigi, and Tonin 2009a)]. Fontoura et al. used a bacterial strain for the 

degradation of the feathers. The molecular mass of the hydrolysate showed that the bands were 

lower than 2 KDa, but this method could not show specific bands below 2KDa. Most of the 

bands reported by the authors which are below 10 KDa are not sufficiently distinct. 

The technique is quantitative, and a disadvantage is that the preparation of the gel is a lengthy 

procedure and that lower molecular weights are not easily seen as they are estimated. The bands 

are presented in a range and not clear enough to determine the molecular weight of the specific 

hydrolysate. 

IV. Size Exclusion Chromatography (SEC) 

 Size Exclusion Chromatography a technique that is used to separate molecules according to 

their different sizes. It helps to quantify the hydrolysate and also provides information about 

the quality through the size. It is a proximate analysis technique that presents the range of 

different sized peptides contained in the hydrolysate, which is important for animal feed 

composition. Figure 2.7, shows the keratin elution profile with a higher molecular weight 
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region around 10 min and a lower molecular weight region around 21 min. According to the 

protein standard calibrated curve, peptides of approximately 10 kDa elute around 21 min 

(Zhang et al. 2015). 

 m 

Figure 2.7. Size exclusion chromatography of keratin (Zhang et al. 2015). 

The limitation of this technique is that it usually has poor selectivity and the number of peaks 

are limited since the running time of the chromatogram is short. 

V. High-Performance Liquid Chromatography (HPLC) 

It is a chromatographic technique used to separate a mixture of compounds to quantify the 

individual components in a mixture. When applied to keratin hydrolysates for animal feed, it 

separates and identifies the different amino acids present. It is an ultimate analysis as it can 

identify the amino acids, which in turn can inform on the chemical composition. It is capable 

of determining the quality of the hydrolysate as the essential amino acids present in the 

hydrolysate required for animal feed can be identified. Figure 2.8, shows an example of the 

chromatogram of HPLC, where different peaks represent different amino acids, while the area 

under the peak can help us determine how much there is of each amino acid in the hydrolysate. 



32 
 

 

Figure 2.8. HPLC chromatogram for amino acid analysis (Slobodianiuk et al. 2021). 

The limitations associated with technique is the issue of sensitivity and selectivity, as most 

HPLC use different detectors that are incapable of detecting all the amino acids and peptides. 

The solution towards sensitivity was resolved by using the derivatizing agent but their reaction 

products are often unstable and affect quantification [(Kubáň and Hauser 2006),(Sharma et al. 

2014)].  

VI. Liquid Chromatography with tandem Mass Spectrometry (LC-MS/MS) 

This is a technique that combines physical separation with mass analysis owing to the 

application that allows sequencing of the peptides and proteins. This technique is both 

qualitative and quantitative, providing information on both the quality and quantity of the 

hydrolysate obtained. It also provides the proximate and the ultimate analysis of the 

hydrolysate  

Fontoura et al 2019, used a feather degrading bacterium to produce a feather hydrolysate and 

through LC-MS/MS analysis, different peptide sequences comprised of 8-2 amino acids 

residues with molecular masses of around ~1 kDa were identified. LC-MS/MS shows precise 

molecular weights and can be compared to the calculated masses from the peptides obtained. 

The hydrophobic amino acid content of the peptides identified from the feather hydrolysates 

was between 20% to 66%, and the presence and content of aromatic and hydrophobic amino 

acid residues appear to be involved in the antioxidant activities of the peptides and protein 

hydrolysate. The hydrophobic amino acid residues contained valine or leucine at the N-

terminus and proline, histidine, or tyrosine within the peptide sequence, which is consistent 
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with higher antioxidant activities. This is the best technique to profile the amino acid and 

peptide content of the hydrolysates, with the limitation of being not easily accessible and has 

high operational costs. 

 

VII. Thermogravimetric Analysis (TGA) 

Thermogravimetric analysis measures the weight changes in a material as a function of 

temperature under a controlled atmosphere (Sarfraz et al. 2022). It is used to determine the 

thermal stability of the sample, which is a proximate analysis. It only provides information 

about the degradation of the hydrolysate when exposed to higher temperatures. 

The quantification of the thermal degradation of the keratinous hydrolysate can be obtained. It 

was reported that the S-S bonds have the highest energy of all the bonds, and their cleavage 

represents the rate-determining step of the keratin degradation (Călin et al. 2017a). There are 

3 stages that appear in the TGA chromatogram of the keratinous substrate. Figure 2.9 illustrates 

the 1st stage which is due to water evaporation, the 2nd stage due to the denaturing of the 

polypeptide chain, where the keratin suffers organic degradation and the 3rd stage is where 

complete degradation occurs. 

 

Figure 2.9. TGA curve for keratin (Tesfaye, Sithole, Ramjugernath, et al. 2018a). 

Tesfaye et al., reported the same trend where the 1st stage occurred between 25⁰C and 230⁰C, 

with a 12% -13% weight loss and the 2nd stage from 230⁰C to 380⁰C with a mass of about 46%. 
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And the last 3rd stage was from 380⁰C to 550⁰C with a loss of between 81 to 83%. Sharma et 

al., also studied TGA of the raw feathers where only 2 stages were observed. The 1st stage was 

due to water loss as a result of water evaporation around 150⁰C, followed by rapid 

decomposition between 220⁰C and 345⁰C representing the degradation of the protein molecule 

chain as a result of breakage of disulphide bond and release of sulphur dioxide and hydrogen 

sulphide. 

The stability of the hydrolysate is known to be affected by molecular mass and the aromatic 

groups present (Sharma et al. 2017).  When heated under nitrogen atmosphere, polymers with 

aromatic rings are known to form char residues which are stable up to 600°C (Durukan et al. 

2019). 

Calian et al., isolated eight fungal strains for the degradation of keratin (Table 2.3). Of the eight 

isolated strains, the least active strain in terms of the degradation process was number 9, 

Chrysosporium sp. as the highest amount of keratin residue (25.28%) was observed for this 

culture. While strain number 3, Fusarium sp. strain 1A was the most active, producing the 

strongest denaturing of the polypeptide chains from the hydrolysate after producing the lowest 

amount of the residue, 17.51%, and the highest total weight loss after 700 ⁰C.  

Table 2.3. TGA results for the weight loss of the hydrolysate using different fungal strains 

Tested Fungal 

Strain 

Residue (%) (%) Total weight loss 

(%)ted) 

Control (virgin 

keratin) 

22.46 77.55 

Trichophyton sp. 21.22 78.71 

Fusarium sp. 

strain 1A 

17.51 82.45 

Trichoderma sp. 19.44 80.48 

Cladosporium 19.92 80.04 

 Microsporum sp. 23.53 75.52 

Fusarium sp. 20.85 79.08 

Phytophthora sp. 19.35 80.82 

Chrysosporium sp. 25.28 74.73 
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However, the authors did not elucidate the amino acids present or the molecular weight of the 

hydrolysate. Such information is required to clearly appreciate the higher activity produced by 

the strain. To understand the thermal stability of the hydrolysate other techniques are required 

to grasp the decomposition process. The disadvantage with this technique is that the data 

obtained is difficult to interpret and not straightforward.   

 

VIII. X-Ray Powder Diffraction (XRD) 

It is a technique that is used to provide detailed information about the crystallographic and 

chemical composition of the materials and it is an ultimate analysis technique. It is used to 

determine the structure, the phase, crystallinity of the material, and sizes of the crystallites. 

This technique only useful if the material has crystalline properties. 

Several authors reported on the XRD of raw feathers and keratin hydrolysates. Indris et al. 

2013  reported that both the raw feathers and keratin hydrolysates occur in an amorphous form. 

Their diffraction patterns were observed at 11 ⁰ and 22 ⁰, which are due to the presence of α-

helix at 11 ⁰. After reduction or extraction, they both underwent a shift to 9 ⁰, which is assigned 

to both the α-helix and β-sheet structures and 20 ⁰ which is due to the β-sheet structure. The 

strong diffraction at 9 ⁰ and 20 ⁰ (figure 2.10), represents the β-sheet keratin structure, where is 

indicative that we have a β-sheet structure of keratin. 

 

Figure 2.10. X-ray diffraction pattern of keratin (Idris et al. 2013a).  

The disadvantage of using this technique is that it does not give any information about 

keratinous material as they are not crystalline and that it cannot differentiate between the two 

types of secondary protein structures available in the hydrolysate. 
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IX. Nuclear Magnetic Resonance spectroscopy (NMR) 

This is a spectroscopic technique that applies a magnetic field to an atomic nucleus, most 

commonly, 1H, 13C, and uses a radiofrequency pulse to characterize the resonant frequency of 

the atomic nucleus according to the chemical and environmental surroundings. This technique 

is mostly used in quality control to determine the purity and the content of a sample and most 

importantly the molecular structure of the sample. It studies the physical properties of the 

sample at the molecular level, conformational exchange, phase change, and solubility. It is a 

proximate analysis and an ultimate analysis. For the analysis of the hydrolysate, the 13C atomic 

nucleus will be useful for the determination of the carboxylic carbon group in the peptide and 

the determination of the hydrophobicity of the peptide obtained.  

The 13C NMR of the feather hydrolysate shows the different functional groups present in the 

structure of the keratin. An example is shown in figure 2.11 below where the carbonyl groups 

present from amino acids and peptide chains in the hydrolysate can be seen near 175 ppm. 

While 130 ppm represents the aromatic group carbons, which is more important in the 

enzymatic hydrolysis to determine its hydrophobicity. Between 60 to 65 ppm represents the α-

Carbon. The peak at 40 ppm represents the β-carbon, which suggests the presence of leucine 

and cysteine, the disulphide bridge cleavage of cysteine reduces the β-carbon signal from 40 

ppm to between 20 – 29 ppm to produce a thiol signal. The δ-carbon is presented at around 20 

ppm, which is mixed up with the aliphatic carbon side chain between 10 – 35 ppm [(Idris et al. 

2013a),(Nuutinen 2017),(Ghosh et al. 2019)]. 

 

Figure 2.11. 13C NMR of raw feathers, bottom, and extracted keratin top (Idris et al. 2013a). 
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The limitation with this technique is that the whole molecular structure cannot be determined 

using NMR as the structure of keratin is very complex and it cannot differentiate which 

secondary protein structure is present. 

X. Pyrolysis- Gas Chromatography-Mass Spectrometry (Py-GC/MS) 

It is an analytical technique used to determine structural information by analyzing the thermally 

degraded products. It usually involves the heating of the sample at high temperatures, where 

they degrade to smaller molecules which are then separated by the gas chromatography and 

identified by mass spectrometry. It can be used to analyze most of the materials and even 

complex materials at trace levels.  

Tesfaye et al. reported the Py-GC/MS of chicken feathers to identify the degraded products and 

other potentially toxic compounds which may be found in the feathers after decomposition 

(Tesfaye et al. 2019). 

 

 

Figure 2.12. Py-GC-MS chromatogram of chicken feathers (Tesfaye et al. 2019). 

He identified a variety of degraded products, including amino acids in the degraded feather, 

figure 2.12. The existence of toxic compounds in feathers was also noted. 
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The limitation of Py-GC/MS is that it is a high cost analytical instrument and that is not easily 

available and there is a limited number keratin hydrolysate analyses.   

A summary of the different analytical techniques available for various analyses is shown in 

figure 2.13. Chemical analysis which is an ultimate analysis uses techniques like, FTIR and 

HPLC to study the chemical structure. While the physical analysis is a proximate analysis 

which uses techniques like, TGA and XRD, to elucidate the physical properties of the materials. 

LC-MS/MS, can be for the analysis of both physical and chemical properties.  

 

 

Figure 2.13. An example of the characterization techniques used in the biomass analysis 

[Edited from ref. (Singh et al. 2017)] 

 

Lo et al., reported on a feather degrading bacterium, which was isolated from the soil of a 

poultry farm. The keratinase produced degraded feathers under optimum conditions of 40⁰C, 

pH of 5.3 over 96 h. The hydrolysate obtained was characterized by reverse phase-HPLC for 

amino acid analysis and FTIR for functional groups present in the hydrolysate. The hydrolysate 

was rich in glutamic acid, aspartic acid, proline, glycine, and serine. Lysine, methionine, and 

threonine which are essential nutritional amino acids were also obtained. The author only 

employed two characterization techniques to conclude on the composition of the keratin 

hydrolysate. 
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Essential amino acids differ from different microorganisms. For the feed formulation to have 

nutritional and functional properties, the amino acids present should be hydrophobic and 

aromatic. In Table 2.5, most of the microorganisms produce aromatic amino acids like 

phenylalanine, tyrosine, histidine, and tryptophan also the hydrophobic amino acids like 

glycine, proline, isoleucine, leucine, valine, and alanine. Peng et al., reported that a 

combination of the two microorganisms, B. licheniformis BBE11-1 and S. malt- ophilia BBE11-

1, increased the degree of hydrolysis of the chicken feathers. And also there was an increase in 

the concentration of the essential amino acids and soluble peptides compared to the individual 

microorganisms (table 2.5) (Peng et al. 2019). These amino acids have a biological function, 

the hydrolysate produced using these microorganisms is suitable for the animal feed 

additives/formulation. 

 

Table 2.4. Different microorganisms producing different essential amino acids for feed 

formulation. 

Micro-organisms Essential Amino Acids References 

Bacillus licheniformis ER-15 histidine, phenylalanine, 

methionine, threonine 

(Tiwary 2012) 

β-Keratinase cysteine, valine, threonine, 

leucine, isoleucine, 

phenylalamine, methione 

(Mukherjee, Rai, and 

Bordoloi 2011) 

 

 

Streptomyces coelicoflavus threonine, methionine, 

histidine, leucine 

(Fakhfakh et al. 2011) 

Bacillus subtilis S1-4 cystine, glycine, proline, 

arginine 

 

(Nahed et al. 2012) 

Acremonium chrysogenium methionine, isoleucine, 

glycine, glutamic acid, 

aspartic acid, lysine 

 

(Eremeev et al. 2009a) 
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Chryseobacterium sp. Kr6 valine, threonine, leucine, 

glycine, phenylalanine, 

isoleucine 

(Fontoura et al. 2019b) 

 

Bacillus pumilus GRK 

 

 

 

Bacillus licheniformis BBE11-1 

and Stenotrophomonas 

maltophilia BBE11-1 

tryptophan, isoleucine, 

lysine, valine, methionine, 

arginine, histidine 

 

tyrosine, valine, 

phenylalanine, leucine 

(Ramakrishna Reddy et al. 

2017) 

 

 

 

(Peng et al. 2019) 

   

 

Fontoura et al 2019., used a bacterial strain for the degradation of the feathers. The hydrolysate 

obtained was characterized using SDS-PAGE but did not produce clear enough profiles while 

RP-HPLC showed the higher intensity peaks related to peptides with increased hydrophobicity 

and the eluted solute was in the order of increasing hydrophobicity. The HPLC profile of the 

with less than 10 KDa presented the presence and accumulation of the peptides with higher 

hydrophobic properties, which resulted in the observed bioactivities of the hydrolysate 

obtained, but could not identify which peptide sequence were found to be bioactive. 

Villa et al., also reported the same trend for the enzymatic hydrolyate analyzed with MALDI-

TOF and HPTLC. They reported lower molecular weights between 800 to 1079 Da (0.8- 1 

kDa), where the lower molecular weight bands were clear compared to SDS-PAGE.  HPTLC 

showed that all the peptides and amino acids had lower molecular masses, but they we not 

identified. 

A combination of more than two techniques is required for the analysis and characterization of 

enzymatic hydrolysates, whereas most authors only investigated at-most two techniques to 

determine the animal feed quality (Table 2.5). Most of these techniques can be used in 

combination as they all have limitations. Like FTIR, which will help in determining the 

breakage of the disulphide bonds which is necessary for animal feeds and using Size Exclusion 

Chromatography (SEC) and LC-MS/MS to determine, the molecular weight of the hydrolysate 

as SDS-PAGE is limited for lower molecular weights. The lower the molecular weight of the 

protein hydrolysate, the more biologically active they are. Also, LC-MS/MS can also be used 
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to profile the peptide chain. HPLC is appropriate for amino acid profiling as hydrophobic and 

aromatic amino acids in the hydrolysate, make for good quality animal feed, and also the 

specific amino acids in the hydrolysate determines the quality of the feeds. Characterization 

techniques like SEM, for the degree of degradation on the surface of the keratinous biomass, 

and TGA, for the thermal degradation of the keratin, can be used in combination with other 

characterization techniques to obtain information on the quality of the hydrolysate. Py-GC/MS 

helps in identifying the by-products after degradation and also the presence of the amino acids. 

All these different techniques are necessary for the further investigation of the quality, quantity, 

and safety of the hydrolysate for animal feed formulation. 

 

There are few studies on the determination of the quality and quantity of the hydrolysate 

produced by enzymatic hydrolysis. Most research is focused on the production, 

characterization, and activities of the keratinases obtained. There is a huge gap in using 

different analytical techniques to obtain a full analysis of the hydrolysate to determine its 

quality for animal feed additives or formulations. 
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Table 2.5. Research done on different strains and the techniques used for the analysis for the 

hydrolysate 

 

2.5 Conclusions 

In conclusion, the chemical and enzymatic hydrolysates shows a trend of produced peptides 

with different molecular mass, which are confirmed by several researchers through different 

characterization techniques. The enzymatic hydrolysate is known to contain a complex mixture 

of amino acids and peptides, which are derived from the cleavage of the peptide bonds (Hou et 

al. 2017). Enzymatic hydrolysis by different microbial enzymes enhances the production of 

free amino acids and carboxyl groups and also exposes the hydrophobic groups of the amino 

acid residues (Callegaro et al. 2018). The peptides and amino acids formed during hydrolysis 

can be employed as a supplement in animal feed and also have nutritional and physiological 

functions in animals. These potential applications demand technical analysis and 

characterization of the enzymatic hydrolysate and also the purification and identification of the 

peptides formed during hydrolysis to achieve the quality and quantity required for animal feed 

production [(Fakhfakh et al. 2011),(Nahed et al. 2012)]. 

The review showed how most of the authors focuses on the optimization of the enzymatic 

hydrolysate and only a few techniques are used to determine the quality then draw their 

Microbial strain Techniques used References 

Bacterial strain HPLC, FTIR (Kida et al. 1995) 

 

Fungal strain SEM, FTIR (Călin et al. 2017a) 

   

Bacterial strain SDS-PAGE, HPLC (Fontoura et al. 2014b) 

   

Bacterial strain MALDI-TOF-MS, HPTLC (Villa et al. 2013) 

   

Bacterial strain LC-MS/MS (Fontoura et al. 2019b) 

   

Bacterial strain CHNS, HPLC (Tiwary 2012) 

 

Bacterial strain 

 

Bacterial strain 

 

HPLC 

 

GC-MS, MALDI-TOF-MS, 

SEM 

(Ramakrishna Reddy et al. 2017) 

 

(Mukherjee et al. 2011) 
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conclusion. And also shows the importance of the analytical techniques in combination can be 

very useful in determining the type of the protein hydrolysate required for the animal feed. 
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Abstract 

The extraction of keratin from chicken feathers is of research interest due to the beneficiation 

of biomass. This study investigates the impact of the keratin hydrolysate obtained using four 

different methods. There are two different chemical extraction methods, CH1 and CH2, and 

two enzymatic hydrolyses, EH1 and EH2. The investigation includes the characterization and 

analysis using different types of equipment for different applications. The keratin hydrolysates 

formed were all characterized using FTIR, TGA, SDS PAGE, CHNS analysis, Bradford assay, 

and ash content. All the keratin hydrolysate from different methods showed all the amides 

bonds present in the keratinous structure from the FTIR, while TGA followed the three-phase 

trend loss of the keratinous structure. Protein concentrations obtained from CH1, CH2, EH1, 

and EH2 were 1.40, 1.02, 1.08, and 0.45 mg/ml respectively and their protein content was 

86.56, 67.63, 78.06, and 90.00%. Their molecular weights were all in different ranges while 

mailto:mphokk@live.co.za
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the ash content for CH1 was 20.7, CH2 was 5.27 and EH1 was 9.19. All the results obtained 

were compared to the pure keratin azure and EH2 showed high protein content but low protein 

concentration. CH1 showed the second-highest protein content but with high impurities from 

the extraction method shown from the ash content. 

Keywords 

Chicken Feathers, Extraction Methods, Keratin Hydrolysate, Analytical Techniques 

3.1 Introduction 

Keratinous biomass is of interest to most researchers due to its wide applications in different 

industries. Poultry industries generate five billion tonnes of waste chicken feathers annually, 

which leads to a potential threat to the environment, while in South Africa nineteen million 

broiler chickens are killed every month (Khumalo et al. 2019). The waste feathers produced 

are ground into feather meals or end up in landfills while others are incinerated which causes 

air pollution leading to greenhouse gas effects. The chemical composition of chicken feathers 

is 91% β-Keratin protein and the other components, like lipid, fibre, ash, and moisture content 

(Tesfaye et al. 2017). This is a very valuable rich protein and the reason why the extraction of 

keratin is one of the most researched topics. The extracted keratin has different technological 

applications, including cosmetics, pharmaceuticals, fertilizers, biofuels, biomedical, animal 

feed, and others. 

Keratin is a fibrous protein derived from hair, nails, feathers, wool, horns, and hooves and is 

insoluble in most organic solvents. It is found in two different secondary structures, the α-helix, 

and the β-pleated sheet (Saha et al. 2019).  

The extraction of keratin has attracted much interest, where there are different extraction 

methods, including chemical hydrolysis, ionic liquids, enzymatic hydrolysis, and thermo-

chemical. The choice of extraction method depends on several factors, the chief being the 

application of the hydrolysate, the cost of the process as well as the yield of the desired product. 

All the different methods have their advantages and disadvantages. The most widely used 

methods are the chemical methods using reducing agents (Alahyaribeik and Ullah 2020; Idris 

et al. 2013a; Sharma, Gupta, Chik, et al. 2017; Wang and Cao 2012a), and enzymatic hydrolysis 

using different keratinases (Abdel-Fattah et al. 2018; Bach, Lopes, and Brandelli 2015; Bhari 

et al. 2018; Eremeev et al. 2009b; Fontoura et al. 2019b). The main process of chemical 

hydrolysis involves, dissolving the chicken feathers in different reducing agents such as 
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thioglycolic acid or thioglycolate salts, 2-mercaptobisulphite, sodium sulphite, sodium 

bisulphite, and sodium   followed by separation of the protein from the chemicals, which cannot 

be recycled. (Gupta et al. 2012). The chemical reagents break down the disulphide bonds, 

hydrogen bonds, and salt linkage of the keratin fibers. While in enzymatic hydrolysis, the 

keratinase is known to disrupt the disulphide bonds, where an enzyme hydrolyzes the peptide 

bond resulting in the C-terminal (COO-) and N-terminal (NH3
+) and also the formation of the 

hydrophobic amino acids residues (Patterson et al., 1988). 

Alahyaribeik et al., (2020) also used reducing agents to produce keratin hydrolysates. They 

found that the different reducing agents influenced the molecular mass, surface morphology, 

and crystallinity of the keratin hydrolysate, which in turn affects the bioactivity. Keratin 

hydrolysate with antioxidant bioactivity can be used in a variety of industries including 

cosmetics, pharmaceuticals, food processing, and agriculture. Sharma et al., (2017) extracted 

keratin from chicken feathers using sodium sulphide in an alkaline hydrolysis. The keratin 

obtained had a higher glass transition temperature and most of the disulphide bonds were 

broken.  The keratin in this hydrolysate has application in coating, packaging, and 

biodegradable composites. Sinkiewicz et al., (2017) used various reducing agents for the 

extraction of keratin and obtained a high yield of soluble keratin was for the application as the 

formation of biodegradable film for food applications. Wand and Cia (2012) employed a 

different chemical agent, viz., hydrophobic ionic liquids for extraction, to produce keratin that 

was highly soluble in water and had uniform molecular weight with lower molecular weights 

amino acids. While most of the enzymatic hydrolysates are used for animal feed and fertilizers. 

 

The keratin hydrolysate formed from different methods all show different molecular weights, 

different quality and quantity of the protein formed, different thermal activities, and different 

morphologies. The quality and quantity of the keratin hydrolysates formed can be determined 

using different analytical techniques, like FTIR, CHNS Analysis, TGA, SDS PAGE, Bradford 

Assays, and the determination of the ash content. This article focuses on the different extraction 

methods used and their effect on the keratin hydrolysate formed. The keratin hydrolysate 

formed will be determined by using different techniques to characterize and analyze the 

chemical composition and physical properties from each method used. The effect each method 

has on the keratin hydrolysate obtained has not been compared to other keratin hydrolysates 

from other methods. Most authors focus most on the extraction methods and optimization of 
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the methods but not the detailed comparison of the characteristics of the keratin hydrolysate 

obtained for a specific application. To focus on a specific application of the keratin hydrolysate, 

we need to have an understanding of what quality and quantity we get with different methods, 

this is what this article is focusing on.  

 

3.2 Experimental 

3.2.1 Methods 

Materials: 

Waste chicken feathers were collected from Chicken meat processing plant at Hammarsdale in 

KwaZulu-Natal, where they were washed, disinfected, milled and stored at -6°C. The cleaned 

feathers were used for all the different methods. Keratin Azure, 5g in a glass bottle, was 

purchased from Sigma Aldrich. 

Chemical Treatment: 

CH1 represents the keratin hydrolysate extracted using an alkaline method (Fagbemi et. al.., 

2020), where feathers were weighed and added to an alkaline solution containing sodium 

hydroxide and sodium, the pH of the solution obtained was between 12 and 13. The resulting 

solution was filtered and then neutralized using HCl where the filtrate was dialyzed for 72 h 

then freeze-dried to collect the keratin hydrolysate. The quantities of all the chemicals used and 

detailed method is from an article (Fagbemi et al., 2020) 

CH2 represents the reduction extraction method (Khumalo et al.,, 2020) where chicken feathers 

were immersed in sodium bisulphite, sodium dodecyl sulphate, and urea. The resulting mixture 

was shaken and heated in an oil bath. After the reaction, the mixture was centrifuged and then 

filtered. The filtrate obtained was dialyzed for 5 days, and the keratin solution obtained was 

then freeze-dried to obtain the keratin hydrolysate. The quantities of all the chemical and 

detailed method is from the article (Khumalo et al., 2020). 

Enzymatic Hydrolysis: 

EH1 represents an enzymatic hydrolysis method (Dlume, 2021). A basal salt medium 

containing K2HPO4, KH2PO4, MgCl2, CaCl2; and chicken feathers were inoculated with the 



59 
 

bacteria isolates, Exiguobacterium species and incubated. The mixture of bacterium and keratin 

hydrolysate obtained were then isolated.  

EH2 ( Mnguni, 2021). 

A subset of waste feathers, which were not washed, were used to isolate the microbial flora 

indigenous to chicken feathers. The feathers were suspended in minimum media which was 

composed of (g/l): NaCl, 0.5; KH2PO4, 0.7; K2HPO4, 1.4; MgSO4.7H2O, 1 and incubated at 

30°C with shaking. The suspended samples were plated out on feather meal agar (FMA) 

plates composed of agar (%) and 0.1% feather meal made up in minimum growth medium. 

The plates were incubated at 30°C, pH8, for 7 days (Mnguni, 2021). Fungal and bacterial 

strains were used to produce hydrolysate by enzymatic hydrolysis. 

   

3.2.2 Characterizations 

Fourier Transform Infrared spectroscopy from PerkinElmer (Frontier Universal model) in an 

attenuated total reflection mode (ATR) was used for the analyses of the functional groups, 

where spectra were collected over a frequency range of 35000-400 cm-1. TGA profiles were 

determined using Simultaneous Thermal Analyser (STA) STA 6000. The temperature range of 

the profiles was 28-750 °C with a heating rate of 10°C/min under nitrogen with a purge flow 

of 20ml/min. Elemental compositions were analyzed using PerkinElmer, series II CHNS 

elemental analyzer, where the protein content was determined using the nitrogen content obtain 

by multiplying it with the conversion factor of 6.25 (Mariotti, Tomé, and Mirand 2019). 

Bradford Assays were done on the UV/Visible spectrophotometer operation Cary 50 CONC. 

All the absorbance for the calculated concentrations were taken at a wavelength of 595 nm. 

Ash content was determined using the convection drying oven, with temperature control of 105 

±3°C, ignited in a muffle furnace at 525 °C. Sodium Dodecyl Sulphate PolyAcrylamide Gel 

Electrophoresis (SDS-PAGE). Keratin samples were dissolved in distilled water. Followed by 

adding a 15 μL keratin sample into a solution of 5 μL of NuPAGE LDS sample buffer (4X) 

containing 5% β-mercaptoethanol, and the mixture was boiled for 7 min. The polyacrylamide 

gels used were 16% and 12% for low and mid-high molecular weight determination where 

denatured samples were then loaded. The gels were exposed to 80 V for 30 min, followed by 

120 V for 2 h. The gels were then stained, for 30 min, with Coomassie Brilliant Blue (CBB) 

G-250 followed by an overnight de-staining with a mixture of ethanol-acetic acid solution. 

Imaging software was used on both gels for analysis. 
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3.3 Results and discussion 

3.3.1 FTIR (Fourier Transform Infrared Spectroscopy) 

 

 

 

Figure 3.1. FTIR of different keratin hydrolysate when compared to keratin azure 

The keratin hydrolysates formed from the different methods are shown in figure 3.1. They all 

show the presence of the keratinous structure with the functional group's Amide A at 3250 cm-

1 representing the stretching vibration of O-H and –N-H. Amide I at 1 632 cm-1 shows the 

presence of C=O, while Amide II at 1510 cm-1 represents -C-H stretching and N-H bending 

and Amide III at 1240 cm-1 shows C-N stretching and N-H bending. This is in agreement with 

most reported keratinous materials (Călin et al. 2017b; Nuutinen 2017; Sharma, Gupta, Chik, 

et al. 2017; Zoccola, Aluigi, and Tonin 2009b). 

There is also the presence of the band around 1069 cm-1which is assigned to the sulphoxide 

bond, S=O, which represents the breakage of the disulphide bond. This technique helps with 

the determination of the disulphide bonds in the hydrolysate. The presence of the S=O is 
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formed due to a reaction of sulphides and cysteine in protein, showing the breakage of the 

disulphide bonds.  

EH1 has the largest peak of S=O, while EH2, CH2, and CH1 have a similar peak. And keratin 

azure the S=O peak is almost non-existence.  

 

3.3.2 TGA (Thermogravimetric Analysis) 

There are 3 different stages of weight losses, where the 1st stage, 28 ⁰C - 150 ⁰C, is due to water 

evaporation and the 2nd stage,150 ⁰C - 500 ⁰C, represents the denaturing of the polypeptide 

chain, where it is known that keratin suffers organic degradation. The last stage, the 3rd stage, 

between 500 ⁰C - 700 ⁰C is where complete degradation occurs as shown in figure 3.2. Most 

authors (Gupta et al. 2016; Sharma, Gupta, Chik, et al. 2017; Tesfaye, Sithole, Ramjugernath, 

et al. 2018b, 2018a) present the same trends from their keratin hydrolysates. 

 

 

Figure 3.2. The TGA curves of different keratin hydrolysate when compared to keratin azure 
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All four different keratin hydrolysates show the trend of keratin degradation, Figure 3.3. Where 

CH1 shows the lowest weight loss of the organic degradation from the 2nd stage, with 59.90%.  

The keratin hydrolysate from CH2 shows the highest weight loss with 73.62%, followed by 

EH1 at 71.21% and EH2 at 62.31%. 
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Figure 3.3.  TGA curves show the mass percentage loss of different keratin hydrolysates with 

an increase in temperature. 

At 600°C, CH1 and CH2 are more thermally stable than EH1 and EH2. Such high thermal 

stability is known to be cause by the closely packed polypeptide chain in the β-sheet and that 

large particle sizes also play a huge role. It is also known that polymer with aromatic rings are 

known to yield char residue which is stable at 600°C under nitrogen (Alahyaribeik and Ullah 

2020). The difference in molecular weights also plays a role in the thermal stability of the 

hydrolysates as smaller solid residues tend to have longer residence time which is seen with 

EH1 and EH2. 

 

3.3.3 Elemental analysis (CHNS analysis) 

The protein content in the keratin hydrolysate was determined using this technique. The protein 

content in the hydrolysate was found to be 86.85% for CH1, 67.63 for CH2, 78.06% for EH1, 

90.00% for EH2, and 93.68% for keratin azure, Table 3.1. The keratin hydrolysate from keratin 

azure was found to have the highest protein content, which was followed by EH2 as it had the 

high nitrogen content shown in Figure 3.4 and Table 3.1. 

 

Table 3.1. Elemental analysis of Keratin hydrolysate 

Keratin 

Hydrolysate 

Carbon % Hydrogen % Nitrogen % Sulphur % Protein % 
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Keratin 

Azure 

43.21 6.50 14.99 4.13 93.68 

EH1 35.08 3.14 12.49 4.15 78.06 

EH2 43.55 5.99 14.40 2.51 90.00 

CH1 47.25 6.90 13.85 2.80 86.56 

CH2 46.64 7.72 10.82 5.02 67.63 

 

 

 

 

 

Figure 3.4. The bar graph shows different elemental analyses of different keratin 

hydrolysates. 
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From Table 3.1 and Figure 3.4, the four keratin hydrolysates from the different methods were 

compared. Where keratin azure is the highest, EH2 is the second-highest protein content. This 

is due to the factors used for the process involved in the production of the keratin hydrolysate, 

where enzymatic hydrolysates are known to have high protein content. While keratin azure has 

the highest protein content as it is keratin extracted from wool compared to keratin extracted 

from chicken feathers, which correlates with the literature. 

3.3.4 Bradford Assay 

This technique was used to determine the concentration of the protein in the hydrolysate. Figure 

3.5., represents the standard curve for the Bradford assays for the analysis of protein content. 

The curve was used to determine the unknown concentration of the keratin hydrolysate. The 

curve represents the absorbance taken at the wavelength of 595 nm. Bovine Serum Albumin 

(BSA) was used as a protein standard with increasing concentration. The protein was used with 

the coomassie blue staining to determine the binding of the protein.  

The hydrolysates from the different methods were tested and the unknown concentrations were 

determined using a standard curve shown in Figure 3.5. From the standard curve, the 

concentrations from table 3.2 were obtained 
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Figure 3.5. Standard Curve for Bradford Assays to determine the unknown protein 

concentration 

All four keratin hydrolysates were tested to determine the concentration of the protein, Table 

3.2. CH1 shows the highest protein concentration of 1.40 mg/ml and EH2 shows the lowest 

protein concentration of 0.45 mg/ml. 

 

Table 3.2. The protein concentration obtained from different methods 

Keratin Hydrolysate Concentration mg/ml 

EH1 1.08 

EH2 0.45 

CH1 1.40 

CH2 1.02 

 

 

3.3.5 Ash Content 

Ash content measures the inorganic matter and minerals content of the biomass that remains 

after the complete oxidation of organic matter. The ash content of all three keratin hydrolysates 

from different methods was determined and shown in Table 3.3. 

 

Table 3.3. The ash content of the hydrolysate obtained from different keratin hydrolysates 

Keratin Hydrolysate Ash content (%) 

Keratin Azure 0 

EH1 9.19 

EH2 NA 

CH1 20.7 

CH2 5.27 
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The ash content of keratin azure was found to be zero, where a low ash content is known to be 

from a clean fraction of the keratin, where this was followed by CH2 at 5.27 and EH1 at 9.19. 

Keratin hydrolysate from CH1 has a high ash content which is known to be caused by the 

alkaline environment and also the salts formed from the chemical used. The ash content of EH2 

could not be determined due to the low yields obtained.   

 

 

3.5.6 SDS PAGE (Sodium Dodecyl Sulphate–Poly-Acrylamide Gel Electrophoresis) 

The molecular weights of the hydrolysate from CH1, CH2 and EH1 were determined. Where 

CH1 there is a big band around 5–10 kDa and other higher molecular weight 

        

 

Figure 3.6. SDS PAGE of the keratin hydrolysate from three different methods. 

While CH2 10–15 kDa, 15–25 kDa, and higher molecular weight. And EH1 is a band around 

5 kDa and 10 kDa and also contains higher molecular, which are not clearly separated. 

Enzymatic hydrolysis is known to produce medium to low molecular weight due to the 

production of amino acids and small peptide chains while chemical hydrolysis contains mostly 

higher molecular weight 



68 
 

 

3.4 Discussion and conclusion 

From the FTIR it is seen that the keratin hydrolysate from all the three different methods shows 

the presence of the keratin structure as shown in Figure 3.1. There is a large peak around 1069 

cm-1, S=O, which is due to the breakage of the disulphide bonds from all four keratin 

hydrolysate, while in EH1 the peak is the largest and non-existing in keratin azure 

The breakage of the disulphide bonds helps with the solubility of the keratin hydrolysate and 

it was found that EH1 was highly soluble in water while the keratin hydrolysates from the EH2, 

CH1, and CH2 are partially soluble and keratin azure is insoluble in water, which explains the 

non-existence of the S=O peak. 

The protein concentration and protein content of the hydrolysates were also determined. From 

the results obtained it was observed that the keratin hydrolysate from EH2 had the highest 

protein content of 90.00%, this is because the hydrolysis conditions are mild, when compared 

to chemical, and does not damage any amino acids. The low protein concentration from EH2, 

0.45 mg/ml, is due to low extraction yields. While CH1 has the highest concentration, high 

yields, and second-highest protein content,1.40 mg/ml, and 86.56%. CH2 showed the lowest 

protein content of 67.63 %. The concentration of the keratin azure couldn’t be determined as it 

is insoluble in water.  

The ash content was also determined with keratin azure 0% which shows a clean organic 

fraction of the keratin hydrolysate.  CH2 and EH1 had the second-lowest, 5.27%, and 9.19%. 

CH1 having the highest ash content, 20.7%, which is due to the alkaline environment of the 

keratin hydrolysate meaning there are more inorganic matter and minerals. The high ash 

content might be due to the keratin hydrolysate from CH2 being dialyzed for 5 days which 

removed most of the inorganic and mineral contents while CH1 was only dialyzed for 72 hours. 

From the TGA curves, it is observed that the hydrolysate from CH1 showed the lowest weight 

loss of organic degradation,59.90%, with CH2 the highest, 73.62%, and EH1 the second 

highest. This correlates with the ash content where complete oxidation of most of the organic 

matter is observed with CH2 and EH1. The TGA of keratin azure is used as a standard. The 

molecular weight, polypeptide chain and disulphide bonds present also play a major role in the 

thermal stability of the hydrolysates, where it is observed with CH1 and CH2 being thermally 

stable when compared EH1 and EH2. 
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In the SDS-PAGE it is observed that EH1 hydrolysate showed the presence of lower molecular 

weights when compared to the other two and also high due to the enzymes which were not 

separated from the hydrolysate. While CH1 and CH2 had both high and low molecular weights. 

Enzymatic hydrolysis controls the degree of hydrolysis to certain amino acids and peptide 

chains, where the low molecular weights are due to amino acids obtained. While chemical 

hydrolysis is known to destroy some of the amino acids, leaving behind the peptide chains 

which results in higher molecular weights. 

The qualities of the keratin hydrolysates obtained from the four different methods showed that 

they apply to fertilizer, animal feed, bio-adhesives, and nanofibres. CH1 and CH2 can be 

applicable to bio-adhesives and nanofibres due to their high molecular weights, which will 

have a high number of functional groups expected to interact with the polymer for bio-

adhesives applications (Medronho and Fonseca 2019). For nanofibers, high chemical and 

thermal stability are the qualities required, which the two chemical hydrolysates show. EH1 

and EH2, apply to fertilizers and animal feeds, this is shown by their quality of high nitrogen 

content which is important in both application, high solubility, and low molecular weights. All 

four keratin hydrolysates can have other applications based on the quality of the hydrolysates 

produced. In conclusion, the four different methods produced four different hydrolysates, this 

comparison helps with determining which hydrolysate is suitable for which application.  
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Abstract 

Valorization of waste chicken feathers to keratin is of biotechnological interest. Microbial 

keratinase in feather processing is of interest due to its environmentally friendly technology. 

Bacterial and fungal strains were isolated from chicken feathers and screened for keratinase 

activity on feather meal agar. They were then tested for the degradation of chicken feathers 

where they were tested for their ability to degrade chicken feathers and produce keratin 
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hydrolysates. The enzymatic hydrolysates produced from the strains were characterized and 

analyzed using analytical techniques to profile their quality and quantity for their applicability 

as ingredient in animal feed. The keratin structure was confirmed using Fourier Transform 

Infrared Spectroscopy (FTIR). The protein concentration and protein content were determined 

using the Bradford assay and CHNS analysis, Thermogravimetric Analysis (TGA) was used 

for the determination of weight change with temperature. All the hydrolysates produced by 

enzymatic hydrolysis from the fungal and bacterial strains showed qualities suitable for protein 

ingredient in animal feed, with CFF1 showing the best qualities of the keratinous hydrolysate 

as a protein ingredient, with the highest protein content and maximum amino acid 

concentration. 

 

Keywords 

Chicken Feathers, Keratinase, Keratinous Hydrolysate, Analytical Techniques 

4.1 Introduction 

Keratin is one of the insoluble structural proteins which is highly stable and resistant because 

of  the extensive cross-linkages of disulphide, hydrogen, and hydrophobic interactions, and it 

is resistant to microbial degradation (Abdel-Fattah et al. 2018). It is found mainly in two forms, 

α-helix and β-sheets. The structure of chicken feathers is comprised  of 91% β-keratin (Wang 

et al. 2016). The most abundant keratinous materials are known to be chicken feather waste 

with billions of tonnes produced in slaughterhouses annually (Herzog et al. 2016). Feathers are 

protein-rich products, however most waste feathers are disposed off in landfills, dumps and 

some are incinerated resulting in environmental pollution. Waste feather processing and 

valorisation is required to avoid this. Their biotechnological application via microbial 

fermentation  and enzymes would serve as an environmentally friendly technology to valorise 

the waste (Srivastava et al. 2020) .There are other hydrolytic methods such as chemical 

hydrolysis, however, this method  is known to destroy some important amino acids (Mustățea, 

Ungureanu, and Iorga 2019). Microbial keratinases are intensively applied in feed, fertilizer, 

leather, pharmaceuticals, and biomedical applications (Călin et al. 2017b; Fang et al. 2013; Jani 

et al. 2014; Mazotto et al. 2013; Sharaf and Khalil 2011). Waste from keratin represents a 

source of valuable protein and amino acids and are mostly applicable in fodder and additives 

for animals and also as a source of nitrogen for plants. Most microorganisms or strains have 
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their special conditions for maximum enzyme production (Bach et al. 2015; Bhari et al. 2018; 

Fontoura et al. 2014b, 2019b; Ramakrishna Reddy et al. 2017). In this article, we look at the 

quality of the enzymatic hydrolysates for animal feed, produced by bacterial and fungal strains. 

Keratinases belong to a class of proteases and are keratinolytic enzymes produced by micro-

organisms like bacteria, fungi, yeast, and actinomycetes and have widespread application in 

feed, fertilizers, leather, pharmaceuticals, and biomedical industries (Călin et al. 2017b; Fang 

et al. 2013; Jani et al. 2014; Mazotto et al. 2013; Sharaf and Khalil 2011) due to their low cost, 

availability and free from contaminants. The unique characteristic that distinguishes 

keratinases from other proteases is the ability to bind to the complex and insoluble substrates 

(feathers, wool, silk, collagen, elastin, horns, stratum corneum, hair, azokeratin and nails). 

Their production  is carried out by fermentation, utilizing chicken feathers as the only source 

of carbon and nitrogen (Srivastava et al. 2020).  Of key importance in the production process 

is microbial strain capable of production of high activity keratinases thus screening of microbes 

is required to identify a strain that can produce a non-toxic, highly active and less expensive 

enzyme. The important factors that play a role in the production of the highly active keratinase 

enzymes are the microbial strain, aeration, , medium composition, temperature, pH, and 

fermentation method (Srivastava et al. 2020). They are a class of proteolytic enzymes, which 

are more advanced than the normal proteases due to their stability over a range of alkaline pH 

and temperature conditions (Herzog et al. 2016).  They are mostly active in the presence of the 

keratin substrate, where they are known to attack the peptide bond in the structure of the keratin 

and convert it into small peptide chains and amino acids. Keratin decomposition requires 

proteolytic reaction and disulphide bonds reduction (Srivastava et al. 2020).  

Waste from keratin represents a source of valuable protein and amino acids and are mostly 

applicable in fodder and additives for animals and also as a source of nitrogen for plants. Most 

microorganisms or microbial strains have their special conditions for maximum enzyme 

production (Bach et al. 2015; Bhari et al. 2018; Fontoura et al. 2014b, 2019b; Ramakrishna 

Reddy et al. 2017). 

Laba et. al. (2018) isolated a feather degrading bacterium where a single strand was identified 

as Kocuria rhizophila p3-3, which exhibited significant keratolytic properties. The culture 

conditions were optimised in order to maximise the production of soluble proteins and free 

amino acids. The bacterium degraded chicken feathers within four days, and the resultant 

hydrolysate was tested for the amino acids present, ferric reduction and radical scavenging 
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activities (Łaba et al. 2018). (Riffel and Brandelli 2006) isolated four keratinolytic bacteria, 

where three belonged to the genera Burkholderia, Chryseobacterium and Pseudomonas and 

one was Microbacterium species. Keratinase activities were detected in all four strains. 

Complete degradation of chicken feathers was observed with Microbacterium sp. and 

Chryseobacterium sp., while the Pseudomonas sp. only disintegrated feather barbules but not 

all rachises and minor degradation was observed with Chryseobacterium species. Only 

proteolytic activities of the keratolytic strains were determined, and the hydrolysate was not 

characterized. Eights strains of Bacillus were isolated by (Nagal and Jain 2010) from 

decomposing feathers and were tested for hydrolysis of feather waste. Among them Bacillus 

cereus KB043 was the best feather degrading microorganism. It also showed the highest level 

of keratinase activity, but again the hydrolysate formed was not analysed.  

Keratinolytic fungal strains were isolated from the soil by (Călin et al. 2017b), followed by 

evaluating their ability to degrade keratin substrate using SEM, FTIR and TGA. Fusarium sp. 

1A was found to be the most active in the degradation process, while once more the hydrolysate 

was not characterized. 

Most of these researchers focus on the optimisation processes and activities of the keratinases, 

but detailed analysis on the hydrolysate formed is lacking. The qualities and quantities of the 

hydrolysate are very important in determining their applicability formed from the keratinases 

produced. 

In this article, we look into detailed analysis of the hydrolysate formed from the keratinolytic 

bacterial and fungal strains. This is done by using analytical characterization techniques like 

FTIR, TGA, CHNS analysis and Bradford assay. 

 

4.2 Experimental 

4.2.1 Methods 

Screening for the keratinase activity 

Waste chicken feathers used were collected from Rainbow Chicken, in KwaZulu-Natal, 

Durban. A subset of waste feathers, which were not washed, were used to isolate the microbial 

flora indigenous to chicken feathers. The feathers were suspended in minimum media which 

was composed of (g/l): NaCl, 0.5; KH2PO4, 0.7; K2HPO4, 1.4; MgSO4.7H2O, 1 and incubated 

at 30°C with shaking. The suspended samples were plated out on feather meal agar (FMA) 
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plates composed of agar (%) and 0.1% feather meal made up in minimum growth medium. The 

plates were incubated at 30°C, pH8, for 7 days (Mnguni, 2021). Following incubation, the 

plates were stained with 10% Trichloroacetic acid (TCA) for 15 min. Keratinolytic activity was 

confirmed by clear zones appearing around the isolates. Five fungal and four bacterial isolates 

exhibiting activity were chosen for time course  

Chicken feather meal was prepared from washed, autoclaved (15 min at 121 °C) and dried 

(overnight in a hot air oven at 50°C) waste chicken feathers dry. The dried feathers were 

powdered and sieved was used as feather meal. The isolates were then identified by isolation 

of the genomic DNA and analysed using blast analysis. All the bacterial (CFB1 and CFB3) and 

fungal (CFF1 and CFF4) isolates were then tested for feather degradation in a basal medium 

with chicken feathers as the only source of carbon and nitrogen.  The concentration of the free 

amino groups was determined using the ninhydrin method, with glycine as a standard. The 

assay mixture comprised of 2 mL of crude supernatant and 1 ml 8% ninhydrin reagent. The 

mixture was boiled for 10 min then cooled for 15 min. Five millilitres of 95% ethanol were 

then added to the mixture and the absorbance measured at 570 nm (Spedding et al. 2013). The 

hydrolysates formed were characterized and analysed using different analytical techniques 

which are FTIR, TGA, Bradford assay and CHNS analysis. 

4.2.2  Characterization Techniques 

FTIR spectroscopy in an attenuated total reflection mode (ATR), was used for the analyses of 

the functional groups, where spectra were collected over a frequency range of 35000-400 cm-

1. TGA profiles were determined using Simultaneous Thermal Analyser (STA) STA 6000. The 

temperature range of the profiles was 28-750 °C with a heating rate of 10°C/min under nitrogen 

with a purge flow of 20ml/min. Elemental compositions were analyzed using PerkinElmer, 

series II CHNS elemental analyzer, where the protein content was determined using the 

nitrogen content obtain multiplying it with the conversion factor of 6.25. Bradford Assays were 

done on the UV/Visible spectrophotometer operation Cary 50 CONC. All the absorbances for 

the calculated concentrations were taken at a wavelength of 595 nm. 

 

4.3 Results and Discussions 

The four isolates were screened for keratinase activity and they all showed activity by forming 

a clear zone around the feather meal agar plate. Figure 4.1, shows an example of one of the 



86 
 

screened keratinolytic strains on a feather meal agar plate and this showed that the keratinase 

was active. 

 

Figure 4.1. Screening for the keratinase activity on feather meal agar plate  

The four bacterial and fungal isolates were identified by isolation and were analyzed using 

BLAST analysis of 16S and 18S rRNA gene sequencing, respectively. Their identities are 

CFB1: Bacillus cereus, CFB3: Chryseobacterium sp., CFF1: Penicillium marquandii, and 

CFF4: Fusarium solani. 

All the strains were then tested for chicken feather degradation in shake flask fermentations 

Varying degrees of degradation were displayed by all.  The deterioration of feathers in the 

medium is shown in Figure 4.2, where complete degradation was seen after three days. After 

3 days, the flask showed a milky solution with no chicken feathers in the flask, meaning 

complete degradation was observed. 

 

Figure 4.2. Feather degradation by the keratinases from day 0: A, day 1: B, day 3: C  
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The free amino acid concentration was observed to increase in a culture medium with time. 

The breakdown of peptide into amino acids continued with time of degradation. After 3 days, 

the maximum concentration of the free amino acids in the culture meduim was found to be 2.3 

mg/ml. Amino acids formation is a good quality for ingredient in the protein animal feed as 

they are known for their antioxidant activities. The hydrolysates formed were further 

characterized and analysed using different analytical techniques which are FTIR, TGA, 

Bradford assay and CHNS analysis. 

4.3.1 Fourier Transform Infrared Spectroscopy (FTIR) 

It represents important functional groups present in the keratinous materials of the peptide 

chains. It shows the fingerprint of the molecular component in the keratin structure. The FTIR 

profiles of the hydrolysates produced by the different bacterial and fungal strains are shown in 

figure 4.3. They all show the presence of the keratinous structure, where the feather meal and 

keratin azure serve as standards for the keratinous structure (Brebu and Spiridon 2011; Kakkar, 

Madhan, and Shanmugam 2014b; Sharma, Gupta, Chik, et al. 2017; Wang and Cao 2012a; 

Zoccola et al. 2009a). Figure 4.4, shows the functional groups of the keratinous structure in the 

hydrolysates produced by the fungal and bacterial strains with Amide A at 3277 cm-1 

representing the stretching vibration of O-H and –N-H. Amide I at 1 632 cm-1 shows the 

presence of C=O, while Amide II at 1535 cm-1 represents -C-H stretching and N-H bending 

and Amide III at 1240 cm-1 shows C-N stretching and N-H bending.  

 

 



88 
 

Figure 4.3. FTIR profiles of the enzymatic hydrolysates produced by the bacterial (CFB1 and 

CFB3) and fungal (CFF1 and CFF4) strains compared to feather meal and keratin azure. 

 

 

 

Figure 4.4. Comparison of the FTIR profiles of the enzymatic hydrolysates produced by fungal 

(CFF1) and bacterial (CFB1) strains and feather meal  

There is also the presence of the band around 1069 cm-1which is assigned to the sulphoxide 

bond, S=O, which represents the breakage of the disulphide bond.  

This technique is important for the determination of the disulphide bonds in the hydrolysate, 

as the presence of these bonds is indicative of poor digestibility of the hydrolysate in animal 

feed. Following the keratinase degradation, the presence of the S=O which formed as a result 

of the reaction of sulphides and cysteine in protein, thus demonstrating the breakage of the 

disulphide bonds.  

4.3.2 Thermogravimetric Analysis (TGA) 

TGA measures weight changes in a material as a function of temperature under a controlled 

atmosphere. It only provides us with information about the degradation of the hydrolysate when 

exposed to higher temperatures.  Figures 4.5 and 4.6 show, the TGA profiles of the hydrolysates 

produced by the fungal and bacterial strains with that of the feather meal and keratin azure. 
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There are three different stages of weight losses, where the 1st stage, 28 ⁰C - 150 ⁰C, is due to 

water evaporation and the 2nd stage, 150 ⁰C - 500 ⁰C, represents the denaturing of the 

polypeptide chains, where it is known that keratin suffers organic degradation. The  3rd and last 

stage, between 500 ⁰C - 700 ⁰C is where complete degradation occurs (Brebu and Spiridon 

2011; Idris et al. 2013b; Kakkar, Verma, et al. 2014; Tesfaye, Sithole, Ramjugernath, et al. 

2018b). 
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Figure 4.5. The TGA curves of the enzymatic hydrolysates produced by fungal (CFF1 and 

CFF4) and bacterial strains (CFB1 and CFB3), compared to feather meal. 

In figure 4.6, keratin azure shows a rapid water loss in the 1st stage which is due to loosely 

bonded water in the structure, while the hydrolysate shows a different trend. The second stage 

and third stage only show the difference in stability of the hydrolysate from different strains, 

when compared to keratin azure. Keratin azure (in black) and CFB1 (in red) shows the 

hydrolysate which is easily degradable, meaning the hydrolysate will be easily digestible, as it 

is proven in Table 4.1 with the highest weight loss 
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Figure 4.6. TGA profiles of the enzymatic hydrolysates produced by fungal (CFF1 and CFF4) 

and bacterial strains (CFB1 and CFB3), and keratin azure. 

The TGA profiles show different weight losses at the different temperatures. Figure 4.7 and 

Table 4.2, show the strains with different weight loss shown in percentages. It also shows that 

the highest weight loss was achieved at the 2nd stage from all different strains, where keratin is 

known to suffer organic degradation. 

Table 4.1. TGA results for the weight loss of the hydrolysates produced by the fungal and 

bacterial strains 

 

Tested 

strains 

 

1st stage 

weight loss 

% 

 

2nd stage 

weight loss 

% 

 

3rd stage 

weight loss 

% 

 

Total weight 

loss (%) 

CFB1 6.84 70.39 6.51 83.74 

CFB3 5.66 

 

45.16 6.79 57.61 

CFF1 5.20 68.28 8.04 81.52 

CFF4 6.10 56.91 6.93 69.94 
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The total weight loss was obtained after heating the samples at 700 ⁰C. The most active 

organism in the degradation process was the CFB1 strain, figure 4.7a, which is due to the 

strongest denaturing of the keratin chain and showed the highest weight loss of 83.74%. While 

CFB3, figure 4.7b, showed the lowest total weight loss at 57.61%. 
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Figure 4.7 TGA profiles of hydrolysates produced by the bacterial strains (a) CFB1 strain and 

(b) CFB3 strain and fungal strains (c) CFF1 strain and (d). CFF4 strain. 

The stability of the hydrolysate is known to be affected by molecular mass and the aromatic 

groups present in the hydrolysate. The aromatic group stability is due to the fact that polymers 

with aromatic rings when heated under nitrogen atmosphere, are known to form char residues 

which are stable up to 700 °C. The more aromatic groups there are the more hydrophobic the 

hydrolysate is, which is the best hydrolysate for the animal feed. 
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4.3.3 Bradford Assay 

This technique was used to determine the concentration of the total proteins in the hydrolysates. 

The hydrolysates of the four strains were tested and the unknown concentrations were 

determined using a standard curve shown in Figure 4.8. The curve represents the standard 

protein with the known concentration and absorbance taken at the wavelength of 595 nm. 

From the standard curve, the concentrations from table 4.2 were obtained. 
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Equation y = a + b*x

Residual Sum 
of Squares

0,02152

Adj. R-Square 0,99045

Value Standard Error

D Intercept 0,03667 0,04242

D Slope 0,9819 0,03934

 

Figure 4.8. Standard Curve for Bradford Assays to determine the unknown protein 

concentration. 

the concentration of the protein in the hydrolysate produced by all four strains were determined 

(Table 4.2). This characterization technique is important to determine the quantity of the 

hydrolysate produced, which will be open to optimization for industrial applications. 

The CFB3 strain showed the highest protein concentration of 0.85 mg/ml and the lowest protein 

concentration of 0.45 mg/ml was obtained with the CFF1 strain. 

 

Table 4.2. Total protein concentration in the hydrolysates produced by the different strains 
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Strains Concentration (mg/ml) 

CFF1 0.45 

 

CFF4 0.78 

 

CFB1 0.51 

 

CFB3 0.85 

 

 

4.3.4 CHNS Analysis 

The elemental analysis profiles the proportion of the key elements C, H, N and S and using a 

formula (using the percentage of nitrogen multiplying with 6.25 factor) estimates percent 

protein in the enzymatic hydrolysates The results which are shown in table 4.3 and figure 4.9 

with keratin azure included as a control for comparison  

Table 4.3. Elemental analysis of enzymatic hydrolysates. 

Enzymatic 

Hydrolysate 

Carbon % Hydrogen % Nitrogen % Sulphur % Protein % 

CFF1 43.55 5.99 14.40 2.51 90.00 

CFF4 35.63 5.75 10.29 2.02 64.31 

CFB1 36.95 5.87 12.78 1.85 79.88 

CFB3 23.14 3.57 7.05 1.0 44.06 

Keratin 

Azure 

43.21 6.50 14.99 4.13 93.68 

 

. The highest from the different strains was found to be CFF1 with 90%, where Tiwary et al. 

(2012) reported 87% with Bacillus strain, with the lowest being CFB3 with 44.06%. The 
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protein content produced in the CFF1 hydrolysate corresponds to what is expected to be found 

in the enzymatic hydrolysate, for the highest protein quality for animal feed. 

The keratin azure has the highest protein content as it is keratin extracted from wool compared 

to keratin extracted from chicken feathers, which correlates with the literature (Călin et al. 

2017a). But the keratin azure has the highest sulphur content, as keratin extracted from wool 

has a β-pleated sheet structure which is different from the feathers with α-helix structure. The 

use of keratin azure as a comparison is to determine the overall structure of keratin and to 

confirm the presence of keratin in chicken feathers. 

 

Figure 4.9. Bar graph of elemental analyses of different enzymatic hydrolysates. 

The analysis also shows that the protein concentration in the different hydrolysates does not 

correlate with the protein content. From our results, CFF1 has the highest protein content, 

where the concentration of the total protein was the lowest. While CFB3 has the lowest protein 

content but the highest protein concentration.  

And also the CFB3 strain showed the lowest activity when compare to all strains and also the 

lowest protein content. This proves that the strain is not active as there is low protein content. 

CFF1 has the highest protein content when compared to the reported strain (Tiwary 2012), 

meaning optimization has to be done in order to improve the content, the amino acid and the 

concentration of the protein in the hydrolysate.  
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4.4 Conclusion 

All the four bacterial and fungal strains showed keratinolytic activities. The degradation of 

feathers was also observed for all four strains. 

The FTIR from the four strains showed that the keratin hydrolysates with the highest peak of 

the S=O was from CFB1, which means more disulphide bonds were broken. This was also 

shown by the solubility test where CFB1 was more soluble compared to all keratin hydrolysates 

produced by the four strains, meaning most of the disulphide bonds were broken. And from the 

TGA, CFB1 suffered the most organic degradation implying that the strain was the most active. 

CHNS analysis showed that CFB1 and CFF1 had the most protein content, which correlates 

with the TGA about the organic content. All produced strains showed the production of the 

keratinous hydrolysate with CFF1 being the best quality obtained for animal feed products due 

to high protein content and showing the maximum amino acid concentration. 

 

 

 

 

 

 

 

 

 

Acknowledgments 

Biorefinery Industrial Development Facility (BIDF), Council for Scientific and Industrial 

Research (CSIR), and Technology Innovation Agency (TIA) for funding and supporting the 

project. The University of KwaZulu-Natal, School of Engineering, and School of Life Sciences 

for the support and materials. 

 



96 
 

References 

Abdel-Fattah, Azza M., Mamdouh S. El-Gamal, Siham A. Ismail, Mohamed A. Emran, and 

Amal M. Hashem. 2018. “Biodegradation of Feather Waste by Keratinase Produced from 

Newly Isolated Bacillus Licheniformis ALW1.” Journal of Genetic Engineering and 

Biotechnology 16(2):311–18. doi: 10.1016/j.jgeb.2018.05.005. 

Alahyaribeik, Samira, and Aman Ullah. 2020. “Methods of Keratin Extraction from Poultry 

Feathers and Their Effects on Antioxidant Activity of Extracted Keratin.” International 

Journal of Biological Macromolecules 148:449–56. doi: 10.1016/j.ijbiomac.2020.01.144. 

Anon. n.d. “8ad2ca60fc8933b20021f3a277357af6b7a897e8 @ Biologydictionary.Net.” 

Bach, Evelise, Fernanda Cortez Lopes, and Adriano Brandelli. 2015. “Biodegradation of α and 

β-Keratins by Gram-Negative Bacteria.” International Biodeterioration and 

Biodegradation 104:136–41. doi: 10.1016/j.ibiod.2015.06.001. 

Bhari, Ranjeeta, Manpreet Kaur, Ram Sarup Singh, Ashok Pandey, and Christian Larroche. 

2018. “Bioconversion of Chicken Feathers by Bacillus Aerius NSMk2: A Potential 

Approach in Poultry Waste Management.” Bioresource Technology Reports 3(May):224–

30. doi: 10.1016/j.biteb.2018.07.015. 

Bhat, Z. F., Sunil Kumar, and Hina Fayaz Bhat. 2015. “Bioactive Peptides of Animal Origin: 

A Review.” Journal of Food Science and Technology 52(9):5377–92. doi: 

10.1007/s13197-015-1731-5. 

Brandelli, Adriano, Luisa Sala, and Susana Juliano Kalil. 2015. “Microbial Enzymes for 

Bioconversion of Poultry Waste into Added-Value Products.” Food Research 

International 73:3–12. doi: 10.1016/j.foodres.2015.01.015. 

Brebu, Mihai, and Iuliana Spiridon. 2011. “Thermal Degradation of Keratin Waste.” Journal 

of Analytical and Applied Pyrolysis 91(2):288–95. doi: 10.1016/j.jaap.2011.03.003. 

Călin, Mariana, Diana Constantinescu-Aruxandei, Elvira Alexandrescu, Iuliana Răut, Mihaela 

Badea Doni, Melania Liliana Arsene, Florin Oancea, Luiza Jecu, and Veronica Lazăr. 

2017a. “Degradation of Keratin Substrates by Keratinolytic Fungi.” Electronic Journal of 

Biotechnology 28:101–12. doi: 10.1016/j.ejbt.2017.05.007. 

Călin, Mariana, Diana Constantinescu-Aruxandei, Elvira Alexandrescu, Iuliana Răut, Mihaela 

Badea Doni, Melania Liliana Arsene, Florin Oancea, Luiza Jecu, and Veronica Lazăr. 



97 
 

2017b. “Degradation of Keratin Substrates by Keratinolytic Fungi.” Electronic Journal of 

Biotechnology 28:101–12. doi: 10.1016/j.ejbt.2017.05.007. 

Callegaro, Kelly, Adriano Brandelli, and Daniel Joner Daroit. 2019. “Beyond Plucking: 

Feathers Bioprocessing into Valuable Protein Hydrolysates.” Waste Management 95:399–

415. 

Callegaro, Kelly, Nicoly Welter, and Daniel Joner Daroit. 2018. “Feathers as Bioresource: 

Microbial Conversion into Bioactive Protein Hydrolysates.” Process Biochemistry 75:1–

9. doi: 10.1016/j.procbio.2018.09.002. 

Cardamone, Jeanette M. 2010. “Investigating the Microstructure of Keratin Extracted from 

Wool: Peptide Sequence (MALDI-TOF/TOF) and Protein Conformation (FTIR).” 

Journal of Molecular Structure 969(1–3):97–105. doi: 10.1016/j.molstruc.2010.01.048. 

DAFF. 2015. “South African Animal Feeds Market Analysis Report.” Directorate: Marketing 

of the Department of Agriculture, Forestry and Fisheries. 1-21 (Accessed 3 August 2016). 

Dlume, Tutuka, A. Dissertation Submitted, I. N. Fullfilment, O. F. The, F. O. R. The, Degree 

Of, Master Of, and Faculty O. F. Science. 2021. “WASTE KERATINOUS BIOMASS 

VALORIZATION AND CHARACTERIZATION OF KERATINASES PRODUCED 

BY EXIGUOBACTERIA SPECIES.” 

Durukan, Canan, Baris Kiskan, and Yusuf Yagci. 2019. “One-Pot Synthesis of Amide-

Functional Main-Chain Precursors.” 

Eremeev, N. L., I. V. Nikolaev, I. D. Keruchen’ko, E. V. Stepanova, A. D. Satrutdinov, S. V. 

Zinov’ev, D. Yu Ismailova, V. P. Khotchenkov, N. V. Tsurikova, A. P. Sinitsyn, V. G. 

Volik, and O. V. Koroleva. 2009a. “Enzymatic Hydrolysis of Keratin-Containing Stock 

for Obtaining Protein Hydrolysates.” Applied Biochemistry and Microbiology 45(6):648–

55. doi: 10.1134/S0003683809060131. 

Eremeev, N. L., I. V. Nikolaev, I. D. Keruchen’ko, E. V. Stepanova, A. D. Satrutdinov, S. V. 

Zinov’ev, D. Yu Ismailova, V. P. Khotchenkov, N. V. Tsurikova, A. P. Sinitsyn, V. G. 

Volik, and O. V. Koroleva. 2009b. “Enzymatic Hydrolysis of Keratin-Containing Stock 

for Obtaining Protein Hydrolysates.” Applied Biochemistry and Microbiology 45(6):648–

55. doi: 10.1134/S0003683809060131. 

Eslahi, Niloofar, Fatemeh Dadashian, and Nahid Hemmati Nejad. 2013. “An Investigation on 



98 
 

Keratin Extraction from Wool and Feather Waste by Enzymatic Hydrolysis.” Preparative 

Biochemistry and Biotechnology 43(7):624–48. doi: 10.1080/10826068.2013.763826. 

Fakhfakh, Nahed, Naourez Ktari, Anissa Haddar, Ibtissem Hamza Mnif, Ines Dahmen, and 

Moncef Nasri. 2011. “Total Solubilisation of the Chicken Feathers by Fermentation with 

a Keratinolytic Bacterium, Bacillus Pumilus A1, and the Production of Protein 

Hydrolysate with High Antioxidative Activity.” Process Biochemistry 46(9):1731–37. 

doi: 10.1016/j.procbio.2011.05.023. 

Fang, Zhen, Juan Zhang, Baihong Liu, Guocheng Du, and Jian Chen. 2013. “Biochemical 

Characterization of Three Keratinolytic Enzymes from Stenotrophomonas Maltophilia 

BBE11-1 for Biodegrading Keratin Wastes.” International Biodeterioration and 

Biodegradation 82:166–72. doi: 10.1016/j.ibiod.2013.03.008. 

Fontoura, Roberta, Daniel J. Daroit, Ana P. F. Correa, Stela M. M. Meira, Mauricio Mosquera, 

and Adriano Brandelli. 2014a. “Production of Feather Hydrolysates with Antioxidant, 

Angiotensin-I Converting Enzyme- and Dipeptidyl Peptidase-IV-Inhibitory Activities.” 

New Biotechnology 31(5):506–13. doi: 10.1016/j.nbt.2014.07.002. 

Fontoura, Roberta, Daniel J. Daroit, Ana P. F. Correa, Stela M. M. Meira, Mauricio Mosquera, 

and Adriano Brandelli. 2014b. “Production of Feather Hydrolysates with Antioxidant, 

Angiotensin-I Converting Enzyme- and Dipeptidyl Peptidase-IV-Inhibitory Activities.” 

New Biotechnology 31(5):506–13. doi: 10.1016/j.nbt.2014.07.002. 

Fontoura, Roberta, Daniel J. Daroit, Ana Paula F. Corrêa, Karla S. Moresco, Lucélia Santi, 

Walter O. Beys-da-Silva, John R. Yates, José Cláudio F. Moreira, and Adriano Brandelli. 

2019a. “Characterization of a Novel Antioxidant Peptide from Feather Keratin 

Hydrolysates.” New Biotechnology 49(March 2018):71–76. doi: 

10.1016/j.nbt.2018.09.003. 

Fontoura, Roberta, Daniel J. Daroit, Ana Paula F. Corrêa, Karla S. Moresco, Lucélia Santi, 

Walter O. Beys-da-Silva, John R. Yates, José Cláudio F. Moreira, and Adriano Brandelli. 

2019b. “Characterization of a Novel Antioxidant Peptide from Feather Keratin 

Hydrolysates.” New Biotechnology 49(September):71–76. doi: 

10.1016/j.nbt.2018.09.003. 

Gas, Pyrolysis, Chromatography Mass, Tamrat Tesfaye, Viren Chunilall, Bruce Sithole, and 

Deresh Ramjugernath. 2019. “Identification of Waste Chicken Feathers Degradation 



99 
 

Products Using.” 17(1):1–11. doi: 10.21767/0972-768X.1000304. 

Ghosh, Manasi, Bhanu Pratap Prajapati, Naveen Kango, and Krishna Kishor Dey. 2019. “A 

Comprehensive and Comparative Study of the Internal Structure and Dynamics of Natural 

Β−keratin and Regeneratedβ−keratin by Solid State NMR Spectroscopy.” Solid State 

Nuclear Magnetic Resonance 101:1–11. doi: 10.1016/j.ssnmr.2019.04.007. 

Greenwold, Matthew J., Weier Bao, Erich D. Jarvis, Haofu Hu, Cai Li, M. Thomas P. Gilbert, 

Guojie Zhang, and Roger H. Sawyer. 2014. “Dynamic Evolution of the Alpha (α) and 

Beta (β) Keratins Has Accompanied Integument Diversification and the Adaptation of 

Birds into Novel Lifestyles.” BMC Evolutionary Biology 14(1):1–16. doi: 

10.1186/s12862-014-0249-1. 

Gupta, Arun, Nuruldiyanah Binti Kamarudin, Gek Kee Chua, Chua Yeo, Gek Kee, Rosli Bin, 

and Mohd Yunus. 2012. Extraction of Keratin Protein from Chicken Feather. Vol. 6. 

Gupta, Arun, Syed M. Saufi, Gek Kee Chua, Swati Sharma, Syed Mohd Saufi Tuan Chik, Chua 

Yeo Gek Kee, Pradeep Kumar Podder, Jayshree Thraisingam, and Malini Subramaniam. 

2016. Extraction and Characterization of Keratin from Chicken Feather Waste Biomass: 

A Study. 

Herzog, Bastian, David P. Overy, Bradley Haltli, and Russell G. Kerr. 2016. “Discovery of 

Keratinases Using Bacteria Isolated from Marine Environments.” Systematic and Applied 

Microbiology 39(1):49–57. doi: 10.1016/j.syapm.2015.10.004. 

Hou, Yongqing, Zhenlong Wu, Zhaolai Dai, Genhu Wang, and Guoyao Wu. 2017. “Protein 

Hydrolysates in Animal Nutrition: Industrial Production, Bioactive Peptides, and 

Functional Significance.” Journal of Animal Science and Biotechnology 8(1):1–13. doi: 

10.1186/s40104-017-0153-9. 

Idris, Azila, R. Vijayaraghavan, Usman Ali Rana, Dale Fredericks, A. F. Patti, and D. R. 

MacFarlane. 2013a. “Dissolution of Feather Keratin in Ionic Liquids.” Green Chemistry 

15(2):525–34. doi: 10.1039/c2gc36556a. 

Idris, Azila, R. Vijayaraghavan, Usman Ali Rana, Dale Fredericks, A. F. Patti, and D. R. 

MacFarlane. 2013b. “Dissolution of Feather Keratin in Ionic Liquids.” Green Chemistry 

15(2):525–34. doi: 10.1039/c2gc36556a. 

Jadhav, R. S., D. D. Karad, and S. W. Kulakrni. 2016. “Isolation, Identification and 



100 
 

Characterization of Keratinolytic Streptomyces Coelicoflavus.” International Journal of 

Current Microbiology and Applied Sciences 5(7):153–63. doi: 

10.20546/ijcmas.2016.507.015. 

Jani, Shilpa Ashok, Rishit Soni, Hetal Patel, Brinda Prajapati, and Gayatri Patel. 2014. 

“Screening, Isolation and Characterization of Keratin Degrading Actinomycetes: 

Streptomyces Sp. and Saccharothrix Xinjiangensi and Analyzing Their Significance for 

Production of Keratinolytic Protease and Feed Grade Aminoacids.” 

Int.J.Curr.Microbiol.App.Sci 3(9):940–55. 

Ji, Yimei, Jinyang Chen, Jingxiao Lv, Zhilian Li, Luyao Xing, and Siyuan Ding. 2014. 

“Extraction of Keratin with Ionic Liquids from Poultry Feather.” Separation and 

Purification Technology 132(August 2014):577–83. doi: 10.1016/j.seppur.2014.05.049. 

Kakkar, Prachi, Balaraman Madhan, and Ganesh Shanmugam. 2014a. “Extraction and 

Characterization of Keratin from Bovine Hoof: A Potential Material for Biomedical 

Applications.” Journal of the Korean Physical Society 3(1):1–9. doi: 10.1186/2193-1801-

3-596. 

Kakkar, Prachi, Balaraman Madhan, and Ganesh Shanmugam. 2014b. “Extraction and 

Characterization of Keratin from Bovine Hoof: A Potential Material for Biomedical 

Applications.” Journal of the Korean Physical Society 3(1):1–9. doi: 10.1186/2193-1801-

3-596. 

Kakkar, Prachi, Sudhanshu Verma, I. Manjubala, and B. Madhan. 2014. “Development of 

Keratin-Chitosan-Gelatin Composite Scaffold for Soft Tissue Engineering.” Materials 

Science and Engineering C 45:343–47. doi: 10.1016/j.msec.2014.09.021. 

Khumalo M, Tesfaye T. Sithole B. and Ramjugernath D. 2019. “Possible Beneficiation of 

Waste Chicken Feathers Via Conversion into Biomedical Applications.” International 

Journal of Chemical Sciences 17(1):298. doi: 10.21767/0972-768X.1000298. 

Khumalo, Mduduzi, Bruce Sithole, and Deresh Ramjugernath. 2019. “Possible Beneficiation 

of Waste Chicken Feathers Via Conversion into Biomedical Applications Precipitation 

and Valorisation of Lignin Obtained from South African Kraft Mill Black Liquor View 

Project Modelling of Small Molecules and Amorphous Polymers View Project.” Article 

in International Journal of Chemical Sciences. doi: 10.21767/0972-768X.1000298. 



101 
 

Khumalo, Mduduzi, Bruce Sithole, and Tamrat Tesfaye. 2020. “Valorisation of Waste Chicken 

Feathers: Optimisation of Keratin Extraction from Waste Chicken Feathers by Sodium 

Bisulphite, Sodium Dodecyl Sulphate and Urea.” Journal of Environmental Management 

262(February):110329. doi: 10.1016/j.jenvman.2020.110329. 

Kida, Kenji, Shigeru Morimura, Junichiro Noda, Yoshitaka Nishida, Teruko Imai, and Masaki 

Otagiri. 1995. “Enzymatic Hydrolysis of the Horn and Hoof of Cow and Buffalo.” Journal 

of Fermentation and Bioengineering 80(5):478–84. doi: 10.1016/0922-338X(96)80923-

8. 

Kubáň, Pavel, and Peter C. Hauser. 2006. “Application of Gradient Programs for the 

Determination of Underivatized Amino Acids and Small Peptides in Reversed-Phase 

High-Performance Liquid Chromatography with Contactless Conductivity Detection.” 

Journal of Chromatography A 1128(1–2):97–104. doi: 10.1016/j.chroma.2006.06.046. 

Łaba, Wojciech, Barbara Żarowska, Dorota Chorążyk, Anna Pudło, Michał Piegza, Anna 

Kancelista, and Wiesław Kopeć. 2018. “New Keratinolytic Bacteria in Valorization of 

Chicken Feather Waste.” AMB Express 8(1). doi: 10.1186/s13568-018-0538-y. 

Lo, Wei Hsun, Jui Rze Too, and Jane Yii Wu. 2012a. “Production of Keratinolytic Enzyme by 

an Indigenous Feather-Degrading Strain Bacillus Cereus Wu2.” Journal of Bioscience 

and Bioengineering 114(6):640–47. doi: 10.1016/j.jbiosc.2012.07.014. 

Lo, Wei Hsun, Jui Rze Too, and Jane Yii Wu. 2012b. “Production of Keratinolytic Enzyme by 

an Indigenous Feather-Degrading Strain Bacillus Cereus Wu2.” Journal of Bioscience 

and Bioengineering 114(6):640–47. doi: 10.1016/j.jbiosc.2012.07.014. 

Mariotti, François, Daniel Tomé, and Philippe Mirand. 2019. “Converting Nitrogen into 

Protein – Beyond 6 . 25 and Jones ’ Factors To Cite This Version : HAL Id : Hal-

02105858.” Critical Reviews in Food Science and Nutrition 48(2):1–21. 

Mazotto, Ana Maria, Sonia Couri, MÔnica C. T. Damaso, and Alane Beatriz Vermelho. 2013. 

“Degradation of Feather Waste by Aspergillus Niger Keratinases: Comparison of 

Submerged and Solid-State Fermentation.” International Biodeterioration and 

Biodegradation 85:189–95. doi: 10.1016/j.ibiod.2013.07.003. 

Medronho, Bruno, and Ana C. Fonseca. 2019. “Brief Overview on Bio-Based Adhesives and 

Sealants.” (October). doi: 10.3390/polym11101685. 



102 
 

Mukherjee, Ashis K., Sudhir K. Rai, and Naba K. Bordoloi. 2011. “Biodegradation of Waste 

Chicken-Feathers by an Alkaline β-Keratinase (Mukartinase) Purified from a Mutant 

Brevibacillus Sp. Strain AS-S10-II.” International Biodeterioration and Biodegradation 

65(8):1229–37. doi: 10.1016/j.ibiod.2011.09.007. 

Mustățea, Gabriel, Elena L. Ungureanu, and Enuța Iorga. 2019. “Protein Acidic Hydrolysis for 

Amino Acids Analysis in Food - Progress over Time: A Short Review.” Journal of 

Hygienic Engineering and Design 26:81–87. 

Nagal, Swetlana, and P. C. Jain. 2010. “Feather Degradation by Strains of Bacillus Isolated 

from Decomposing Feathers.” Brazilian Journal of Microbiology 41(1):196–200. doi: 

10.1590/s1517-83822010000100028. 

Nahed, Fakhfakh, Gargouri Manel, Dahmen Ines, Sellami Kamoun Alya, El Feki Abdelfattah, 

and Nasri Moncef. 2012. “Improvement of Antioxidant Potential in Rats Consuming 

Feathers Protein Hydrolysate Obtained by Fermentation of the Keratinolytic Bacterium, 

Bacillus Pumilus A1.” African Journal of Biotechnology 11(4):938–49. doi: 

10.5897/ajb11.1741. 

Nuutinen, Maria. 2017. Title of Thesis Feather Characterization and Processing. 

Peng, Zheng, Xinzhe Mao, Juan Zhang, Guocheng Du, and Jian Chen. 2019. “Effective 

Biodegradation of Chicken Feather Waste by Co-Cultivation of Keratinase Producing 

Strains.” Microbial Cell Factories 18(1). doi: 10.1186/s12934-019-1134-9. 

Ramakrishna Reddy, M., K. Sathi Reddy, Y. Ranjita Chouhan, Hameeda Bee, and Gopal 

Reddy. 2017. “Effective Feather Degradation and Keratinase Production by Bacillus 

Pumilus GRK for Its Application as Bio-Detergent Additive.” Bioresource Technology 

243:254–63. doi: 10.1016/j.biortech.2017.06.067. 

Ramya, Kadathur Ramachandran, Ramar Thangam, and Balaraman Madhan. 2020. 

“Comparative Analysis of the Chemical Treatments Used in Keratin Extraction from Red 

Sheep’s Hair and the Cell Viability Evaluations of This Keratin for Tissue Engineering 

Applications.” Process Biochemistry 90(May 2019):223–32. doi: 

10.1016/j.procbio.2019.11.015. 

Riffel, Alessandro, and Adriano Brandelli. 2006. “Keratinolytic Bacteria Isolated from Feather 

Waste.” Brazilian Journal of Microbiology 37(3):395–99. doi: 10.1590/S1517-



103 
 

83822006000300036. 

Saha, Sarthak, Muhammad Arshad, Muhammad Zubair, and Aman Ullah. 2019. “Keratin as a 

Biopolymer.” (January):163–85. doi: 10.1007/978-3-030-02901-2_6. 

Sarmadi, Bahareh H., and Amin Ismail. 2010a. “Antioxidative Peptides from Food Proteins: A 

Review.” Peptides 31(10):1949–56. 

Sarmadi, Bahareh H., and Amin Ismail. 2010b. “Antioxidative Peptides from Food Proteins: 

A Review.” Peptides 31(10):1949–56. doi: 10.1016/j.peptides.2010.06.020. 

Sharaf, Eman F., and Neveen M. Khalil. 2011. “Keratinolytic Activity of Purified Alkaline 

Keratinase Produced by Scopulariopsis Brevicaulis (Sacc.) and Its Amino Acids Profile.” 

Saudi Journal of Biological Sciences 18(2):117–21. doi: 10.1016/j.sjbs.2010.12.011. 

Sharma, Gaurav, Savita Verma Attri, Bijaylaxmi Behra, Swapnil Bhisikar, Praveen Kumar, 

Minni Tageja, Sheetal Sharda, Pratibha Singhi, and Sunit Singhi. 2014. “Analysis of 26 

Amino Acids in Human Plasma by HPLC Using AQC as Derivatizing Agent and Its 

Application in Metabolic Laboratory.” Amino Acids 46(5):1253–63. doi: 10.1007/s00726-

014-1682-6. 

Sharma, Swati, Arun Gupta, Syed Mohd S. T. Chik, Chua Geek Kee, Bhupendra M. Mistry, 

Doo H. Kim, and Gaurav Sharma. 2017. “Characterization of Keratin Microparticles from 

Feather Biomass with Potent Antioxidant and Anticancer Activities.” International 

Journal of Biological Macromolecules 104:189–96. doi: 10.1016/j.ijbiomac.2017.06.015. 

Sharma, Swati, Arun Gupta, Syed Mohd Saufi Bin Tuan Chik, Chua Yeo Gek Kee, and Pradeep 

Kumar Poddar. 2017. “Dissolution and Characterization of Biofunctional Keratin 

Particles Extracted from Chicken Feathers.” in IOP Conference Series: Materials Science 

and Engineering. Vol. 191. Institute of Physics Publishing. 

Singh, Yengkhom Disco, Pinakeswar Mahanta, and Utpal Bora. 2017. “Comprehensive 

Characterization of Lignocellulosic Biomass through Proximate, Ultimate and 

Compositional Analysis for Bioenergy Production.” Renewable Energy 103:490–500. 

doi: 10.1016/j.renene.2016.11.039. 

Sinkiewicz, Izabela, Agata Śliwińska, Hanna Staroszczyk, and Ilona Kołodziejska. 2017. 

“Alternative Methods of Preparation of Soluble Keratin from Chicken Feathers.” Waste 

and Biomass Valorization 8(4):1043–48. doi: 10.1007/s12649-016-9678-y. 



104 
 

Slobodianiuk, Liudmyla, Liliia Budniak, Svitlana Marchyshyn, Anna Sinichenko, and Olha 

Demydiak. 2021. “Determination of Amino Acids of Cultivated Species of the Genus 

Primula L.” Biointerface Research in Applied Chemistry 11(2):8969–77. doi: 

10.33263/BRIAC112.89698977. 

Song, Yanting, Chang Xu, Hiroshi Kuroki, Yiyi Liao, and Makoto Tsunoda. 2018. “Recent 

Trends in Analytical Methods for the Determination of Amino Acids in Biological 

Samples.” Journal of Pharmaceutical and Biomedical Analysis 147:35–49. 

Srivastava, Binti, Madhu Khatri, Gursharan Singh, and Shailendra Kumar Arya. 2020. 

“Microbial Keratinases: An Overview of Biochemical Characterization and Its Eco-

Friendly Approach for Industrial Applications.” Journal of Cleaner Production 

252:119847. doi: 10.1016/j.jclepro.2019.119847. 

Tesfaye, Tamrat, Viren Chunilall, Bruce Sithole, and Deresh Ramjugernath. 2019. 

“Identification of Waste Chicken Feathers Degradation Products Using Pyrolysis Gas 

Chromatography/Mass Spectrometry.” International Journal of Chemical Sciences 

Research 17(1):1–11. doi: 10.21767/0972-768X.1000304. 

Tesfaye, Tamrat, Bruce Sithole, and Deresh Ramjugernath. 2018. “Preparation, 

Characterization and Application of Keratin Based Green Biofilms from Waste Chicken 

Feathers.” International Journal of Chemical Sciences 16(3). doi: 10.21767/0972-

768x.1000281. 

Tesfaye, Tamrat, Bruce Sithole, Deresh Ramjugernath, and Viren Chunilall. 2017. 

“Valorisation of Chicken Feathers: Characterisation of Physical Properties and 

Morphological Structure.” Journal of Cleaner Production 149:349–65. doi: 

10.1016/j.jclepro.2017.02.112. 

Tesfaye, Tamrat, Bruce Sithole, Deresh Ramjugernath, and Thabang Mokhothu. 2018a. 

“Valorisation of Chicken Feathers: Characterisation of Thermal, Mechanical and 

Electrical Properties.” Sustainable Chemistry and Pharmacy 9:27–34. doi: 

10.1016/j.scp.2018.05.003. 

Tesfaye, Tamrat, Bruce Sithole, Deresh Ramjugernath, and Thabang Mokhothu. 2018b. 

“Valorisation of Chicken Feathers: Characterisation of Thermal, Mechanical and 

Electrical Properties.” Sustainable Chemistry and Pharmacy 9. doi: 

10.1016/j.scp.2018.05.003. 



105 
 

Tiwary, Ekta. 2012. “Rapid Conversion of Chicken Feather to Feather Meal Using Dimeric 

Keratinase from Bacillus Licheniformis ER-15.” Journal of Bioprocessing & 

Biotechniques 02(04). doi: 10.4172/2155-9821.1000123. 

Villa, Ana Lúcia Vazquez, Márcia Regina Senrra Aragão, Elisabete Pereira dos Santos, Ana 

Maria Mazotto, Russolina B. Zingali, Edilma Paraguai de Souza, and Alane Beatriz 

Vermelho. 2013. “Feather Keratin Hydrolysates Obtained from Microbial Keratinases: 

Effect on Hair Fiber.” BMC Biotechnology 13. doi: 10.1186/1472-6750-13-15. 

Wang, Bin, Wen Yang, Joanna McKittrick, and Marc André Meyers. 2016. “Keratin: Structure, 

Mechanical Properties, Occurrence in Biological Organisms, and Efforts at 

Bioinspiration.” Progress in Materials Science 76:229–318. doi: 

10.1016/j.pmatsci.2015.06.001. 

Wang, Yun Xian, and Xue Jun Cao. 2012a. “Extracting Keratin from Chicken Feathers by 

Using a Hydrophobic Ionic Liquid.” Process Biochemistry 47(5):896–99. doi: 

10.1016/j.procbio.2012.02.013. 

Wang, Yun Xian, and Xue Jun Cao. 2012b. “Extracting Keratin from Chicken Feathers by 

Using a Hydrophobic Ionic Liquid.” Process Biochemistry 47(5):896–99. doi: 

10.1016/j.procbio.2012.02.013. 

Zhang, Jing, Yi Li, Jiashen Li, Zheng Zhao, Xuan Liu, Zhi Li, Yanxia Han, Junyan Hu, and 

Aizheng Chen. 2013. “Isolation and Characterization of Biofunctional Keratin Particles 

Extracted from Wool Wastes.” Powder Technology 246:356–62. doi: 

10.1016/j.powtec.2013.05.037. 

Zhang, Yiqi, Wei Zhao, and Ruijin Yang. 2015. “Steam Flash Explosion Assisted Dissolution 

of Keratin from Feathers.” ACS Sustainable Chemistry and Engineering 3(9):2036–42. 

doi: 10.1021/acssuschemeng.5b00310. 

Zoccola, Marina, Annalisa Aluigi, and Claudio Tonin. 2009a. “Characterisation of Keratin 

Biomass from Butchery and Wool Industry Wastes.” Journal of Molecular Structure 

938(1–3):35–40. doi: 10.1016/j.molstruc.2009.08.036. 

Zoccola, Marina, Annalisa Aluigi, and Claudio Tonin. 2009b. “Characterisation of Keratin 

Biomass from Butchery and Wool Industry Wastes.” Journal of Molecular Structure 

938(1–3):35–40. doi: 10.1016/j.molstruc.2009.08.036. 



106 
 

 

CHAPTER 5 

CONCLUSIONS AND FUTURE WORK 

Keratin hydrolysates from enzymatic, reduction and alkaline hydrolysis were characterized and 

analysed to determine the quality and quantity of the hydrolysates. This is important to 

determine their industrial applications.  The characterization techniques used included FTIR 

for the determination of the chemical structure, Bradford Assay for the concentration of the 

hydrolysate, CHNS Analysis for the protein content in the hydrolysate, SDS PAGE for the 

molecular weight of the keratin, TGA to determine their thermal stability and ash content.  

From the analysis the FTIR showed the presence of the keratin structure, which also showed 

the breakage of the disulphide bonds. This is important for the solubility of the hydrolysate, as 

enzymatic hydrolysis showed the most soluble hydrolysate as most of the disulphide bond were 

broken when compare to chemical hydrolysis. Protein content was high with enzymatic 

hydrolysis and ash content showed complete oxidation of organic matter. The chemical 

hydrolysates were thermally stable when compare to enzymatic hydrolysate, which was 

confirmed by TGA. The molecular weights of the hydrolysate were mostly low for enzymatic 

while chemical were medium to high. All the qualities obtained from the enzymatic hydrolysate 

are suitable for animal feed production, due to high protein content, high solubility, low ash 

content and lower molecular weights.  

Then we looked closer at the enzymatic hydrolysis using bacterial and fungal strains to produce 

the best quality hydrolysate for animal feed production. The fungal strain showed higher 

activities and the best hydrolysate qualities for animal feed production.  

To answer the questioned aimed at this research, 

 The enzymatic hydrolysis produced the protein hydrolysate, which was high with the 

protein content and the presence of the amino acids were detected. 

 The quality of the hydrolysate was determined using CHNS analysis, FTIR, ash content 

and TGA, and the quantity was determined by the Bradford assay, ninhydrin method 

and SDS PAGE. 

 We have observed that enzymatic hydrolysis obtained the highest protein content from 

the CHNS analysis when compared to the reported literature and was highly soluble in 
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water when compared to the chemical hydrolysates. The FTIR confirmed the solubility 

with of the enzymatic hydrolysate with the disulphide bond breakage. 

 The industrial applications can be determined by looking at the molecular weight, the 

protein content, the ash content and the solubility of the hydrolysate. And also the TGA 

shows the stability of the hydrolysate under controlled atmosphere and increased 

temperatures.  

 The fungal hydrolysate showed more of the protein ingredient for animal feed due to 

high protein content and maximum amino acid concentration. And combined with all 

the other techniques it confirms the quality and quantity of the enzymatic hydrolysate. 

 

Recommendations 

For further characterization techniques we require the use of: 

 13C NMR for the presence of the functional groups in the hydrolysate, which shows 

the carbonyl groups from the amino acids and the peptide chain in the hydrolysate. The 

aromatic carbons can also be detected using this technique, which is important for the 

hydrophobicity of the hydrolysate. 

 LC-MS/MS, which determines the peptide sequence of the hydrolysate which 

comprises of amino acids and their molecular masses.  

Then testing the enzymatic hydrolysate for bioactivity of the peptides which is important in 

animal feed production, and then extending the work into pilot scale for industrial production 

into animal feed. 
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