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Abstract 

Kafirin is a prolamin present in Sorghum bicolor and represents 50-60% of its total 

protein content. High hydrophobicity and plastifiable nature of this protein make it a 

unique candidate for application development in various fields ranging from food 

processing, pharmaceutical, and nutraceuticals to high-end applications such as 

scaffolding in tissue engineering. 

This research focuses on the development and optimization of industrially viable batch 

and continuous processes from sorghum flour and DDGS as raw materials using different 

unit operations. QbD based approach was implemented for scalable and industrially 

viable process development. These operations were scaled up and validated to match the 

performance in terms of yield and quality of the kafirin produced. Column 

chromatography-based process was developed, scaled up and validated to produce high-

quality kafirin. Process intensification approach using ultrasonic cavitation was 

implemented to increase productivity. Kafirin purified using different strategies was 

analysed to establish comparability. 

Purified kafirin was then used for application development. Initially, plasticizers from 

different chemical families were screened which created a platform for targeted 

application development. Kafirin films with different plasticizers demonstrated a range 

of functional, mechanical and barrier properties ideal for unique applications such as 

films and coatings. Kafirin was formulated to develop and enteric coating for 

pharmaceutical applications. A similar coat was developed with food-grade materials 

that demonstrated increased shelf life of coated fruits. An integrated process was 

developed to manufacture kafirin microparticles and optimised to produce particles 

within the desired size distribution. Finally, these model applications were assessed for 

their suitability using an array of analytical tests. 

Current research has produced the large scale kafirin purification process and identified 

the potential of kafirin as a natural and biodegradable replacement for synthetic 

polymers. 
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PCM Paracetamol 

PEG Polyethylene glycol 

pI Isoelectric 

PPG Propylene glycol 

q. s. to Quantity sufficient to 

QbD Quality by design 
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QTPP Quality Target Product Profile  

R Reduced/reducing 

RH Relative humidity 

RPC Reverse phase chromatography  

RPN Risk probability number 

RT Room temperature 

S/L ratio Solid to liquid ratio 

SDS-PAGE Sodium dodecyl sulphate Polyacrylamide gel electrophoresis 

SEM Scanning electron microscope 

SMB Sodium metabisulphite  

TEA Triethanolamine 

TS Tensile strength  

WVP water vapour permeability  
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List of symbols 

α alpha 

β beta 

δ delta 

γ gamma 

List of units 

°C Degree centigrade 

g Gram 

kDa Kilo Dalton 

L Litre 

mPa Mega pascal 

Mt Megatonnes 

µg Microgram 

µL Microlitre 

µm Micrometer 

mL Millilitres 

M Molar 

N Normal 

ppm parts per million 

% Percentage 

psi pound-force per square inch 

mbar Pressure in millibar 

RPM Revolutions per minute 

h Time in hour 

min Time in minutes 

v/v Volume per volume 

w/v Weight per volume 

w/w Weight per weight 
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Chapter 1: Introduction 
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1.1. Introduction 

Petroleum-based polymers such as polystyrene, polyethylene and polypropylene 

are non-compostable and low-density polymers occupy more space when 

disposed of in the landfills and are associated with environmental pollution. 

According to a report, more than 12% non-biodegradable plastic waste dumped 

in landfills that constitute 29% of total global waste disposal (1). These non-

biodegradable and non-compostable materials have serious implications on 

environment and health, which lead to rising demand for environment-friendly 

products, promoting the development of compostable and biodegradable 

materials made of biopolymers. 

Development of biodegradable biomaterial to replace petroleum-based non-

biodegradable polymers is receiving increased attention since last few decades. 

As a result, researchers around the world exploring biomaterials as a viable 

alternative that offers durability, adaptability and economical equivalency to 

petroleum-based polymers. Nature-friendly biomaterials such as starch, 

cellulose, lipids and proteins investigated as a replacement for non-

biodegradable polymers to address the issue of biodegradability. These 

biopolymers are carbon neutral, sustainable, renewable as they are derived from 

natural sources such as plants.  

Zein, a maize protein has been extensively explored and established as a 

biomaterial for various applications that offer environmentally friendly traits 

such as degradability, compostability and edibility. Zein based edible films were 

tested for coating fruits and meat to reduce water loss, keep them fresh and 

increase their shelf life (2). Similarly, research for zein based non-food 

applications such as drug delivery, encapsulation and tissue engineering 

scaffolding were investigated and under consideration (3–8). Kafirin is a 

sorghum prolamin, homologous to zein in terms of structure, solubility, amino 

acid composition and molecular weight (9). Kafirin is more highly cross-linked, 

less digestible and hydrophobic than zein along with excellent gas, vapour and 

moisture barrier properties (10–12), hence under investigation since last few 

decades. Kafirin is being explored as a potential biomaterial for food, 

pharmaceutical and biomedical applications (13–15) and needs further 
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investigation in order to improve the mechanical and functional properties 

required for the targeted applications.  

1.2. Motivation 

Majority of the sorghum produced in developed countries is used as animal feed 

or raw material for ethanol production in biorefineries and distilleries. These 

distilleries produce distiller’s dried grains with solubles (DDGS) as waste, a 

protein-rich residue, which is exported to countries like Japan, China and South 

America. Kafirin can be extracted from readily available sorghum grain/flour and 

DDGS. Kafirin extraction from sorghum and DDGS reported in the literature are 

at laboratory scale and produce a small amount of kafirin sufficient for research 

purpose.  Application development and manufacturing requires a sustainable and 

economical process development at a larger scale that can accommodate both 

sorghum and DDGS as raw material. Kafirin produced at large scale can be used 

to develop applications and materialise them at production scale. 

As a part of application development, kafirin needs to be investigated for its 

suitability with different additives to materialise various food and non-food 

applications. Plasticisers from various chemical families can be screened that 

impart and/or enhance the required mechanical and functional properties of 

kafirin-based applications. The matrix developed from screening can be used as 

a platform to design the target applications with specific attributes. Films, 

coatings and microparticles can be developed from this platform to demonstrate 

their attributes as food and non-food applications. 

1.3. Research aim 

The project is aimed at cost-effective and environment-friendly kafirin 

purification process development. The process developed for the kafirin 

purification needs to be optimised to accommodate both sorghum and DDGS as 

raw material followed by scale-up to meet the requirement for the intended 

purpose such as application development at a larger scale. The kafirin produced 

from the developed process needs to be tested for its suitability for various 

applications by varying their physicochemical, mechanical and functional 

properties by pairing with plasticizers from various chemical families. The design 
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space established from plasticizer screening provided the platform for 

application development.  

1.4. Objectives 

Objectives for the research are summarised and arranged considering the 

requirements of the project: 

1) Development and optimisation of kafirin purification process from 

sorghum grain/flour. DDGS need to be tested as an economically feasible 

raw material for kafirin extraction and process optimization. 

2) Scale-up of the individual unit operation from optimised process to achieve 

equivalent purity and yield. Validation of the scaled-up process. 

3) Screening of plasticizers from various chemical families to test their 

suitability and properties imparted on freestanding films. To develop a 

matrix using these plasticizers for application development from the 

purified kafirin targeted towards industrial, food, nutraceutical and 

pharmaceutical applications. 

4) Kafirin based spray development as an enteric coat for controlled and 

targeted drug release. Detailed analysis and in-vitro study to demonstrate 

suitability and efficacy as an enteric coat. 

1.5. Thesis outline 

This thesis organised into 8 chapters that cover the research work details. Each 

chapter consists of a brief introduction related to background and research gaps 

followed by materials and methods used for the study and conclusion derived 

based on the discussion over the results obtained from the study. Thesis outline 

(Figure 1) and a brief description of the chapters and the work carried out is 

summarised as follows: 

• Chapter 1 provides a general overview, base of research problems and 

inspiration followed by aims and objectives identified to carry out 

presented work. 

• Chapter 2 reviews basic information for sorghum with reference to its 

global production scenario and its uses along with biochemistry of kafirin 

that helps design strategies to separate it from impurities such as starch, 
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oil and other proteins. A comprehensive literature review on extraction 

and purification strategies used for kafirin purification and scale-up. 

Quality by design (QbD) based process development/ optimization tactic 

was discussed, an approach that works on predefined objectives with 

emphasis over the product (kafirin), process understanding, and process 

control based on quality risk management. 

It also provides an overview of applications developed using kafirin and 

the methods used to determine the mechanical and functional properties 

of these applications. Each section concluded with the summary of 

research gaps for existing extraction processes and applications 

developed thereby establishing the niche for this research. 

• Chapter 3 presents preliminary extraction process development, 

optimization of individual steps/unit operations using QbD based 

approach to maximise kafirin yield and purity followed by scale-up and 

validation.  

• Chapter 4 focuses on column chromatography-based process 

development, scale-up and validation.  

• Chapter 5 presents the extraction process intensification using ultrasonic 

cavitation, its development and optimization.  

• Chapter 6 focuses on the screening of plasticizer from various chemical 

families for kafirin-based applications and their mechanical and 

functional properties.  

• Chapter 7 discusses the development of kafirin-based coat; investigate its 

mechanical, functional, barrier properties and in-vitro study for suitability 

as an enteric coat. 

• Chapter 8 concludes the research work by summarising the major 

findings, important observations with recommendations towards 

prospective future research followed by the significance of outcomes and 

benefits.  
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Chapter 1: Introduction
Background and motivation
Research aim and objectives
Thesis structure and map

Existing extraction processes
Process intensification and scale-up
Research gaps

Application development
Plasticizers and applications
Research gaps

Chapter 3: Process development
Parameter screening
Process optimization: QbD
Scale-up and validation

Chapter 4: Chromatography
Process development
Scale-up and validation

Chapter 6: Application 
development

Plasticizer screening
Structural properties
Mechanical and functional properties

Chapter 7: Enteric coating
Coat development
Structural and barrier properties
In-vitro dissolution studies

Chapter 9:
Conclusions and recommendations

Chapter 2: Literature review
Introduction
Process development
Application development

Chapter 8: Microparticles
Development
Structural properties
Food-grade coat development

Chapter 5: Ultrasonic cavitation
Process development
DOE and analysis
Design space

 
Figure 1: Thesis map/outline. 
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Chapter 2: Literature review 
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2.1. Introduction 

This chapter describes sorghum (Sorghum bicolor (L.) Moench) with reference to 

taxonomy, agronomy, uses and biochemistry of sorghum grain, especially the 

main grain storage protein, a prolamin called kafirin. It enlists physicochemical 

properties of kafirin that help design and optimise efficient extraction process 

and application development. This chapter reviews reported history of kafirin 

extraction processes from different raw materials using various unit operations, 

their scale-up and applications developed from the purified Kafirin. The purpose 

of this chapter is to provide baseline information about sorghum, production 

(global scenario) and kafirin, classification, properties, reported extraction 

processes and applications developed in an effort to identify research gaps that 

need to be addressed to bridge the basic and applied research. 

2.2. Sorghum taxonomy and properties 

Sorghum or Sorghum bicolor (L.) Moench belongs to Poaceae (grass) family like 

other true cereal grains including wheat, oats, rice, corn (maize), barley, rye, and 

millet. (16,17) Sorghum has certain advantages over other crops such as 

resistance to fungi and mycotoxins, very high temperature and drought tolerance 

and can survive in relatively harsh climates. Sorghum can survive in areas 

receiving rainfall less than 350 mm whereas maize/corn requires up to 700 mm. 

This makes sorghum more economical to produce (18) hence production can be 

focused in the area where arid climatic conditions are prevailing, these qualities 

along with agronomic traits give sorghum an edge over other crops. Sorghum is 

an annual crop; however, some sorghum cultivars can grow throughout the year. 

2.3. Production and uses 

According to a recent report from the Food and Agriculture Organization of the 

United Nations (19), sorghum is the fifth most-produced cereal crop in the world, 

third in Australia after wheat and barley and the third-largest cereal grain in the 

United States. Global production of sorghum in 2018 estimated at approximately 

60 Mt with the African continent being the lead sorghum producer in the world 

contributing almost 50% (Figure 2). The same report (19) also states that 

Australia and India produced ~1 and 4.57 Mt of sorghum respectively, most of it 
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used as fodder and raw material for ethanol refineries in the former and as a food 

in latter. It is a staple food for more than 500 million people in most African and 

Asian countries as reported by ICRISAT (2015). 

 

Figure 2: Sorghum production: a global scenario. 

Source: FAOSTAT-2018 (19). 

The Department of Agriculture and Fisheries, Queensland Government annual 

report suggests that almost all of the 1.4 Mt of sorghum produced was used 

exclusively as fodder for livestock and none for human consumption (20). Also, a 

substantial amount of sorghum produced is either exported to Japan, China and 

South America channelled towards the pet food industry (20). Most of the 

sorghum produced in Australia and the USA is used as fodder for livestock raised 

for meat and for the dairy industry, which indirectly contributes to human 

nutrition (10). Sorghum also used as a raw material in distilleries for ethanol 

production. According to Biofuels Association of Australia (2012), Dalby Bio-

refinery, one of the three ethanol production plants in Queensland produced 80 

million litres of fuel-grade ethanol per annum using 0.2 Mt of sorghum grain 

procured from local farmers. These distilleries produce distiller’s dried grains 

with solubles (DDGS) as their main protein-rich byproduct at the end of the 

ethanol fermentation process, which then used as a feed for cattle or exported to 

countries like Japan and Mexico. Uses of sorghum including various food 

preparations and beer brewing which are preferable for coeliac and obese people 

have been thoroughly reviewed (21). Moreover, sorghum has been reviewed and 
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discussed by researchers in detail as a potential candidate for improvement of 

human health and in the prevention of health impairing conditions such as 

obesity, diabetes and cardiovascular disease owing to its slowly digestible starch, 

fibre, unsaturated fatty acids content along with high antioxidant activity (11,22–

24). 

2.4. Biochemistry of sorghum grain 

Sorghum grain consists of three main parts namely pericarp (outer protective 

layer), endosperm (nutrition-rich) and germ (embryo). Chemical composition of 

these layers varies according to their role. Pericarp or bran consists of fibre, 

antioxidants, minerals, vitamins and other phytonutrients that help prevent the 

diseases and protect the germ and endosperm from external factors.  The 

endosperm is the carbohydrate and protein-rich layer with minor quantities of 

fibre that surround germ and provides protection and required nutrition for 

germination (25).  

2.5. Sorghum proteins: Prolamins and non-prolamins 

The term prolamin was coined by Osborne which indicates high contents of 

proline and glutamine residues in this group of proteins (26). These two amino 

acids collectively contribute to more than 30% of the total amino acid residues. 

Johns and Brewster investigated prolamins from sorghum (dwarf kafir variety) 

and name it kafirin (27). The total protein content of sorghum grain may vary 

from 7% to 16% and classically is divided based on their solubility in different 

solvents; albumins (water), globulins (salt), kafirins (aqueous alcohol), cross-

linked kafirins (aqueous alcohol with reducing agent), cross-linked glutelins 

(detergent and reducing agent at alkaline pH) and non-extracted protein residues 

(28,29). As per a recent and simplified approach, they can be classified into two 

classes, prolamins and non-prolamins, prolamins, kafirin in this case,  represent 

70–80% of total protein content (30–32). Where kafirin is a homogeneous 

storage protein (prolamin) and other non-prolamins (albumins, globulins and 

glutelins) are involved in cellular functions (32,33). Kafirin, the major prolamin 

protein from sorghum is thought to be the most hydrophobic of the cereal 

prolamins (34).  
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As summarised in Table 1, kafirins are classified into four groups based on 

differences in their solubility, amino acid content, molecular weight and 

reactivity with anti-zein sera; α, β, γ and δ-kafirins (35–37) equivalent to α, β, γ 

and δ-zeins from maize (36,37). There are some inconsistency within reported 

molecular weight/ranges and number of genes for different types of kafirin (35–

39). Formation of oligomers and polymers because of polymerization where 

monomers act as chain extenders or chain terminators. For instance, oligomers 

and polymers can be formed from α and β kafirin monomers that are supported 

and stabilised by inter-chain and intra-chain disulphide bonds. Similarly, cysteine 

residues in β kafirins facilitate the formation of inter-chain disulphide linkages 

forming oligomers and polymers (35) leading to the difference in solubility of 

kafirin with or without reducing agents (38). Polymers formed by kafirin 

monomers separated based on their molecular weights by electrophoresis. SDS-

PAGE profile of kafirin (Figure 3) suggest that kafirin under non-reducing 

conditions display monomers along with dimers, trimers and polymers where 

high molecular weight polymers fail to enter the gel. The same extract, in 

presence of reducing agent, reduced the dimers, trimer and polymers to 

monomers (α, β and γ-kafirins). 
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Table 1: Kafirin classification based on molecular weight and solubility. 
(Adapted and modified from Belton et al (2006), da Silva (2012) and Cremer et al (2014)) (35,39,40) 

Kafirin 
Type 

Reported  

Molecular 

weight/ranges 
(kDa) 

No. of 

Amino 

Acid 
Residues 

Amino Acid Composition Polymerisation Behaviour No. of 
genes 

α 

(α1 and 
α2) 

26 – 2721  

19 – 2724 

22 – 2625 

240 – 

25021 

Rich in non-polar amino 

acids, no Lys, one Trp, 

10 blocks of repeated amino 

acids 

Monomers, oligomers and 

polymers 

α1: Chain extender 

α2: Chain terminator 

~ 2021 

2325 

β 18.74521 

15 – 1824 

1825 

17221 Rich in Met and Cys, two Trp Monomers (intra-chain 
disulphide bonds) 

Oligomers and polymers (intra-

chain and inter-chain disulphide 

bonds) 

Chain extender 

121 

γ 20.27821 

16 – 2824 

2825 

19321 Rich in Pro, Cys, His. 

No Lys, Asn, Asp, Trp. 

Four repeats (consensus 
PPPVHL) 

Oligomers and polymers (inter-

chain disulphide bonds) 

Chain extender 

1/221 

δ 12.96121 

1325 

11421 Rich in Met, no Lys, 1 Trp Unknown Unknown 
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Figure 3: SDS-PAGE profile of sorghum kafirins. 
Lane 1: kafirin extract (NR), lane 2: kafirin extract (R), lane 3: molecular weight 
marker for reference. Image adapted from El Nour et al. (1998) (38). 

2.6. Extraction process development 

2.6.1. Sources of kafirin 

Purification of kafirin reported mainly from the sorghum seeds and protein 

content of different parts of the seeds was also evaluated (30,31,41). Seeds, 

natural storage structures anticipated to accumulate proteins in plants as they 

have a higher amount of “total stored protein (%)” as compared to leaves or any 

other part (31), however, different parts of grain harbour various challenges in 

terms of handling, extraction and purification of proteins (26). It was also 
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demonstrated that the age of the grain also affects the proportion of the type of 

kafirin; α-kafirins accumulating early followed by β and γ-kafirins and cross-

linked to uncross-linked ratio increases with the maturation of the seeds (42). 

Kafirin purified from bran is of lower purity has lipids and polyphenols as 

impurities as compared to kafirin extracted from the endosperm (41) which 

indicates selection of source for kafirin extraction is essential. For instance, 

distilleries around the world produce DDGS as the byproduct of ethanol 

fermentation, which can be an ideal and potent source of kafirin as most of the 

starch has been converted to ethanol leaving a protein-rich residue. According to 

census obtained from U.S. grains council, ethanol plants in the U.S. produces more 

than 14 billion gallons of ethanol along with 39 million tonnes of nutrient-rich 

(energy and protein) DDGS as a byproduct (QAAFI annual report 2015). Similarly, 

as mentioned earlier, Dalby bio-refinery in Australia exclusively uses locally 

produced sorghum for ethanol production with 80 million litres of fuel-grade 

ethanol per annum capacity. However, there are few reported cases of kafirin 

extraction from DDGS  which renders DDGS to be explored as a potent source for 

kafirin extraction (43). 

2.6.2. Kafirin extraction 

Kafirin extraction from sorghum grains/ flour and/or DDGS has been a difficult 

task due to the lack of solubility of kafirin in aqueous buffers. Sorghum proteins 

were originally separated using Osborne procedure (26) used for zein, which 

resulted in a mixture of different proteins in separated fractions, however, 

recovery was 3 times greater for zein (44). Variants of a similar process were also 

used with a reducing agent (29) and aqueous alcohol. Wet milling of grain 

sorghum performed for isolation of protein with varying steeping time (45) along 

with short steeping time (4 hours) attempted (46) for starch recovery where they 

reported 82.4 % overall protein (kafirin and other) recovery. Petroleum ether 

used to extract fat/oil from different process streams. In a separate study, the wet 

milling process without steeping was assessed (47) which result in high starch 

recovery and separate stream result in a protein-rich fraction. However, these 

streams were not assessed in terms of protein purity and need to be processed 

further to extract kafirin. Since these methods were designed for starch 
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extraction and have certain limitation such as low recovery and high wax content 

in purified protein fraction. Prolamins and non-prolamins were separated on two 

separate instances, the initial study reported low recovery (48), later, the process 

adapted from Wallace et al (49) resulted in higher yield compared to Landry-

Moureaux method (29). However, the type of solvents, detergent and reducing 

agents used for purification render the process limited to non-food based 

applications (32). Later, Emmambux-Taylor (50) reported kafirin extraction 

using Carter and Reck process (51) for zein extraction where 46.1% yield was 

reported from whole-grain flour. In a similar study, bran was reported as a 

potential source of kafirin with extraction yield of 26.7% and 57.9% from bran 

and extracted flour respectively (41). Most of the processes discussed here 

reported lower recovery; these processes need optimization and replacing 

certain unit operations for cost-effective scale-up. Kafirin extraction using 

different combinations of acid, alkali and alcohol were evaluated (43), where, 

acetic acid extraction process from whole grain flour offered better purity, 

nonetheless, process time and recovery were shortcomings of the process (15). 

Protein solubility in the given solvent is the result of hydrophobic interactions 

and electrostatic repulsions between the protein molecules. Solubility in a given 

solution increases due to acquired charge because of change in pH leading to 

decreased hydrophobic interaction and increased electrostatic interactions 

(52,53). Protein-solvent interactions increases at higher or lower pH values than 

the pI as protein acquires a net positive or negative charge, which increases with 

changes in pH moved away from pI. Sorghum proteins were isolated at higher pH 

which resulted in low purity protein mixtures (54), which explains co-extraction 

of other protein and non-protein impurities. Similarly, kafirin was isolated at 

different alcohol concentration and pH, and with/without salt, with the aid of 

ultrasonication, however, it resulted in low protein recovery (55). Kafirin 

extraction processes discussed earlier and others reported in the literature are 

summarised in Table 2. 

Distiller’s dried grains with solubles (DDGS) is an alternative to sorghum 

grain/flour as a source of kafirin. DDGS High protein (especially kafirin) content 

of DDGS reduces process volumes and therefore reduces footprint and processing 

time and presents an economic alterative raw material for kafirin extraction. 
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Using DDGS would be preferable as extracting kafirin from sorghum grain/flour 

would produce starch as waste stream, discarding it would have negative 

implications on environment. On the other hand, first converting sorghum starch 

to glucose (for pharmaceutical and other uses) or ethanol (as fuel additive and 

industrial purpose) and then extracting kafirin from waste stream would ensure 

complete utilisation of sorghum as a raw material would be a beneficial 

considering waste handling and impact on environment. 

DDGS being protein rich, it incorporates less process and product related 

impurities and hence efficient use of solvents can be achieved compared to 

sorghum grain/flour. Sorghum grain/flour have starch and other water-soluble 

proteins requires considerable high solvent load in extraction solution to 

solubilise these impurities. Also, grinding DDGS is less energy intensive process 

compared to sorghum grain grinding. 

To summarise, kafirin extraction was attempted in reported processes using a 

combination of various unit operations that works on different principles, 

however, most of these processes developed at a small scale. These multistep 

processes employed some of the unit operations that were not feasible for scale-

up considering several reasons such as operation time, recovery, resources and 

would require a larger footprint. Also, most of the reported processes used to 

extract kafirin at laboratory scale (in small volumes) for application development 

as ‘proof of concept’; where optimum yield was not reported and within the scope 

of the research. Considering these gaps, kafirin extraction process needs to be 

developed and optimised without above-mentioned shortcomings followed by 

scale-up and validation.
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Table 2: Accounts of reported kafirin extraction process development history. 

Author/s 
(Year) 

Yield 
(%) 

Purity 
(%) 

Miscellaneous details/ 
Pre-treatment 

Extraction Process flow  Ref. 

Hamaker et 
al. (1986) 

19 16.6 Albumin, globulin and 
LMW N2 fragments 

1) 0.5 M NaCl for 60 min,   Sequential extraction 
in given order 

(48) 

0.3 NA Salt and traces removal 2) Double distilled water for 20 
min,  

11.6 17.3 Kafirin 3) 60% 2-propanol for 4 h, 
20.8 24.5 Cross-linked kafirin 4) 60% 2-propanol + 1% 

dithiothreitol (DTT) for 4 h,  
3.8 4.8 Glutelin like proteins 5) 0.1 M borate buffer, pH 10.8 

for 4 h,  
44.5 27.2 Glutelin 6) 0.1 M borate buffer, pH 10.8 + 

1% DTT + 1% sodium dodecyl 
sulphate (SDS) for 18 h at 4 °C. 

 11.5 Non-extractable 
nitrogen 

 

Emmambux 
et al. 
(2003) and 
da Silva et 
al. (2004)  

46.1 
(WGF)  

NA Adaptation of Carter and 
Reck process (51) 

70% (w/w) ethanol in distilled 
water, 0.35% (w/w) sodium 
hydroxide, and 0.5% (w/w) 
sodium metabisulphite at a ratio 
of 1:5 (w/w) flour-bran to 
extractant with vigorous stirring 
at 70 ± 0.1°C for 1 hr 

Extraction, 
centrifugation, 
evaporation, pH 
precipitation, freeze 
drying, oil removal. 

(50)  
(41) 

Taylor et al. 
(2005) 

54.3 89.3 Comparison of different 
extractants, flour 
screened through 800 
µm opening screen 

70% ethanol + 0.5% sodium 
metabisulphite + 0.35% NaOH at 
70°C 

Extraction, 
centrifugation, 
evaporation, pH 
precipitation, 
filtration, freeze 
drying, oil removal. 

(15) 
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55.3 91.2 55% isopropanol + 0.5% sodium 
metabisulphite+ 0.35% NaOH at 
40°C 

  

25 NA Glacial acetic acid at 25°C   
25 NA Glacial acetic acid + 0.5% sodium 

metabisulphite at 25°C 
  

52.8 NA Presoak (1 hr) 0.5% sodium 
metabisulphite, glacial acetic acid 
at 25°C 

  

59.3 NA Presoak (16 hr) 0.5% sodium 
metabisulphite, glacial acetic acid 
at 25°C 

  

61 92.9 Presoak (16 hr) 1.0% sodium 
metabisulphite, glacial acetic acid 
at 25°C 

  

Lau et al. 
(2015) 

 NA NA DDGS washed (3x) with 
hot water (50 °C), dry in 
hot air oven at 50 °C 
overnight before 
extraction 

70% (w/v) ethanol + 0.5% (w/w) 
sodium metabisulphite + 0.35% 
(w/w) NaOH at 70°C for 1 h 

Hot water wash, oil 
removal, extraction, 
centrifugation, 
dilution, 
centrifugation, de-
ionised wash (3x), 
freeze-drying. 

(56) 

Xiao et al. 
(2015) 

87 
(total 
protein) 

NA Flour defatted with n-
hexane (3x) (1:10 ratio), 
Washed with water (3x) 
(1:10 ratio) for 1 h and 
centrifuged at 8000 rpm 
for 10 min. 
The procedure repeated 
with 0.5 M NaCl and 
distilled water. 

Extracted with 60% t-butanol 
(2x) for 2 h each and 10 min of 
ultrasonication using an FS- 28 
solid-state ultrasonicator (bath 
type with sonic power, 225 W; 
sweep frequency, 40 kHz) at the 
interval of 30 min 

Oil removal, saline 
wash, extraction, 
centrifugation, 
evaporation, pH 
precipitation, 
filtration, freeze-
drying.  

(57) 
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Giteru et al. 
(2017) 

70 
(total 
protein) 

NA Adapted from 
Emmambux and Taylor 
(50)  

Sorghum flour (250 g) extracted 
using a mixture of 900 mL 
ethanol (70% w/w) in deionized 
water, 25 g/kg sodium 
metabisulphite and 17.5 g/kg 
(w/w) sodium hydroxide as a 
reducing agent. The mixture was 
heated and held at 70 °C with 
continuous stirring for 1 h. 

Extraction, 
centrifugation, 
dilution, freeze-drying, 
milling, oil removal. 

(58) 

Muhiwa et 
al. (2017) 

54.3 67.2 Percolation (liquid to 
solid ratio of 2.5:1) 

70% (w/w) aqueous ethanol + 
1.0% (w/w) sodium 
metabisulphite + 0.35% (w/w) 
glacial acetic acid or 0.35% 
(w/w) NaOH at 70°C for 1 h 

Extraction, 
evaporation, pH 
precipitation, dilution, 
filtration, air-drying. 

(59) 

Sullivan et 
al. (2017) 

 NA NA Defatted flour with 
heptane for 2h at RT. 
Centrifuged at 2100 x g 
at 4°C for 20 min. Pellet 
dried overnight. Washed 
with 10x volumes of 
deionized (DI) water by 
stirring for 25 min at RT. 
After centrifugation, 
globulin extracted from 
the pellet with 10x 
volumes of 0.5 M NaCl 
solution by stirring for 1 
h at RT and lyophilized. 

10 g of pellet added to 100 mL of 
DI and treated at 0%, 20%, or 
40% amplitude at either 5 min or 
10 min, 4 °C using ½″ probe that 
resonates at a frequency of 20 
kHz ± 50 Hz. Samples centrifuged 
and the pellet was extracted with 
10x volume of 60% isopropanol 
with stirring for 4 h at RT. 

Oil removal, 
centrifugation, air-
drying, de-ionised 
wash, centrifugation, 
saline wash, 
centrifugation, 
ultrasonication, 
centrifugation, 
extraction, distillation, 
lyophilisation. 

(60) 

 



 

40 
 

2.6.3. Process development and Quality by Design (QbD) 

As per International Conference on Harmonization (ICH) guidelines, QbD can be 

defined as “a systematic approach to development that begins with predefined 

objectives and emphasizes product and process understanding and process 

control, based on sound science and quality risk management” (61). QbD is 

receiving increased interest from biopharmaceutical community following 

publication of process analytical technology (PAT) that provides a foundation for 

QbD implementation. PAT is “a system for designing, analysing, and controlling 

manufacturing through timely measurements (i.e., during processing) of critical 

quality and performance attributes of raw and in-process materials and 

processes with the goal of ensuring final product quality” (61). Inclusion of QbD 

in ICH guidelines for industry indicates the acceptability and effectiveness of the 

concept globally (61–64). As shown in Figure 4, traditional process development 

carried out considering the target product where process executed with defined 

parameters and if the resulting product meets specifications then the 

manufacturer locks the process and operates within narrow operating ranges 

(ORs) to maintain quality. In contrast, QbD paradigm employs key steps (65–68) 

that include defining Quality Target Product Profile (QTPP)a and identifying 

Critical Quality Attributes (CQAs)b (such as kafirin purity and solubility) followed 

by the risk assessment to identify critical process parameters. Process 

characterization studies carried out with defined ranges for potential CPPs to 

define the design space with proven acceptable ranges (PAR). This design space 

delivers wider ORs to ensure consistent process performance to produce the 

desired quality product. A process validation exercise demonstrates the 

effectiveness of the control strategy and continuous monitoring ensures 

consistent process performance and product quality. 

a: QTPP is “a prospective summary of the quality characteristics of a product that 
ideally will be achieved to ensure the desired quality, taking into account safety 
and efficacy of the product” (61). 
b: CQA is “a physical, chemical, biological, or microbiological property or 
characteristic that should be within an appropriate limit, range, or distribution to 
ensure the desired product quality. CQAs are generally associated with the 
product bulk, excipients, intermediates (in-process materials) and final product” 
(61). 
Source: ICH Q8(R2) guidelines 
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Figure 4: Process development strategy: Traditional v/s QbD. 

Traditional process development approach requires testing of product generated 

from each process variant and revisit the process design if product attributes 

differ from specifications. ORs for the designed process is narrow making the 

entire process susceptible to variability such as in raw materials and this process 

will likely result in an increased number of incidences of failure. In the case of 

QbD, defined product design space, risk assessment followed by process 

characterization studies provides wider ORs for the process that result in a 

product with desired CQAs as illustrated in Figure 5. Characterisation range is the 

space explored during the process characterisation studies whereas acceptable 

range is the result of characterisation studies that define process design space 

(69). 
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Figure 5: Design space created from characterization studies that define ORs and 
acceptable range that assures the desired product quality. 
Image adapted from Rathore et al. (2009) (66). 

PAT based dynamic control strategy allows a process to adapt and deal with 

variability that is either reduced or eliminated resulting in consistent product 

quality (70). Control strategy defined as ‘a planned set of controls derived from 

current product and process understanding that assures process performance 

and product quality’ (63). Figure 6 illustrates the concepts of a traditional versus 

PAT based dynamic control strategy. In traditional strategy, any variability in 

inputs results in variability in the product quality due to fixed set points and ORs. 

In contrast, dynamic control strategy offers adaptive set points and ORs that can 

be varied (within design space) to eliminate or reduce variability resulting in 

consistent product quality (71). The controls include but not limited to testing of 

raw material, in-process streams, product characterization, testing from process 

validation and continuous monitoring (66). Implementation of PAT increases 

process understanding, lowers failure rate, increases productivity and lowers 

overall cost (72–76). 

Given these advantages, the QbD approach is worth exploring for process 

development that facilitates scale-up and assures consistent product quality. 
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Figure 6: Effects of variability on the final product quality with traditional (a) and 
PAT based dynamic control strategy (b). 
Image adapted from Rathore et al. (2009) (66). 

2.6.4. Chromatography 

Chromatography is an alternative to extraction processes for protein purification. 

Chromatography is the tool that uses physical, chemical and 

biological/biochemical properties of protein for separation. Different properties 

of the target protein or impurities are targeted to separate them from the rest of 

the sample. In the case of sorghum prolamins, it is difficult to maintain the 

solubility of kafirin in a wide range of buffers owing to their highly hydrophobic 

nature (77). For instance, Blackwell et al. demonstrated the separation of kafirin 

using non-porous cation exchange chromatography at analytical scale (78). They 

also evaluated certain additives that helped to maintain kafirin solubility during 

different stages of chromatography. Kumar et al. (2014) demonstrated kafirin 

adsorption on a range of ion-exchange resins concluding that dissociation 

constant (Kd) for various anion exchange resins is lower than cation exchange 

resins which indicate stronger binding and hence lesser recovery (79). There are 

no reported studies citing kafirin purification using chromatography at 

preparative scale, hence this needs exploring as a potential strategy for kafirin 

purification with easier scalability as an added advantage. 
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2.6.5. Ultrasonic cavitation 

Ultrasonic cavitation one of the rapid, adaptable and emerging green technology 

being used in different industries. Industries implement ultrasonic cavitation for 

various purposes such as extraction (80,81), crystallization (82), protein 

determination (83), microbial inactivation (84) and many more. Ultrasonic 

cavitation can be used as a process intensification tool for kafirin extraction from 

sorghum flour or DDGS. The cavitation process can break the intermolecular 

linkage thereby separating target moiety from the bulk. It offers certain 

advantages over other processes such as it is non-toxic, environment-friendly 

and economical (85). It was demonstrated that ultrasonic cavitation based 

extraction resulted in increased recovery and produced a higher rate of 

extraction compared to traditional extraction processes (86). Based on the 

source, process parameters for the ultrasonic cavitation can be optimised form 

kafirin extraction. Feasibility with continuous process development and scale-up 

is another added advantage associated with the approach. 

2.6.6. Scale-up 

Once it has been developed, a kafirin purification process can be modified 

provided that the incorporation, modification or removal of purification step aids 

higher purity and recovery. It is also essential to evaluate individual unit 

operation in terms of scalability, process economy, footprint and feasibility of the 

operation. Solvent extraction is the first step in the kafirin extraction process that 

can be scaled-up keeping operating parameters constant in linear or not linear 

approach considering vessel geometry (87,88). Filtration and centrifugation are 

the two major separation processes, which are relatively easy to scale up, 

however, each has their limitations where the former needs higher filtration area 

at the higher scale and later is an energy-intensive process. Extraction 

procedures such as precipitation scaled up keeping all operating parameters 

constant. Certain factors such as vessel geometry and type of mixer affect the 

separation/ extraction and might need an amendment of operating parameters 

like mixing speed and operation time (89–92). Chromatographic techniques are 

scaled up for proteins according to the type of chromatography and requirement 

of the process. Initially, contact time at small scale is kept constant and the height 
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of the column increased to the maximum operational limit. Later, volumetric 

scale-up of chromatographic steps can be achieved by increasing the diameter of 

the column keeping other parameters constant such as column height and linear 

flow rate (93–96). Also, the purity of the process-intermediate from an individual 

step or the end product, step yield and overall recovery of the scaled-up process 

should be comparable to the laboratory-scale set-up and as such indicates 

efficient and successful scale-up (93). 

2.7. Application development 

Prolamins such as zein (from maize) and kafirin (from sorghum) have been 

assessed for their ability to be used as fibres, coatings, bioplastics, drug-carriers, 

antimicrobials, nutraceuticals and materials of construction for surgical implants 

(92,97–99). Both zein and kafirin can demonstrate excellent carrier and barrier 

properties which make them suitable raw materials for particle/ beads, films, 

fibres (97) and biomedical applications (100,101). Kafirin shares similarity with 

zein in terms of its molecular weight, solubility, structure, amino acid 

composition and polypeptide structure (37,102). However, kafirin is more 

hydrophobic, highly cross-linked and slowly digestible than zein and non-

allergenic (48,101,103). Also, kafirin demonstrates higher hydrophobicity and 

less digestibility as compared to zein (10,11). These traits suggest kafirin as a 

better candidate than zein for the production of films with improved gas and 

vapour barrier properties and hence a more efficient coating agent (104) and 

source for film fabrication (9). Kafirin has more disulphide bonds than zein; this 

implies that it can be moulded into the better barrier and stronger films (12). 

Kafirin purified from sorghum seeds has been used for both food and non-food 

based applications. Kafirin tested for limited pharmaceutical applications such as 

the primary excipient for sustained drug release (98) and microparticles or 

microspheres for food and pharmaceutical applications (105). Films made from 

kafirin were characterised for their physical, chemical and mechanical properties 

(9,106,107). Kafirin films were tested as a polymer for packaging material 

production (108). Freestanding kafirin films were also demonstrated as a carrier 

for bioactive materials such as essential oils and polyphenols and as a potential 

gas barrier with antimicrobial activity (58,109). However, production of both was 
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not possible partly because of the lack of commercially viable process and 

unavailability of compatibility data with the plasticizers and additives. Although 

kafirin has been examined for above-listed applications, it still needs to be 

extensively investigated for its use as a carrier for different pharmaceutical and 

non-pharmaceutical molecules, for use as films and for particles formed using 

different plasticizers (14,58,109). Food and non-food applications developed 

from kafirin using various plasticizers and solvents discussed earlier in this thesis 

and reported in the literature are summarised in Table 3. Most of the applications 

listed here report ethanol and glacial acetic acid as compatible solvents for kafirin 

extraction and demonstrated applications. Besides, plasticizers and/or additives 

used in these studies were Polyethylene glycol (PEG), lactic acid and glycerol 

adapted and modified from Buffo et al. (1997) with few studies reporting 

otherwise (13,110). It can be concluded that most of the applications 

demonstrated in various literature mostly used lactic acid, PEG and glycerol as 

plasticizers. 

In light of the presented review of literature for kafirin-based applications, it can 

be inferred that the group of plasticizers tested for their compatibility with 

kafirin was very narrow compared zein. In order to fill the research gap, 

plasticizers screening needs to be carried out that provides a platform to develop 

kafirin based applications such as films, coating, spray and microparticles. 

Applications formed using various plasticizers of different chemistry should also 

be tested for their barrier properties against gas, moisture, water and oil 

respectively based on targeted applications. 
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Table 3: History of kafirin based application development. 

Author/s 
(Year) 

Application Method Plasticizers/ additives Solvent Reference 

Buffo et al. 
(1997) 

Film  Conventional 
casting 

Glycerol and PEG 400 70% ethanol (44) 

Emmambux 
et al. 
(2004) 

Film Conventional 
casting 

1:1:1 (w/w) mixture of 
glycerol, PEG 400 and lactic 
acid 

70% ethanol (111) 

da Silva et 
al. (2005) 

Film Conventional 
casting 

1:1:1 (w/w) mixture of 
glycerol, PEG 400 and lactic 
acid 

70% ethanol (9) 

Taylor et al. 
(2005) 

Film Conventional 
casting 

1:1:1 (w/w) mixture of 
glycerol, PEG 400 and lactic 
acid 

70% (w/w) ethanol at 40 
and 70 °C,  
lactic acid,  
glacial acetic acid at 25  °C,  
55% (w/w) aqueous 
isopropanol 

(104) 

Gao et al. 
(2005) 

Film Conventional 
casting 

Glycerol and PEG 400 70% (w/w) ethanol (112) 

Byaruhanga 
et al. 
(2005) 

Film Conventional 
casting 

1:1:1 (w/w) mixture of 
glycerol, PEG 400 and lactic 
acid 

Glacial acetic acid (113) 

Taylor, et 
al. (2009) 

Microparticles  Phase separation 1:1:1 (w/w) mixture of 
glycerol, PEG 400 and lactic 
acid 

Glacial acetic acid (105) 
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Taylor et al. 
(2009) 

Film from 
microparticles 

Conventional 
casting 

1:1:1 (w/w) mixture of 
glycerol, PEG 400 and lactic 
acid 

Glacial acetic acid (114) 

Anyango et 
al. (2011) 

Film Conventional 
casting and 
microparticles 

1:1:1 (w/w) mixture of 
glycerol, PEG 400 and lactic 
acid 

Glacial acetic acid (115) 

Buchner et 
al. (2011) 

Coat Dip coating 1,2-propanediol and 
glucono-δ- lactone 

70% ethanol (13) 

Lau et al. 
(2015) 

Microparticles Phase separation None 70% ethanol (56) 

Giteru et al. 
(2015) 

Film Conventional 
casting 

1:1:1 (w/w) mixture of 
glycerol, PEG 400 and lactic 
acid 

96% ethanol (109) 

Xiao et al. 
(2016) 

Fibre Electrospinning Polycaprolactone (PCL) Acetic acid/dichloromethane 
mixture 

(110) 

Xiao et al. 
(2016) 

Nanoparticles anti-solvent 
precipitation with 
ultrasonication 

None Acetic acid (116) 

Lal et al. 
(2017) 

Coat Dip coating and 
conventional 
casting 

PEG 70% ethanol (14) 

Muhiwa et 
al. (2017) 

Film Conventional 
casting 

None 70% ethanol (59) 
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Chapter 3: Process development and scale-up 
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3.1. Introduction 

Preliminary kafirin extraction process developed was a multistep as shown in 

Figure 7, the process starts with steeping of sorghum grain followed by milling 

and fractionation by filtration to separate endosperm, bran and steep liquor. 

Sorghum grains (100 g) were soaked in steeping solution (200 mL) containing 

1.4% v/v lactic acid and 0.3% w/v sodium metabisulphite at 50 °C for 48 h in 

stirring condition (200 RPM). After incubation, steep liquor was separated and 

the grains were washed with water to remove remaining traces of steeping 

solution. These steeped grains then added with 100 mL water and blended in the 

grinder to form a slurry. The process of steeping hardens the bran and softens 

the endosperm. This slurry was then filtered through a muslin cloth to separate 

endosperm (filtrate) and bran (residue). The filtrate centrifuged at 4700 RPM for 

20 min to separate the pellet which was dried in a hot air oven at 60 °C for 

overnight to 24 h. Fractions obtained from the steeping and separation were 

analysed for their protein content. The dried endosperm (10 g) was extracted 

with extraction solution (50 mL) comprised of 70% ethanol (v/v), 0.35% (w/v) 

sodium hydroxide and 0.5% (w/v) sodium metabisulphite at 70 °C under stirring 

condition (180 RPM) for 1 h. The supernatant was separated by centrifugation at 

4700 RPM for 20 min and kafirin was separated from the solution by diluting the 

solution with water to bring the final ethanol concentration below 20% and 

adjusting the pH of the solution to 4.5 – 5.0. These precipitates were recovered 

by centrifugation at 4700 RPM for 30 min. Precipitates were dried at 60 °C for 

overnight, milled to powdered kafirin. 

In addition to being a multiple-step process, following aspects make the process 

discussed above less desirable for scale-up leading to commercialization and 

kafirin production at a higher scale. Steeping requires a considerable amount of 

time (48 h) and incubation at 50 °C temperature requires a setup such as a 

specially designed reactor with temperature controller. Washing followed by 

milling, filtration, and centrifugation separates bran and endosperm, the latter 

being rich in kafirin. However, the discarded bran also contains a significant 

amount of kafirin leads to loss of kafirin early in the initial stage (41). Dilution of 
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extract followed by isoelectric precipitation helps selectively isolate kafirin; 

however,  

4x dilution of the process intermediate significantly increases the volume at a 

higher scale. In this case, dilution step was found highly inconsistent considering 

commercial-scale manufacturing as the quality of the process stream and 

recovery of isoelectric precipitation step governed by parameters such as 

volume, protein concentration (initial and post-dilution), pH, temperature, 

mixing speed and time within defined operating ranges. 

The output stream of a unit operation affects the subsequent unit operations, 

which sometimes leads to loss of protein, hence reduced recovery and/or low 

purity. For instance, the extraction step followed by separation using 

centrifugation and filtration aimed towards maximum liquid recovery by 

clearance of particulate matter. Failure of one of these steps to produce the 

desired process stream may lead to failure of the subsequent unit operations i.e. 

distillation and isoelectric precipitation. After centrifugation or filtration, any 

unwanted particulate matter suspended in liquid provides nuclei for the 

precipitation of nonspecific proteins and thereby lowering the purity of the 

process intermediate and subsequently the final product although the ongoing 

unit operation operated with defined operating parameters. 

These gaps in the process development and lack of reproducibility in certain unit 

operations that affect the next purification step and hence the inconsistent 

individual step recovery, overall process yield and product purity. All these gaps 

in the process were addressed and a defined process that consists of well-

characterised unit operations developed for kafirin extraction. 
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Figure 7: Kafirin extraction process (old) developed as preliminary work. 
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Several changes made to the existing purification process considering the 

shortcomings discussed above and with the scope of commercial scale-up. These 

changes were made to reduce time, the number of steps/unit operations, 

handling volumes and overall cost of the process. Major changes made to the 

existing process were as listed below. 

1) Sorghum flour opted for extraction instead of dried sorghum endosperm 

obtained from steeping, milling, filtration followed by centrifugation. The 

purpose was twofold as several numbers of steps reduced to one (milling of 

sorghum flour) and prevention of loss of kafirin in bran discarded during 

steeping (41). The omission of steeping would save significant process time 

as sorghum grain steeping would require 48 hours followed by additional 

process time for subsequent unit operations (milling and separation using 

filtration and centrifugation). 

2) Sorghum flour used for extraction was heated in hot air oven to respective 

extraction temperature to assure extraction solution, other ingredients and 

resulting slurry at the desired temperature. 

3) Vacuum distillation was chosen for ethanol removal instead of dilution as 

former assured sustainability of the process by efficient ethanol recovery. 

Dilution step at higher scale would have increased the handling volumes at a 

higher scale and thus the manufacturing footprint. Recovery of ethanol from 

such large volumes would be more energy-intensive and/or increase a load 

of recycling plant thereby rendering the process less environment friendly. 

4) Dilution step before isoelectric precipitation increased the process volumes 

as the water was added (up to 3.5 to 4 folds) to process stream in order to 

reduce alcohol concentration resulting in kafirin precipitation. However, low 

protein concentration resulted in low recovery or failure of the process as the 

diluted process stream would not have the critical protein concentration 

required for efficient precipitation. Isoelectric precipitation after dilution in 

the existing process required more than 12 hours whereas distillation 

followed by precipitation requires less time with high protein concentration 

and low system volume stream. 

5) Kafirin extracted at lab scale dried in hot air oven whereas spray dryer was 

used at higher scales. 
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Initially, one factor at a time (OFAT) strategy was implemented considering two 

points, first was to determine the operating parameter ranges for different unit 

operations and second was assuring kafirin production at a small scale to initiate 

the second major objective of the research i.e. application development from the 

purified protein. Purpose of the OFAT studies was to identify the preliminary 

operating ranges for different parameters of the individual unit operations. Data 

generated from these batches provided the platform for risk assessment using 

FMEA to identify the critical process parameters (CPPs) as an initial step for QbD 

based process development. DOE, as part of QbD exercise, implemented to screen 

the CPPs for their acceptable ranges within the characterization space and 

determine the operating ranges to define the process design space. Another 

purpose of this exercise was to identify the potential failure modes and causes 

leading to definite failure of the critical quality attributes (CQAs) due to the 

parameter/s which when operated within certain range or excursion and 

extremes. 

3.2. Materials and methods 

3.2.1. Sorghum and chemicals 

Sorghum grains obtained from the Department of Agriculture and Fisheries, 

Queensland, Australia milled to flour and screened using sieves of different sizes 

to obtain fractions of different particle size ranges. All reagents and chemicals 

used in the study were of analytical grade or equivalent. Ethanol, hydrochloric 

acid, sodium hydroxide, t-butanol, isopropyl alcohol (IPA), acetic acid, 

orthophosphoric acid (OPA), sodium metabisulphite, dithiothreitol (DTT), silver 

nitrate, glycerol, sodium thiosulphate, sodium carbonate and ammonium 

persulphate (APS) obtained from Sigma-Aldrich, Australia. SDS-PAGE gels (10%), 

2-mercaptoethanol (2ME), SDS-PAGE (Tris-glycine) running buffer, Laemmli 

buffer, broad range protein markers procured from Bio-Rad, Australia. Water 

used throughout the study was deionised or RO grade else specified otherwise. 

DDGS was produced in-house for preliminary experiments and acquired from 

Dalby Bio-Refinery, Australia for laboratory and scale-up batches. 
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3.2.2. Analytical methods 

3.2.2.1. Protein content 

Samples were analysed for their nitrogen content using elemental analyser, 2400 

CHNS/O Series II system from Perkin Elmer. Kafirin content was calculated using 

Eq. 1 given below.  

𝑃𝑟𝑜𝑡𝑒𝑖𝑛 (%)(𝑤 𝑤⁄ ) = 6.25 𝑥 𝑁𝑖𝑡𝑟𝑜𝑔𝑒𝑛 (%)                         Eq. 1 

3.2.2.2. Extractable kafirin content 

Samples were extracted (3x) using extraction solution to ensure complete 

extraction, these extracts were pooled. Ethanol removal from the extract followed 

by isoelectric precipitation with 1.0 N HCl. Precipitates obtained as a pellet after 

centrifugation was washed with hexane and dried in the hot air oven at 60 °C. 

Dried kafirin weighed and analysed to calculate the extractable kafirin content of 

the sample. 

3.2.2.3. SDS-PAGE and staining 

SDS-PAGE is a modified version of native PAGE created by Laemmli (117) to 

overcome limitations of later by incorporating sodium dodecyl sulphate (SDS), a 

detergent to the discontinuous buffer system. Under reducing conditions, 

Proteins are denatured in the presence of denaturing agents and SDS. Once in 

denatured state, SDS bind to entire molecules and masks the intrinsic charge of 

the protein. The negative charge from the SDS repels the proteins away from each 

other preventing aggregation. It also imparts a similar charge to mass ratio as SDS 

binds to proteins at the consistent rate of 1.4 g of SDS per gram of protein for all 

proteins in the mixture. As a result, protein migrates in the gel and separation 

achieved primarily based on its size. 

Samples preparation: 

Samples from respective streams were prepared by mixing the calculated amount 

of samples and (reducing or non-reducing) Laemmli buffer (2X) in 0.5 mL 

polypropylene tubes. Samples were mixed and incubated in boiling water bath or 

heating block for 5 minutes. Samples were centrifuged at maximum speed for 1-
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2 minutes and calculated volume (5 µg or 10 µg) of protein was loaded in the gel. 

4X Laemmli buffer was used for low protein concentration samples. 

Assembly, sample loading and gel running: 

• Precast gels removed from the storage pouch and the comb by pulling it 

upward in one smooth motion. Green tapes were removed from the bottom 

of the cassette. 100 mL of 10X stock tris-glycine running buffer diluted using 

900 mL of deionised water in a graduated measuring cylinder to make 1L of 

1X working gel running buffer. 

• Gel wells were rinsed with running buffer. Gels were assembled in the 

cassette by placing the plates in the gel holder. Cassette was placed in gel 

running assembly and gel running buffer added to the inner and outer 

chambers of the unit. 

• Respective wells were loaded with the calculated volume of reducing/non-

reducing samples. 7 µL of molecular weight marker loaded to one of the wells 

per gel for reference purpose. Headcover was placed on the assembly and 

cables were connected to the power pack. Voltage was set to 100, the unit 

was switched on and allowed to run until the dye front reached the reference 

line. 

• After the completion of the run, power supply was switched off and cables 

were disconnected. Headcover was detached from the assembly and 

cassettes were removed. Cassettes were opened the using an appropriate 

tool provided with the kit as per the directions provided in the manual to 

retrieve the gel.  

• Gel removed from the cassette and processed with the silver staining to 

visualize the protein bands. 

Silver staining: 

Silver staining procedure and the solution preparation must be carried out in 

fume hood or under fume extraction device. The staining procedure performed 

on rocker shaker. Solutions were prepared as given in Table 4. 

Table 4: Silver staining solution recipes. 
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Solution Ingredients Amount/ Volume 

Fixing solution Methanol 50 mL 

  Glacial acetic acid  12 mL 

  Formaldehyde (37%) 50 µL 

  DI water (q. s. to) 100 mL 

Washing solution Methanol 150 mL  
DI water (q. s. to) 300 mL 

Pre-treatment solution sodium thiosulphate  20 mg 

DI water (q. s. to) 100 mL 

Impregnation solution Silver nitrate  200 mg 

Formaldehyde (37%) 75 µL 

DI water (q. s. to) 100 mL 

Developing solution Sodium carbonate 6 g  
Sodium thiosulphate  1 mg  
Formaldehyde (37%) 50 µL  
DI water (q. s. to) 100 mL 

Stopping solution  Methanol 50 mL  
Glacial acetic acid  12 mL  
DI water (q. s. to) 100 mL 

Staining procedure: 

• Gels were placed in trays and incubate in the fixing solution for one hour. The 

fixing solution was removed and gels were washed with the washing solution 

for 10 minutes. The washing step was repeated twice. 

• The washing solution was decanted and gels were rinsed with deionised 

water for 20 seconds each. 

• Pre-treatment solution was poured over gels in the tray and incubated for 1 

minute. The solution was decanted and gels washed with 50 mL of water for 

20 seconds. 

• Gels were incubated in impregnation solution for 20 min. The solution was 

decanted and gels washed twice with 50 mL of water. 

• Developing solution pour over the gel and allowed to incubate till bands 

develop.  

• The staining procedure was terminated by decanting the developing solution 

and washing the gels with stopping solution. 
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Coomassie staining: 

Staining procedure and the solution preparation must be carried out in fume 

hood or under fume extraction device. The procedure was performed on rocker 

shaker. Prepare the solutions using ingredients listed in Table 5. 

Table 5: Coomassie staining solution recipes. 

Solution Ingredients Amount/Volume 

Staining solution Methanol 50 mL 

  Glacial acetic acid  10 mL 

  Coomassie Blue R250 1.0 g 

  DI water (q. s. to) 40 mL 

Add glacial acetic acid to water. Dissolve dye in methanol. Mix the solutions 
and filter before use. 

Destaining solution Methanol 50 mL 

 Glacial acetic acid  10 mL  
DI water (q. s. to) 40 mL 

Coomassie staining procedure: 

• Staining solution poured over gels in trays and incubated for a minimum time 

(one hour to overnight) necessary to visualize the protein bands. 

• The staining solution was recovered and gels were washed with the 

destaining solution for an hour. The process was repeated until the 

background is clear. 

3.2.3. Extraction 

Kafirin extraction from sorghum flour was performed by sequentially optimising 

process parameter for the extraction step. Initially, sorghum flour was extracted 

using different solvents for different time interval and later with additives.  

Particle size, solid to liquid ratio and temperature were optimised with selected 

solvent and additive. Extraction solvent and additives screened prior to particle 

size optimisation with the aim that extraction solution should be able to extract 

kafirin considering heterogeneity in the feed material. The sequence of 

parameter optimisation for extraction is as shown in Figure 8.  
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Figure 8: Extraction parameter optimisation sequence for kafirin extraction from 
sorghum flour. 

3.2.3.1. Solvent screening and pH 

Sorghum flour (50 g) was extracted with different solvents at room temperature 

under stirring condition (200 RPM) for 180 minutes. Samples were collected at 

different time intervals to analyse the amount of protein in the bulk at a given 

time point. Samples were analysed for their protein content to calculate recovery 

and yield for the given range of extraction solvents. 6.0 N HCl was used to adjust 

pH 3.0 and 0.5 M NaOH for pH 12. 

3.2.3.2. Effect of additives 

Sodium metabisulphite (SMB) (1 % w/w), dithiothreitol (DDT) (0.05 % w/w) and 

2-mercaptoethanol (BME) (0.5 % w/w) were added to extraction solution as 

reducing agents to assess their effect on kafirin extraction yield. Additive selected 

was further assessed at pH 2.0 and 12.0, where extraction solution pH was 

adjusted using 6.0 N HCl and 0.5 M NaOH. 

3.2.3.3. Effect of particle size 

Sorghum flour was sieved and fractionated in different particle size groups to 

assess the effect on the kafirin extraction yield. Sorghum flour was sieved in <53 
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µm, 53 µm to 100 µm, 100 µm to 250 µm, 250 µm to 500 µm and >500 µm. These 

fractions were extracted with ethanol, SMB at pH 12.0. 

3.2.3.4. Temperature optimization 

Sorghum flour was extracted with ethanol, SMB at pH 12.0 as mentioned earlier 

at different temperatures (25, 40, 50, 60, 70 and 80). Samples were analysed for 

their kafirin content to assess the impact of temperature on the extraction 

efficiency. 

3.2.3.5. Effect of Solid to liquid ratio 

Sorghum flour was extracted with increasing amounts of extraction solvents to 

evaluate the influence of solid to liquid ratio. The ratios considered for the study 

were 1:5, 1:10, 1:15 and 1:20. 

3.2.4. Separation 

Centrifugation followed by filtration was used to separate solid mass from the 

mixture.  Details of the optimisation of these unit operations are as follows. 

3.2.4.1. Centrifugation 

Sorghum flour and extraction solution were mixed on a weight basis for kafirin 

extraction. After incubation, the extraction mixture was poured into centrifuge 

container; the weight of the container was recorded with and without mixture. 

The mixture was centrifuged at 2700, 3700 and 4700 RPM for different time 

intervals from 10 to 30 minutes with 10 minutes time difference. The supernatant 

was decanted and filtered with a 1.0 µm filter in a separate pre-weighed container 

and raffinate was retained in the container. Both supernatant and raffinate were 

weighed to assess the amount of liquid retained in the sediments and quality of 

the supernatant in terms of clarity/ turbidity due to suspended solids.  

3.2.4.2. Filtration 

Kafirin extracts obtained after centrifugation was filtered through filters to assess 

the filtration area required per unit volume of extract. Different pore size filters 

(0.2 µm, 0.45 µm and 0.8/0.2 µm) were used to filter the extract. Samples 

obtained from centrifugation were filtered using given size filters to assess the 
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flow decay until the filter is clogged or essentially exhausted otherwise. All 

streams available at the end of filtration were measured for output volume. 

Centrifugation output samples were pooled and 500 mL of sample was taken in a 

glass bottle with regulated pressure. The outlet of the bottle connected to filter 

using silicon tubing. Collection vessel placed below filter outlet, a graduated 

cylinder or glass bottle on a balance. Pinch was removed to start the filtration and 

filtered sample was collected to measure the output with increase in time. 

3.2.5. Distillation 

Clarified supernatant obtained from centrifugation and filtration were subjected 

to distillation to recover ethanol. Bath temperature (50 °C) and chiller 

temperature (10 °C) were set considering the vacuum applied (102 mbar) to 

achieve desired vapour temperature (30 °C) for ethanol. Distillation was carried 

out using Rotavap R-300 (Buchi) with the vacuum pump and recirculating chiller. 

3.2.6. Isoelectric precipitation 

Ethanol-free stream obtained from distillation was brought to room temperature 

and 100 mL of solution kept in stirring condition (150 RPM) in glass bottles. The 

pH of the stream in individual bottles adjusted to 3.5 to 6.5 with the increment of 

0.5 units. Samples centrifuged after 2 hours, the supernatant decanted and solids 

were recovered, both supernatant and solids were analysed for their protein 

content. 

3.2.7. Oil removal 

Isoelectric precipitation output samples were treated using different solvents 

Methanol, ethanol, ethyl ether, ethyl acetate and hexane were screened based on 

the literature available for oil extraction (118,120,121). Precipitates from last 

unit operation were extracted using individual solvents with 1:5 solid to liquid 

ratio at 60 °C (RT for ethyl ether) under stirring condition (200 RPM) for one 

hour. Supernatant separated from the solids and the process was repeated until 

clear supernatant obtained.  
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Oil determination: Solvents were recovered from these supernatants by 

distillation to obtain solvent-free oil.  Oil extracted by individual solvent washes 

were weighed to assess the amount of oil extracted with each solvent wash. 

3.2.8. Drying 

After oil removal, solids were separated in a glass petri dish and kept in a hot air 

oven for drying at 60 °C for 8 to 10 hours or more (overnight) for drying. 

Kafirin extracted at higher scale was spray-dried using a pilot-scale spray dryer 

(Mini spray dryer B-290 Advanced, Buchi) with a dehumidifier (B-296) and inert 

loop (B-295). Parameters such as inlet temperature, outlet temperature, flow rate 

and aspirator speed were optimised to reduce operation time and cost. Spray 

dryer operations were conducted as follows: 

• Instrument and the aspirator were switched on. The temperature of the inert 

loop was set to -20 °C. 

• Main nitrogen gas valve was opened and gas flow adjusted to 40 mm using 

the needle valve in the gas flow meter. The aspirator was turned on to 80% 

to start feeding the gas to the system until the oxygen level in the system 

reached less than 6% (on inert loop indicator). 

• Inlet temperature set at 120 °C and the heater was switched on. 

• Tubing was placed in the feed valve and pump setpoint adjusted to 30% 

(60% for solvents). 

• Once the inlet temperature reached 120 °C, the end of the tube placed in a 

container with distilled water/solvent and pump was switched on.  

• Inlet temperature and feed flow rate were adjusted to obtain the desired 

outlet temperature for the product.  

• Feed tubing was placed in the solution containing the product. Solution 

placed on magnetic stirrer to homogenise the feed during the entire 

operation. Inlet temperature and feed flow were adjusted accordingly to 

obtain the desired outlet temperature. 

• Once the feed is over, feed tube was placed in solvent/distilled water to flush 

the tube and nozzle and ensure maximum recovery. 

• Product was recovered from the collection vessel and weighed. 
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• Cylinder, cyclone, coupler, outlet temperature sensor and other removable 

parts were detached and cleaned thoroughly. All parts were air-dried before 

reassembly. 

• Solvent recovered from the receiving bottle in the inert loop. Water collected 

in the humidifier collection container was decanted. 

3.3. Results and discussion 

3.3.1. Extraction 

The solubility of kafirin in any solvent is the function of the interaction of kafirin 

molecules with the solvent molecules. Solubility is governed by solvent type, 

additives, pH and temperature, where increased solubility reflected in terms of 

higher extraction rate. Particle size, solid to liquid ratio, mixing also influence the 

extraction rate and their effect on overall yield and purity discussed in 

subsequent sections. 

3.3.1.1. Solvent screening and pH 

 

Figure 9: Solvent screening for kafirin extraction from sorghum flour. 

Kafirin extraction was carried out from sorghum flour with different solvents at 

room temperature under stirring condition (200 RPM) for 180 minutes and 

samples were collected at different time intervals to analyse the amount of 
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protein in the bulk at a given time point. As evident from Figure 9, ethanol without 

any additive was the least effective whereas ethanol at higher pH demonstrated 

highest extraction rate followed by acetic acid and ethanol at low pH. 

Orthophosphoric acid (o-PA) and t-butanol demonstrated better extraction 

compared to IPA and ethanol without additive after ethanol with NaOH, ethanol 

with HCl and acetic acid. Difference between kafirin solubility in different 

solvents may lead to different extraction rates. 

It was observed that the pH of the extraction solution played a vital role when it 

comes to extraction efficiency as ethanol without additive found less effective 

than the ethanol at either high or low pH. Similarly, the extraction efficiency of 

acetic acid and OPA were comparable to other solvents at both pH extremes, 

whereas IPA and t-butanol with pH values 8 and 7 respectively, had 

comparatively low extraction efficiency. Protein solubility in a given solution 

mainly depends on the isoelectric point of the protein molecule and pH of the 

extraction solution. Solution pH close to pI of the protein renders no net charge 

on the molecule, in this state, protein is no longer soluble in the solution. 

However, solubility increase with the increase in the difference between the pH 

of the solution and pI of the molecule (5.0 for kafirin). In the case of ethanol, IPA 

and t-butanol, pH of the solution is close pI of kafirin so the solubility is limited. 

Acids and other ethanol combinations have pH away from molecule pI 

demonstrate higher solubility and hence higher extraction rate (15,31,38). 

For all solvents, the maximum extraction rate was observed during the initial 30 

minutes and a gradual decrease in extraction rate in next 30 minutes i.e. up to 60 

minutes. After 60 minutes, there was no significant increase in the rate of 

extraction for up to 180 minutes. Kafirin extraction rate for acetic acid was higher 

than ethanol+HCl (pH 2.0) for the initial 30 minutes, however, extraction rates 

thereafter were comparable.  Similarly, the extraction rate for t-butanol and OPA 

were comparable throughout the experiment.  

Ethanol+NaOH (pH 12.0) maintained a higher extraction rate among all solvent 

candidates. As evident from Figure 9, extraction with ethanol+NaOH can be 

divided into three different extraction rates/phases throughout the experiment. 

Initial 30 minutes comprised the first rapid extraction phase, evident from the 

stiff slope followed by the second phase where a gradual decline in extraction rate 
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was observed from 30 minutes onwards up to 60 minutes. 60 minute onwards up 

to 180 minutes represents the last phase where the extraction rate was close to 

zero, which means there was no further extraction occurred with increase in 

time. 

Ethanol + NaOH was the most effective among solvents screened for kafirin 

extraction in terms of higher solubility and better extraction rate, an observation 

consistent with the reported studies (27,38,122). Ethanol at pH 12.0 selected for 

further studies considering its availability and process economy. 

High Solid to liquid ratio (1:20) was chosen to avoid saturation of extraction 

solution in order to avoid any effect on the rate of extraction. Other parameters 

such as temperature, additives, particle size might affect the rate of extraction 

and subsequently the extraction yield. These parameters were studied 

individually and their effects on the kafirin extraction discussed in subsequent 

sections. 

3.3.1.2. Effect of additives 

 

Figure 10: Effect of additives on kafirin extraction yield from sorghum flour. 

Ethanol + NaOH was selected as the extraction solvent with the highest extraction 

yield. However, the extraction efficiency of the solvent system was further 

enhanced using reducing agents as additives. SMB, DDT and BME were tested for 

extraction with ethanol at neutral and both pH extremes (pH 12 and 2) where 

yield with SMB was significantly lower than DTT and BME. It was observed that 
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addition of DTT and BME resulted in higher kafirin extraction yield at pH 12 

compared to pH 2 (Figure 10), as both strong reducing agents efficiently cleaved 

intermolecular and intramolecular disulphide linkages that aid formation of 

protein-protein complexes within the seed. This finding was contradictory to the 

expected outcome as they act efficiently at lower pH but have limited reducing 

capability over pH 7. DTT and BME are powerful reducing agent with a redox 

potential of -0.33 V and -0.26 V at pH 7 (123,124). Reducing efficiency of the DTT 

is higher at low pH as the thiolate form, the negatively charged species 

responsible for reducing reaction and not the protonated thiol form generated at 

high pH (123). It was found that the low yield for the strong reducing agents was 

apparently due to limited solubility of kafirin in low pH conditions. Kafirin 

demonstrated higher solubility at pH 12 compared to pH 2 and the observation 

was consistent even in the presence of reducing agents (79). These observations 

implied that strong reducing conditions were not necessary for higher yield and 

extraction at higher pH significantly reduced solvent requirements.  

Although, with higher extraction yield, both DTT and BME imparted a strong 

smell to subsequent process streams, final product, and required the introduction 

of additional process steps and suitable analytical methods to assure their 

removal. Essentially, use of kafirin purified using these additives for food-related 

applications was a questionable approach. The addition of sodium 

metabisulphite in extraction solution at pH 12.0 significantly improved the 

extraction yield, finding of this study was in agreement with the reports of Gao et 

al. (112). However, findings of Taylor et al. (122) suggests otherwise, which is 

apparently due to differences in extraction process and other operating 

parameters such as the number of extractions, temperature, extraction time and 

drying conditions. Although extraction yield was significantly higher, extraction 

at high pH also facilitated co-extraction of oil from feed compared to extraction 

at neutral or low pH conditions, an observation consistent with the findings 

reported for zein extraction process (31). This might increase the impurity load 

of the inlet stream for distillation followed by higher hexane requirement at the 

subsequent stage. 

Addition of sodium metabisulphite increased solubility of kafirin in the extraction 

solution at high pH as it cleaved existing inter and intra-molecular disulphide 
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linkages reducing polymer aggregates to monomers. These disulphide linkages 

are strong forces that facilitate the protein-protein interaction and formation of 

protein bodies embedded within the protein-starch matrix in the endosperm of 

the sorghum seeds (38,42,92). Presence of single prominent band in SDS-PAGE 

profile of the kafirin extracted without reducing agent at high pH supports the 

obtained higher kafirin yield whereas kafirin extracted with just solvent result in 

high molecular weight product-related impurities such as dimers, trimers and 

polymers in the form of protein aggregates and a relatively small band of kafirin 

monomers (38). 

Given these reasons, the addition of sodium metabisulphite as reducing agent at 

pH 12 to the extraction solution significantly increased kafirin yield compared to 

solvent without any additives, hence considered an additive of choice and an ideal 

candidate to proceed with for process optimization.  

3.3.1.3. Effect of particle size 

 

Figure 11: Effect of particle size on extraction efficiency. 

To assess the effect of particle size on kafirin extraction, sorghum flour sieved 

through a set of different size mesh screens. This resulted in flour portions of 

specific particle size distributed over certain range i.e. <53 µm, 53 to 100 µm, 100 

to 250 µm, 250 to 500 µm and >500 µm. Smaller particle size offers a higher 

surface area for extraction compared to larger particles for the given amount of 

solid and hence higher kafirin yield under similar extraction conditions. These 
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fractions were analysed and it was found that their protein content was 

comparable irrespective of the particle size difference.  As evident from Figure 

11, larger particle size (up to 250 µm) resulted in low extraction yield and particle 

size smaller than 250 µm resulted in significantly higher extraction yield.   

In case of larger particle size, limited diffusion and inaccessibility of kafirin 

molecules at the core a feed particle would limit the rate of extraction. Diffusion 

of solvent occurs from bulk to the external surface of the feed particle. Since the 

sorghum flour particles are porous, further solvent diffusion occurs within pores 

towards the core. Once at the core, kafirin molecule dissolved by reactants leads 

to desorption from the surface within the pores. Diffusion of dissolved kafirin 

molecules from the interior of the pores towards the pore mouth at external 

surface occurs. Mass transfer of kafirin molecules from the external surface to the 

bulk occurs as the final step. Diffusion of solvent on the external surface of the 

particle and kafirin from the external surface to bulk can be categorised as 

external diffusion whereas mass transfer within pores can be categorised as 

internal diffusion (125). Larger particles would limit the internal diffusion i.e. 

movement of solvent from bulk to the core and subsequently movement of 

dissolved kafirin molecules from the core to the external surface and finally to 

bulk fluid. As a result, kafirin molecules near the external surface were extracted 

and inaccessible molecules at the core lost in raffinate leading to inefficient 

recovery. Smaller particle size allows faster internal diffusion and extraction 

from the core and no longer limits the rate of extraction (125). 

As the mass transfer coefficient is a function of hydrodynamic conditions such as 

fluid velocity (rpm) and particle diameter (µm). Higher mixing rates/fluid 

velocity reduces the external boundary layer surrounding the particle through 

which the kafirin molecules migrate to the bulk, consequently eliminating the 

possibility of extraction rate limitation due to external diffusion. Increase in fluid 

velocity (rpm) and/or lower particle diameter (µm) decreases external 

resistance which leads to increase in mass transfer coefficient until saturation or 

kafirin exhaustion in the feed material, whoever occurs first (125,126). 

It can be concluded that feed particle size smaller than 250 µm would result in 

the efficient and higher extraction yield. Since process optimization and scale-up 
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to commercial scale were primary objectives of the study, particle size ranges 

were considered, however, particle size distribution within the given ranges 

needs to be investigated to understand the significant difference in the yield. 

Study with smaller particle size/range needs to be carried out to understand 

extraction kinetics and other rate limiting factors.  

3.3.1.4. Effect of temperature 

 

Figure 12: Effect of temperature on extraction efficiency. 

Kafirin was extracted using ethanol with sodium metabisulphite, pH 12.0 at 

different temperatures to assess the effect of temperature. It was observed that 

extraction efficiency increased with increase in temperature up to 60 °C (Figure 

12), and decreased with further increase in the temperature. At temperature 70 

°C and higher, there were inconsistent incidences of gelling after centrifugation 

which resulted in a lower kafirin yield. Kafirin yield at temperatures higher than 

60 °C was inconsistent compared to lower temperatures and varied up to 16%. 

Analysis of supernatant, gel layer and raffinate for the nitrogen content 

confirmed that the gel layer formed at high temperatures trapped extracted 

kafirin from the bulk upon centrifugation and further reduced yield by retaining 

the kafirin within the raffinate. Extraction from separated gel layer, supernatant 

and raffinate confirmed the presence of kafirin in these process streams. 

It was also found that kafirin solubility increased with increase in temperature 

up to 60 °C. Increased temperature and high pH in the presence of reducing 
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agents leads to deamidation of glutamine and asparagine resulting in glutamate 

and aspartate. Deamidation leads to decrease in interchain and intrachain Glu-

Glu (glutamic acid) interactions that induce electrostatic repulsion of charged 

glutamate residues and a decrease in hydrophobicity (127). Synergistic effect of 

high temperature, pH and reducing agent increased the solubility of kafirin in 

extraction solution and increase the yield. The findings of this study are 

consistent with the zein extraction process at commercial scale (128). 

3.3.1.5. Solid to liquid ratio 

Initially, an experiment was performed (section 3.2.3.1) to assess the suitable 

solvent for the kafirin extraction where the highest solid to liquid (S/L) ratio was 

considered to avoid bulk saturation to maintain significant mass transfer. Solid 

to liquid ratio optimised to assess the minimum required solvent volume to 

achieve the optimum kafirin yield. 

 

Figure 13: Effect of solid to liquid ratio on Kafirin extraction. 

As obvious from Figure 13, difference between the increase in kafirin yield with 

increasing liquid ratios was not significant. For instance, there was a significant 

difference (~6 %) between the yield from the S/L ratio of 1:5 and 1: 20. However, 

subsequent S/L ratio throughout the range showed no significant increase (~2 % 

to 3%). Another major observation was increase is kafirin yield was not 

proportional to the additional volumes of solvent used. Although the volume of 

solvent was 1.5x and 2x higher, there was no comparative increase in the yield 
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which indicates that there was no extractable kafirin in the raffinate as higher S/L 

ratio would provide conditions far from saturation and solvent volume required 

at higher S/L ratio were statistically significant. According to reported studies, a 

high concentration of solids in the extraction mixture affect the diffusion of both 

solvent and kafirin in the bulk (126,129). It was demonstrated that such 

shortcoming could be eliminated by increasing the liquid component. Besides, 

considering variability in the raw material i.e. higher protein/kafirin load similar 

yield can be achieved by using slightly higher (1:6) S/L ratio.  

3.3.2. Separation 

Removal of raffinate from the mixture done by different unit operations that 

work on different principles. Both centrifugation and/or filtration can be used to 

separate solids from the extract at a laboratory and higher scale, which are 

scalable in both linear and non-linear fashion. These unit operations used 

separately and in tandem to clarify the supernatant to reduce total suspended 

solids and turbidity.   

3.3.2.1. Centrifugation  

Data obtained from the preliminary studies suggest that the output streams 

produced at low centrifugation speed and operation time lead to the formation of 

loose pellets as well as higher solvent retention. Loss of extraction solution 

trapped in these loose pellets leads to the loss of kafirin in the early stages of the 

extraction process. Process streams obtained from low RPM and 10 minutes of 

centrifugation were relatively more turbid and with a significant amount of solids 

suspended in the liquid. 

The amount of suspended solids in the supernatant was critical as it affects the 

performance of the subsequent unit operation i.e. filtration and quality of the 

process intermediate from distillation. Liquid trapped in these pellets retrieved 

by vacuum filtration; however, overall filtration area required was several folds 

higher compared to supernatant alone. In other words, the filter area 

requirement increases by several folds to recover the retained liquid, which 

ultimately increases overall operation costs. 
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Figure 14: Post centrifugation recovery (%) of extraction solution at different 
centrifugation speed (rpm) and time (min). 

Extraction slurry composed of the coarse sorghum flour (particle size >800 µm) 

produced an unstable pellet and supernatant separation was not possible by 

decanting. Initially, the mixture was filtered through 100 µm mesh to retain the 

raffinate resulting in low solvent retention. Resulting filtrate was turbid and 

particulate, which when processed further resulted in low kafirin purity and yield 

(18.27%). Extract volume recovery after centrifugation for single extraction 

(87%) was lower than the subsequent extraction (93%) as the same pellet after 

the first extraction was re-extracted resulted in reduced liquid retention. 

3.3.2.2. Filtration 

Filtration is any physical, mechanical or biological process where solids are 

separated from the liquid or gas using a filter media that allows the liquid or gas 

to flow through but retains the solids. Filter sizing was performed using constant 

pressure test where the challenge solution is passed through the filter at a 

selected differential pressure and the filtered volume is recorded as a function of 

time (usually for 10 minutes). The experiment was set up as shown in Figure 15 

where 500 mL Schott bottle was used dispensing vessel with regulated air 

pressure (5 psi). All experiments were conducted in triplicates. Details of filters 

and their specifications are in Table 6. 
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Figure 15: Test assembly setup for filter sizing study. 

The supernatant obtained from 20 minutes of centrifugation at 4700 RPM 

considered as an ideal input for filtration, as it was relatively clear of suspended 

particles. Centrifuge output was passed through the filters until there was no 

more flow from the outlet. These volumes were recorded to assess the filtration 

capacity of a filter (Figure 16). 

Table 6: Filters under evaluation and their specifications. 

Pore size 
(µm) 

Size 
(mm) 

Effective filtration 
area (cm2) 

0.2 32 5.8 

0.45 32 5.8 

0.8 + 0.2 32 5.8 
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Quality of the filtration output not only affect the performance of subsequent unit 

operations but also the quality of the kafirin extracted as the end-product. 

Filtration plays a vital role in terms of producing a clear feed for the subsequent 

unit operation, which is distillation. The resulting volume in conjunction with the 

effective filtration area will be used to estimate the size of the filter required at 

the proposed manufacturing scale and discussed with scale-up.  

 

Figure 16: Filter sizing study for centrifugation output clarification. 

An experiment was carried out to assess the filter size required at both laboratory 

and higher scale batches. The time required to filter per unit volume (min/L) was 

plotted against time (min) where R2 value was greater than 0.99, which indicates 

that Vmax model can be applied to this filter for which the main fouling 

mechanism is gradual pore plugging. Maximum process stream volume (L) that 

can be filtered using a given filter calculated using the following formula. 

𝑉𝑚𝑎𝑥 = 1 𝑠𝑙𝑜𝑝𝑒⁄  

For the selected filter (0.8 + 0.2 µm), the slope was 1.7298 resulting in 0.578 L 

maximum filterable volume with 58 cm2 total filtration area. At higher scale, 

additional filters or a single filter with a larger area will be used for higher process 

volumes. 

3.3.3. Distillation 

Distillation is a process of separation of liquids from the mixture based on their 

boiling points and condensation. In other terms, separation of components from 
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mixtures based on dissimilarities in the conditions required to change the phase 

of individual components. The clarified extract was further processed with 

distillation to recover ethanol. The efficiency of this unit operation capacity 

depends on different parameters such as heating bath temperature, vacuum 

applied, size and rotation speed of the evaporating flask. Above listed process 

parameters were optimised for the process at lab scale and provide a 

customisable platform and assembly design at a higher scale. During vacuum 

distillation, lower pressure reduces the boiling point of the solvent making it less 

energy-intensive and faster than the processes carried out under normal ambient 

conditions. 

Distillation parameters were optimised to reduce process time and make the 

process less energy-intensive. Heating water bath and vapour temperature can 

be adjusted as per the boiling point of the solvent at a given pressure. Vapour 

pressure (P) increases gradually with an increase in temperature (T) and the 

relation can be expressed as in equation 2. Pressure-temperature nomograph 

based on Clausius-Clapeyron equation 3 which describes the relationship 

between vapour pressure and the temperature was used to calculate the boiling 

point of the solvent at the given pressure. This equation allows us to calculate the 

vapour pressure at another temperature provided enthalpy of vaporization and 

vapour pressure at any temperature are known. The approach used for the 

current study was adapted from the literature where enthalpies of vaporization 

of binary mixture were estimated by the Clausius-Clapeyron equation (130,131). 

𝑃 ∝ 𝑒−∆𝐻𝑣𝑎𝑝∕𝑅𝑇     Eq. 2 

ln (
𝑃1

𝑃2
) =  

∆𝐻𝑣𝑎𝑝

𝑅
(

1

𝑇1
−

1

𝑇2
)    Eq. 3 

Where, ΔHvap is the enthalpy of Vaporization, R is the gas constant (8.3145 J mol-1 K-

1), P1 and P2 are the vapour pressures at temperatures T1 (actual boiling point) 

and T2 (target boiling point). 

McCabe-Thiele method (132) should be considered to determine the number of 

theoretical plates required to achieve the desired degree of separation for the 

given binary mixture. At higher scale, continuous distillation can be implemented 

with varying reflux ratio to achieve desired separation, i.e. >60 % ethanol 

concentration in present study considering solvent recycling. 
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The temperature difference between heating bath, evaporating flask and 

condenser should be 20 °C. The pressure in the evaporating flask set accordingly 

so that the boiling point of the solvent was around 40 °C. Based on the 

calculations (enthalpy of vaporization for ethanol 38.6 KJ mol-1)(133), the 

vacuum was set at 200 mbar to reduce the boiling point of ethanol to 40 °C from 

78 °C (134). Heating bath temperature was set to 60 °C to ensure reduced water 

evaporation rate, efficient energy utilization and safety. Condenser temperature 

was set at 20 °C to absorb the energy from the solvent gained from the heating 

bath. The flow of the coolant from circulating chiller can be adjusted (based on 

the type of coolant used) to achieve desired temperature. 

Input stream for distillation played vital role considering the yield and purity of 

the kafirin. It was observed that the extract obtained after centrifugation at low 

RPM for lesser time (and without filtration), when subjected to distillation, yield 

higher mass in terms of weight but results in low purity and kafirin yield 

(18.27%). The stream generated at the end of distillation with such input material 

was turbid, a non-homogenous suspension with other protein and non-protein 

impurities. As the solvent concentration gradually reduces with the progress of 

distillation, kafirin no longer remains soluble and precipitate out to forms an 

aqueous suspension. In the case of kafirin extraction, the quality of the input 

stream does not affect the performance of the distillation, as the sole purpose of 

this unit operation is the recovery of the solvent. Amount of ethanol recovered 

from 500 mL feed varied from 280 mL to 310 mL and ethanol concentration in 

the recovered stream ranged from 80 to 85%. Solvent recovery at the end of 

distillation was ranging from 74.67 to 87.83%. 

The distillation process was further optimized based on the type of solvent used 

by assuring precise process conditions discussed as follows. Condensate should 

not cover more than 3/4 of the condenser and balanced by adjusting the vacuum 

as an increase in vacuum resulted in reducing the boiling point, which generated 

more vapours and vice versa. Immersion angle of the evaporating flask in a 

heating bath maintained such heat transfer is efficient along with optimum 

turbulence inside the flask. Stiffer immersion angle leads to inefficient heat 

transfer and low turbulence whereas flat flasks increased the contact surface for 

heat transfer but created higher turbulence leading to foaming and bumping. 
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Optimum evaporation flask rotation speed produced maximum turbulence inside 

the flask and prevented spillage of heating media at the same time. Size of the 

evaporation flask, as a larger surface area, resulted in greater turbulence and 

increased evaporation rate along with reduced bumping and foaming. However, 

larger flasks were more difficult to handle and are less flexible with changing 

immersion angles. Also, the thickness of the flask should not only allow efficient 

heat transfer from heat media through the glass to the solvent but also not too 

fragile. 

Vacuum distillation was used as it offers several advantages over other types of 

distillation when it comes to ethanol recovery. As a closed system prohibits the 

release of ethanol vapours in the lab environment and assures safety. The process 

is less energy-intensive compared to simple distillation as the vacuum applied 

reduces the boiling point of the solvent needs to be recovered. The time required 

for the vacuum distillation is less than that of other types of distillation to recover 

the equivalent volume of solvent. 

3.3.4. Isoelectric precipitation 

The pI of most of the proteins lies within the pH range of 4 to 6 so the range for 

optimum pH scanning was restricted from 3.5 to 6.5 for selective kafirin 

precipitation. Ethanol-free distillation output stream distributed in seven 

aliquots (200 mL each) and pH of solutions adjusted to the desired pH (3.5 to 6.5 

with an increment of 0.5 units). The samples were analysed for total protein and 

kafirin content where extractable kafirin (%) expressed in a percentage 

calculated from the total protein in precipitates, however, quantitative analysis 

for supernatant for kafirin was not possible as the stream was diluted with a very 

low concentration of kafirin. Total protein yield obtained at pH 3.5 after 120 

minutes incubation was comparatively higher and decreased with further 

increase in pH up to 5.5 Figure 17. Data for pH 6.0 and 6.5 were not as significant 

as the amount of protein precipitates was low and inconsistent. Low protein 

yields at higher pH range also supported by the data for protein content of the 

respective supernatants. 

Unlike total protein, kafirin yield was relatively low at pH 3.5 and increased 

gradually with further increase in pH up to 5.0 as pH was closing in towards pI. 
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However, a sharp decrease observed at pH 5.5 as the pH moved away from kafirin 

pI. Total protein and kafirin content of samples at different pH suggest that the 

maximum kafirin recovered at pH 4.5 and 5.0. Although the total protein recovery 

was maximum at pH 3.5, it is evident that other major proteins (such as albumin, 

globulin, glutelins and other) also co-precipitated along with kafirin. 

 

Figure 17: Total protein and Kafirin yield at different pH. 

Pellets and supernatants samples from each pH set point were analysed for 

protein content in individual samples. pH 5.5 samples were not included as both 

protein recovery and kafirin yield were relatively low compared to other pH set 

points. 

Supernatant and pellets samples from isoelectric precipitation studies analysed 

with SDS-PAGE (Figure 18) confirmed that maximum kafirin was recovered at pH 

5.0. However, at lower pH set points more kafirin was retained in the 

supernatant, which was confirmed by increasing concentrations of kafirin at 

lower pH set points. On the other hand, kafirin pellet sample analysis from pH 5.0 

setpoint suggests that kafirin purity was higher (Figure 18 gel a) but further 

decrease in pH attracted more protein impurities. The amount and type of protein 

impurities varied as pI for different protein impurities close to kafirin also 

precipitated along with kafirin. 

It was observed that protein precipitates increased in the first 90 minutes and 

there was no significant increase in precipitates with further increase in time up 
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to 120 minutes. Similarly, kafirin yield also increased with increase in time up to 

60 minutes, however, incubation for more than 60 minutes leads to precipitation 

of other protein impurities but no significant increase in kafirin yield. Also, it was 

found that mixing for prolonged durations (up to 120 minutes) disintegrated the 

precipitate leading to loss of kafirin and total protein in the supernatant, an 

observation later confirmed during process characterization studies for 

isoelectric precipitation step (Figure 33). 

 
Figure 18: SDS-PAGE profile for samples from isoelectric precipitation study. 
Gel a: lane M- Broad range protein marker, 1- Purified kafirin, 2- Kafirin pellet pH 
5.0 (NR), 3- pellet pH 4.5 (NR), 4- pellet pH 4.0 (NR), pellet pH 3.5 (NR). 
Gel b: lane 1- Supernatant pH 5.0 (NR), 2-Supernatant pH 4.5 (NR), 3- Supernatant 
pH 4.0 (NR), 4-Supernatant pH 3.5 (NR). 

In general, when protein refolds, hydrophobic amino acids form the core and the 

hydrophilic amino acids are on the surface of the protein with scattered 

hydrophobic patches. The solubility of the protein in any solution depends on the 

net charge of these hydrophobic and hydrophilic amino acids present on the 

surface. Kafirin has a high number of hydrophobic amino acids and hence water-

insoluble, but soluble in organic solvents such as ethanol. Isoelectric point (pI) of 

the protein, pH at which net charge of a protein becomes zero in a given solution, 

is another factor that plays an important role in the solubility. Protein acquires 

positive charge with a decrease in pH of the solution and gains negative charge 
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when the pH of the solution is below its pI. For instance, proteins with high 

hydrophilic amino acids on the surface have a higher solubility in an aqueous 

buffer; however, higher hydrophobic amino acid content on the surface decreases 

the solubility. The similar (positive or negative) charges generated on the surface 

of the adjacent protein molecules at pH of a solution other than its pI exhibit the 

repulsive forces and repel the protein molecules away from each other. On the 

contrary, when the pH of the solution is the same as the pI, the net charge on the 

surface becomes zero and there are no repulsive forces. This leads to loss of water 

monolayer on the surface of the protein, which in turn facilitates the interaction 

of intermolecular hydrophobic amino acids and formation of precipitates. Owing 

to this property of proteins, precipitation is a widely used technique in 

downstream purification processing of protein-based products in food, dairy, 

plasma fractionation and biopharmaceuticals. 

3.3.5. Oil removal 

Protein precipitates obtained as a pellet from the isoelectric precipitation were 

homogenised and divided into equal parts. These precipitates were treated with 

different solvents at 60 °C for one hour in stirring condition (200 RPM) to assess 

their oil extraction capacity. At the end of incubation, the mixture was 

centrifuged, the supernatant was collected separately and the pellet was 

resuspended in the same solvent for re-extraction, this process was repeated 

twice. Oil recovered from individual solvent wash were separated and weighed. 

Table 7: Oil removal from precipitates using different solvents. 

Solvents Number of 
washes 

Oil recovery 
(g/100 g feed) 

Oil recovery 
(%) 

Hexane 3 6.87 86.85 ± 3.71 

Ethyl ether 5 6.32 79.90 ± 7.93 

Ethyl acetate 4 6.51 82.30 ± 3.24 

It can be observed from the data (Table 7) that the total amount of oil extracted 

by all solvents were comparative, however, overall oil recovery with hexane was 

higher compared to ethyl ether and ethyl acetate. To remove 7.91 g of oil from 

100 g of feed material, 3 washes of hexane required compare to 5 and 4 for ethyl 

ether and ethyl acetate. Hence, the total volume of solvent required to extract 



 

81 
 

maximum extractable oil from the same feed was significantly less in the case of 

hexane.  

 

Figure 19: Oil removal with hexane, first wash (a), second wash (b) and third wash 
(c). 

Initial hexane wash removed a significant amount of oil compared to the second 

and third wash, where the amount of oil removed with third wash was 

insignificant or unquantifiable (Figure 19). On the other hand, Ethyl ether and 

ethyl acetate took 5 and 4 washes respectively i.e. significantly higher volumes of 

solvents. Oil removal carried out at room temperature using ethyl ether as it has 

a low boiling point (34.4 °C) and highly volatile, a probable reason for the 

variability in oil recovery. 

From a safety perspective, the residual solvent in the final product was taken into 

consideration. As per ICH guidelines, solvents are classified according to their 

Permissible Daily Exposure (PDE) (mg/day) or concentration limit (ppm) based 

on available toxicity data (135). Solvents used throughout the process are 

summarized below in Table 8 along with their class and residual limit.  

Table 8: Solvents used for kafirin purification and their classification. 

Solvent Class PDE 
(mg/day) 

Concentration 
limit (ppm) 

Hexane 2 2.9 290 

Ethyl ether 3 50 5000 

Ethyl acetate 3 50 5000 
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Ethanol 3 50 5000 

3.3.6. Drying 

Oil-free precipitates obtained after hexane wash at laboratory scale were 

incubated in a hot air oven for drying to remove hexane and residual water. 

Pellets obtained after drying were crushed to powder using mortar-pestle and 

stored at 2 °C to 8 °C. At higher scale, kafirin obtained after hexane wash was 

homogenised and spray dried using a mini spray dryer (B-290 advanced, Buchi). 

Residual solvent and water were recovered using inert loop and dehumidifier 

respectively. Kafirin dried using both procedures weighed to calculate recovery 

and assessed for the solubility of the final product. 

Kafirin dried using the hot-air oven was flakier and non-uniform (Figure 20, a) 

whereas spray-dried kafirin was uniform and powdery (Figure 20, b) in terms of 

particle size and texture. Kafirin purified kafirin with an oven and spray drying 

tested for solubility, it was observed that the spray-dried kafirin showed higher 

solubility compared to oven-dried kafirin. Scanning electron microscopy (SEM) 

examination of spray-dried kafirin revealed that the size of particles generated 

was in microns. Lower particle size generated offered larger surface area and 

hence increased solubility compared to oven-dried kafirin. Optimization of the 

spray drying process parameters to manufacture of kafirin particles within the 

desired size range and discussed in chapter 8.  

 

Figure 20: Final product oven-dried (a) and spray-dried (b) kafirin powder. 

(a) (b) 
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Data from Table 9 provides the comparative analysis between different drying 

processes in terms of recovery (%) and solubility (%) of the kafirin produced as 

a final product. Kafirin drying using hot air oven offered 100% recovery as the 

solvent evaporated at a higher temperature for prolonged duration leaving the 

kafirin cake, which then pulverised in fine powder whereas kafirin recovery with 

spray drying was up to 97 %. Since kafirin purified from developed process 

dissolved in an appropriate solvent system to materialise application, the 

solubility of the kafirin produced from both processes assessed, which varied 

significantly. Spray-dried kafirin showed 100 % solubility whereas solubility of 

oven-dried kafirin was around 74%.  

Table 9: Comparative data for recovery and solubility from different drying 
processes. 

Drying process Recovery (%) Solubility (%) 

Oven 100 74.41 ± 6.29 

Spray dryer 94.28 ± 2.57 100 

Difference between the solubility of kafirin from different drying processes can 

be attributed to properties of the kafirin produced and/or nature of the 

purification and/or drying process. For instance, kafirin dried in hot air oven 

forms cake, which then powdered resulting in particle size varying over a broad 

range whereas spray dryer produced kafirin particle size was restricted in 

micron. Consequently, microparticles generated with spray drying offered 

desired particle size (in microns) and higher surface area for solubilisation and 

hence faster and increased solubility. Also, oven drying exposes kafirin molecules 

at higher temperatures for prolonged duration i.e. approximately 8-10 hours to 

overnight whereas during spray drying, kafirin molecules exposed to a higher 

temperature for few seconds or less based on flowrate and protein concentration 

in the feed solution. The probable reason behind the  Exposure to higher 

temperature might have altered the molecular structure of kafirin or induced 

higher degree polymerization leading to the generation of higher molecular 

weight aggregates with limited solubility in aqueous alcohols (38,42). However, 

the mechanism behind the difference in solubility needs to be investigated at the 

molecular level for kafirin produced from different drying processes. 
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The drying process also ensured the removal of solvents used throughout the 

process. As the boiling point of both solvents, ethanol (78 °C) and hexane (68 °C) 

was less than the drying temperature (120 °C); these residual solvents recovered 

using inert loop in a spray dryer. It was confirmed when the final product 

analysed for moisture content as the weight difference was <1%.  

3.4. Quality by design 

QbD was implemented to identify the design space for the kafirin extraction 

process. QTPP and CQAs were identified and product design space was defined. 

A risk assessment carried out using FMEA to identify critical process parameter 

(CPPs). Identified CPPs were examined using DOE to determine the effect of 

individual parameter and their interactions on CQAs. process design space for the 

individual step was established based on characterisation studies, PARs for CPPs 

were established and validated. 

3.4.1. QTPP and CQAs 

QTPP and CQAs were identified considering optimum recovery and purity of the 

kafirin produced. Another important desirable trait of the kafirin being solubility 

of the final product as kafirin needs to be solubilised using appropriate solvent 

for application development.  

3.4.2. Product design space 

Recovery, purity and solubility were identified as CQAs. Essentially, each CQA 

needs defined and acceptable variability range to define the product design 

space. These ranges ultimately govern the process development as narrow 

ranges would require processes/ unit operations to be operated within narrow 

ranges i.e. small design space whereas broad ranges would allow processes to be 

operated over a wide range, hence significantly larger design space that offers 

flexibility with the operation. For instance, scaffolding in tissue engineering or 

similar applications would require high purity kafirin (>99%) which changes the 

entire QTPP of the kafirin to be produced. Here, we have discussed kafirin QTPP 

and CQAs considering films and spray coat as primary applications. CQAs with 



 

85 
 

acceptable ranges that defines QTPP that defines product design space are 

summarised in Table 10. 

Table 10: CQAs with acceptable ranges for the kafirin as a final product. 

CQAs Specifications 

Purity (%) >95% 

Recovery (%) >70% 

Solubility (%) >95% 

3.4.3. Risk assessment 

Risk analysis was carried out using the failure modes and effects analysis (FMEA) 

tool (136) to identify the parameters and their operating ranges that are likely to 

affect the overall process performance and product quality. Risk analysis was 

carried out based on three criteria, severity (S), occurrence or likelihood (O) and 

detection (D). Severity score assesses the impact of a failure mode due to a 

parameter and is estimated for an excursion three times the operating range for 

that particular parameter in certain unit operation. Occurrence score assigned 

based on how often the failure may occur or its likelihood, whereas, detection 

score specifies the probability of detection and possibility of correction of the 

excursion (Table 11). Product of all these scores provides the risk priority 

number (RPN) for individual parameters, which then ranked to identify the 

potential parameters with high risk for further analysis using DOE. 

Risk analysis carried out using FMEA as discussed above for the individual 

process parameter for each unit operation. Parameters considered for these unit 

operations are listed and discussed for their impact in terms of potential effects 

of failure and possible causes leading to failure of one or more CQAs.
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Table 11: Risk analysis tool used for performing FMEA for the proposed process to define the design space. RPN score derived from 
Severity, likelihood, and detectability for individual parameter were examined using this tool. 

Risk 
score 

Severity (S) Occurrence/ Likelihood (O) Detectability (D) 

(Assume excursion ~ 3× outside 
prescribed range) 

(Assume excursion outside 
normal operating range) 

(Assume excursion outside normal operating 
range) 

5 Fails final product specs >50% of the 
time, or product unrecoverable. 

>20% No way to detect the impact  

4 Fails in-process performance 
parameters >50% of time or 25% yield 
loss. 

5–20% 
Unit sampling and inspection. 
Defect not detected before process impact. 

3 Runs on edge of in-process acceptance 
limits or approximately 10% yield loss. 

1–5% Auto-detection/ inspection. 
Defect not detected before process impact. 

2 A slight effect on in-process quality 
attributes and yield. 

<1% Auto detection/ inspection. 
Defect detected before process impact. 

1 No effect on performance. Never Obvious defect. Always detected. 
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Table 12: FMEA of operating parameters for the extraction step. 

Parameters Potential failure 
mode 

Potential effect(s) 
of failure 

Potential cause(s) of failure S O D RPN 

Ethanol Weighing or 
operator error 

Low protein 
recovery 

Extraction solution saturation leading to loss 
of protein in the raffinate 

5 2 5 50 

Sodium 
hydroxide 

Weighing or 
operator error 
probe 
malfunction 

Low protein 
recovery Low 
purity 

Low may result in the incomplete dissolution 
of protein and high may lead to higher 
impurity levels. 

5 2 5 50 

Sodium 
metabisulphite 

Weighing or 
operator error 

Low protein 
recovery 

Less may reduce protein dissolution and high 
may not have any impact. 

5 2 5 50 

Extraction 
temperature 

Instrument 
malfunction or 
operator error 

Low protein 
recovery Low 
purity 

Kafirin trapped in starch gelling at high 
temperatures and higher non-protein 
impurities. Loss of protein in raffinate due to 
incomplete extraction at lower temperatures. 

5 2 2 20 

S/L ratio Weighing or 
operator error 

Low protein 
recovery Low 
purity 

Low may lead to loss of protein in raffinate 
due to saturation of extraction solution and 
high may not have any impact on recovery 
but attract higher impurities. 

5 2 2 20 

RPM Instrument 
malfunction or 
operator error 

Low protein 
recovery 

Low may lead to improper mixing and 
sedimentation leads to incomplete extraction 
and hence poor yield. High may not have any 
impact. 

5 2 1 10 

Extraction 
time 

Operator error Low protein 
recovery Low 
purity 

Less time leads to loss of protein in raffinate 
due to incomplete extraction and high in 
higher impurity levels. 

5 1 2 10 
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Figure 21: Pareto chart for parameter screening from FMEA analysis for the 
extraction step. 

Ethanol concentration, sodium hydroxide (NaOH) concentration, sodium 

metabisulphite (Na2S2O5) concentration, extraction temperature, S/L ratio, 

mixing speed (RPM) and extraction time were the parameters considered for 

extraction step. The outcome of FMEA analysis (Table 12) and Pareto chart was 

plotted based on the RPN score obtain from the potential excursion for a 

particular parameter. Some of the parameters might adversely affect when 

operated beyond higher or lower range while some may affect when operated 

beyond one of the extremes. For instance, high concentration of NaOH may lead 

to extraction of both protein and non-protein impurities such as oil whereas low 

concentration may lead to incomplete extraction leading to loss of protein in 

raffinate and hence low recovery. Similarly, low mixing speed may result in 

sedimentation and incomplete extraction whereas high may not have any impact.  

From FMEA analysis, ethanol, NaOH and Na2S2O5 concentrations identified as the 

potential parameters with high RPN scores (Figure 21) that might significantly 

affect the performance of extraction step as unit operation and subsequently the 

overall process. These parameters will be screened with DOE to identify the 

design space for the extraction step.   
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Table 13: FMEA of operating parameters for the separation step. 

Centrifugation 

Parameters Potential failure 
mode 

Potential effect(s) of 
failure 

Potential cause(s) of failure S O D RPN 

RPM Instrument 
malfunction or 
operator error 

Low recovery and low 
purity 

Low may lead to loose pellet formation, 
Higher liquid retention in pellet, 
Particulate supernatant. High may not 
have any impact. 

5 2 1 10 

Time Instrument 
malfunction or 
operator error 

Low recovery and low 
purity 

Low may lead to loose pellet formation, 
Higher liquid retention in pellet, 
Particulate supernatant. High may not 
have any impact. 

5 2 1 10 

 

Filtration 

Parameters Potential failure 
mode 

Potential effect(s) of 
failure 

Potential cause(s) of failure S O D RPN 

Filter area Operator error Low recovery and low 
purity 

Less may result in filter choking and 
high may not have any impact. 

5 2 1 10 

Volume Operator error Low recovery and low 
purity 

Less may not have any impact and high 
may result in filter choking. 

5 2 1 10 
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Figure 22: Pareto chart for parameter screening from FMEA analysis for the 
separation step. 

For separation steps, centrifugation speed (RPM) and time in centrifugation and 

filtration area and volume for filtration were considered for FMEA analysis. The 

outcome of the analysis and their RPN scores are listed in Table 13. Pareto chart 

was plotted with obtained RPN score based on their excursion, however, all the 

parameters have the same score. Most of these parameters, when operated at one 

of their extremes, might affect the recovery and subsequently purity and overall 

process yield. In case of centrifugation, both low speed and low time may result 

in loose pellet formation, higher liquid retention in the pellet with particulate 

supernatant, which leads to low purity and yield whereas high, may not have any 

impact. Similarly, low filtration area may result in filter choking; high may not 

have any impact and high filtration volume may lead to filter choking whereas 

low may not affect the process. 

From FMEA analysis, it can be concluded that all the parameters, centrifugation 

speed (RPM) and time for centrifugation and filtration area and volume for 

filtration have low RPN score (Figure 22) and excursion at one end might affect 

the process. Hence, these can be screened for their impact at one of their 

extremes.  
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Table 14: FMEA of operating parameters for the distillation step. 

Parameters Potential failure 
mode 

Potential effect(s) of 
failure 

Potential cause(s) of failure S O D RPN 

Temperature Instrument 

malfunction or 

operator error 

Low recovery and low 
purity 

Low may increase operation time and 

high may lead to loss of protein due to 

frequent bubbling. 

5 4 5 100 

RPM Instrument 

malfunction or 

operator error 

Low recovery  low  
purity 

Low may increase operation time and 

high may lead to loss of protein due to 

frequent bubbling and excessive 
agitation. 

5 2 2 20 

Vacuum Instrument 

malfunction or 

operator error 

Low recovery and low 
purity 

Low may increase operation time and 

high may lead to loss of protein due to 

frequent bubbling. 

5 2 2 20 
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Figure 23: Pareto chart for parameter screening from FMEA analysis for the 
distillation step. 

Temperature, mixing speed and vacuum applied were the parameters considered 

for FMEA analysis for distillation step. The outcome of the analysis and their RPN 

scores are listed in Table 14. Pareto chart was plotted with obtained RPN score 

based on their excursion, the only temperature has high RPN score whereas the 

other two have low scores. High temperature may lead to frequent bubbling and 

protein denaturation, which affects both purity and yield. Mixing speed and 

vacuum applied, their excursion from higher range end may lead to loss of protein 

only observed at higher temperatures. Both these parameters at a lower range 

may not impact the process. 

From FMEA analysis, it can be concluded that the parameters, Mixing speed and 

vacuum have low RPN score (Figure 23) and can be screened for their impact at 

one of their extremes. The temperature was the only parameter with high RPN 

score that needs to be screened for the ranges to obtain optimum yield. 
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Table 15: FMEA of operating parameters for the isoelectric precipitation step. 

Parameters Potential failure 
mode 

Potential effect(s) of 
failure 

Potential cause(s) of failure S O D RPN 

pH Probe malfunction 
or calibration error 

Low recovery and low 
purity 

Low and high, both may lead to 
incomplete precipitation and higher 
protein impurities. 

5 5 3 75 

Time Operator error Low recovery and low 
purity 

Low may lead to loss of protein due to 
incomplete precipitation and high may 
attract nonspecific precipitation of 
impurities. 

5 3 1 15 

RPM Instrument 
malfunction or 
operator error 

Low recovery and low 
purity 

Low may decrease the precipitation 
and hence poor yield, high may lead to 
excessive agitation, precipitate 
disintegration and protein loss in the 
supernatant. 

5 2 1 10 
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Figure 24: Pareto chart for parameter screening from FMEA analysis for 
isoelectric precipitation step. 

FMEA analysis for isoelectric precipitation step was carried out using three 

parameters namely pH, time and mixing speed. The outcome of the analysis and 

their RPN scores are listed in Table 15. Pareto chart was plotted with obtained 

RPN score based on their excursions, where pH was the only process parameter 

with high RPN score whereas time (min) and mixing speed (RPM) have low RPN 

score. Excursions at both ends for pH will adversely affect the process, as 

operation at both ends will lead to incomplete precipitation and incorporation of 

protein impurities, which significantly affect the process yield and purity. 

Excursions for time (min) and mixing (RPM) may affect the CQAs, however, the 

impact may not be significant and hence the low RPN score. 

From FMEA analysis, it can be concluded that the pH is the only process 

parameters with high RPN score and needs to be screened for the ranges to obtain 

the optimum yield (Figure 24).  
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Table 16: FMEA of operating parameters for the oil removal step. 

Parameters Potential failure 
mode 

Potential effect(s) of 
failure 

Potential cause(s) of failure S O D RPN 

Temperature Probe malfunction 
or calibration error 

Low recovery and low 
purity 

Low may lead to inefficient oil 
removal and high may lead to loss of 
solvent due to evaporation. 

3 3 2 18 

RPM Instrument 
malfunction or 
operator error 

Low recovery and low 
purity 

Low may increase impurities and 
high may not have any impact. 

3 2 1 6 

Time Operator error Low recovery and low 
purity 

Low may increase impurities and 
high may not have any impact 

3 1 1 3 

No. of 
washes 

Operator error Low purity Low may increase impurities and 
high may not have any impact 

3 1 1 3 
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Figure 25: Pareto chart for parameter screening from FMEA analysis for oil 
removal step. 

Temperature, mixing speed (RPM), time and number of washes were considered 

for FMEA analysis for oil removal step. The outcome of the analysis and their RPN 

scores are listed in Table 16. Pareto chart (Figure 25) was plotted with obtained 

RPN score based on their excursions, where temperature with relatively high 

RPN score and others were listed with low RPN scores. Excursions at lower ends 

for all parameters may affect the oil removal efficiency whereas higher range may 

not effect. 

From FMEA analysis, it can be concluded that temperature and mixing speed 

(RPM) are the parameters identified with relatively high RPN score, however, no 

further exploration required considering low individual RPN score. 
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Table 17: FMEA of operating parameters for the drying step. 

Parameters Potential failure 
mode 

Potential effect(s) of 
failure 

Potential cause(s) of failure S O D RPN 

Inlet 
temperature 

Instrument 
malfunction or 
operator error 

Low recovery Low may lead to increased operation 
time and protein loss due to high 
liquid/ moisture content and high 
may degrade/ denature the protein 
and hence poor recovery. 

5 3 4 60 

Flow rate Instrument 
malfunction or 
operator error 

Low recovery Low may not have any impact and 
high may lead to loss of protein due 
to high liquid/ moisture content. 

5 2 4 40 

N2 flow Instrument 
malfunction or 
operator error 

Low recovery Low may lead to increased operation 
time and protein loss due to high 
liquid/ moisture content and high 
may not have any impact. 

5 2 2 20 
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Figure 26: Pareto chart for parameter screening from FMEA analysis for the 
drying step. 

For drying step, inlet temperature, flow rate and N2 flow were the parameters 

considered for analysis. The outcome of FMEA analysis is as shown in Table 17 

and Pareto chart (Figure 26) was plotted based on the RPN score obtain from the 

potential excursions for a particular parameter. High inlet temperature may 

degrade/ denature the protein and lead to poor recovery whereas low may lead 

to protein loss due to high liquid/ moisture content and to increased operation 

time and hence the high RPN score. Similarly, high flow rate and low N2 flow may 

lead to loss of protein due to high liquid/ moisture content resulting in low yield 

whereas low flow rate and high N2 flow may not have any impact. 

From FMEA analysis, inlet temperature and flow rate were identified as the 

potential parameters with high RPN scores (Figure 26) that might significantly 

affect the performance of drying step as unit operation and subsequently the 

overall process. These parameters will be screened with DOE to identify the 

design space for the drying step. 
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3.4.4. Process characterization and process improvement 

3.4.4.1. Extraction 

This study was carried out to determine the effect of identified potential 

parameters and their interactions on CQAs. These parameters were screened at 

three levels, ethanol (45, 60 and 75%), NaOH (0.3, 0.6 and 0.9 g/100mL) and SMB 

(0.1, 0.5 and 1 g/100mL), experimental design and results are listed in Table 18.  

Table 18: Experimental design for the extraction step for yield (%). 

Sr. No. Ethanol NaOH SMB Yield (%) 

1 45 0.3 0.1 36.45 

2 45 0.3 0.5 41.09 

3 45 0.3 1 46.06 

4 45 0.6 0.1 52.50 

5 45 0.6 0.5 57.46 

6 45 0.6 1 61.54 

7 45 0.9 0.1 63.55 

8 45 0.9 0.5 67.83 

9 45 0.9 1 71.48 

10 60 0.3 0.1 51.70 

11 60 0.3 0.5 54.56 

12 60 0.3 1 61.55 

13 60 0.6 0.1 66.56 

14 60 0.6 0.5 71.28 

15 60 0.6 1 76.02 

16 60 0.9 0.1 74.13 

17 60 0.9 0.5 81.19 

18 60 0.9 1 84.48 

19 75 0.3 0.1 28.49 

20 75 0.3 0.5 32.86 

21 75 0.3 1 38.47 

22 75 0.6 0.1 34.46 

23 75 0.6 0.5 41.20 

24 75 0.6 1 49.17 

25 75 0.9 0.1 44.63 

26 75 0.9 0.5 49.95 

27 75 0.9 1 54.60 
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The R2 value and p-value for the model are listed in Table 19 and Table 20 

respectively. The p-value (<.0001) for the model is less than the significance level 

of 0.05, which indicates that at 0.05 significance level, the coefficient is not zero. 

The R-square value is the coefficient of determination that shows the proportion 

of the variance in the response (yield) variable, which is explained by the given 

model. R-square can range from 0 to 1. A model with an R-square value of 0 has 

no prediction power whereas a model with an R-square of 1 can perfectly predict 

the response. Here, the R-square value of 0.995 for the given model indicates that 

the model explains about 99.5% of the variability in kafirin yield for the 

extraction step. These small p-values and R-square value indicate that the model 

is statistically significant. 

Table 19: Summary of fit for kafirin yield (%) from the extraction step. 

RSquare 0.995 

RSquare Adj 0.992 

Root Mean Square Error 1.39 

Mean of Response 55.31 

Observations (or Sum Wgts) 27 

The data obtained from the input parameters were analysed using analysis of 

variance (ANOVA). The ANOVA summary obtained from the model for extraction 

yield is given in Table 20.  

Table 20: ANOVA summary for a full factorial design for kafirin yield from the 
extraction step. 

Source DF Sum of 
Squares 

Mean Square F Ratio 

Model 9 6207.90 689.77 359.44 

Error 17 32.62 1.92 Prob > F 

C. Total 26 6240.52  <.0001* 

The value obtained for the model for F-ratio and p-value were 359.44 and <.0001 

respectively which suggest that the model is significant. Effect summary in Table 

21 lists the model effects based on their p-values. Here, the effects are listed in 

decreasing order as per their significance.  

Table 21: Effect summary for kafirin yield for the extraction step. 
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Source LogWorth  PValue 

NaOH (0.3,0.9) 16.365  0.00000 

Ethanol (45,75) 12.878  0.00000 

SMB (0.1,1) 10.721  0.00000 

Ethanol*NaOH 5.039  0.00001 

NaOH*NaOH 2.717  0.00192 

Ethanol*SMB 0.972  0.10673 

SMB*SMB 0.415  0.38479 

NaOH*SMB 0.128  0.74512 

Higher values of LogWorth indicates the smaller p-values and greater 

significance. Ethanol, SMB and NaOH concentrations were significant effects as 

they have low p-value, the same is true for ethanol x SMB interaction. 

 

Figure 27: Actual v/s predicted plot for kafirin yield from the extraction step. 

The actual by predicted plot (Figure 27) shows that there is no obvious evidence 

of lack of fit. Model is significant as indicated by the p-value mentioned and the 

actual by the predicted plot. Effect test report (Table 22) suggests that three of 

the model's terms, ethanol, SMB, NaOH and ethanol x NaOH interaction 

considered significant at 0.05 level, other interactions with higher values were 

not significant. 

Table 22: Effect tests details for kafirin yield for the extraction step. 

Source Nparm DF Sum of 
Squares 

F Ratio Prob > F 

Ethanol (45,75) 1 1 848.038 441.911 <.0001* 

NaOH (0.3,0.9) 1 1 2229.271 1161.669 <.0001* 
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Source Nparm DF Sum of 
Squares 

F Ratio Prob > F 

SMB (0.1,1) 1 1 459.045 239.208 <.0001* 

Ethanol*NaOH 1 1 74.501 38.822 <.0001* 

Ethanol*SMB 1 1 5.567 2.901 0.107 

NaOH*SMB 1 1 0.210 0.109 0.745 

Figure 28 shows the effect of individual process parameter on extraction yield. 

Curvature in the graph for ethanol shows that both extremes of ethanol 

concentration range under screening resulted in low yield whereas maximum 

yield obtained at 57% concentration. In contrast, an increase in NaOH and SMB 

concentration resulted in higher extraction yield. 

 

Figure 28: Effect of individual process parameter on extraction yield. 

 

Figure 29: Interaction profiles of process parameters for the extraction step. 

Interaction profiles of selected process parameters indicate the effect their 

interactions at various levels on extraction yield (Figure 29). Curvature in the 

graph for ethanol (first column) demonstrates the variation in yield because of 

increasing ethanol concentration at various concentrations of other ingredients. 
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Similarly, the second and third columns show the influence of the interaction of 

different concentrations NaOH and SMB respectively with other ingredients on 

extraction yield. 

While performing DOE experiments, it was observed that both SMB (1 %) and 

NaOH (0.9 %) were not completely dissolved and tend to crystallise as sediments 

when mixed at higher concentrations of ethanol (75 %). Incomplete dissolution 

of SMB and NaOH might be the reason for low recovery with high ethanol 

concertation mix and reflected in the results from experimental data (Table 18). 

In contrast, kafirin yield was relatively higher at low ethanol concentration (45 

%), which indicates that NaOH and SMB concentrations are important CPPs. 

 

Figure 30: Surface profiles for the interaction of process parameter interaction and 
their effect on extraction yield. Surface profilers for (a) SMB x NaOH, (b) SMB x 
ethanol and (c) NaOH x ethanol. 

Surface profilers show the impact on extraction yield from the interaction at 

various levels of different process parameters (Figure 30). Surface profilers for 

SMB x NaOH (Figure 30a) show that with an increase in concentrations of both 

ingredients, extraction yield also increases. However, SMB x ethanol (Figure 30b) 

and NaOH x ethanol (Figure 30c) depicts that extraction yield increased with an 

increase in concentrations of ingredients but limited by a further increase in 

ethanol concentrations. Curvature in both the surface profilers resembles the 

profile for the effect of ethanol on extraction yield (Figure 28). Surface profilers 

(Figure 30b and c) also shows that ethanol concentration as a process parameter 

governs the extraction yield whereas SMB and NaOH assist with further increase 

in the yield. 
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Contour profilers from different process parameters give the idea about design 

space to achieve >70% process yield (Figure 31a and b) when operated within 

operating ranges for interacting process parameters. It can be gathered from the 

contour profilers that minimum 70% extraction yield can be achieved with 

ethanol concentrations (52 to 62 %) keeping SMB and NaOH concentrations >0.6 

g/100 mL of extraction solution. 

 

Figure 31: Contour profilers depicting design space to achieve >70% extraction 
yield with operating ranges for interacting process parameters. Contour profiles for 
(a) SMB x ethanol and (b) NaOH x ethanol. 

Based on design space derived for extraction step from characterisation studies, 

it was concluded that 57 ± 3.2% (w/w) ethanol concentration with SMB and 

NaOH concentrations 0.8 ± 0.2 % (w/w) and 0.75 ± 0.15 % (w/w) respectively 

considered ideal for kafirin extraction. However, contour profilers and surface 

plot (Figure 30a) for SMB and NaOH indicate that excursion towards higher 

concentrations would result in higher yield. As discussed earlier, complete 

dissolution of SMB and NaOH was not possible at high ethanol concentrations, 

however, low ethanol concentration/increased aqueous component permitted 

dissolution of SMB and NaOH even at higher concentrations. Excursion studies 

were carried out to validate the observation. The design space derived from these 

excursion studies resulted in kafirin yield (>80%) from the extraction step 

whenever operated within the PARs given in Table 23. 
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Table 23: PARs derived from process characterisation and excursion studies for 
the extraction step. 

CPPs PAR Old set point 

Ethanol (%) (w/w) 56 ± 3 60 % 

SMB (%) (w/w) 1.4 ± 0.3 1.0 g/100 mL 

NaOH (%) (w/w) 1.3 ± 0.2 0.9 g/100 mL 

3.4.4.2. Separation 

Centrifugation and filtration opted for separation of kafirin rich extract from solid 

raffinate. For centrifugation, maximum recovery obtained at 4700 rpm and 30 

minutes centrifugation time. Data obtained from the preliminary study (Section 

3.3.2.1) suggests that higher centrifugation speed and time result in higher 

recovery. At lab scale, centrifugation was a prerequisite for filtration to generate 

particulate-free material for distillation step.  

At higher scale, a 100 µm mesh was used as an initial filter and the resulting 

filtrate was again filtered with 0.8/0.2 µm filter. Introduction of mesh instead of 

centrifugation increased the volume recovery as extract retention volume in 

pellet significantly reduced. Hence, the separation step does not need to be 

characterised at this stage. 

3.4.4.3. Distillation 

Distillation was used to remove and recover ethanol from extraction solution 

with kafirin. Risk assessment of the distillation step identified temperature as an 

important process parameter and assigned high RPN score. The temperature was 

the only process parameter identified as high risk, however, distillation at higher 

scale can be regulated with automated temperature controls along with other 

parameters such as vacuum and mixing. Hence, the distillation step does not need 

to be characterised. 

3.4.4.4. Isoelectric precipitation 

Isoelectric precipitation removes protein impurities present in ethanol-free 

stream generated from distillation. Risk assessment for isoelectric precipitation 

as unit operation indicated pH as a high-risk process parameter with high RPN 

number. Optimum pH range for the optimum recovery and purity was screened 
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through OFAT studies conducted earlier along with excursion on both extremes. 

It was found that the low pH extreme resulted in significant kafirin yield but also 

increased protein impurities. On the other hand, excursion towards high pH 

range resulted in low total protein and consequently low kafirin yield. Data from 

these excursions indicate that screening required within pH range 4.0 to 5.0. 

As an additional measure to increase the purity, precipitates were washed with 

water. Pellets obtained after centrifugation were resuspended in water, 

homogenised and incubated in stirring condition for 15 minutes. The mixture 

was centrifuged, supernatant and pellets were separated. The washing step 

repeated three times where water-soluble proteins, impurities and residual 

chemicals used throughout the process were solubilised and retained in the 

supernatant. Purified kafirin obtained as firm pellet assessed for total protein and 

kafirin content. 

Characterisation study was carried out to determine the effect of identified 

potential parameters and their possible interactions on CQAs. These parameters 

were screened at three levels for process parameters pH (4.0, 4.5 and 6.0) and 

precipitation time (45, 60 and 75 minutes), experimental design and the results 

obtained are listed in Table 24. 

Table 24: Experimental design for protein precipitation step for kafirin yield (%). 

Sr. No. pH Time 
(min) 

Kafirin 
yield (%) 

1 4 45 74.38 

2 4 60 81.54 

3 4 75 82.49 

4 4.5 45 89.37 

5 4.5 60 94.87 

6 4.5 75 96.16 

7 5 45 91.24 

8 5 60 96.87 

9 5 75 97.28 

Significance of both R2 value and p-value explained earlier (in section 3.4.4.1) and 

are listed in Table 25 and Table 26 respectively for isoelectric precipitation step. 

The p-value (<.0001) for the model is less than the significance level of 0.05 
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indicates that the coefficient is not zero. Similarly, the R-square value of 0.999 for 

the given model indicates that the model explains about 99.9% of the variability 

in kafirin yield for the isoelectric precipitation step. This small p-value and R-

square value indicate that the model is statistically significant. 

Table 25: Summary of fit for kafirin yield (%) from the isoelectric precipitation 
step. 

RSquare 0.999 

RSquare Adj 0.998 

Root Mean Square Error 0.347 

Mean of Response 89.356 

Observations (or Sum Wgts) 9 

The data obtained from the input parameters (pH and operation time) were 

analysed using analysis of variance (ANOVA). The ANOVA summary obtained 

from the model for kafirin yield from isoelectric precipitation is given in Table 26.  

Table 26: ANOVA summary for the full factorial design for kafirin yield from 
isoelectric precipitation step. 

Source DF Sum of 
Squares 

Mean Square F Ratio 

Model 5 531.650 106.330 885.053 

Error 3 0.360 0.120 Prob > F 

C. Total 8 532.011  <.0001* 

The value obtained for the model for F-ratio and p-value were 885.05 and <.0001 

respectively which suggest that the model is significant. Effect summary in Table 

27 lists the model effects based on their p-values and effects are listed in 

decreasing order as per their significance.  

Table 27: Effect summary for kafirin yield for isoelectric precipitation step. 

Source LogWorth  PValue 

pH (4,5) 4.886  0.00001 

pH*pH 3.861  0.00014 

Time (45,75) 3.835  0.00015 

Time*Time 2.750  0.00178 

pH*Time 1.234  0.05831 
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As mentioned earlier in section 3.4.4.1, higher LogWorth value indicates the 

smaller p-values and greater significance. pH is the only parameter with 

significant effects as it has low p-value, an observation supports the assigned high 

RPN score during the risk assessment. 

 

Figure 32: Actual v/s predicted plot for kafirin yield from isoelectric precipitation 
step. 

The actual by predicted plot (Figure 32) shows that there is no obvious evidence 

of lack of fit. Model is significant as indicated by the p-value mentioned and the 

actual by predicted plot. As evident from the effect test report (Table 28), only pH 

was considered significant at 0.05 level, operation time and interactions with 

higher values were not significant. 

Table 28: Effect tests details for kafirin yield from isoelectric precipitation step. 

Source Nparm DF Sum of 
Squares 

F Ratio Prob > F 

pH (4,5) 1 1 367.853 3061.878 <.0001* 

Time (45,75) 1 1 73.081 608.296 0.0001* 

pH*Time 1 1 1.071 8.917 0.0583 

pH*pH 1 1 76.056 633.059 0.0001* 

Time*Time 1 1 13.589 113.113 0.0018* 

Figure 33 shows the effect of pH and operation time as an individual process 

parameter on kafirin yield from isoelectric precipitation step. Curvature in both 

the graphs shows that both extremes of ranges for pH and operation time under 

screening resulted in low yield and maximum yield obtained at pH 4.8 and 65 

minutes of operation time. Interaction profiler also suggests that a decrease in pH 
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results in low yield as pH of the system moves away from the kafirin pI and hence 

lower rate and amount of precipitation due to increasing unfavourable 

conditions. A decline in kafirin yield with further increase in time confirmed the 

observation from OFAT studies. 

 

Figure 33: Effect of individual process parameter on kafirin yield from isoelectric 
precipitation step. 

Interaction profiles of screened process parameters indicate the effect their 

interactions at various levels on kafirin yield from isoelectric precipitation step 

(Figure 34). Curvature in the graph for pH (first column) demonstrates the 

variation in yield at a varying range of pH for different operation time. Similarly, 

the second column shows the influence of the interaction of different pH within 

the given operation time range on kafirin yield. Kafirin yield was relatively low 

for pH 4 with an increase in time compared to pH 5. However, curvature in the 

graphs from interaction profiler and individual effect (Figure 33) indicates that 

optimum pH and operation time for maximum yield rests between the screened 

ranges for both parameters. 
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Figure 34: Interaction profiles of process parameters for the isoelectric 
precipitation step. 

Surface profilers demonstrate the effect of the interaction of different process 

parameters at various levels on kafirin yield (Figure 35). Profile depicts that at 

kafirin yield increase at a given pH with an increase in time up to 70 minutes and 

decrease with further increase in time, an observation consistent throughout the 

characterised pH range. Similarly, kafirin yield increase for a given operation 

time point and pH up to 4.8 and decreases with further increase in pH.  

 

Figure 35: Surface profiles for process parameter interaction and their effect on 
kafirin yield from isoelectric precipitation step. 
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Figure 36: Contour profilers depicting design space for isoelectric precipitation 
step. 

Contour profiler for isoelectric precipitation step gives the idea about design 

space to achieve >90% kafirin yield (Figure 36) when operated within operating 

ranges for interacting process parameters. It can be gathered from the contour 

profilers that minimum 90% extraction yield can be achieved with pH ranging 

from 4.5 to 5.0 and operation time 60 to 75 minutes. 

Based on characterisation studies for kafirin extraction, a design space derived 

for isoelectric precipitation step and experiments were carried out to validate the 

PARs. Based on validation studies, it was concluded that minimum kafirin yield 

(>90%) can be achieved when operated within the PARs given in Table 29. 

Table 29: PARs derived from process characterisation studies for the extraction 
step. 

Parameter PAR Old set points 

pH 4.8 ± 0.1 5.0 

Operation time (min) 65 ± 5 60 

3.4.4.5. Oil removal 

Temperature and mixing speed (RPM) were identified as process parameters 

with high risk, however, as discussed earlier during risk assessment (section 
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3.4.3); low individual RPN score (Table 16) of these parameters suggests that oil 

removal step does not need to be characterized at this stage. 

3.4.4.6. Drying 

Inlet temperature and flow rate were identified as the potential process 

parameters with high RPN scores. Automated spray dryer will be used for drying 

operations at higher scale where inlet temperature and flow rate controlled using 

automated controllers. Considering automated controls for these parameters, the 

drying step does not need to be characterized at this stage. 

3.4.5. Process design space for kafirin extraction 

Process characterization exercise established base and aided with defining 

process design space for kafirin extraction. Characterisation studies carried out 

using DoE based approach highlighted the main effects of individual CPPs as well 

as their interactions on CQAs. CPPs for different unit operations throughout the 

process assigned PARs from the characterisation studies. The resulting matrix 

from the outcome of these studies forms the design space for different CQAs that 

defines QTPP. The design space derived from the characterisation studies met the 

criteria decided earlier (Table 10) for CQAs. The designed process resulted in >70 

% recovery with > 95 % solubility and purity for the purified kafirin.  

A comparative summary of processes developed with traditional (OFAT) and 

QbD based approach compared in terms of process parameters, step yield and 

overall process yield presented in Table 30. Unit operations with major changes 

in the identified CPPs (in bold letters) with their PARs derived from design space. 

Also, individual step recoveries and overall process recovery were compared to 

indicate the significant increase in the overall recovery from a process developed 

with QbD based approach. 
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Table 30: Comparative summary of processes developed using traditional and QbD based approaches. 

Process step Parameters OFAT 
setpoints 

OFAT based 
process recovery 
(%) 

QbD PARs QbD based 
process recovery 
(%) 

Extraction Ethanol (%) 60 87.49 56 ± 2.8 92.48 
 

SMB (%) 1 2.6 ± 0.6 
 

NaOH (%) 0.9 1.5 ± 0.2 
 

Temperature (°C) 60 60 
 

S/L ratio 1:6 1:6 
 

Time (min) 45 45 ± 10 
 

Particle size (µm) 100 to 250 100 to 250 
 

RPM 200 200 

Separation 
(Filtration) 

Coarse filter (µm) NA 89# 100 96.88 

Filter (µm) 0.8/0.2 0.8/0.2 

Isoelectric 
precipitation 

pH 5 68.41 4.8 ± 0.1 93.25 

Time (min) 60 65 ± 5 

Defatting Temperature (°C) 60 98 60 97.69 
 

Time (min) 60 60 

 S/L ratio 1:5  
 

Number of washes 3 3 
 

RPM 200 200 

Drying 
(Spray dryer) 

Temperature (°C) 120 96.93 120 95.11 

Time (min) Varies* Varies* 

Overall recovery 
  

50.60 
 

77.63 

CPPs for the characterised unit operations highlighted with their PARs. 
*: Operation time depends on the process stream volume. 
#: Separation step recovery from centrifugation followed by filtration. 
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3.5. Process adaptation for DDGS  

DDGS was explored as an economic alternative for kafirin extraction instead of 

sorghum grain or flour. DDGS is a solid waste generated from the distilleries and 

ethanol bio-refineries after fermentation of grain followed by ethanol recovery. 

The starch from the seeds converted to glucose and finally to ethanol with the 

help of yeast and/or added enzymes during fermentation leaving the protein-rich 

residue. Ethanol removed as distillate and the stillage is processed to separated 

syrup and cake, latter milled to DDGS.  Process adaptation exercise was carried 

out to accommodate the DDGS instead of sorghum flour as feed material for 

kafirin extraction. Since both raw materials vary in terms of their 

physicochemical and biochemical properties such as kafirin/total protein 

content and impurity distribution, process parameters of individual unit 

operations were modified accordingly. 

3.5.1. DDGS pre-treatment 

Initially, DDGS was extracted for kafirin with the same process parameters used 

for sorghum flour; however, the attempt resulted in a loss of the significant 

amount of protein in the raffinate. During separation of extract from raffinate, 

higher particle size of DDGS lead to the formation of loose pellet resulting in the 

supernatant with high particulate matter. In other words, it was difficult to 

separate the supernatant by decanting. Turbid and high-particulate matter 

supernatant led to increased filtration area required for supernatant clarification. 

DDGS was milled to finer particle size (< 500 µm) to address the issue and to 

achieve higher extraction rates. Finer particle size resulted in firm pellet 

formation and reduction in the filter area required post centrifugation. 

Furthermore, a coloured extract obtained after initial extraction suggests that 

initial DDGS washes need to be introduced in the existing process to get rid of 

colour and other water-soluble impurities. Initial water wash followed by 0.5 M 

NaCl wash and another water wash was introduced, which partially removed 

these impurities. The first water wash removed water-soluble coloured 

impurities, low molecular weight impurities such as albumins generated during 

milling, fermentation and distillation process and water-soluble protein such as 

globulins that are intrinsic to the raw material (Figure 37a). Apart from kafirin, 
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albumins, globulins and low molecular weight nitrogenous impurities constitute 

~26 % of the total protein in the sorghum seeds (137). Saline wash removed 

proteins that are insoluble in water but soluble in saline solutions and residual 

colour (Figure 37b). Second water wash aimed at the removal of residual salt 

from the saline wash also removed residual coloured impurities along with 

remaining low molecular weight nitrogenous impurities (Figure 37c).  

 

Figure 37: DDGS pre-treatment supernatant: (a) first water wash, (b) Saline wash 
and (c) second water wash. 

3.5.2. Extraction and separation 

After initial extraction from DDGS (Figure 38a), the supernatant was separated 

and analysed for protein and kafirin content. Extraction yield from the first 

extraction (54.16 %) from DDGS was significantly low. It was later confirmed by 

higher protein and kafirin content of raffinate, which indicated that re-extraction 

was required as the protein content of DDGS (35-40 %) was significantly higher 

than sorghum flour (12.4 %). Similarly, higher solid to liquid ratio (1:6) was 

considered for DDGS extraction. Re-extraction of residual proteins from DDGS 

raffinate significantly improved the yield of extraction (96.41 %). Extraction 

mixture was passed through 100 µm mesh and later filtered with 0.8/0.2 µm 

filter. 
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3.5.3. Distillation and isoelectric precipitation 

The clarified supernatant (Figure 38b) was then subjected to distillation to 

recover ethanol and pH of the remaining aqueous solution was adjusted to 4.8 ± 

0.2. Precipitates were separated from the supernatant by centrifugation and 

recovered as a pellet. It was observed that the precipitation pellet and 

supernatant were moderately coloured. Pellets were resuspended in water and 

kept on stirring condition for 15 minutes; the procedure repeated 3 times. 

Supernatant from the initial wash was coloured (Figure 38c), the third water 

wash was relatively clear. Precipitates obtained after last wash was weighed to 

calculate the step recovery. 

 
Figure 38: Process streams from DDGS extraction. Post-extraction mix (a) before 
centrifugation and filtration, (b) after filtration and (c) post pI precipitation 
water wash. 

3.5.4. Oil removal and drying 

Precipitates obtained after the last water wash were treated with hexane to 

remove oil. The solid to liquid ratio and number of hexane washes for the oil 

removal were same i.e. 1:5 and 3 respectively considering variability in the raw 

material. First two washes removed coloured impurities whereas the third wash 

was relatively clear. Kafirin from laboratory scale batches dried using hot air 

oven and the spray dryer was used at a higher scale. 

Unit operations across the entire extraction process and the process parameters 

were modified/optimised to accommodate the DDGS. Process steps/unit 

operations along with process parameters modified are summarised in Table 31.  
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Table 31: Summary of process adaptations to accommodate DDGS as raw material for kafirin extraction. 

Process steps Parameters Details Purpose 

Pre-treatment Water and saline 
wash 

Water wash  Process related impurity removal 
(albumin, globulin and other water-soluble impurities) 

0.5 M NaCl wash Remove globulins and colour 

Water wash  Remove residual salt and colour 

Extraction Particle size 100-250 µm The higher surface area offers higher mass transfer and 
increased rate of extraction 

S/L ratio 1:6  Higher protein content (35-40 %) in feed material 

Number of 
extractions 

2 Higher protein content (35-40 %) in the feed material 

Distillation Runs 2 Increased solvent load from higher S/L ratio and 
additional extraction  

pI precipitation Water wash 3 Removal of water-soluble impurities, residual salts and 
colour 

Defatting S/L ratio 1:5 Colour and oil removal 

Number of washes 3 Colour and oil removal 
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Table 32 summarises data from a representative batch for individual step 

recovery and overall process yield for kafirin extraction from DDGS. Kafirin yield 

for most of the steps for DDGS was comparable to extraction from flour. 

Isoelectric step increased by 3.57 %, which might be due to high kafirin 

concentration in the input stream for this step and reduced water-soluble protein 

impurities as a result of additional water washes. 

Comparative data from the representative batches for kafirin extraction from 

sorghum flour (Table 30) and DDGS (Table 32) confirmed the fact that the 

process developed with QbD based approach can produce a consistent quality 

product. Protein to extraction solution ration was the key factor while 

accommodating different raw materials for this process. DDGS and sorghum flour 

vary greatly in terms of their protein and kafirin content. In order to 

accommodate DDGS, rational changes were made, based on the difference 

between kafirin content of flour (7.89 %) and DDGS (26.9 %) as latter would 

require 3 times more solvent to extract the equivalent amount of kafirin. 

However, the comparable yield was achieved with the same S/L ratio and re-

extraction of raffinate from initial extraction with fresh extraction solution. It was 

demonstrated that by keeping the protein content to solvent ratio constant, the 

extraction process resulted in comparable yield even with variability in the raw 

materials. It was assumed that ethanol fermentation and prolonged heat 

treatment are part of the process that produces DDGS might have generated 

highly cross-linked non-extractable kafirins. The observation was confirmed 

upon analysis when it was found that amount of extractable kafirin in raffinate 

was not significant although it has high protein content. 

3.6. Scale-up 

Kafirin extraction process developed at bench/lab-scale was upscaled to 20 fold 

in order to demonstrate scalability. Scale-up was carried out considering 

infrastructure available in the laboratory. Process parameters for unit operations 

were kept constant for both the scales. 
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3.6.1. Extraction and separation 

The extraction process was carried out in a 7.5 L glass reactor with stainless steel 

headplate with six-bladed Rushton turbine impellers attached to the motor with 

speed range form 25 – 1200 rpm for mixing. The temperature was sensed by a 

Resistance Temperature Detector (RTD) inserted through thermowell 

submerged in the mixture and controlled by process control software throughout 

the process. The temperature of the reactor maintained with detachable stainless 

steel jacketed bottom-dished head for the temperature-controlled water 

circulation.  

Preheated DDGS was added to the extraction solution maintained at 60° C in the 

glass reactor.  Agitation speed was set to 200 rpm and mixed for 45 ± 10 minutes.  

The slurry was removed and passed through 100 µm mesh followed by 0.8/0.2 

µm filter. The raffinate retained using mesh was added with fresh extraction 

solution.  The process was repeated and filtered/clarified streams were pooled. 

Initial kafirin content of DDGS (26.9 %) was extracted in a given condition, where, 

96 % of kafirin was extracted indicating that ~11 g was lost in raffinate, which as 

discussed earlier might be non-extractable kafirin. Filtration of the extract 

resulted in 97.78% recovery, where 5.74 g of kafirin was lost in extraction 

solution retained in the raffinate. 

3.6.2. Distillation and isoelectric precipitation 

The clarified extract was added to distillation flask and ethanol was recovered.  

Process parameter for distillation was kept constant as the same setup was used 

with the larger capacity distillation flask (4.0 L). Kafirin rich aqueous solution 

obtained at the end of each run were pooled. Aqueous solution pool obtained 

from distillation collected in a glass bottle kept on continuous stirring condition. 

The pH of the solution was adjusted to 4.8 ± 0.1 with 6.0 N HCl and incubated for 

65 ± 5 minutes. The mixture was centrifuged and pellets were water washed for 

3 times. 

96.41 % kafirin was retained as precipitates where almost 9 g of kafirin lost 

during the water washes, which can be considered as this step increases the 

purity of stream by removing water-soluble impurities. 
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3.6.3. Oil removal and drying 

Pellets were washed with hexane (3x) to remove oil and coloured impurities. 

Kafirin was dried and obtained in powdered form using a spray dryer. 

Both these steps, oil removal and drying resulted in 97.68 % and 95.81% kafirin 

yield respectively. Drying step recorded loss of ~10 g of Kafirin, however, higher 

batch sizes would result in reduced loss. 

Table 32: Comparative data summary of step recovery and overall process yield 
for kafirin extraction from DDGS at laboratory scale and scale-up batch. 

Process steps Laboratory scale 20x scale-up 

Protein 
(g) 

Kafirin 
yield (%) 

Protein 
(g) 

Kafirin 
yield (%) 

DDGS 26.9 -- 269 -- 

Extraction 24.06 89.46 258.3 96.02 

Filtration 23.07 95.88 249.53 96.60 

Isoelectric precipitation 22.34 96.82 241.54 96.80 

Oil removal 21.92 98.11 236.69 97.99 

Drying 21.38 97.56 227.96 96.31 

Overall recovery 
 

79.48   84.74 

Individual step recovery and overall process yield from both laboratory and 

scale-up batches are summarised in Table 32. Kafirin yield for individual steps 

was comparable, where, overall process yield for the scale-up batch was higher 

than laboratory-scale batch. Certain factors lead to the difference between the 

recoveries such as sampling at individual step, process stream loss during 

operation and transfer of intermediates. At laboratory scale, since the volumes 

and quantities of process intermediates are significantly smaller compare to 

scale-up, removal of a fixed amount of sample matters at a small scale. Similarly, 

transfer and processing lead to loss due to incomplete recovery from vessels and 

reactors. These factors add to the decrease in overall recovery, however, it can be 

gathered from these observations that loss of kafirin at the pilot and commercial 

scale will be low and may not have a significant impact on step yield and overall 

recovery. 

Kafirin purified at both scales analysed with SDS-PAGE for quality and 

comparability purpose. Non-reduced (NR) kafirin sample with HMW and LMW 
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was also loaded on the gel for comparison. It was observed that the quality of 

kafirin extracted from DDGS at both scales was comparable. Both HMW and LMW 

impurities were removed. However, there were some faint bands observed below 

the main kafirin band. These bands might be the second most abundant form (β-

kafirin), next to α-kafirin. There were no dimers or HMW aggregates present 

above the main band and LMW fragments below (probable β-kafirin and) main 

kafirin band. 

 

Figure 39: SDS-PAGE analysis of kafirin extracted from DDGS at laboratory scale 
and scale-up batch. 
Lane 1- Kafirin (NR), 2-Kafirin-laboratory scale (R) and 3-Kafirin- scale-up batch 
(R). 

3.7. Conclusions 

Kafirin purification process was developed from sorghum flour using traditional 

OFAT approach where individual unit operations were optimised by scanning 

different process parameters within a given range.  Unit operations were 

optimised considering kafirin purity, recovery and to minimize the raw material 

usage.  Kafirin purification process developed using OFAT approach provided set 

points for individual parameters from each unit operation, which resulted in 

50.60% kafirin recovery from the process. 

QbD based approach was implemented to characterise the process. Kafirin purity, 

yield and solubility were considered as important CQAs. A risk assessment 
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carried using FMEA identified potential critical process parameters for individual 

unit operation. These process parameters varied within characterisation ranges 

considering excursions the possibly affect CQAs. DOE based experimental designs 

were used to assess the effect of individual process parameters and their 

interactions on kafirin yield. A design space derived for individual unit operation 

using CPPs from the characterization studies data. PARs were assigned to CPP’s 

and validated to assure consistent kafirin recovery and purity from the process.  

Kafirin purification process resulted in 77.63 % process recovery when operated 

within assigned PARs. Ethanol usage for the developed process is 56 %, which is 

significantly less than earlier reported in-house and (70 %) other processes (≥ 70 

%) discussed in the literature review (15,138,139). 

DDGS opted as an economical alternative native to sorghum flour.  Kafirin 

purification process design using QbD based approach was able to accommodate 

DDGS with minor changes in the process considering high protein content.  

Overall, process recovery for kafirin extraction from DDGS at laboratory-scale 

was 79.48 %. 

A 20-fold scale-up was planned for the designed process using DDGS, where, 

individual step recovery for each unit operation was comparable.  Scale-up batch 

using DDGS reported at 84.74 % process recovery.  Qualitative analysis of kafirin 

purified from laboratory-scale and scale-up batch suggest that they were 

comparable. 

It can be concluded that QbD based approach for process development helped 

design a process at laboratory-scale with defined operating ranges that produce 

kafirin with consistent purity and recovery.  Define PARs derived from 

characterisation studies provides the flexibility with the operation and laid down 

a platform for easier scale-up. 
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Chapter 4: Column chromatography 

and scale-up 
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4.1. Introduction 

Kafirin being highly hydrophobic and celiac safe makes it a subject of interest for 

various food, pharmaceutical and biomedical applications. The growing interest 

in the food processing applications, micro and nanoparticles for drug delivery 

and scaffolding for tissue engineering using kafirin has raised the prerequisite of 

high purity kafirin at a larger scale. Moreover, like other prolamins, kafirin has 

attracted a lot of attention in recent years as they satisfy the demand of being eco-

friendly, cost-effective and ample availability for proposed and ongoing research 

to develop targeted applications. Earlier, kafirin has been extracted using organic 

solvents and acids such as ethanol, isopropanol, t-butanol, acetic acid with other 

additives such as reducing agents (15,32,122,140). Generous use of these 

solvents ensure the higher yield, however, lack of selectivity of these solvents 

results in lower purity. Kafirin extract is then processed with a series of unit 

operations that are energy-intensive and again with a lack of selectivity for 

kafirin. Unlike these unit operations, chromatography offers higher recovery and 

selectivity as the conditions to purify a targeted moiety and can be customised to 

achieve desired purity, recovery, or both. 

Chromatographic separation has been reported earlier for separation of 

prolamins, mostly for zein, at both analytical and preparative scales (141–144). 

Similarly, separation using chromatography has been reported for kafirin on a 

few occasions, however, all these accounts are at analytical scale (77,78,138) and 

none at the laboratory, pilot or production scale. To develop a kafirin purification 

process, hydrophobic interaction (HIC) or reverse phase chromatography (RPC) 

cannot be used, which makes ion exchange resins more suitable for kafirin 

purification at the preparative scale. An earlier report has shown the capability 

of ion exchange resins for kafirin purification (79). Oil, the major impurity co-

extracted with kafirin is a neutral moiety. Since there is no charge on oil, it will 

flow through the column and only kafirin molecules will bind which makes the 

purification easier as compared to the other existing multistep processes. 

In the present study, next-generation resins were assessed for their binding 

capacities through adsorption isotherm and uptake kinetics. To identify the resin 

candidate bench-scale experiments were performed to evaluate the effects of 

various operating parameters such as pH, buffer composition, the solvent content 
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of the mobile phase, and the gradient. Mobile phase conditions and gradient with 

optimum purity and recovery were chosen from the experimental data. Effect of 

flow rate and protein loading was evaluated based on resin performance to 

obtain a better separation. Initial experiments conducted to screen the optimum 

conditions such as mobile phases, binding capacity, gradient design were 

conducted using a HiTrap™ column (1 mL). Once the optimum conditions were 

finalised, an XK16 column (5 mL) was used maintaining both kinetic and dynamic 

equivalence between the columns. Both these columns were successfully tested 

for their equivalence by operating them at identical bed height, mobile phases, 

linear flow rate, protein load (mg protein/ mL of resin) and run conditions. 

To process higher volumes, the usual approach is to maintain plate count and 

proportional increase of the feed volume and the column volume by keeping the 

bed height the same with a proportional increase in the diameter, which keeps 

the contact/residence time constant when operated at same linear flow rates. The 

XK 16 column was packed with the Capto Q resin with an increased bed height of 

10 cm and operated keeping the same residence/contact time. The bed height to 

be used at the pilot and/or commercial scale should be kept constant with the 

bench scale to achieve comparable column performance.  

4.2. Materials 

Chromatography resins Capto Q and SP Sepharose Fast Flow purchased from GE 

Healthcare (Australia), Toyopearl QAE-550C, Toyopearl SuperQ-650M and 

Toyopearl SP-650M from Tosoh Bioscience (USA). XK16 and prepacked HiTrap™ 

columns purchased from GE Healthcare (Australia). 12% Mini-PROTEAN® TGX™ 

Precast Protein Gels, 2x Laemmli sample buffer, Precision Plus Protein™ 

Unstained Standards (Broad-Range SDS-PAGE Standards), PowerPac™ Universal 

Power Supply, Mini-PROTEAN® Tetra Vertical Electrophoresis Cell and NGC™ 

Medium-Pressure Liquid Chromatography Systems were from Bio-Rad 

Laboratories, CA, USA. All chemicals, namely, 2-mercaptoethanol, absolute 

ethanol, sodium metabisulphite, sodium hydroxide, hydrochloric acid, methanol, 

acetic acid, formaldehyde, sodium thiosulphate, silver nitrate, sodium carbonate 

were purchased from Sigma-Aldrich (Australia). Analytical instruments used 
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were 2400 CHNS/O Series II System and UV-VIS spectrophotometer (both from 

Perkin Elmer). 

4.3. Methods 

4.3.1. Kafirin extraction 

Kafirin was extracted from sorghum flour using the process developed and 

explained in chapter 3. Briefly, sorghum flour was mixed with extraction solution 

and stirred at 200 rpm for 1 hour at 60 °C. The mixture was centrifuged; the 

supernatant was separated and filtered with a 1.0 µm prefilter followed by a 0.45 

µm filter. The extraction step was repeated with the remaining sediments to 

ensure maximum recovery of kafirin. Filtered supernatants were pooled and 

ethanol was recovered by distillation.  The pH of the remaining aqueous solution 

was adjusted to 4.8 ± 0.2 using 1.0 N HCl. The solution was stirred for 65 ± 5 

minutes at room temperature. The mixture was centrifuged at 4700 rpm for 20 

minutes, the supernatant was discarded and the sediments were washed three 

times with 10 volumes of hexane to remove the oil. Sediments obtained were 

dried in a hot air oven overnight and the kafirin solids obtained after drying were 

ground to a powder and stored at room temperature until further analysis and 

studies. 

4.3.2. Kafirin solubilisation 

Kafirin extracted from the sorghum flour was solubilised in 60 % (w/w) ethanol 

for anion exchange and cation exchange chromatography at pH 9.0 and 1.5 

respectively. Solutions were slowly stirred at 60 °C for 20 minutes. Then, 

solutions were brought to room temperature and the ethanol vaporised during 

dissolution was made up with absolute ethanol. Solutions were filtered through 

pre-weighed filter paper to separate the insoluble residue. These filter papers 

were dried and weighed and the weight of insoluble residue after filtration was 

calculated. These insoluble residues were assessed with CHN analysis to 

determine loss of kafirin and their identity was confirmed with SDS-PAGE. The 

weight of these insolubles was also considered when calculating the 

concentration of kafirin in the solution. 
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Table 33: Physicochemical properties of the ion-exchange resins selected for kafirin adsorption studies. 

Description 
Toyopearl 
QAE-550Ca 

Toyopearl 
SuperQ-
650Ma 

Capto Qb 
Toyopearl 
SP-650Ma 

SP FFb 

Functional group Quaternary 
ammonium 

Quaternary 
ammonium 

Quaternary 
ammonium 

Sulphonate Sulphonate 

Base matrix Methacrylate Methacrylate Agarose Methacrylate Agarose 

Particle size (µm) 100  65 90 65 90 

Pore size (Å) 500 1000 – 1000 – 

Ion capacity 
(meq/mL) 

0.33 0.25 0.16 – 0.22 0.15 0.18 – 0.25 

Dynamic capacity 
(mg/mL) 

60 – 80c 105 – 155c > 100c 40 – 60c 70d 

Working pH range 1 – 13 1 – 13 2 – 14 1 – 13 3 – 14 

a: Manufactured by Tosoh Biosciences 
b: Manufactured by GE Healthcare 

c: Dynamic capacity with BSA 
d: Dynamic capacity with RNase A 
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4.3.3. Adsorption isotherm studies 

Kafirin adsorption upon three anion-exchange and two cation-exchange resins 

were studied and adsorption isotherms determined in batch systems. All resins 

had variations in physiochemical properties such as ligand chemistry, particle 

size, pore size, ion and dynamic binding capacity (Table 33) and were studied to 

observe the effects of these parameters on adsorption. Ion exchange resins were 

washed with deionised water to remove the storage solution and then 

equilibrated with 60 % (v/v) aqueous ethanol at pH 9.0 for anion exchangers and 

at pH 1.5 for cation exchangers on a rocker shaker for 30 minutes in separate 

tubes. 3 mL of kafirin solution of different concentrations ranging from 3 mg/mL 

to 20 mg/mL were contacted to the resins in respective tubes and kept on the 

rocker shaker for 3 hours at room temperature. At the end of incubation, tubes 

were centrifuged at 3000 rpm for 5 minutes and the supernatant was collected 

from each tube. 3 mL of equilibration buffer was added and the sample incubated 

for 20 minutes on the rocker shaker to wash off any unbound or loosely bound 

protein from the resin. Later, elution of bound kafirin was undertaken with 3 mL 

of elution buffer composed of 60 % (v/v) aqueous ethanol with 0.7 M sodium 

chloride at pH 5.5 for 20 minutes on the rocker shaker. This elution step was 

repeated three times and eluates were pooled to ensure stripping-off of 

maximum possible kafirin under given elution conditions. Resins were 

regenerated using 60 % (v/v) aqueous ethanol with 1.0 M sodium chloride at pH 

4.5 for 30 minutes on the rocker shaker. All batch adsorption experiments were 

performed in triplicates. 

4.3.4. Uptake kinetic study 

Anion and cation exchange resins (5.0 mL each) were incubated with the 25 mL 

kafirin solutions at pH 1.5 and 9.0 respectively for 80 minutes on a rocker shaker. 

Samples were taken at appropriate time intervals. One sample per minute for the 

first five minutes, five-minute intervals until 30 minutes elapsed followed by ten-

minute intervals until 80 minutes. 
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4.3.5. Column packing and qualification 

XK 16 column packing was done in a way slightly different from the 

manufacturer’s recommendations. Column parts were cleaned and rinsed with 

DI water and assembled in the following order. Column bottom adapter was 

connected to the column tube ensuring that there was no air bubble/pockets 

between the nylon ring and support screen. 5 mL of 20% ethanol was poured in 

the column and the level was marked for the final bed height (2.5 cm). Resin 

slurry was poured on the glass wall by tilting the column to avoid air bubble 

trapping followed by 20% ethanol to wash the walls. Once the resin bed was 

settled, the top adapter was inserted and fixed at around 2 to 5 mm above the 

resin layer. 20 % ethanol followed by water was passed through the resin bed 

and the flow rate of the water was gradually increased to 300 cm/h to ensure 

uniform bed packing. The packed column was then stored in 20% ethanol at room 

temperature until further use. The same column was packed with a 10 cm bed 

height for scale-up experiments. 

Column qualification to evaluate packing quality was performed by the pulse test. 

The column was equilibrated with water at 20 cm/h and injected with tracer (2% 

v/v acetone - 1% of the column volume). Water was passed at the mentioned flow 

rate until the tracer elutes and the chromatogram was analysed for plate number 

(N), asymmetry (AS) and height equivalent to a theoretical plate (HETP) using 

formula given below. 

𝑁 = 5.545 × (
𝑉𝑅

𝑊ℎ
)

2

 

Where, VR = volume eluted from the start of a sample application to the maximum 

peak height and Wh= peak width measured at half of the peak height 

𝐻𝐸𝑇𝑃 =  𝐿 𝑁⁄  

Where, L is bed height and N is plate number 

𝐴𝑠𝑦𝑚𝑚𝑒𝑡𝑟𝑦 𝑓𝑎𝑐𝑡𝑜𝑟 (𝐴𝑠) =  𝑏 𝑎⁄  
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Where, a = first half peak width at 10 % peak height and b = second half peak 

width at 10 % peak height. 

4.3.6. Chromatography conditions 

The column was washed with water to remove the storage solution and 

equilibrated with equilibration buffer. Kafirin extract was loaded on the column 

and equilibration buffer was passed to wash excess or loosely bound proteins and 

impurities. Elution buffer was passed through the column to elute the bound 

protein and collected as fractions. The column was regenerated using extraction 

solution with 1.0 M NaCl solution to remove tightly bound fractions such as 

aggregates and other impurities. The column was sanitised with 0.5 M NaOH 

solution and stored in 0.1 M NaOH solution until further use, or in 20% ethanol 

for long-term storage.  

4.3.7. Scale-up 

The XK16 chromatography column was packed with the resin (5 mL) to 2.5 cm 

bed height to keep the linear flow rate (150 cm/h) consistent with the process 

developed at HiTrapTM column scale. Volumetric flow rates (mL/min) for column 

regeneration, sanitisation and storage were adjusted accordingly. Process steps 

at this scale were kept consistent with the process at HiTrapTM column scale 

starting from equilibration followed by protein loading and post-load wash, 

finally elution, column regeneration and storage keeping the same CVs at each 

step.  

For further scale-up the XK16 chromatography column was packed with the same 

resin (20 mL) with increased bed height to 10 cm; which enables higher protein 

loading (20X). Flow rates were adjusted accordingly to maintain the residence 

time (i.e. 1 min). CVs for each step were kept the same to maintain the process 

volumes constant and hence the concentrations for individual process streams.  

All process stream outputs were collected for required qualitative and 

quantitative analysis to calculate the step yield, recovery and impurity profile 

among the processes from different scales. Total protein and kafirin recovery will 

be considered as parameters for the process validation. 
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4.3.8. Analysis 

Samples generated during the studies were subjected to qualitative and 

quantitative analysis using spectrophotometry, CHN analysis and SDS-PAGE. 

Data obtained from the quantitative analysis were used to determine the step 

yield and overall recovery of the process. The qualitative analysis indicated the 

impurity profile for the individual process streams. 

4.3.9. Spectrophotometry 

Samples generated during adsorption studies were quantitated for their 

concentrations and mass balance calculations. Kafirin concentration of purified 

fractions was determined using UV-VIS spectrophotometry by measuring 

absorbance at 280 nm. Standard curves were generated for both pH 9.0 and pH 

1.5 kafirin solutions to determine the unknown concentrations based on 

absorbance. 

4.3.10. SDS-PAGE 

Samples generated from the study were analysed as mentioned earlier in chapter 

3 (section 3.2.2.3) for the presence of kafirin (monomer), kafirin related 

impurities (such as low molecular weight fragments, dimers or aggregates) and 

other protein impurities. Samples were loaded on 12% SDS-PAGE gels and 

allowed to run at 100 V. Gels were processed with silver staining for detection of 

protein bands. 

4.3.11. Protein recovery 

Samples were quantitated using elemental analysis for their protein content 

based on their nitrogen content. Acetanilide was used as a standard to calibrate 

the elemental analyser. The factor of 6.25 was used for nitrogen-to-protein 

conversion (145). Protein recovery was calculated as follows. 

𝑃𝑟𝑜𝑡𝑒𝑖𝑛 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦 (%) =  
𝑇𝑜𝑡𝑎𝑙 𝑝𝑟𝑜𝑡𝑒𝑖𝑛 𝑖𝑛 𝑜𝑢𝑡𝑝𝑢𝑡 𝑠𝑡𝑟𝑒𝑎𝑚𝑠 

𝑇𝑜𝑡𝑎𝑙 𝑝𝑟𝑜𝑡𝑒𝑖𝑛 𝑖𝑛 𝑙𝑜𝑎𝑑
 × 100 

4.3.12. Oil removal 

Oil was recovered from the process intermediates (solids) as explained earlier 

(refer section 3.2.7 for oil removal). FT and wash were pooled and subjected to 
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distillation to remove organic solvents and water. The remaining fraction was 

extracted with hexane to recover the oil.  

4.3.13. SE-HPLC 

SE-HPLC of purified kafirin samples was carried out using Agilent Bio SEC-3 with 

3 µm particle size and 100 Å pore size. This column can separate proteins of 

molecular weight ranging from 0.1 to 100 kDa. Column dimensions were 4.6 mm 

(inner diameter) and 300 mm length. Samples were analysed using the Agilent 

1260 Infinity II series HPLC system (Agilent Technologies Inc.) at 214 nm. 50 % 

ethanol with 1% sodium metabisulphite at pH 8.0 was used as the mobile phase. 

Purified kafirin samples were dissolved in the mobile phase to achieve 4 mg/mL 

sample concentration and filtered with 0.1 µm syringe filters before injection. 5 

µL sample was injected on the equilibrated column and 0.3 mL/min flow rate was 

maintained throughout 40 minutes run time. 

4.4. Results and discussion 

4.4.1. Insolubles from kafirin solubilisation 

To confirm the presence of kafirin and determine the concentration of kafirin in 

solutions prepared for adsorption studies, SDS-PAGE and CHN analysis of the 

insoluble solids were performed. Kafirin lost as insoluble fractions at pH 1.5 and 

9.0 were found to be < 2.0 % and 8.74 % respectively, which indicated that 

dissolution at pH 9.0 leads to comparatively higher kafirin loss. Furthermore, loss 

of kafirin as insoluble residues was confirmed by SDS-PAGE (Figure 40). 

Prolonged exposure to heat and other operating parameters during extraction 

might be one of the reasons behind the lack of solubility of kafirin under the given 

conditions.  
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Figure 40: Kafirin insoluble residues detection by non-reducing SDS-PAGE. 
Lane 1: Broad range marker, lane 2: pH 1.5 insoluble solids, lane 3: pH 9.0 
insoluble solids. 

4.4.2. Adsorption studies 

Kafirin adsorption was studied on strong ion exchange resins with different 

physicochemical properties as listed in (Table 33). Langmuir or Freundlich 

adsorption isotherm models can explain adsorption of kafirin on the resin. 

Langmuir isotherm model (1) considers monolayer adsorption (146) whereas 

the Freundlich isotherm model (2) is a multilayer adsorption process (147). 

These isotherms give an empirical relation between concentrations of protein on 

the surface of resin with respect to the concentration of protein in the solution in 

contact with the resin. 

Adsorption isotherms are classified into four main groups (S, L, H and C) based 

on their slope and curvatures (148). This classification was purely based on 

observations, which determines the type of isotherm from the shape of a curve, 

in the present case, the convex curvature of the isotherm supports Langmuir 

isotherm. Langmuir isotherm is considered an indicator of monolayer adsorption 

on the homogeneous adsorbent surface. qmax and Kd values from the Langmuir 

equation defines the maximum adsorption capacity and interaction strength of 
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the protein with the resin respectively. Moreover, the value of the Langmuir 

equilibrium constant (RL) indicates the type of isotherm for the given protein 

with a given resin candidate, such as RL =0 indicates that the isotherm is 

irreversible whereas values 1 and >1 indicates that it is linear and unfavourable 

respectively. An ideal scenario, 0 < RL < 1 confirms that the isotherm is 

favourable. 

 

Figure 41: Adsorption isotherm data of kafirin adsorption for resins. 
Toyopearl QAE-550C (a), Toyopearl SuperQ-650M (b), Capto Q (c), Toyopearl SP-
650M (d) and SP FF (e). 

Langmuir isotherm    𝑞𝑒 =
𝑞𝑚𝑎𝑥𝐶𝑒

𝐾𝑑+𝐶𝑒
                                (eq. 1) 

Langmuir equilibrium constant 𝑅𝐿 =
1

1+(𝐶0 𝐾𝑑⁄ )
                                          (eq. 2) 

Freundlich isotherm   𝑞𝑒 = 𝑞𝑓𝐶𝑒
1

𝑛⁄                                             (eq. 3) 
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Where, qe: equilibrium concentration in solid (mg/mL resin), qmax: Langmuirian 

adsorption capacity (mg/mL resin), Ce: equilibrium concentration in solution 

(mg/mL), C0: initial bulk-liquid phase concentration (mg/ml), Kd: Langmuirian 

dissociation constant (mg/mL), qf: Freundlich adsorption capacity (mg/mL), n: 

Freundlich adsorption intensity. 

The values of adsorption constants such as maximum adsorption capacity (qmax) 

and dissociation coefficient (Kd) values for all ion exchange resins were 

determined initially by doing linear regression using Hanes-wolf (149) and 

Lineweaver-Burk plots (150) but they did not give optimised fit. Hence, Curve 

fitting application in MATLAB 2014b was utilised for non-linear regression to get 

a better fit to the experimental data (Table 34). Similar approach was reported 

earlier to obtain fit using non-linear regression (151–156). As mentioned earlier, 

Langmuir isotherm supports monolayer adsorption whereas Freundlich 

isotherm, which is an extension to the former, adopts multilayered adsorption. 

Also, Freundlich isotherm is usually used whenever the Langmuir isotherm fails 

to address the protein adsorption behaviour with the particular resin. According 

to a study, it was observed that kafirin adsorption on ion-exchange resins follows 

both Langmuir and Freundlich adsorption isotherm models (79). However, the 

present study confirmed that Langmuir, which is monolayer adsorption, is a 

favourable mechanism involved in the kafirin adsorption process. Though 

Freundlich isotherm showed a precise fit, it was rejected. The reason being, the 

value of intensity factor (n) that dictates the adsorption was greater than 1 which 

underestimated adsorption capacity for the resins. Furthermore, data obtained 

from the Langmuir isotherm equation (Table 34) gave a fair idea about the 

adsorption capacity of the resins which was closer to the literature values for 

kafirin (79). To further support the applicability of Langmuir isotherm, the value 

of Langmuir isotherm equilibrium constant, RL was found to be less than 1 for all 

inlet concentrations of adsorption experiment, which as explained earlier, 

suggesting reversible binding kinetics making it favourable for the 

chromatographic separation. Equilibrium adsorption data from batch studies of 

kafirin adsorption with isotherm fits at varying initial concentrations are shown 

in Figure 41.  
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The maximum binding capacity (qmax) gives an idea about the amount of kafirin 

required to saturate all possible binding sites. Both cation exchangers, Toyopearl 

SP-650M (135.40 mg/mL) and SP FF (118.60 mg/mL) have the highest binding 

capacity as compare to their anion counterparts (Table 34). Among the anion 

exchangers, Toyopearl SuperQ-650M has the highest binding capacity (102.30 

mg/mL) followed by Capto Q (63.99 mg/mL) while Toyopearl QAE-550C (57.60 

mg/mL) with similar lower values. These differences are probably due to 

differences in particle size and resulting surface area available for adsorption. 

Other parameters such as higher pore size and low ionic capacity also facilitate 

adsorption capacity. Experimental data were compared with literature values 

from findings of Kumar et at. The value of qmax for Toyopearl QAE-550C was 

comparable to literature whereas Toyopearl SuperQ-650M and Toyopearl SP-

650M showed 49.7 % and 130 % higher values respectively. The selected resin 

in the research reported was UNOsphere Q (qmax = 78.26) which is not considered 

in this work. In the present study, CaptoQ provided comparative binding capacity 

with higher binding strength (~ 1/3rd Kd value) than UNOsphere Q, making it a 

better option to use at high flow rates. In extension to this, Capto Q has proved to 

be an efficient resin in the current research paradigm because of its unique design 

such as porosity, high bead rigidity and operation flexibility at higher bed heights 

(157). 

The dissociation constant (Kd) is equally important which indicates the degree of 

interaction between kafirin and the resin candidate under screening. Kd values 

for ion exchangers lie between 10−8M and 10−4M (158). Higher Kd value indicates 

weaker interaction whereas low Kd value denotes strong binding (Milner 1999) 

which leads to lower yield. Both the cation exchangers have Kd values much 

higher which indicate weaker binding compared to anion exchangers, which 

means loss of protein and hence low recovery during elution. Toyopearl SuperQ-

650M, the anion exchanger with the higher binding capacity also demonstrated 

high Kd value which again falls into the same category as evaluated cation 

exchangers. Capto Q is the next suitable candidate with fair binding capacity and 

low Kd value that assures strong binding and hence better recovery which is 

evident from the experimental data (Table 35). Also, binding capacity for Capto 
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Q and Toyopearl QAE-550C derived from Langmuir isotherm is comparable to 

the experimental values whereas the values for other resins are not comparable. 
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Table 34: Results for Langmuir and Freundlich isotherm models from adsorption studies. 

Resin 

 Langmuir isotherm  Freundlich isotherm 

 
qmax 

Kd 

(x 10-5) 
R2 RL at C1  RL at C6  

 
qmax 

Kd 

(x 10-5) 
R2 

SP FF 
 

118.60 9.62 0.9995 0.71 0.26 
 

13.17 1.47 0.9986 

Toyopearl SP-650M 
 

135.40 16.43 0.9946 0.27 0.05 
 

9.29 1.34 0.9940 

Capto Q 
 

63.99 2.73 0.9835 0.32 0.07 
 

19.04 2.18 0.9989  

Toyopearl SuperQ-

650M 

 
102.30 11.89 0.9798 0.52 0.14 

 
9.95 1.47 0.9931 

Toyopearl QAE-550C 
 

57.60 2.87 0.9080 0.27 0.05 
 

16.60 2.14 0.9545 

qmax: Adsorption capacity in mg of protein/mL of resin, Kd: Dissociation constant 

1Molecular weight of kafirin as 27 KDa (40) 
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Table 35: Average kafirin adsorbed (%) on different ion exchange resins. 

Resin Kafirin Adsorbed (%) 

Toyopearl QAE-550C 56.80 

Toyopearl SuperQ-650M 47.10 

Capto Q 60.50 

Toyopearl SP-650M 36.80 

SP FF 47.30 

4.4.3. Uptake kinetics 

Initial concentrations of the kafirin solutions loaded on each anion and cation 

exchange resin was 16.99 mg/mL and 18.62 mg/mL respectively, determined by 

analysis of the insoluble solids formed during dissolution. Uptake kinetic data 

obtained for kafirin adsorption on each ion-exchange resin is shown in Figure 42. 

Adsorption rates of kafirin on cation exchange resins were slightly slower than 

those for anion-exchange, which was reflected by the higher Kd values calculated 

in the equilibrium adsorption experiments. It can also be observed that 

equilibrium was reached at approximately 30 minutes mark for both cation-

exchange resins in comparison to the 10 minutes with anion exchangers. Among 

cation exchangers, Toyopearl SP-650M saturated earlier compared to SP FF, 

however amount of protein bound to later was higher. Anion exchanger took the 

similar time (3-4 minutes) to achieve saturation; Capto Q and Toyopearl QAE-

550C were comparable in terms of total bound protein whereas least protein 

adsorption was observed on Toyopearl SuperQ-650M (Table 35).  

Owing to the low qmax for Toyopearl QAE-550C, equilibrium concentration was 

higher than that of Toyopearl Super Q-650M and Capto Q. Besides, adsorption on 

Capto Q was found to be slightly faster than Toyopearl SuperQ-650M which is 

again reflected by lower Kd value. However, it is evident from the experimental 

values (Table 35) amount of protein adsorbed on Capto Q was high compared to 

other ion exchange resins. Furthermore, Capto Q also offers a lower pressure 

drop across the resin bed which is an added advantage for upscale of 

chromatographic processes (GE LifeSciences 2006). 
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Figure 42: Uptake kinetics data of kafirin adsorption for resins. 
Toyopearl QAE-550C (a), Toyopearl SuperQ-650M (b), Capto Q (c), Toyopearl SP-
650M (d) and SP FF (e). 

4.4.4. Column chromatography 

Capto Q was finalised as an ideal resin candidate from uptake kinetics and 

adsorption isotherm studies. Its binding capacity was tested at a small scale in 

bind and elution mode as mentioned earlier in section 4.3.6. 

Column qualification was carried out to ensure efficiency or performance of the 

column as it assures robustness and desired quality and safety of the final 

product. It can be expressed in terms of the height equivalent to a theoretical 

plate (HETP) and asymmetry factor (AS). Representative chromatogram (Figure 

43) and column qualification parameters (Table 36) derived from column 
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efficiency testing exercise for Capto Q informed about the packed column and its 

performance during separation. Peak asymmetry value obtained as the column 

qualification parameter was 1.09, based on that, the column considered qualified 

for the chromatography as the asymmetry value should fall within the range of 

1.0 ± 0.2.  

Column efficiency also expressed as the number of plates per meter of column 

bed height (N) or as HETP (H). The number of plates are hypothetical stages 

where molecules come into equilibrium. Greater the number of theoretical plates 

for a column, the more efficient the separation. HETP is used to normalise the N 

across columns of different dimensions. A lower HETP value for a particular 

column signifies better separation and is usually measured over time to monitor 

the column performance. Increase in HETP value points out decay in column 

performance and indicates the requirement for column repacking. 

 

Figure 43: Capto Q column chromatogram from column efficiency testing. 

Table 36: Column qualification parameters. 

No  Retention 
(ml) 

Area 
(mAU*ml) 

Height 
(mAU)  

Plates/ 
Meter 
(N/m)  

10 % 
Left (ml)  

10 % 
Right (ml)  

Asymmetry 
(AS)  

1  8.27  314.17  329.91  5104  7.46  9.16  1.09  

Although HETP and asymmetry cannot be used to predict the recovery of the 

process or purity of the product, it is the quickest way to test the performance of 

the column and chromatography system. This test was repeated regularly to 

monitor the state of the bed throughout the working life of the column and assess 

its performance over time.  



 

142 
 

4.4.5. Anion exchange chromatography: Capto Q HiTrap 

Anion exchange chromatography was carried out using Capto Q HiTrap column. 

The column was flushed with water to remove the storage solution and 

equilibrated with the buffer consists of 60 % ethanol at pH 9.0. Kafirin dissolved 

in equilibration buffer was loaded and FT was collected to assess any unbound 

kafirin. The column was washed with equilibration buffer to remove any loosely 

bound material. As observed in the chromatogram (Figure 44), kafirin elutes out 

in a single peak (eluate peak) when the elution buffer was passed. A small peak 

(high molecular weight (HMW) aggregate peak) emerged on the tailing end of the 

main peak. The column was stripped off any tightly bound impurities using 

regeneration buffer. Another peak (regeneration peak) was observed when the 

regeneration buffer was passed which was collected separately.  

These collected fractions were analysed using SDS-PAGE to identify the product 

and process-related protein impurities in different streams. Electrophoresis 

profile of these samples revealed that the eluate peak contains kafirin with faint 

bands of LMW and HMW impurities. The HMW peak eluted later contains a 

prominent kafirin band with HMW impurity band of relatively higher intensity 

than in the eluate peak. These HMW impurities might have eluted because of 

loose binding to the column due to the strength of the interaction between these 

HMW and ligand may be similar to that of kafirin molecule and ligand. These loose 

interactions may occur due to several reasons such as unavailability of ligand due 

to the hydrodynamic radius of the molecule bound to the adjacent ligand. 

Similarly, high concentration of the protein during elution is likely to result in the 

higher intermolecular interactions resulting in the generation of high molecular 

weight aggregates. The regeneration peak at the end contains the majority of 

tightly bound HMW that elutes under strong elution conditions, which is at high 

salt concentrations. 
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Figure 44: Anion exchange chromatogram for kafirin purification with Capto Q 
Hitrap column. 

4.4.6. Anion exchange chromatography: Capto Q in XK16 column 

Considering higher aggregate content and loss of kafirin in HMW and 

regeneration peak (Figure 44), 1% sodium metabisulphite was added to buffers 

as a reducing agent to avoid intermolecular interactions and generation of HMW. 

As evident from the chromatogram (Figure 45), anion exchange chromatography 

performed with the buffers containing reducing agent resulted in absence of 

HMW peak and a significant reduction in regeneration peak, which are nothing 

but tightly bound HMW aggregates. Addition of reducing agent resulted in better 

yield 86% (earlier ~80%) and higher purity (>98 %). 
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Figure 45: Anion exchange chromatogram for kafirin purification with Capto Q at 
a higher scale. 

Unlike earlier trial (Figure 44), a peak was observed (in loading region) as crude 

kafirin extract was loaded that contains both protein and non-protein impurities. 

The peak was collected and labelled as flow-through (FT) along with the post-

load equilibration buffer wash as it contains all protein and non-protein 

impurities that do not bind to the column in a given condition. FT analysis by SDS-

PAGE confirmed that there was no kafirin, which assures the binding of desired 

protein at given conditions. Presence of other protein bands in the FT stream 

suggesting that most protein impurities did not bind to the column. It was 

observed that oil did not bind to the column, as it has no charge and was collected 

in FT. After the post-load wash, elution buffer was passed to elute the protein of 

interest, which resulted in a peak. SDS-PAGE profile confirmed the stream was a 

purified kafirin as there were no other bands observed other than kafirin. There 

were some faint bands, which were product-related impurities such as high 

molecular weight aggregates above the main band and possibly low molecular 

weight truncated kafirin below the main band. Regeneration solution was passed 

to strip the column of any tightly bound entities. The peak was later confirmed as 

the high molecular weight aggregates of kafirin. It was confirmed that there were 

no traces of oil in the dried purified protein stream after elution and extracted 

using hexane.  
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4.4.7. Scale-up and validation 

The scale-up strategy of the chromatography step was two-fold. Initially, the 

column was scaled-up by a factor of five by keeping the height constant and 

increasing the diameter of the column. Later, the same column was used with the 

increased bed height, which was again a 4-fold leading to overall 20-fold scale-

up. Chromatography conditions optimised at bench scale using HiTrapTM column 

for kafirin purification were same at the higher scale.  

Chromatography was carried out (1 mL and 20 mL) and recovery compared at 

both the scales (Table 37). B1, B2 and B3 were executed at 1 mL scale whereas 

S1, S2 and S3 represent the 20 mL scale. As defined in ICH guidelines, validation 

is the exercise carried out to establish a documented evidence that the process 

can perform effectively and will reproduce the product or process intermediates 

with similar specification when operated within the established parameters (64). 

Kafirin was purified at two different scales and the purified kafirin was analysed 

for its purity and yield. Process related impurity (oil) and product-related 

impurities (HMW and LMW) compared along with purified kafirin to validate the 

process. 

Total protein recovery (Table 37) for the process refers to mass balance i.e. the 

total protein recovered in various output streams such as FT, wash, eluate and 

regeneration with respect to the protein content in the input stream. Data for 

protein recovery from batches from both scales were comparable and averaging 

97.55% and 97.69% respectively. Kafirin yield (Table 37) was calculated in terms 

of extractable kafirin in purified fraction with respect to the total kafirin content 

in load material. Bench-scale batches resulted in an average yield of 85.26 % 

whereas higher scale batches were with mean of 88.03%, which are comparable. 
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Table 37: Comparative qualitative and quantitative data from chromatography at bench and higher scale batches. 

Parameters Bench-scale Scale-up (20 x) 

B1 B2 B3 S1 S2 S3 

Kafirin yield (%) 86.53 86.02 83.23 87.07 87.44 89.58 

Protein recovery (%) 98.68 97.52 96.45 96.45 98.74 97.88 

Purity by SE-HPLC (%) 98.42 99.30 98.87 99.21 99.49 99.26 

HMW impurity by SE-HPLC (%) 1.37 0.56 0.92 0.65 0.43 0.69 

LMW impurity by SE-HPLC (%) 0.21 0.14 0.21 0.14 0.08 0.05 

Oil in FT (%) 4.23 7.79 5.02 8.23 8.79 9.02 

SDS-PAGE profile Comparable 

HMW* ND ND ND ND ND ND 

LMW* ND ND ND ND ND ND 

FTIR profile Comparable 

*ND: Not detected (trace or less than 2 % of main kafirin band). 
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Purified kafirin obtained from batches at both scales were analysed by SE-HPLC 

to determine the purity and impurity content (Figure 44). HMW observed at RT 

of 11.5 min followed by main kafirin peak at 12.9 min. There were few minor 

peaks observed at RT 16.2, 17.6 and 20.4 min, which were identified as LMW. 

These HMW and LMW impurity peaks were integrated and their percentage 

contribution to the total area under the curve was calculated (Table 37). SE-HPLC 

purity of the kafirin purified at different scales was comparable along with the 

impurity content. Kafirin from bench-scale batches was >98% pure whereas 

>99% purity was recorded for higher scale batches (Table 37). 

 

Figure 46: SE-HPLC chromatogram for purified kafirin at bench (B1, B2 and B3) 
and higher scale (S1, S2 and S3) batches. 

FT and wash were pooled to analyse oil removal. Oil extraction data in Table 37 

obtained from the higher scale batches indicated that the step was efficiently 

removing the oil present in the load material (~ 10%). As discussed earlier, the 

remainder of oil might be removed in later stages of sample handling. It was 

confirmed that there was no oil in the purified kafirin when extracted with 

hexane. Data obtained from the small-scale batches were inconsistent due to low 

handling volumes. 
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Figure 47: SDS-PAGE profile of kafirin purified from the bench (a) and higher 
scales (b) batches. 
Gel a: Purified kafirin from batches B1, B2 and B3 in lane 1, 4 and 5 respectively. 
Gel b: Purified kafirin from batches S1, S2 and S3 in lane 1, 4 and 5 respectively. 
Lane 2 and 3 in both gels contain 2% and 1% kafirin respectively for reference 
purpose. 

SDS-PAGE profiles of kafirin extracted at bench scale were consistent as the band 

intensity of the kafirin in each lane was comparable (Figure 47a). It is evident 

from the SDS-PAGE profile that HMW and LMW impurities in all samples were 

consistent and less than 1%. Similarly, purity of the kafirin from higher scale 

batches was comparable and their impurity profile suggests that both HMW and 

LMW were below 1% (Figure 47b). The observations were consistent with and 

supported by the data obtained from SE-HPLC. Similarly, FTIR spectra of the 

kafirin purified from both bench-scale and scaled up batches aligned and were 

comparable. 

Another important observation from the SDS-PAGE profile is the LMW impurity 

band below the main kafirin band (α-kafirin, molecular weight ~27 kDa) from 

batches at different scales might be the β-kafirin (molecular weight ~18 kDa). 

However, to identify and confirm the presence other types of kafirin/isoforms 

such as β-kafirin, further investigation using specific analytical techniques such 

as isoelectric focusing (IEF) or 2D SDS-PAGE coupled with immunoblotting 

(western blotting), peptide mass fingerprinting and sequencing, which was 

beyond the scope of the current study. 
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Figure 48: Ion exchange chromatograms for purification of kafirin.  

As shown in Figure 48, representative (normalised) chromatograms from both 

scales indicate that the chromatographic purification of kafirin using ion-

exchange chromatography was scaled up successfully. Initial peak appeared 

during the loading mainly composed of the impurities that do not bind to the 

column and collected as FT and wash. Spikes appeared at the top of FT peak 

during loading may appear because of absorbance saturation around 4000 mAU. 

Baseline after wash assured that there was no loosely bound material left in the 

column. A sharp peak appeared when elution buffer was passed which contained 

the product followed by the smaller peak containing tightly bound impurities 

such as HMW aggregates. Initially, amount of HMW kafirin aggregates was 

significantly higher which lead to reduced step yield (Figure 48). Chromatogram 

(solid line) in Figure 48 aligned with other batches to compare the effect of 

reducing agent on the kafirin purification using anion exchange chromatography. 

Addition of sodium metabisulphite increased the kafirin recovery and reduced 

the HMW impurities, which can be explained by the fact that addition of reducing 
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agents cleaves the disulphide linkages and reduces intermolecular and 

intramolecular interactions and aids in the extraction which is in agreement with 

the observations reported by Gao et.al (112).  

Operating throughput for any given chromatography process depends on the 

linear flowrate for the entire unit operation. In present study, XK16 column was 

packed with the resin column volume (5 mL) to 2.5 cm bed height and operated 

at the linear flow rate (150 cm/h) consistent with the process developed at 

HiTrapTM column (1 mL) scale. To increase the operating throughput, loading 

capacity of the available column was increased by increasing the bed height to 10 

cm that accommodates 20 mL resin. Flow rate at this scale was 5 mL/min for the 

entire unit operation. It was demonstrated that the recovery and purity of the 

purified kafirin were consistent with the small-scale process. However, scale up 

to pilot and industrial scale would give clear idea about the actual throughput of 

the process. Also, continuous chromatography or counter current extraction 

would provide better platform to determine the LHSV of the process. 

4.5. Conclusion 

In the present study, various ion exchange resins with different physicochemical 

properties were investigated for adsorption isotherm and uptake kinetics for 

kafirin. The binding study determined RL values less than 1, which indicates 

monolayer adsorption that in turn is best described by Langmuir adsorption 

isotherm. Adsorptions studies indicated that cation exchange resins have higher 

binding capacities compared to anion exchange resins, however, higher Kd values 

for former suggests weaker binding and hence poor yield. Among the screened 

anion exchange resins, Capto Q showed the highest binding capacity with lowest 

Kd value signifying higher yield (86.97%) and efficient separation. As compared 

to resins screened earlier in the literature and among the candidates in the 

current study for separation of Kafirin, Capto Q presents a prospective 

alternative, which can ensure lower inventory of resin and higher binding 

capacity. This can further translate into higher productivity for similar process 

scales. Furthermore, with added advantages such as less backpressure and higher 

salt tolerance that Capto Q offers, it can be a potential candidate for large scale 

purification of kafirin (157). Uptake kinetics suggested that anion exchange 
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resins attained equilibrium faster as compared to cation exchange contenders. 

Pre-treatment of raw material (as discussed in section 3.5.1 for DDGS pre-

treatment) before extraction significantly reduced both protein and non-protein 

impurities in the load material thereby increasing the loading capacity of the 

column. Addition of sodium metabisulphite to the mobile phases is highly 

recommended as it reduces the amount of aggregates in the elution thereby 

increasing the yield and reducing the HMW product-related impurities. To 

conclude, the study presents an efficient way of purifying kafirin with a limited 

number of steps resulting in the reduction of overall processing time (Figure 49).  

 

Figure 49: Comparative representation of preliminary extraction process v/s 
chromatography-based purification process. 
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Chapter 5: Ultrasonic cavitation 
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5.1. Introduction 

Distiller’s dried grains with solubles (DDGS) is the major byproduct of the 

distilleries and bio-refineries the produces alcohol from grains.  DDGS is a high 

protein content (~ 40 %) solid waste generated after brewing. DDGS has been 

used as a protein-rich and low-cost animal feed for a long time. Other than that, 

DDGS has been tested and used for both food and non-food applications such as 

to induce bricks porosity instead of hay (160), metal ion removal (161), brew 

inoculum (162,163), and added to snacks like its source, sorghum in “Weetbix” 

(Sanitarium, Australia). These qualities and proven application make DDGS 

suitable for food and other applications. Dalby refinery in Australia uses sorghum 

as raw material for ethanol production and produces kafirin rich DDGS, which is 

again, used as fodder and exported to other countries such as china, japan and 

USA. Using DDGS as an alternative to sorghum grain/flour as a source of kafirin 

offers several advantages such as it presents economic alterative raw material for 

kafirin extraction. DDGS is a protein rich solid waste stream with less impurities 

compared to sorghum flour/grain. High protein (especially kafirin) content of 

DDGS reduces process volumes and therefore further reduces footprint and 

processing time. Use of DDGS incorporated less process and product related 

impurities and hence efficient use of solvents achieved compared to sorghum 

grain/flour. Using DDGS would be preferable as extracting kafirin from sorghum 

grain/flour would produce starch as waste. So, first converting starch to glucose 

(for pharmaceutical and other uses) or ethanol (for industrial and as fuel 

additive) and then extracting kafirin from waste stream (DDGS) would ensure 

complete utilisation of sorghum as a raw material, which makes process 

environment friendly. Grinding grains to flour is energy intensive process 

compared to grinding DDGS. 

Ultrasonic cavitation has been widely used in different fields including food 

processing and preservation (164), non-destructive testing (165), water 

purification (166), medical imaging, mining, nanotechnology and as process 

intensification tool (167). Kafirin extraction from sorghum flour using 

ultrasonication has been reported earlier, however, it was carried out at a smaller 

scale in bath type ultrasonicator which is considered less effective (57). Also, 

different fractions were collected during the study, however, there were no 
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reported accounts of recovery and purity of different fractions. Kafirin analysed 

using combustion method with a nitrogen analyser that determine total protein 

content, not the kafirin content. SDS-PAGE or other specific method needs to be 

employed to confirm purity of the kafirin. Another study reports extraction using 

probe, however, used of heptane for kafirin extraction limits the food related 

application development due to acute toxicity of the solvent used (60). In present 

study, ultrasonic cavitation was employed using ultrasonic probe for the 

extraction of kafirin from DDGS using DOE based approach. Initially, preliminary 

experiments were carried out to define the boundary conditions for the process 

parameters under screening. Operating process parameters beyond these 

boundary conditions have negative implications on the process yield and product 

quality. For instance, lower amplitude and time range resulted in lower 

extraction recovery whereas higher extremes resulted in protein denaturation 

followed by degradation. A full factorial design was used to assess the optimal 

conditions for kafirin extraction. Parameters considered for the study were 

extraction time (min), amplitude and solid to liquid (S/L) ratio. DOE based 

approach was instead of traditional OFAT to understand the effect of individual 

parameters and their interactions on kafirin extraction. 

5.2. Materials and methods 

5.2.1. Materials 

DDGS (27.34 % moisture, 37.82 % protein/26.9 % kafirin) was obtained from 

Dalby Bio-refinery, Australia. The dry DDGS washed (as explained earlier in 

chapter 3), dried and ground to fine particle size. Ground DDGS passed through 

250 µm mesh sieves and stored in airtight bags at 2 to 8 °C. Ethanol, sodium 

metabisulphite and sodium hydroxide (analytical grade) procured from Sigma 

Aldrich, Australia. Ultrasonic probe diameter 19 mm (3/4”) was used with Sonics 

Vibra cell controller (VCX-500, Sonics and Materials, Newtown, USA). 

5.2.2. DOE design 

Three independent variables were selected with their optimization ranges (Table 

38) to assess the effect off individual parameters and their interactions using full 

factorial design. There are numerous reports that adopted similar designs to 
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screen process parameters at 3 levels, derived model and data presented with 

interaction profiles, surface profilers and contour profilers (136,168–170). 

Table 38: Ultrasonic cavitation parameters with ranges. 

Parameters Range 

Time (min) 4 7 10 

Amplitude 35 45 55 

S/L ratio 5 10 15 

5.2.3. Kafirin extraction procedure 

The extraction of kafirin was performed by adding required amount DDGS (based 

on S/L ratio) into 200 mL of extraction solution in a jacketed container. Mixture 

was sonicated using an ultrasonic processor with a ¾” probe, which was operated 

at set amplitude for given time. The sonication was carried out in a jacketed 

container with circulating coolant bath to control the temperature. After 

ultrasonic treatment, the stream was processed as extraction output stream as 

described in chapter 3. Powdered kafirin was analysed for its purity and quantity. 

5.2.4. Kafirin analysis 

The extracted kafirin in the sample was quantitatively analysed using elemental 

analyser based on their nitrogen content. Acetanilide was used as a standard to 

calibrate the elemental analyser.  

5.2.5. SDS-PAGE 

Kafirin sample was analysed with SDS-PAGE (chapter 3) for the purity of the 

protein and presence and HMW and LMW generated during the process and 

other protein impurities. 

5.3. Result and discussion 

5.3.1. Design and analysis 

DOE based full factorial design was used to determine the effect of potential 

process parameters for ultrasonic cavitation and the interactions on Kafirin yield.  

These parameters were screened at three different levels and the results from the 

experiments are listed in Table 39. 
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Table 39: Full factorial design for ultrasonic cavitation. 

Sr. No. Pattern Time 
(min) 

Amplitude S/L ratio Kafirin 
yield (%) 

1 331 10 55 5 48.41 

2 111 4 35 5 49.45 

3 213 7 35 15 57.9 

4 000 7 45 10 61.51 

5 132 4 55 10 60.47 

6 313 10 35 15 61.89 

7 131 4 55 5 56.12 

8 223 7 45 15 63.58 

9 000 7 45 10 61.78 

10 233 7 55 15 65.41 

11 222 7 45 10 60.49 

12 212 7 35 10 54.58 

13 321 10 45 5 51.82 

14 121 4 45 5 54.85 

15 123 4 45 15 57.94 

16 333 10 55 15 67.73 

17 231 7 55 5 53.94 

18 221 7 45 5 54.56 

19 232 7 55 10 61.97 

20 113 4 35 15 47.11 

21 133 4 55 15 61.62 

22 323 10 45 15 67.78 

23 311 10 35 5 46.32 

24 000 7 45 10 60.64 

25 211 7 35 5 50.4 

26 322 10 45 10 59.53 

27 312 10 35 10 56.2 

28 112 4 35 10 50.55 

29 332 10 55 10 60.25 

30 122 4 45 10 56.97 
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The experiments carried out with combination of different parameters where 

energy intensities were different leading to difference in the kafirin yield (%). The 

energy intensity varied from 13.41 to 21.53 watts/cm2. Also, temperature of the 

extraction solution sonicated at 55 % amplitude for 10 minutes at (higher) pulse 

ratio of 5:1, reached to 60 °C (without cooling). Ethanol from extraction solution 

started evaporating in this condition with increase in time up to 10 minutes. 

Sonication was carried out in a jacketed container with circulating coolant bath 

to control the temperature and pulse ration of 1:1 was used to avoid over heating 

of the sample. 

The experimental result obtained from full factorial design were analysed. The R2 

value (Table 19) and p-value (Table 20) for the model were calculated to assess 

the statistical significance of the model. The R-square value is the coefficient of 

determination that shows the proportion of the variance in the kafirin yield (%), 

which is explained by the given model. R-square can range from 0 to 1 where the 

value of 0 has no prediction power whereas a model with an R-square of 1 can 

perfectly predict the response. Here, the R-square value of 0.988 for the given 

model indicates that the model explains about 98.8 % of the variability in kafirin 

yield for the extraction step. The p-value (<.0001) for the model is less than the 

significance level of 0.05, which indicates that at 0.05 significance level, the 

coefficient is not zero. This small p-value and R-square value indicate that the 

model is statistically significant. 

Table 40: Summary of fit for kafirin yield (%) from ultrasonic cavitation. 

RSquare 0.988 

RSquare Adj 0.983 

Root Mean Square Error 0.775 

Mean of Response 57.392 

Observations (or Sum Wgts) 30 

The data obtained from the input parameters were analysed using analysis of 

variance (ANOVA). The ANOVA summary obtained from the model for Kafirin 

yield (%) by ultrasonic cavitation is given in Table 41.  

Table 41: ANOVA summary for the full factorial design for kafirin yield from 
ultrasonic cavitation. 
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Source DF Sum of 
Squares 

Mean Square F Ratio 

Model 9 979.888 108.876 181.382 

Error 20 12.005 0.600 Prob > F 

C. Total 29 991.893  <.0001* 

The value obtained for the model for F-ratio and p-value were 181.38 and <.0001 

respectively which suggest that the model is significant.  

Figure 50 shows the effect of individual process parameter on kafirin yield (%). 

Curvature in the graphs for amplitude shows that both extremes of ranges under 

screening resulted in relatively low yield whereas the optimum value for the 

amplitude was closer to the upper extreme of the range. For time and S/L ratio, 

the upper extreme of the range resulted in maximum kafirin yield (%). 

 

Figure 50: Effect of individual process parameter (time, amplitude and S/L ratio) 
on kafirin yield. 

 

Figure 51: Interaction profiles of process parameters for ultrasonic cavitation. 



 

159 
 

Interaction profiles of selected process parameters indicate the effect their 

interactions at various levels on extraction yield (Figure 51). Curvature in the 

graph for time (first column) demonstrates the variation in yield with an increase 

in time at different levels of amplitude and S/L ratio. Similarly, the second and 

third columns show the influence of the interaction of amplitude and S/L ratio 

respectively with parameters on kafirin yield (%). 

 

Figure 52: Surface profiles for process parameter interaction and their effect on 
kafirin yield. Surface profilers for (a) amplitude x time, (b) S/L ratio x time and (c) 
S/L ratio x amplitude. 

Surface profilers show the impact on kafirin yield from the interaction at various 

levels of all process parameters (Figure 52). Surface profilers for amplitude x 

time (Figure 52a) show that kafirin yield also increases with an increase in 

amplitude and time up to a certain limit and a further increase in both resulted in 

a decrease in yield. S/L ratio x time (Figure 52b) depicts that kafirin yield 

increased with an increase in both the parameters and maximum yield was 

obtained at upper extremes for both parameters. S/L ratio x amplitude (Figure 

52c) shows that kafirin yield would increase with an increase in S/L ratio, 

however, the yield is limited by a further increase in amplitude.  

Contour profilers from different process parameters give the idea about design 

space to achieve a minimum 60% process yield (Figure 53) when operated within 

operating ranges for interacting process parameters. It can be gathered from the 

contour plots that minimum 60% kafirin can be extracted from DDGS whenever 

operated within given ranges. Operation time less than 7 minutes would result in 

kafirin yield < 60 %. In order to keep operation time 7-minute, amplitude and S/L 

ratio need to be on their higher extremes of the screened ranges. Similarly, the 
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minimum S/L ratio of 1:10 would be needed when operated at 35 amplitude with 

a minimum 10-minute operation time. 

 
Figure 53: Contour profilers depicting design space to achieve a minimum 60 % 
kafirin yield with operating ranges for interacting process parameters. 
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5.3.2. Kafirin purity 

Kafirin purified from DDGS using ultrasonic cavitation was analysed with SDS-

PAGE (Figure 54) for quality and comparability purpose. Non-reduced (NR) 

kafirin sample with HMW and LMW, kafirin purified using the developed 

extraction process and chromatography was also loaded on the gel for 

comparison.  As explained earlier, the quality of kafirin extracted from DDGS at 

both scales was comparable. Absence of both HMW and LMW impurities suggests 

that these were efficiently removed with the developed process. However, there 

were some faint bands observed below the main kafirin band. These bands might 

be the second most abundant form (β-kafirin), next to α-kafirin. There were no 

dimers or HMW aggregates present above the main band and LMW fragments 

below (probable β-kafirin and) main kafirin band. The profile is consistent with 

the earlier reports on purity of kafirin purified using ultrasonication (60), where 

trace forms of kafirin (γ-kafirin) not detected apparently due to difference 

between the feed material. 

 

Figure 54: Comparative SDS-PAGE profile of kafirin extracted using various 
methods.  
Lane 1- Kafirin with HMW and LMW (NR), 2- laboratory scale (DDGS) (R), 3- 
scale-up batch (DDGS) (R), 4- Chromatography (lab-scale-from DDGS), 5- 
Chromatography (scale-up batch-from DDGS), 6- Ultrasonic cavitation (DDGS), 7- 
Ultrasonic cavitation (sorghum flour). 
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5.3.3. Model validation 

The screened process parameters were operated within the ranges to validate 

the model. An amount of kafirin obtained from validation exercise under different 

operation conditions is as in Table 42. 

Table 42: Validation experiments for ultrasonic cavitation. 

Time 
(min) 

Amplitude S/L ratio Kafirin 
yield (%) 

7 50 10 61.14 

8 45 15 63.37 

10 45 15 64.89 

5.4. Conclusion  

Kafirin extracted from DDGS using ultrasonic cavitation and the process was 

optimised using DOE based approach with full factorial design.  Ultrasonic 

cavitation operation was optimised for three process parameters (time, 

amplitude and S/L ratio) in order to get minimum 60% of kafirin yield.  Kafirin 

purified with ultrasonic cavitation was compared with kafirin purified using 

other strategies such as traditional solid-liquid extraction and chromatography.  

Kafirin was also extracted from sorghum flour using the optimised process, 

however, it is it resulted in lower Kafirin yield as both the raw materials vary 

greatly in terms of their total protein content.  Purity from SDS-PAGE profile 

suggests that Kafirin purified using ultrasonic cavitation was comparable to 

Kafirin purified using other strategies.  Ultrasonic cavitation can be further 

optimised to design a continuous extraction process.  
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Chapter 6: Plasticizer screening 
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6.1. Introduction 

Flexibility is not an inherent property of the protein films as they are too brittle. 

These proteins need to be mixed with plasticizers to increase their flexibility 

whenever used as freestanding films or any other application where strength and 

elasticity both are needed. Plasticizer molecules when mixed, intercalate 

between the polymer chains, reduces the intermolecular interactions between 

these polymer chains and thereby increasing the flexibility of the films (112). 

However, the increased flexibility also reduces the tensile strength of the film and 

hence needs to be balanced accordingly based on the desired properties of the 

target application. Solvents also play an important role in the making of a solvent-

plasticizer system that results in films with desired quality. Usually, the solvent 

is selected considering the solubility of the polymer in it, it is expected that the 

chosen plasticizer is also readily soluble in the same solvent system. 

In the current study, ethanol was chosen as solvent of choice as it can solubilise 

kafirin along with a majority of plasticizers compared to other solvents reported 

for kafirin dissolution such as glacial acetic acid, lactic acid, glycerol and 

isopropanol (104). Plasticizers from different chemical families were assessed for 

their suitability with kafirin in terms of their effect on various physicochemical, 

mechanical and functional properties of the films. 

6.2. Materials and methods 

6.2.1. Materials 

Kafirin was extracted from sorghum flour using the process developed in chapter 

3. Glucose (Glu), galactose (Gal), glycerol (Gly), polyethylene glycol (PEG), 

propylene glycol (PPG), diethanolamine (DEA), triethanolamine (TEA), oleic acid 

(OA), ethanol and other chemicals used in this study were analytical grade and 

purchased from Sigma Aldrich, Australia. 

6.2.2. Methods 

6.2.2.1. Film casting 

Films were prepared by dissolving kafirin in 70% (w/w) ethanol at 70 °C in 

stirring condition (100 rpm) until completely dissolved, the mixture was weighed 

before heating. Once the kafirin is dissolved, plasticiser was added and mixed 
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well to obtain a uniform solution. The mixture was held at 45 °C and topped up 

with absolute ethanol for the lost weight due to evaporation. The solution was 

mixed at slow speed to avoid air entrapment, which was then poured on a levelled 

plate kept in the oven at 50 °C for drying. After drying, the films were peeled from 

the plate and stored at 25 ± 5 °C and 50 ± 3% RH for further analysis. 

6.2.2.2. Film thickness 

Thickness was measured along the length of the film at five random locations 

using a digital micrometre. Mean thickness of each film specimen was used to 

calculate tensile strength and water vapour permeability (WVP) for respective 

films. 

6.2.2.3. Moisture content 

AACC method 44-15.02 was modified to analyse the moisture content of the films. 

0.5 g of films (n=3) were cut and placed in pre-dried aluminium weighing tubs. 

The total weight was recorded before and after drying the films at 110 °C for 60 

minutes. Samples were cooled to room temperature before recording final 

weight. Moisture content was determined by comparing the weight of the 

samples before and after heating. Moisture content was calculated using the 

following formula. 

𝑀𝑜𝑖𝑠𝑡𝑢𝑟𝑒 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 (%) =  
𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑤𝑒𝑖𝑔ℎ𝑡 (𝑔) − 𝐹𝑖𝑛𝑎𝑙 𝑤𝑒𝑖𝑔ℎ𝑡 (𝑔)

𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑤𝑒𝑖𝑔ℎ𝑡 (𝑔)
 × 100 

Individual plasticizers and films manufactured with these plasticizers were also 

analysed to assess their individual contribution to overall moisture content.  

6.2.2.4. Swelling 

The films were tested for their medium uptake ability at room temperature. Films 

were weighed and soaked in 50 mM phosphate buffer, pH 7.4 ± 0.2. Samples 

removed from media after 24 hours and excess of water removed by gently 

pressing the films between the tissue paper leaves. Weights of the wet films were 

recorded and change in weight was calculates using the formula given below. 

𝑊𝑒𝑖𝑔ℎ𝑡 𝑐ℎ𝑎𝑛𝑔𝑒 (%) =  
(𝑊𝑡 − 𝑊0)

𝑊0
 × 100 

Where, Wt = final weight and W0 = initial weight of the kafirin coat. 
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6.2.2.5. Scanning electron microscopy 

Samples were cut into small pieces from the kafirin films using a surgical blade 

and mounted on aluminium stubs using double-sided carbon tape. These samples 

were then coated with a carbon layer using evaporative coater (model: 208C, 

Cressington) and examined for their microstructural analysis using SEM (model: 

Evo 40XVP, Zeiss). 

6.2.2.6. Tensile properties of the films 

Films were assessed for their tensile strength (TS) and elongation at break (EAB) 

using a modified method based on ASTM D882-12 (American Society for Testing 

and Materials, 2012). Three strips were cut from each film with 60 mm length 

and 10 mm width with SD < ± 0.03 mm. Films were measured at five random 

places for thickness and mounted one at a time in grips covered with abrasive 

paper to ensure a better grip on the film. Initial grip separation distance was 40 

mm and the test speed was 0.4 mm/s. Maximum force at break and distance (mm) 

at the break for each film were recorded, stress and strain were calculated using 

the following formula. 

𝑆𝑡𝑟𝑒𝑠𝑠 (MPa) = 𝐹 𝐴⁄  

𝑆𝑡𝑟𝑎𝑖𝑛 (%) =  ∆𝐿 𝐿0⁄  × 100 

Where, stress or TS is given in N/mm2 or MPa, F is the force at break (N), 

A is the area of the cross-section of the film (m2), 

Elongation at break (EAB) or strain is given in %, 

L0 is the initial length (m) and 

ΔL is the elongated length (m). 

6.2.2.7. Water vapour permeability (WVP)  

WVP of the films were determined gravimetrically using ASTM method E96. The 

test assembly was prepared with films cut to 40 mm diameter circles (n=3) and 

measured for their thickness at five random points. These circles were mounted 

on the 100 mL Schott glass bottles containing 90 mL of deionised water with the 

help of screw cap GL 45 PBT red open-topped with 34 mm central aperture. Films 

were secured at a place with silicone sealing gasket to ensure a watertight seal. 

The assembly was weighed every 12 hours for 5 days and the changes in their 
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weight over time were plotted. Bottle kept without any film covering mouth was 

kept as a positive control. Airtightly sealed bottle with cap covered with silicon 

tape was kept as a negative control. All films were placed with the side of the film 

in contact with the glass during the casting process facing the water (i.e. higher 

vapour pressure) in bottles. Silicon gaskets and paraffin films were used as a 

sealant to keep the film in place and watertight during the entire experiment 

duration. WVT and WVP were calculated using the following formula. 

𝑊𝑉𝑇 =  
𝐺

𝑡𝐴
=  

𝐺 𝑡⁄

𝐴
 

Where, WVT = rate of water vapour transmission, (g/h·m2), 

G = weight change (from straight line) (g), 

t = time (h), 

G/t = slope (g/h), 

A = test area (m2). 

𝑊𝑉𝑃 =
𝑊𝑉𝑇 × 𝑋

𝑃0 × (𝑅1 − 𝑅2) 100⁄
 

Where, WVP = water vapour permeability, (g mm/h·m2 kPa), 

X = specimen thickness (mm) 

P0 = vapour pressure difference at 25 °C (3.167 kPa) 

R1 = relative humidity at the source/inside the bottle (it was assumed that the 

relative humidity (R1) in the bottle was 100 %), 

R2 = relative humidity at the vapour sink/outside the bottle (measured using the 

digital temperature and humidity logger). 

6.3. Results and discussion 

6.3.1. Film thickness 

The thickness of the film specimens was measured along the length at five 

random locations and not greater than 0.25 mm as a requirement for a film (as 

defined in terminology ASTM D883) in terms of thickness (171). Kafirin film 

thickness recorded (in Table 43) is a mean thickness of specimens used for tensile 

strength and WVT testing. 
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Table 43: Average thickness and moisture content of the kafirin films formulated 
using different plasticizers.   

Plasticizer % Thickness 
(µm) 

Moisture 
content (%) 

Glucose 20 84 ± 12 14.57 ± 2.12 
 

30 89 ± 9 16.43 ± 2..32 
 

40 81 ± 8 17.75 ± 1.93 

Galactose 20 80 ± 12 12.12 ± 1.23 
 

30 84 ± 7 12.16 ± 1.75 
 

40 93 ± 5 13.72 ± 3.19 

Glycerol 10 112 ± 10 13.09 ± 2.07 
 

20 103 ± 9 14.94 ± 2.08 
 

30 104 ± 5 18.02 ± 2.09 

PEG 15 109 ± 12 7.55 ± 2.48 
 

25 104 ± 9 8.69 ± 1.94 
 

35 112 ± 11 10.22 ± 2.17 

PPG 10 97 ± 6 4.48 ± 2.35 
 

20 95 ± 7 5.14 ± 1.96 
 

30 91 ± 11 6.48 ± 2.07 

Diethanolamine 10 102 ± 14 10.1 ± 2.52 
 

15 107 ± 11 12.1 ± 2.36 
 

20 108 ± 16 14.6 ± 3.08 

Triethanolamine 10 105 ± 8 5.24 ± 3.17 
 

15 101 ± 12 6.96 ± 3.32 
 

20 108 ± 14 7.81 ± 2.99 

Oleic acid 10 97 ± 10 4.01 ± 1.36 
 

20 98 ± 8 4.79 ± 0.91 
 

30 96 ± 9 5.63 ± 1.23 

6.3.2. Moisture content 

The moisture content of the kafirin films with different plasticizers was 

determined for their innate moisture content. Glucose, galactose and glycerol 

containing films had the highest moisture content respectively.  It was observed 

that increasing concentration of plasticizer also increased overall moisture 
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content. For instance, kafirin films with 30 % glycerol had more moisture 

compared to 10 % glycerol content films. Films plasticized with oleic acid has the 

lowest moisture content among the lot as oleic acid is a relatively hydrophobic 

compared to other plasticizers. The amount of moisture absorbed by the films 

and given conditions was ranked based on the average moisture content was 

glucose > galactose > glycerol > diethanolamine > polyethylene glycol > 

triethanolamine > propylene glycol > oleic acid.  The average moisture content of 

kafirin films with varying amounts of plasticizers is as in Table 43. It is also worth 

noting that the moisture content of the given film depends on various factors such 

as base material type and concentration (kafirin in present study), plasticizer 

concentration (%), film preparation and casting method, drying and storage 

conditions (2,172–175). Hence, moisture content of the films can be directly 

compared with reported literatures provided the above mentioned and other 

factors that might affect the moisture content of the films were same. 

6.3.3. Swelling 

Kafirin films with different plasticizer content were placed in water and subjected 

to swell for 24 hours. Results were analysed and reported as an average weight 

of the film with standard deviation values. Figure 55 indicates that swelling of 

kafirin films for all the plasticizers was relatively low. It was observed that kafirin 

films with hydrophilic plasticizers such as glucose, galactose and glycerol 

demonstrated relatively low swelling, whereas, films with diethanolamine, 

polyethylene glycol and triethanolamine were relatively higher.  Propylene glycol 

and oleic acid plasticized kafirin films showed swelling with no significant 

difference even with increasing amounts.  

In the case of sugars (Figure 55a), swelling increases with an increase in 

concentrations of both glucose and galactose. There was no significant difference 

in swelling of films at 20 % and 30 % concentrations, however, at 40% sugar 

concentrations; swelling was relatively higher for galactose. For polyols, Gly, PPG 

(Figure 55b) and PEG (Figure 55d) showed similar behaviour, i.e. swelling 

increased with increasing concentrations of plasticizers. Swelling for PPG was 

significantly higher for relative plasticizer concentrations of other polyols. Like 

sugars, polyols are relatively hygroscopic compared to other plasticizers tested 
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in this study. As evident from Figure 55b, oleic acid is a relatively hydrophobic 

plasticizer as a relative increase in swelling was less compared to other 

plasticizers. Both DEA and TEA exhibited similar behaviour as increase in 

concentration lead to a relative increase in swelling of the films. Swelling for both 

DEA and TEA was higher compared to other plasticizers.  

  

Figure 55: Swelling behaviour of kafirin films with varying concentrations of 
plasticizers. 

The swelling is property of the material to assess of spontaneous uptake of water, 

which also defines initial stages of the dissolution process (176). Water 

absorption in by polymer leads to swelling and increases the distance between 

the polymer chains that are responsible for the coherent structure of the material 

(177). Plasticizers interact with the polypeptides, increases cross-linking and 

stabilises the structure, behaviour that coincide with the reported study for 
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protein films (178,179), which supports the findings that these plasticizers in the 

current study maintained the kafirin film integrity. The same study also reported 

that increased crosslinking also reduces the free volume between the polymer 

chains resulting in decreased swelling, the behaviour corresponds to the 

plasticizing effect from low molecular weight plasticizers that intercalate 

between chains and reduce the free volume (177,178). Plasticizers like glycerol 

forms a weak hydrogen bond with protein and removed easily, which leads to 

increased swelling (180). The water uptake for any biomaterial, for this instance 

kafirin films, depends on protein and the processing conditions during its 

purification. The hydration capacity of kafirin decreases due to heat exposure 

during processing that leads to incomplete denaturation of kafirin molecule. The 

denaturation leads to exposure of hydrophobic amino acids embedded at the 

core, which increases the hydrophobicity of the resulting molecule and hence 

material produced from it. As the kafirin is highly hydrophobic protein, water 

absorption capacity of the kafirin films is low compared to other protein films 

(106,107). The rate of absorption also depends on temperature, pH and ionic 

strength of the media (181–183). Similarly, swelling capacity of protein-based 

biomaterials also depends on steric hindrance because of intermolecular and 

protein-plasticizer interactions (176). 

6.3.4. Microstructural properties 

Microstructural properties of the films were analysed using SEM. Micrographs of 

the films formulated using different plasticizers displayed an array of 

topographical and morphological characteristics as shown in Figure 56. Kafirin 

films plasticized with different plasticizers produced smooth and rough, porous 

and non-porous surfaces. SEM images at different resolutions give an idea about 

the finer details of the supramolecular structure of the films. Based on SEM 

micrographs of the kafirin films (Figure 56) plasticized with glucose (c) and 

galactose (d) were rough and porous whereas glycerol (e), PPG (g) and oleic acid 

(i) were relatively smoother, with striations and non-porous. SEM examination 

of kafirin films plasticized with DEA (f) and TEA (j) shows that surfaces are 

smooth and non-porous. The relatively smoother surface of these films supports 

the enhanced tensile strength (Figure 57) with low WVP (Figure 58) of the films. 
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Similarly, high porosity and rough surface of the glucose and galactose plasticized 

films indicate their high WVP and low TS. The difference between morphology 

and topography of the films suggests the effect of different plasticizers on the 

structure, however, it also indicates that the different mechanism of 

plasticization. Oleic acid and PPG are low molecular weight plasticizers that enter 

the space between polymer chains and stabilises the structure, also known as 

internal plasticization (184,185).  
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Figure 56: Scanning electron micrograph of kafirin plasticized with different 
plasticizers. 

On the other hand, high molecular weight plasticizers such as glycerol and PEG 

could not enter the interchain spaces. However, both these hydrophilic 

plasticizers interact with hydrophilic amino acids on the surface of the protein 

forming weak hydrogen bonds (186,187). Visual examination of films with high 

glycerol concentrations stored at high relative humidity forms a sticky glycerol 

layer on the surface. 

A study on films from kafirin has reported similar findings in terms of film surface 

smoothness, porosity and striations (wavy texture) (111). These reports were 

similar to the findings of the present study where films were porous with a scaly 

and rough surface and addition of plasticizer improved the texture to smoother 

with less porosity. Another report from the same research group where they 

proposed that starch contamination in purified kafirin is one of the reasons of the 

high porosity of films, which increased when films were soaked in water as starch 

dislodged from films (59). It was also proposed that the heat-induced 

crosslinking and polymerization resulting in poor kafirin solubility during film 

casting would have resulted in films with poor quality (188). They have also 

reported films of kafirin extracted from treated (washed) DDGS resulted in a 

smooth surface with fewer defect (59) similar to the findings of the present study 

(Figure 56a, f, i and j) where kafirin films with a smoother surface without 

striations and pores were produced.  
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6.3.5. Tensile properties 

Tensile strength and EAB were assessed to understand the effect of different 

plasticizers on tensile properties of the kafirin films. Data obtained from the 

analysis of tensile strength and elongation at break are as shown in Figure 57. 

Aim of plasticizer addition to any polymer is to reduce brittleness, enhance 

flexibility and improve processability. Addition of plasticizer reduces 

intermolecular interactions thereby reducing tensile strength and form 

plasticizer-polymer hydrogen bonds that add flexibility to the material. Films 

containing oleic acid and glycerol had the highest tensile strength and EAB 

respectively than sugars and ethanolamines. However, third after glycerol and 

oleic acid, low concentrations of TEA showed relatively higher TS compared to 

others. Glucose and galactose have comparative EAB but galactose produced 

films with relatively higher TS. Among polyols, glycerol films had higher EAB with 

higher concentrations whereas PEG showed higher TS at lower concentrations. 

Films with PPG showed relatively low TS and EAB. TEA showed higher TS 

compared to DEA at low plasticizer concentrations whereas both of them 

demonstrated comparable EAB for all concentrations. 

These differences between TS and EAB could be attributed to their plasticizing 

efficiencies. However, moisture content also plays an important role when it 

comes to tensile properties of the protein films. A study reports difference 

between TS and EAB for similar films at different relative humidity suggest that 

at films tends to absorb moisture at higher humidity and tends to lose the 

strength because of increased moisture content (189). In the current study, the 

difference between TS and EAB for glycerol and oleic acid films showed 

significant difference as the former being hygroscopic attracts moisture and 

increase the water content of the film, which is evident from the moisture content 

data (Table 43). On the other hand, oleic acid is relatively hydrophobic and 

absorb three times less moisture compared to glycerol. The difference between 

the moisture content of these two films leads to the difference between their 

mechanical properties as glycerol films with high moisture content were more 

flexible whereas films with oleic acid were strong but with relatively low 

flexibility. These findings were in agreement with a similar study where various 

plasticizers tested at a different relative humidity (RH) concluded that ST of the 
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films was consistent and comparable up to 60 % RH but decrease sharply with 

further increase in RH. They also concluded that EAB for the same set of 

plasticizer was significantly similar and low up to 50% RH and observed > 300 % 

maximum increase in EAB between 70 % to 80 % RH. These findings in support 

of the present study suggest that film preparation and storage conditions greatly 

influence the mechanical properties of the film. 

As reported in research earlier, heat-induced crosslinking also improve the 

tensile properties of the kafirin films (188) and other prolamins such as zein 

(190). In similar studies, zein was crosslinked to improve the tensile properties 

(191), stability (192)and cytocompatibility (193) of the films and fibres. 

The higher standard deviations for TS and EAB in case of glycerol, PPG, TEA and 

oleic acid could be attributed variables that influence the tensile properties of the 

films (44). The same study also suggests that difference between film casting 

methods, conditioning and storage, specimen dimensions have an impact on the 

strength and elasticity of the films. A similar study reported as high as 47.9% 

standard deviation for tensile properties citing the same reasons (104). 
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Figure 57: Tensile strength (MPa) and elongation at break (%) for kafirin films at different concentrations of plasticizers. 
PEG: Polyethylene glycol, PPG: Propylene glycol, DEA: Diethanolamine, TEA: Triethanolamine, OA: Oleic acid. 
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6.3.6. Water vapour permeability 

Water vapour transmission rate and water vapour permeability testing were 

done to evaluate the possibility of using films as an effective moisture barrier.  

 

Figure 58: Water vapour permeability (g mm/m2 h kPa) for kafirin films at 
different concentrations of plasticizers. 

The water vapour permeability (WVP) of kafirin films plasticized with different 

plasticizers plotted as shown in Figure 58. The WVP for glucose, galactose and 

PEG plasticized films were relatively higher compared kafirin films with DEA, 

TEA, PPG and oleic acid as plasticizers. There was no significant difference 

between WVP obtained for DEA and TEA plasticized films even at different 

concentrations. However, PEG and glycerol plasticized films showed a 

remarkable difference at different concentrations. These findings were 

consistent with the reports of the effects of glycerol on WVTR on the films (194). 
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It has been reported that the plasticizers, mainly with external plasticizing 

mechanism plays a significant role in the migration of moisture through the 

protein films (58,106,186). In the current study, glucose, galactose, glycerol and 

PEG had a higher WVP as they are hydrophilic and latter being highly hygroscopic 

with a tendency to capture moisture. These hydrophilic plasticizers capture 

water with an increase in time and increase water within the films, which 

ultimately facilitates the diffusion through the films. Kafirin films plasticized with 

more than one plasticizers (glycerol, lactic acid and PEG in equal proportions) 

reported a mean WVP of 0.43 (104) and 0.66 (g mm/m2h kPa) (109) on two 

separate instances that were relatively lower than the WVP for films from 

individual plasticizers in the present study. These differences in the WVP of the 

films from different studies could be due to several reasons such as kafirin source, 

its extraction and drying process, ingredients and film casting process. Plasticized 

kafirin films with low water transmission rate can be further developed and used 

as an edible film for food packaging that prevents both moisture loss and gain. 

6.4. Conclusion 

Kafirin films plasticized with different individual plasticizers showed competitive 

tensile properties where oleic acid and glycerol films demonstrated the highest 

TS and EAB respectively. Oleic acid and PPG plasticized films showed competitive 

WVP values among the screened plasticizers. Swelling behaviour suggests water 

uptake capacity of the films where DEA and ETA adsorbed most water. Sugar and 

glycerol films demonstrated least water absorption with a possibility that being 

hydrophilic; these were extracted from the film leading to lower water retention. 

However, these plasticizer needs to be paired with other plasticizers with 

complementary attributes in order to design applications with desired 

properties. For instance, a combination of oleic acid with glycerol would produce 

material with optimum TS, EAB, and barrier properties. The present study 

reports plasticizers that demonstrated an array of mechanical and barrier 

properties and can be used based on suitability for targeted applications.  

  



 

179 
 

Chapter 7: Kafirin spray coat development 
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7.1. Introduction 

The enteric coating can be defined as the coating that can resist low pH in the 

stomach but easily dissolve/disintegrate at high pH in the intestine. Enteric 

coating applied to any pharmaceutical and nutraceutical ingredients is meant to 

protect the drug from gastric pH and/or drug delivery to the intestine and/or to 

avoid gastric irritation. 

Most of the enteric coating materials used to coat are either synthetic (mostly 

cellulose derivatives) such as cellulose acetate succinate, cellulose acetate 

phthalate, hydroxypropyl methylcellulose (HPMC) phthalate and HPMC acetate 

succinate, polyvinyl acetate phthalate (PVAP), or shellac and zein that are of 

natural origin.  The zein and kafirin have close similarity in their physicochemical 

properties. However, kafirin is more hydrophobic than zein due to high 

glutamine, proline and alanine content which makes it a better candidate for 

protein-based coating application. 

Here, kafirin was mixed with suitable plasticizer was used to spray coat the drug-

loaded capsules to assess the suitability of kafirin as an enteric coat. Effect of 

various concentrations of plasticizer on the secondary structure of kafirin 

assessed with FTIR.  The swelling behaviour of kafirin coat was studied at both 

acidic and alkaline pH. Kafirin coated capsules were analysed for their drug 

release profile in acidic and alkaline media.  The findings of the current study 

suggest that kafirin can be developed into an effective enteric coat and should be 

further investigated for other application development such as drug-loaded 

microparticles and food packaging. 

7.2. Materials 

Kafirin was extracted from sorghum flour using the extraction process explained 

earlier in chapter 3. Glycerol, polyethylene glycol, hydrochloric acid, disodium 

hydrogen phosphate, sodium dihydrogen phosphate, methanol and ethanol were 

purchased from Sigma Aldrich, Australia. Paracetamol powder and gelatine clear 

capsules (size 0) received from Valaenza Pharmaceuticals Pvt Ltd. 

https://en.wikipedia.org/wiki/Polyvinyl_acetate_phthalate
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7.3. Methods 

7.3.1. Capsule filling 

Clear gelatine capsules filled with 400 mg of paracetamol were sealed and 

weighed. Sealed capsules were spray-coated as per the procedure mentioned 

below until the uniform coating achieved. 

7.3.2. Kafirin coating 

Kafirin coating solutions with respective plasticizers were prepared by dissolving 

kafirin in 70 % (w/w) ethanol and kept on a magnetic stirrer at 70 °C in stirring 

condition (100 rpm) until complete dissolution, the mixture was weighed before 

heating. Plasticisers (15, 25 and 35 %) added to the dissolved kafirin and mixed 

well to obtain a uniform solution. The mixture was held at 45 °C and weighed to 

calculate the mass loss, which was topped up with absolute ethanol for the lost 

weight due to evaporation. The solution was mixed at slow speed to avoid air 

entrapment, filled in the glass canister and loaded on the airbrush/spray pen with 

modified size 5 head (1.06 mm) to handle viscous solutions. Operating air 

pressure was 30-35 PSI, higher in case of thicker slurry. The width of the spray 

depends on the distance between the tip and the application surface (capsule); 

closer distance resulted in the fine narrow lined thicker coat whereas higher 

distance leads to a thin broad lined coat. Paracetamol filled clear gelatine capsules 

sprayed with kafirin solution and several coats were applied to achieve a uniform 

coating and air-dried before testing. Similarly, kafirin coats for the testing 

purpose were prepared by spraying the kafirin solutions on the glass plate and 

air-dried. Multiple coats were applied to obtain the coat similar to that of the 

capsules. The dried coat/film was then peeled off for further testing. 

7.3.3. FTIR 

FTIR spectra were recorded on Perkin Elmer FT-IR spectrometer (model: 

Spectrum 100) with Spectrum V10 software. Samples were carefully pressed on 

the crystal to ensure good contact and scanned within range of 4000 cm-1 to 400 

cm-1, 100 spectra were averaged at 4 cm-1 resolution. The empty crystal served as 

a reference. 
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7.3.4. Swelling  

The films were tested for their medium uptake ability at room temperature. Films 

were weighed and soaked separately in acidic and alkaline solutions. Samples 

were taken out at a defined time interval and excess of water removed by gently 

pressing the films between the tissue paper leaves. Change in weights of the wet 

films was recorded up to 72 hours. Change in weight was calculates using the 

formula given below. 

𝑊𝑒𝑖𝑔ℎ𝑡 𝑐ℎ𝑎𝑛𝑔𝑒 (%) =  
(𝑊𝑡 − 𝑊0)

𝑊0
 × 100 

Where, Wt = final weight and Wo = initial weight of the kafirin coat. 

7.3.5. Water vapour permeability (WVP) 

WVP of the spray coat films were determined gravimetrically as explained earlier 

(section 6.2.2.7) using ASTM method E96. The test assembly was prepared with 

films cut to 40 mm diameter circles (n=3) and measured for their thickness at five 

random points. These circles were mounted on the 100 mL Schott glass bottles 

containing 90 mL of deionised water with the help of screw cap GL 45 PBT red 

open-topped with 34 mm central aperture. Films were secured at a place with 

silicone sealing gasket to ensure a watertight seal. The assembly was weighed 

every 12 hours for 5 days and the changes in their weight over time were plotted. 

Bottle kept without any film covering mouth was kept as a positive control. 

Airtightly sealed bottle with cap covered with silicon tape was kept as a negative 

control. All films were placed with the side of the film in contact with the glass 

during the casting process facing the water (i.e. higher vapour pressure) in 

bottles. Silicon gaskets and paraffin films were used as a sealant to keep the film 

in place and watertight during the entire experiment duration. WVT and WVP 

were calculated using the following formula. 

𝑊𝑉𝑇 =  
𝐺

𝑡𝐴
=  

𝐺 𝑡⁄

𝐴
 

Where, WVT = rate of water vapour transmission, (g/h·m2), 

G = weight change (from straight line) (g), 

t = time (h), 

G/t = slope (g/h), 
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A = test area (m2). 

𝑊𝑉𝑃 =
𝑊𝑉𝑇 × 𝑋

𝑃0 × (𝑅1 − 𝑅2) 100⁄
 

Where, WVP = water vapour permeability, (g mm/h·m2 kPa), 

X = specimen thickness (mm) 

P0 = vapour pressure difference at 25 °C (3.167 kPa) 

R1 = relative humidity at the source/inside the bottle (it was assumed that the 

relative humidity (R1) in the bottle was 100 %), 

R2 = relative humidity at the vapour sink/outside the bottle (measured using the 

digital temperature and humidity logger). 

7.3.6. Solubility study 

Kafirin coated gelatine capsules subjected to dissolution study using USP 1 

dissolution (basket) apparatus (Erweka DT6). The coated capsules were placed 

in respective baskets and immersed in the 900 mL of acidic media i.e. 0.1 N HCl 

maintained at 37 °C ± 0.5 °C for 2 h at 50 rpm. Samples were withdrawn from 

acidic media in each container at 15, 30, 60, 90 and 120 minutes for coated 

capsules and every 5 minutes for uncoated capsules up to 1 h. After 2 h, baskets 

were transferred to another container with alkaline media i.e. 50 mM phosphate 

buffer, pH 7.4 ± 0.2 maintained at 37 °C ± 0.5°C at 50 rpm. 2 mL of samples were 

withdrawn from each container at every 30 minutes up to 6 hours and at 24, 48 

and 72 h from alkaline media. Samples were filtered with 0.2 µm filters before 

analysis. Paracetamol concentration in samples determined as described as 

follows in section 7.3.7. 

7.3.7. Paracetamol quantification 

Paracetamol (PCM) calibration curve was prepared by adding required amount 

of PCM in 15 mL methanol and mixed well to dissolve; 85 mL of water was added 

to make up 100 mL final volume in a volumetric flask. 1 mL from the prepared 

solution was withdrawn and added to another 100 mL volumetric flask. Volume 

was adjusted to 100 mL using diluent i.e. 15 % methanol (v/v) in water. 

Calibration curve was prepared with 25, 50, 75, 100, 125 and 150 mg/L 
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concentrations. Samples were withdrawn and diluted with 15 % methanol (v/v) 

in water accordingly to measure absorbance to determine the final concentration. 

7.4. Results and discussion 

The kafirin coat and capsules were analysed for their mechanical, structural/ 

conformational, swelling behaviour, WVT, dissolution properties. 

7.4.1. Coated capsules 

Bare gelatine capsules filled with drug and spray-coated with plasticized kafirin. 

Weight and dimension of these capsules were recorded (Table 44). 

Table 44: Weight and dimension of empty, filled and coated capsules. 

Empty gelatine 
capsule (mg) 

Filled gelatine 
capsule (mg) 

Coated capsule 
(mg) 

Length 
(mm) 

99 ± 6 502 ± 4 523 ± 11 21.6 ± 0.3 

7.4.2. Kafirin secondary structures  

Kafirin coat, both native and with plasticizers were analysed for structural 

changes in the kafirin molecules with FTIR. The analysis of spectra of the kafirin 

coat with varying plasticizer content shows that there were two prominent peaks 

within the frequency ranges where amide I and amide II are highly likely due to 

C = O and N – H stretching respectively (195). The peak in the frequency range 

from 1630 cm-1 to 1620 cm-1 were allocated to β-sheets and the peak within the 

frequency range from 1650 cm-1 to 1635 cm-1 allocated to α–helices within the 

amide I region (which is 1690 cm-1 to 1600 cm-1) (196–198). However, other 

secondary structures such as random coils are known to contribute towards the 

intensity of the peak in these regions (199). Similarly, for amide II region (1575 

cm-1 to 1480 cm-1), a peak near 1530 cm-1 was assigned to α–helices whereas β-

sheets were located near 1520 cm-1. It was observed that the intensity of the 

peaks assigned to β-sheets, however, it cannot be said for the peaks allocated to 

α–helices. These observations were consistent with the reported results for 

plasticized kafirin films with varying content of plasticizers (14).  

Secondary structure of protein varies with the solvent, where, the solubility of 

the protein depends on the solvent used, temperature, pH and other excipients 
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where the structure of protein changes aided by cleavage and formation of inter 

and intrachain bonds which stabilises the native protein structure (200). Both 

proteins and peptides are least soluble at the pH close to their pI as they have net 

charge zero and solubility increases when moved away from the pI (201), these 

factors aids to the solubility of the protein by altering the native structure of the 

protein. Kafirin solubilised in ethanol at alkaline pH with reducing agents and 

plasticizers leads to alteration in its molecular structures and subsequently 

mechanical and functional properties of the target applications (112). 

7.4.3. Swelling 

Kafirin spray coat from each formulation was spray dried on the glass sheets and 

bare gelatine capsules were soaked in solutions at pH 1.2 and 7.4 (202,203) that 

mimic the gastrointestinal (GI) tract conditions to assess the suitability of kafirin 

as an enteric coat. Intact gelatine capsules swelled, started disintegrating after 35 

minutes and completely disintegrated after 2 hours.  

 

Figure 59: Swelling behaviour of kafirin spray coat in acidic media. 

In acidic media, kafirin spray coat with lowest plasticizer content swelled up to 

90% in the first 30 minutes, which increased to maximum and maintained the 

swelling at 117 ± 5 % for the next 72 hours. Initially, higher plasticizer content 

films swelled more compared to low plasticizer films; however, swelling 

gradually reduced with increase in time to 41 ± 8 % and 16 ± 7 % for 25% and 

35% plasticizer content respectively (Figure 59). 
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Figure 60: Swelling behaviour of kafirin spray coat in alkaline media. 

Kafirin spray coats soaked in alkaline media demonstrated a similar profile with 

the difference in swelling for different plasticizer content. Coat with 15% 

plasticizer swelled to ~170 % in the first 30 minutes and gradually decreased to 

110 % at the end of 72 hours. High plasticizer content coats (25% and 35%) 

exhibited similar behaviour but with less swelling (~140%), which gradually 

reduced to 46% and 26% for 25% and 35% plasticizer content coats (Figure 60). 

Alkaline media uptake for the coat was faster compared to acidic and can be due 

to hydrophilic plasticizer within the coat. Glutamine residue in kafirin, upon 

deamidation, convert to glutamic acid in acidic conditions and glutamate in 

alkaline condition. Glutamate is charged and protonated at alkaline pH leads to 

increased affinity for protons, which decreases hydrophobicity and increased 

water permeability (127).  

Swelling is an important parameter investigated to understand the behaviour of 

kafirin coat with various plasticizers in different environments. The compatibility 

of the solvent and polymer and the degree of crosslinking drive swelling factors 

such as medium uptake capacity and expansion of the coat (204). The ionisation 

of the functional groups of amino acids in the polypeptides that constitute the 

backbone of the coat results in the inflow of ions of opposite charge from the 

solution to neutralise electrostatic repulsions. This inflow of ions induces an 

osmotic pressure that is equalised by the movement of solvent into the polymer 

coat, which leads to swelling. The swelling caused by the inflow of the solvent 
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then counteracted by strain in the backbone and when these forces are in balance, 

swelling equilibrium is reached (204,205) which explains the medium uptake by 

the kafirin coat with time. Degree of cross-linking also play an important role in 

the swelling, a lower degree of cross-linking increases swellability whereas 

higher cross-linking decreases the swelling of the film (206). Kafirin films with 

hydrophobic amino acid-rich backbone and relatively higher cross-linking 

demonstrated lower swelling compared to bare gelatine capsules.   

The kinetics of swelling depends primarily on the solvent’s rate of diffusion and 

arrangement of protein structure (205). The phenomenon of swelling occurs in 

two stages, first, a rapid inflow of water from the buffer and second, a slow 

movement of water from the buffer in later stages facilitated by rearrangements 

in the backbone over time until equilibrium is reached. This supports the results 

obtained in this study where an initial rapid uptake of the medium was observed 

at the end of first 30 minutes followed by slow increase with further incubation 

up to 72 hours in case of kafirin coat incubate at acidic pH. However, in the case 

of kafirin coat incubated at alkaline pH, initial rapid uptake phase was observed 

with a gradual decrease in the retention of the medium until the end of the 

experiment. The kafirin coat in the alkaline medium starts disintegrating and lose 

the integrity after 24 hours whereas; the coat was intact until the end of the 

experiment in acidic medium. 

7.4.4. Paracetamol quantification 

Samples were withdrawn at a regular time interval from the system and diluted 

accordingly. Drug released from capsule in the media at different time points 

were determined using the calibration curve given below in Figure 61.  
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Figure 61: Calibration curve for PCM concentration determination. 

7.4.5. Solubility study 

Solubility studies were undertaken to determine the kafirin coat resistance to the 

acidic environment (in the stomach) by in-vitro testing the coated capsules and 

their dissolution behaviour as an enteric coat. Both uncoated and kafirin spray-

coated capsules incubated in acidic condition for 2 hours followed by incubation 

in phosphate buffer at alkaline pH. These acidic and alkaline media were analysed 

for drug release at regular time intervals using UV spectrophotometer at 248 nm 

wavelength. For uncoated capsules, instant drug release (27%) observed within 

the first 5 minutes, more than 99% of the drug released in the media at the end 

of 45 minutes (Figure 62). Gelatine capsules are soluble in hot water at 

temperatures above 40 °C. This observation supported by swelling data from the 

current study where uncoated gelatine capsules swelled and absorbed water up 

to ~7-8 times of its weight and formed gel (207). Gelatine (sterile solutions) are 

stable for a prolonged time at lower temperatures but at higher temperatures, 

they are prone to hydrolysis/ peptide bond cleavage leading to the generation of 

free amino acids and decrease in gel strength. Similar behaviour observed when 

degradation accelerated by extremes in pH, proteolytic enzymes and bacterial 

action. 
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Figure 62: Drug release profile for bare gelatine capsules in acidic media. 

In the case of coated capsules, no drug release observed in acidic media for the 

first 2 hours (Figure 63). However, when incubated at alkaline pH in phosphate 

buffer, instant drug release (4 %) detected after 5 minutes, which gradually 

increased with time for all formulations (Figure 63). Drug release for low 

concentration plasticizer coats was significantly less than increasing 

concentration plasticizer formulations. More than 50 % of drug release detected 

within first 12 hours for high plasticizer concentration formulation, whereas low 

concentration formulation took more than 48 hours to release the same amount 

of drug.  

As discussed earlier in section 7.4.3, an inflow of solvent mainly governed by the 

structural composition of the material. Higher (hydrophilic) plasticizer content 

makes films less hydrophobic, which facilitates the flow of solvent within the film, 

which leads to swelling and loss of plasticizer solubilized in media with time. 

Although kafirin holds the structural integrity, washed-out plasticizer weakens 

the strength and permeability of the coat, which leads to the release of drug in the 

media.  
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Figure 63: Drug release profile for coated capsules in acidic and alkaline media. 

Covalent (disulphide bonding) and non-covalent interactions (hydrogen bonding 

and hydrophobic interactions) between the molecules within the coat 

determines the integrity, strength and solubility of the coat. Presence of strong 

reducing or oxidising agents, ionic and non-ionic detergents in coat forming 

solutions are capable of breaking covalent and non-covalent interaction which 

further reduces the strength of the coat (208). 

7.4.6. Water vapour permeability (WVP) 

The change in WVP (g mm/m2 h kPa)  for the kafirin coat formulated using 

different plasticizer concentrations plotted and presented in Figure 64. It was 

observed that the WVP increases with increasing concentration of plasticizer. 

This tendency could be explained by the nature of coating material, i.e. protein to 

plasticizer ratio in terms hydrophobicity of the mixture. Hydrophobicity of kafirin 

is significantly higher due to high contents of amino acids with hydrophobic side 

chains such as proline and alanine. These hydrophobic amino acids have very 

small dipole movements and tend to repel the water. Whereas PEG is a relatively 

less hydrophobic molecule know to be soluble in both polar and non-polar 

solvents. PEG is essentially a non-polar molecule with hydroxyl groups at the end 

of its chain. The ether oxygen in the chain, which is slightly polar, binds with 

water rendering PEG a soluble moiety. This hydrophilic nature of PEG attracts 
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water and increase WVP of the coat with a further increase in plasticizer 

concentration. 

 

Figure 64: Water vapour permeability of kafirin spray coat at different plasticizer 
concentrations. 

As compared to PEG plasticized films (chapter 6), kafirin spray coat with similar 

plasticizer content showed lower WVP which is beneficial given the desired 

properties of the application under investigation. The difference between the 

WVP of films and coat can be attributed to casting methods. Films were produced 

by traditional pour and dry method whereas the spray coat was the result of 

multiple coats applied over the other.  Also, increased WVP can be attributed to 

the structure and porosity of the films as excess ethanol evaporates during 

drying, which might leave pore throughout the structure. On the other hand, 

spray coating creates fine aerosol like particles with very low ethanol content. 

Besides, multiple coats applied would create non-continuous pores leads to lower 

WVP.  Usually, plasticizers intercalate themselves between protein chains 

thereby altering mechanical properties of the material; however, PEG is a 

relatively larger molecule that does not get inserted between the chains but more 

likely to cross-link them. Another reason for not able to intercalate is steric 

hindrance due to adjacent side chains. These interactions are results of reduced 

internal hydrogen bonding creating intermolecular spaces within protein 

molecules and overall structure. The increased spacing allows more water 

molecules within these spaces resulting in swelling and further penetration in 

protein network as observed in the coat with higher plasticizer concentration. 
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7.5. Conclusion 

Kafirin films prepared with different formulations demonstrated variation in 

their mechanical, functional and barrier properties. Kafirin solubilised in a 

solvent mixed with plasticizers alters the molecular structure of kafirin, which 

leads to modifications in its functional properties. Kafirin spray coat tested for 

swelling exhibited resistance to dissolution at low pH but solubilise at alkaline 

pH, conditions similar to GI tract. Drug release profiles from in-vitro studies at 

both acidic and alkaline pH indicate similar as coat holds the integrity at low pH 

but drug release was observed as soon as it is placed in alkaline media. Low 

WVTR indicates excellent barrier properties of the coat. These studies assure that 

kafirin-based formulation can be used as an effective enteric coat that needs to 

be instigated at a commercial scale. 
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Chapter 8: Kafirin microparticles and 

food-grade coating 
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8.1.  Introduction 

Microparticles are efficient and proven drug delivery systems with improved 

pharmacokinetic benefits in terms of adsorption, bioavailability and distribution 

of the drugs.  The size distribution of microparticles varies within the range of 1 

to 1000 µm.  Microparticle offers an advantage over nanoparticles that they do 

not enter interstitial space and time transported to other organs that enable 

targeted drug delivery and hence act locally (209). This feature reduces if the risk 

of possible toxicity due to accidentally encapsulated material.  Microparticles can 

also be formulated into solids (capsule or tablets), semi-solids (gels and paste) or 

liquid formulations such as solutions thereby offering a choice of the dosage form 

with desired the delivery (210). Spray drying is one of the few techniques widely 

used in industry for microparticle manufacturing as it offers certain advantages 

such as uniform particle size, single-step operation, organic solvent and heat-

sensitive material compatibility, hence explored for kafirin microparticle 

development. 

This chapter discusses kafirin microparticle production with spray drying at the 

end of the kafirin purification process.  Spray drying opted as the drying step as 

it can handle high volumes process intermediates and efficient at commercial 

scale. Spray drying was optimised as a production step that manufactures kafirin 

microparticles with uniform size distribution to integrate the kafirin purification 

process with the microparticle production process. Microparticles formed by 

varying parameters were analysed and characterise in terms of their solubility, 

morphology, microstructural properties, and particle size distribution. The 

outcome of the current study suggests that kafirin microparticles can be 

developed into an effective drug carrier and should be further investigated for 

other application development such as drug-loaded microparticles. These 

microparticles were dissolved and mixed with plasticizer and applied on fruit as 

a preservative coat where it was demonstrated that the shelf life of the fruit can 

be significantly extended.  

8.2. Materials 

Kafirin used for microparticle formation was extracted from sorghum 

flour/DDGS using the extraction process explained earlier in chapter 3. 
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8.3. Methods 

8.3.1. Spray drying 

Kafirin solution was spray-dried using a pilot-scale spray dryer (Mini spray dryer 

B-290 Advanced, Buchi) with a dehumidifier (B-296) and inert loop (B-295).  

Input protein concentration was varied (0.2 mg/mL to 1.0 mg/mL) and other 

parameters such as inlet temperature, outlet temperature, flow rate and 

aspirator speed were optimised to produce microparticles within desired 

particle size distribution range. 

Spray dryer operations were conducted as follows: 

• Instrument and the aspirator were switched on. The temperature of the inert 

loop was set to -20 °C. 

• Main nitrogen gas valve was opened and gas flow adjusted to 40 mm using 

the needle valve in the gas flow meter. The aspirator was turned on to 80% 

to start feeding the gas to the system until the oxygen level in the system 

reached less than 6% (on inert loop indicator). 

• Inlet temperature set at 120 °C and the heater was switched on. 

• Tubing was placed in the feed valve and pump setpoint adjusted to 30% 

(60% for solvents). 

• Once the inlet temperature reached 120 °C, the end of the tube placed in a 

container with distilled water/solvent and the pump was switched on.  

• Inlet temperature and feed flow rate were adjusted to obtain the desired 

outlet temperature for the product.  

• Feed tubing was placed in the solution containing the product. Solution 

placed on magnetic stirrer to homogenise the feed during the entire 

operation. Inlet temperature and feed flow were adjusted accordingly to 

obtain the desired outlet temperature. 

• Once the feed is over, feed tube was placed in solvent/distilled water to flush 

the tube and nozzle and ensure maximum recovery. 

• Product was recovered from the collection vessel and weighed. 

• Cylinder, cyclone, coupler, outlet temperature sensor and other removable 

parts were detached and cleaned thoroughly. All parts were air-dried before 

reassembly. 
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• Solvent recovered from the receiving bottle in the inert loop. Water collected 

in the humidifier collection container was decanted. 

8.3.2. Solubility study 

Kafirin samples were dissolved in 70% ethanol and kept on a magnetic stirrer at 

70 °C in stirring condition (100 rpm) until complete dissolution (maximum 30 

minutes). The mixture was cooled to room temperature and weighed to calculate 

the mass loss, which was topped up with absolute ethanol for the lost weight due 

to evaporation. Solutions were then filtered using preweighed 1.0 µm filter 

papers in separate containers followed by 70% ethanol (20 mL) to wash retained 

kafirin solution within the filter paper. These filter papers were dried in a hot air 

oven at 80° C and weighed for insoluble kafirin. Change in weight was calculates 

using the formula given below. 

𝑊𝑒𝑖𝑔ℎ𝑡 𝑐ℎ𝑎𝑛𝑔𝑒 (%) =  
(𝑊𝑡 − 𝑊0)

𝑊0
 × 100 

Where, Wt = final weight and Wo = initial weight of the filter paper. 

8.3.3. Particle size distribution 

Kafirin microparticles produced by varying process parameters were tested for 

the particle size distribution using  Malvern Mastersizer (Malvern Panalytical 

Australia). 

8.3.4. Scanning electron microscopy 

Samples were sprinkled on double-sided carbon tape mounted on aluminium 

stubs, excess ad loosely bound powder blown using pressurised air. These 

samples were then coated with a carbon layer using evaporative coater (model: 

208C, Cressington) and examined for their microstructural analysis using SEM 

(model: Evo 40XVP, Zeiss). 

8.3.5. Coating 

Kafirin microparticles were dissolved is explained earlier (in section 8.3.2) and 

mixed with 10 % plasticizer (1:2 mixture of glycerol and propylene glycol). The 

mixture was cooled to room temperature and weighed to calculate the mass loss, 
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which was topped up with solvent for the lost weight due to evaporation. The 

coating solution was rested for 2 hours before use. The solution was fed into a 

glass canister and sprayed on the fruits (pears from a local orchard with an 

average weight of 186 ± 16.2). The coat was allowed to air dry and fruits (with 

uncoated pears as control) were incubated at room temperature (21 ± 2° C). 

8.3.6. Weight loss and visual inspection 

Both coated and uncoated pears were weighed every 24 hours to assess the 

weight change. These fruits were visually inspected for any changes in skin colour 

with respect to ripening and gloss. 

8.4. Results and discussion 

The kafirin microparticles were analysed for their morphology, microstructural 

properties, solubility and particle size distribution. 

8.4.1. Solubility 

The solubility of Kafirin samples dried using hot air oven spray-dryer was 

analysed.  As evident from the data obtained and discussed in chapter 3 (Table 

3.6), the solubility of the Kafirin produced using spray-dryer was significantly 

higher (100 %) than the hot air oven-dried kafirin (< 80 %). Solubility is one of 

the CQAs considered while developing the kafirin purification process as the final 

product would be solubilized in a suitable solvent system in order to 

develop/manufacture an application. As discussed earlier, the slow and 

incomplete dissolution of oven-dried kafirin could be the result of exposure to a 

higher temperature for longer duration might have altered molecular structure 

of kafirin and induced higher degree polymerisation leading to the formation of 

higher molecular weight aggregates (38,42). On the other hand, an increased rate 

of solubility of spray-dried kafirin can be attributed to a smaller particle size that 

offers a larger surface area resulting in faster dissolution.  

8.4.2. Particle size distribution 

Kafirin microparticles produced using process stream with different protein 

concentrations were analysed for their particle size distribution. Initially, process 

intermediate generated after oil removal step, a high protein concentration 
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stream, was spray-dried which resulted into microparticles with a wider particle 

size distribution (Figure 65), an observation supported by micrographs for the 

sample (Figure 66b and d). Upon closer examination, it was found that smaller 

microparticles (< 100 µm) were also generated, however, in lesser proportions 

(Figure 65d and f). Similar process stream, when diluted (5x) resulted in smaller 

microparticles (Figure 66c), however, with size distribution within a very narrow 

range (Figure 65). It was observed that the undiluted/higher protein 

concentration stream (~1.0 mg/mL) formed larger microparticles (Figure 65), 

whereas, low protein concentration (0.2 mg/mL) resulted in smaller 

microparticles (Figure 65) with similar process parameters/conditions. 

 

Figure 65: Particle size distribution for Kafirin microparticles produced at 
different protein concentrations. High protein concentration/native stream 
(black) and low protein concentration/diluted stream (grey). 

8.4.3. Microstructural properties 

Kafirin microparticles were examined for their morphological characterization 

and microstructural properties using SEM. Scanning electron micrographs of 

kafirin microparticles (Figure 66) produced by varying protein concentration of 

the input stream resulted in the formation of particles within narrow size 

distribution ranges. Other than particle size, scanning electron micrographs 

displays morphology of these microparticles. It was observed that the surface of 
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the microparticles was smooth irrespective of their size. Kafirin microparticles 

with size < 100 µm were mostly non-uniform spherical structures (Figure 66c).  

The surface of these smaller microparticles was relatively small and non-porous. 

On the other hand, microparticles generated with a high protein concentration 

stream were relatively larger (~200 µm),  both spherical and elliptical in shape 

and uniform structures. These larger microparticles have a smooth surface and 

macroporous (with pore size > 50nm).  

 

Figure 66: Scanning electron micrographs of Kafirin microparticles. 

8.4.4. Fruit coating: visual inspection and weight loss 

Initial visual inspection (day 0) of the fruits (both coated and uncoated) suggests 

that both were with green skin background with black and brown spots on the 

outer surface where the spray coat was able to retain the gloss on the surface. 

a b 

c d 

e f 
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The skin background colour and the (black and brown) spots were the indicators 

of fruit ripening. In the case of uncoated fruits, the gloss faded and the skin 

background colour of the fruits changed to yellow and the majority of the spots 

faded to light brown colour with the increase in time. However, coated fruit 

retained much of the gloss up with green background where the majority of the 

spots were black with few faded to brown. 

 

Figure 67: Weight change (%) for coated and uncoated pear over 14 days. 

As shown in Figure 68, both coated and uncoated pears have a similar appearance 

in terms of background colour and spots on the surface on day 0. The colour 

change in background and spots were observed every day with the increase in 

time. On day 14, the background skin colour of the uncoated pear changed to 

yellow and the spots on entire skin faded to brown. Kafirin coated pear, on the 

other hand, was able to retain the green skin colour (with slight yellowish shade) 

with very few of the spots faded to brown. 

Ideally, fresh pears take 7 to 8 days to enter the ripening phase also known as 

climacteric phase (211,212). The climacteric phase can be characterised as 

ethylene production and increased respiration of the fruits that lead to weight 

change (213,214). The ripening followed by senescence where the fruit is at the 

peak of it’s ripened state and might decay with further increase in time governed 

by several internal and external factors. External factors such as oxygen, 

temperature, relative humidity and other volatile compounds and internal 

factors such as ethylene production and moisture loss play a key role in fruit 
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ripening (215). The controlled weight change in the case of kafirin coated pear 

suggests that the moisture loss was minimal compared to uncoated fruits, which 

demonstrates that the kafirin coat can act as an efficient moisture barrier.  

It was also observed that the coating of post-climacteric pears leads to faster 

maturation of the fruit, an observation in agreement with the reported study (13). 

This is probably due to the fact that mature pears produce bursts of ethylene 

which induces ripening where coating would allow the partial or incomplete 

release of gas from the fruit leading to faster ripening (211).  
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Figure 68: Kafirin coated and uncoated pears on day 0 and day 14. 

The observations of this study were in agreement with reports for pear coating 

up to a certain extent due to the difference in study design (13). For instance, 

pears were stored at low temperatures for a week before coating and testing. 

Besides, pears were dip-coated whereas, in the present study, spray coating has 

opted. The (coated) fruits under testing developed wrinkles over time resulting 

in the unacceptable appearance of the fruit. This is probably due to ethanol 
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exposure for a prolonged time during dip coating. However, in the present study, 

pears did not develop wrinkles and maintained gloss after 14 days.  

8.5. Conclusion 

Kafirin microparticles produced with different particle size distribution ranges. 

These microparticles were characterised in terms of their solubility, morphology, 

microstructural properties and size distribution. Microparticles formed with 

different process parameters resulted in particles with different morphological 

and microstructural properties with excellent solubility. It was demonstrated 

that kafirin microparticles can be produced within the desired size distribution 

range. It was demonstrated that the kafirin coat can prolong the shelf life of the 

coated fruit. Also, this was a preliminary study conducted to assess the effect of 

kafirin coat on ripening considering colour and weight change. The ripening of 

the fruits regulated by regulating temperature, humidity and gas content of the 

vicinity/atmosphere and reflected in terms of colour, texture, flavour, aroma and 

it’s sugar, acid and phenolic content depending on the type of fruit. In order to 

develop and commercialise the kafirin coat as a protective coat, detailed study 

needs to be carried out with different types of fruits with test conditions designed 

considering above listed parameters. The current study suggests that kafirin 

biomaterials has the potential and can be developed into product food spray coat 

and pharmaceutical applications such as drug-loaded microparticles for targeted 

drug delivery. 
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Chapter 9: Conclusion and future work 
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9.1. Conclusion 

This thesis investigates the suitability of different raw material for kafirin 

purification and bio-material based application development from purified 

kafirin. Sorghum flour and distiller’s dried grains with solubles (DDGS), an 

industrial waste from distilleries and bio-refineries were used to extract kafirin. 

Kafirin purification process developed with “Quality by Design” (QbD) based 

approach was able to accommodate both sorghum and DDGS, the approach 

assured consistent product quality and facilitate scale-up to commercial scale and 

technology transfer. The process has been optimised, scaled-up and validated to 

ensure the adequate supply of kafirin. The purified protein was used to design 

food grade applications such as films, coatings, and microparticles with targeted 

properties. A spray coat was developed for perishable foods using kafirin. Kafirin 

was also formulated to coat pharmaceuticals and nutraceutical active 

ingredients, where the protein layer acts as an efficient enteric barrier.  Following 

sections concludes and summarise the work from individual chapters from this 

thesis. 

9.1.1. Kafirin extraction process development and scale-up 

A preliminary purification process was developed to extract kafirin from 

sorghum flour.  Traditional OFAT approach was implemented to optimise 

individual process parameters for different unit operations. Later, QBD a risk-

based approach was implemented to optimise the process in order to produce 

high purity kafirin with increased recovery. Critical quality attributes (purity, 

solubility and recovery) were identified to define the quality target product 

profile and product design space.  Risk assessment was carried out for individual 

unit operation using FMEA.  Potential critical process parameters were identified 

and process characterisation studies were carried out with identified process 

parameters that were characterised in a broader range using design of 

experiments. Data analysis from these studies identified critical process 

parameters and their interactions that have a significant impact on critical quality 

attributes.  Operating ranges for individual process parameter (PARs) were 

defined from characterization studies.   
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DDGS opted as an economical source for Kafirin extraction.  Process adaptation 

approach was implemented to accommodate DDGS into the existing process with 

obvious modifications considering high protein content.  The designed extraction 

process was scaled-up and validated. Quality of the kafirin produced from 

different raw material and at different scales were comparable. 

9.1.2. Column chromatography and scale-up 

The column chromatography was used to produce high purity kafirin considering 

the development of biomedical applications such as implants and scaffold for 

tissue engineering.  Various cation exchange and anion exchange resins with 

different physicochemical properties available in the market were screened.  

Adsorption isotherm and uptake kinetic studies were carried out to identify resin 

candidate that offers better purity and higher recovery. Capto Q was selected and 

the laboratory-scale process was developed.  20 fold scale-up was carried out to 

assure scalability of the developed process. Quality of the kafirin purified at 

laboratory scale and scale-up studies were comparable. 

9.1.3. Ultrasonic cavitation 

Ultrasonic cavitation was used and the process intensification tool in order to 

reduce operation time for the Kafirin purification process. Full factorial screening 

design was used to optimise the process parameter for kafirin extraction using 

ultrasonic cavitation. Process time, amplitude and S/L ratio were considered and 

optimised to achieve a minimum 60% Kafirin yield. Ultrasonic cavitation was 

implemented considering the development of a continuous process. 

9.1.4. Application development: Plasticizer screening and films 

Purified kafirin was paired with suitable plasticizers to enhance functional 

properties for desired applications. Different plasticizers were screened to 

produce films and tested for their mechanical, functional and barrier properties.  

Kafirin films plasticized with different plasticizers were tested for their tensile 

strength and flexibility.  They were also tested for their water uptake and 

moisture content.  Scanning electron micrographs revealed structural changes 

imparted by different plasticizers, findings were complementary to the other 
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analysis. Finally, Kafirin films were tested for their moisture barrier properties. 

Plasticizers screened during the studies produced an array of functional 

properties they provided a platform for the kafirin based application 

development. 

9.1.5. Enteric Spray coat development 

kafirin based coating was formulated for pharmaceutical and/or nutraceutical 

products for targeted drug delivery. Characterization and in-vitro studies carried 

out confirmed that the spray coat act as an excellent enteric coat that can reduce 

drug loss in the stomach, especially for low pH sensitive drugs and may decrease 

the overall dosage. This assures that kafirin coat can withstand low pH 

environment and enzymatic digestibility, which are desirable criteria for enteric 

coating.  

9.1.6. Kafirin microparticles and food-grade coat development 

To develop an integrated kafirin purification and application development 

process, spray drying operation was optimised to produce microparticles.  

Operating process parameters were optimised to produce microparticles within 

the desired particle size distribution.  These particles were analysed and 

characterised. 

 A kafirin spray coat was developed to preserve perishable food. Kafirin was 

paired with edible plasticizers to design the spray coat with required elasticity 

and viscosity to assure proper coating for fruits. It was demonstrated that a 

kafirin coat could increase the shelf life of fruits up to 14 days. The increased shelf 

life of these food articles is due to effective water and gas barrier properties of 

the coat, which are indispensable characteristics of packaging material.  

9.2. Innovative and Unique contribution from the current research 

1. Kafirin purification process: First reported scale-up and validated kafirin 

purification process optimised using QbD based approach. 

2. Process adaptation approach to include DDGS as an economic alternative 

to produce consistent quality kafirin. 
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3. Chromatography based process developed and scale-up to produce high 

purity kafirin for development of biomedical applications such as tissue 

engineering scaffolds and implants. 

4. Ultrasonic cavitation-based process developed to purify kafirin from 

DDGS that paved the way to further develop continuous extraction 

process. 

5. Plasticizer screening study provided platform for further application 

development as material generated displayed array of physicochemical, 

mechanical and function properties. 

6. Pharmaceutical application 1: kafirin based spray coat was developed 

with enteric coating properties and can be used for targeted drug delivery. 

7. Pharmaceutical application 2: Kafirin microparticles and their 

characterisation. 

8. Spray coat for perishable food articles to increase their shelf-life. 

9.3. Significance 

Exploring kafirin as a viable and sustainable source for various applications has 

gained a lot of attention. Commercial-scale development and implementation of 

different applications developed from kafirin will have a major impact on several 

sectors of the community. 

• Sorghum, being the raw material for kafirin, demand at higher purification 

scale will require a recurring source. The increase in demand for sorghum for 

higher kafirin production will encourage the farmers and agriculture industry to 

ensure its sustainability, which helps them owing to the increase in demand and 

returns on kafirin rich sorghum production. It will directly benefit the farmers 

(producers) rather than revenue being channelized to intermediaries. 

• Prerequisite of sorghum will encourage the researchers to come up with 

innovative ideas to develop cultivars, which can survive extreme climatic 

condition as well as resistance to the diseases. Also, research will be promoted 

for perennial cultivars of sorghum with higher protein content and improved 

nutritional value. 

• Purified kafirin can be cast into film or coating for pharmaceutical, 

biopharmaceutical and nutraceutical drugs not only as an encapsulation but as it 
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also increases its nutritional value. Encapsulation material used by most 

pharmaceutical industries are synthetic; kafirin can be the alternative derived 

from natural sources. 

• Packaging industry uses synthetic materials such as plastic, which is non-

biodegradable and is a potent environment hazard. Kafirin has the traits to be 

developed as a packaging material because of its unique properties, which enable 

it to be a better replacement being biodegradable and environment-friendly. 

Similarly, It also ensures survival and flourishes other industries, which are 

connected directly or indirectly such as fertiliser, farming tools and logistics. 

• Applications developed from kafirin will encourage the researchers to 

materialise cost-efficient and scalable purification processes to fulfil the 

increasing demand of kafirin. Also, it will replace the products manufactured 

from non-biodegradable and hazardous contenders. 

• Research and manufacturing facilities will lend opportunities for the 

public with different specialisations and expertise. 

• These socio-economic benefits associated with sorghum industry will 

improve the quality of life for farmers and other tradespeople along with their 

families related to this trade. 

9.4. Future recommendations 

9.4.1. Process development 

• The process developed in the present study can be scaled up to pilot scale 

and later to commercial scale to increase the productivity of kafirin for 

application development and mass production. Counter-current extraction can 

be developed and implemented to develop a continuous purification process. 

• Chromatography was used as a process intensification tool to obtain 

kafirin suitable for high-end applications such as scaffolding for tissue 

engineering. Other commercially available and upcoming resins with higher 

selectivity and binding capacities can be tested as a suitable replacement to the 

candidate from the present study to improve purity, increase the yield and 

economy of the process. Developed chromatography process can be 

characterised, optimised and scaled up to pilot and commercial production scale 

to increase the productivity and yield. 
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• Process intensification using ultrasonic cavitation can be scaled up to 

increase productivity and characterised to improve the efficiency of the process. 

A continuous process can be designed at a larger scale to assure the constant 

production of purified kafirin. Also, hydrodynamic cavitation-based purification 

process design development can be considered followed by scale-up to make the 

process energy efficient. 

• The final stage of the purification process i.e. spray drying, at higher scale, 

can be integrated with the suitable application development platform such as 

enteric spray coating and microparticle synthesis (pharmaceutical and/or 

nutraceutical products) to minimise the process intermediate or final product 

hold-time. Process integration will ensure an increase in productivity by reducing 

solvent and energy consumption required for re-dissolution for application 

development and production. 

9.4.2. Application development 

• Kafirin produced from processes working on diverse principles exhibited 

a difference within their properties. This demands further characterization of the 

molecules using various techniques to understand their structure and properties 

at the molecular level. Efforts have been initiated in collaboration with 

researchers at ICL, London, UK to study the effects of extraction and purification 

operating parameters on the native structure of the kafirin molecule. The data 

obtained from these studies will aid the design and development of new 

applications and open doors for kafirin to other unexplored sectors as a 

biodegradable alternative to the synthetics. 

• Kafirin spray coating was successfully tested for its suitability as an 

efficient enteric coat in the present study. It can be further optimised, 

characterised and In-vivo studies of the kafirin-based enteric coating can be 

carried out to establish kafirin as a natural and biodegradable candidate for its 

suitability compared to other commercially available synthetic equivalents.   

• Microparticles manufactured at large scale can be extensively tested for 

their properties such as enteric coating stability, sustained-release profiles and 

other mechanical and functional properties.  Bought In-vivo and in-Vitro studies 
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can be carried out for drug-loaded microparticles to assess their suitability as 

their drug carrier and targeted drug delivery. 
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Société Chim Biol [Internet]. 1970 [cited 2016 Oct 10];52(10):1021–37. 

Available from: http://www.ncbi.nlm.nih.gov/pubmed/5511741 

30.  Hulse JH, Laing EM, Pearson OE. Sorghum and the millets: their 

composition and nutritive value. Academic Press; 1980. 1015 p.  

31.  Taylor JRN, Schüssler L. The protein compositions of the different 

anatomical parts of sorghum grain. J Cereal Sci. 1986;4(4):361–9.  



 

215 
 

32.  Hamaker BR, Mohamed AA, Habben JE, Huang CP, Larkins BA. Efficient 

Procedure for Extracting Maize and Sorghum Kernel Proteins Reveals 

Higher Prolamin Contents than the Conventional Method. Cereal Chem 

[Internet]. 1995 [cited 2016 Oct 10];72(6):583–8. Available from: 

http://www.aaccnet.org/publications/cc/backissues/1995/Documents/

cc1995a135.html 

33.  Hamaker BR, Bugusu BA. Overview: sorghum proteins and food quality. 

Work proteins sorghum millets enhancing Nutr Funct Prop Africa. 2003;  

34.  Shewry PR, Halford NG, Tatham AS, Popineau Y, Lafiandra D, Belton PS. 

The high molecular weight subunits of wheat glutenin and their role in 

determining wheat processing properties. [Internet]. Vol. 45, Advances in 

food and nutrition research. 2003 [cited 2016 Sep 28]. 219–302 p. 

Available from: http://www.ncbi.nlm.nih.gov/pubmed/12402682 

35.  Belton PS, Delgadillo I, Halford NG, Shewry PR. Kafirin structure and 

functionality. J Cereal Sci. 2006;44(3):272–86.  

36.  Mazhar H, Chandrashekar A. Quantification and Distribution of Kafirins in 

the Kernels of Sorghum Cultivars Varying in Endosperm Hardness. J 

Cereal Sci. 1995;21:155–62.  

37.  Shull JM, Watterson JJ, Kirleis AW. Proposed nomenclature for the 

alcohol-soluble proteins (kafirins) of Sorghum bicolor (L. Moench) based 

on molecular weight, solubility, and structure. J Agric Food Chem 

[Internet]. 1991;39(1):83–7. Available from: 

http://dx.doi.org/10.1021/jf00001a015 

38.  El Nour INA, Peruffo AD, Curioni A. Characterisation of Sorghum Kafirins 

in Relation to their Cross-linking Behaviour. J Cereal Sci [Internet]. 

1998;28(2):197–207. Available from: 

http://www.sciencedirect.com/science/article/pii/S0733521098901850 

39.  da Silva LS. Transgenic sorghum: Effects of altered kafirin synthesis on 

kafirin polymerisation , protein quality , protein body structure and 



 

216 
 

endosperm texture By Food Science. University of Pretoria; 2012.  

40.  Cremer JE, Bean SR, Tilley MM, Ioerger BP, Ohm JB, Kaufman RC, et al. 

Grain Sorghum Proteomics: Integrated Approach toward Characterization 

of Endosperm Storage Proteins in Kafirin Allelic Variants. J Agric Food 

Chem [Internet]. 2014 Oct 8;62(40):9819–31. Available from: 

https://doi.org/10.1021/jf5022847 

41.  da Silva LS, Taylor JRN. Sorghum Bran as a Potential Source of Kafirin. 

Cereal Chem [Internet]. 2004 May [cited 2016 Oct 10];81(3):322–7. 

Available from: 

http://cerealchemistry.aaccnet.org/doi/abs/10.1094/CCHEM.2004.81.3.

322 

42.  Oria MP, Hamaker BR, Schull JM. In vitro protein digestibility of 

developing and mature sorghum grain in relation to α-, β-, and γ-kafirin 

disulfide crosslinking. J Cereal Sci. 1995;22(1):85–93.  

43.  Wang Y, Tilley M, Bean SR, Susan Sun X, Wang D. Comparison of methods 

for extracting kafirin proteins from sorghum distillers dried grains with 

solubles. J Agric Food Chem. 2009;57(18):8366–72.  

44.  Buffo RA, Weller CL, Gennadios A. Films from laboratory-extracted 

sorghum kafirin. Cereal Chem. 1997;74(4):473–5.  

45.  Slotter RL, Anderson RA. Wet milling of grain sorghum_US2527585.pdf 

[Internet]. US 2527585 A, 1950. Available from: 

https://docs.google.com/viewer?url=patentimages.storage.googleapis.co

m/pdfs/US2527585.pdf 

46.  Yang P, Seib PA. Wet Milling of Grain Sorghum Using a Short Steeping 

Period. Cereal Chem. 1996;73(6):751–5.  

47.  Xie XJ, Liang Y, Selb PA, Tuinstra MR. Wet-milling of grain sorghum of 

varying seed size without steeping. Starch/Staerke [Internet]. 2006 Jul 

[cited 2016 Oct 10];58(7):353–9. Available from: 



 

217 
 

http://doi.wiley.com/10.1002/star.200500486 

48.  Hamaker BR, Kirleis AW, Mertz ET, Axtell JD. Effect of cooking on the 

protein profiles and in vitro digestibility of sorghum and maize. J Agric 

Food Chem. 1986;34(4):647–9.  

49.  Wallace JC, Lopes MA, Paiva E, Larkins BA. New Methods for Extraction 

and Quantitation of Zeins Reveal a High Content of γ-Zein in Modified 

opaque-2 Maize. 1990;92(1):191–6.  

50.  Emmambux MN, Taylor JRN. Sorghum kafirin interaction with various 

phenolic compounds. J Sci Food Agric. 2003;83(5):402–7.  

51.  Carter R, Reck DR. Low temperature solvent extraction process for 

producing high purity zein [Internet]. US3535305 A, 1968 [cited 2016 Oct 

10]. Available from: https://www.google.com/patents/US3535305 

52.  Zayas JF. Solubility of Proteins. In: Functionality of Proteins in Food 

[Internet]. Berlin, Heidelberg: Springer Berlin Heidelberg; 1997. p. 6–75. 

Available from: https://doi.org/10.1007/978-3-642-59116-7_2 

53.  Kramer RM, Shende VR, Motl N, Pace CN, Scholtz JM. Toward a molecular 

understanding of protein solubility: Increased negative surface charge 

correlates with increased solubility. Biophys J [Internet]. 

2012;102(8):1907–15. Available from: 

http://dx.doi.org/10.1016/j.bpj.2012.01.060 

54.  Wu Y V. Protein concentrate from normal and high-lysine sorghums: 

preparation, composition, and properties. J Agric Food Chem [Internet]. 

1978 Mar [cited 2016 Oct 10];26(2):305–9. Available from: 

http://dx.doi.org/10.1021/jf60216a040%5Cnhttp://pubs.acs.org/doi/ab

s/10.1021/jf60216a040%5Cnhttp://pubs.acs.org/doi/pdf/10.1021/jf60

216a040 

55.  Bean SR, Ioerger BP, Park SH, Singh H. Interaction Between Sorghum 

Protein Extraction and Precipitation Conditions on the Yield, Purity, and 



 

218 
 

Composition of Purified Protein Fractions. Cereal Chem [Internet]. 

2006;83(1):99–107. Available from: 

http://www.ars.usda.gov/research/publications/publications.htm?SEQ_

NO_115=168519 

56.  Lau ETL, Johnson SK, Stanley RA, Mereddy R, Mikkelsen D, Halley PJ, et al. 

Formulation and characterization of drug-loaded microparticles using 

distillers dried grain kafirin. Cereal Chem. 2015;92(3):246–52.  

57.  Xiao J, Li Y, Li J, Gonzalez AP, Xia Q, Huang Q. Structure, morphology, and 

assembly behavior of kafirin. J Agric Food Chem. 2015;63(1):216–24.  

58.  Giteru SG, Oey I, Ali MA, Johnson SK, Fang Z. Effect of kafirin-based films 

incorporating citral and quercetin on storage of fresh chicken fillets. Food 

Control. 2017;80:37–44.  

59.  Muhiwa PJ, Taylor J, Taylor JRN. Extraction and film properties of kafirin 

from coarse sorghum and sorghum ddgs by percolation. Cereal Chem. 

2017;94(4):693–8.  

60.  Sullivan AC, Pangloli P, Dia VP. Impact of ultrasonication on the 

physicochemical properties of sorghum kafirin and in vitro pepsin-

pancreatin digestibility of sorghum gluten-like flour. Food Chem 

[Internet]. 2018;240:1121–30. Available from: 

http://dx.doi.org/10.1016/j.foodchem.2017.08.046 

61.  Guidance for Industry: Q8(R2) Pharmaceutical Development, ICH 

Harmonised Tripartite Guideline, Step 4, August 2009.  

62.  Guidance for Industry: Q9 Quality Risk Management, ICH Harmonised 

Tripartite Guideline, Step 4, November 2005.  

63.  Guidance for Industry: Q10 Quality Systems Approach to Pharmaceutical 

CGMP Regulations, ICH Harmonised Tripartite Guideline, Step 4, June 

2008.  

64.  Guidance for Industry: Q11 Development and Manufacture of Drug 



 

219 
 

Substances (Chemical Entities and Biotechnological/Biological Entities), 

ICH Harmonised Tripartite Guideline, Step 4, May 2012.  

65.  Rathore AS, Winkle H. Quality by design for biopharmaceuticals. 

2009;27(1).  

66.  Rathore AS. Roadmap for implementation of quality by design (QbD) for 

biotechnology products. Trends Biotechnol. 2009;27(9):546–53.  

67.  Chhatre S, Farid SS, Coffman J, Bird P, Newcombe AR, Titchener-hooker 

NJ. How implementation of Quality by Design and advances in 

Biochemical Engineering are enabling efficient bioprocess development 

and manufacture. 2011;(April):1125–9.  

68.  Martin-moe S, Lim FJ, Wong RL, Sreedhara A, Sundaram J, Sane SU. A New 

Roadmap for Biopharmaceutical Drug Product Development : Integrating 

Development , Validation , and Quality by Design. J Pharm Sci [Internet]. 

2011;100(8):3031–43. Available from: 

http://dx.doi.org/10.1002/jps.22545 

69.  Rathore AS, Branning R, Cecchini D. Design Space for Biotech Products. 

Biopharm Int [Internet]. 2007 Apr;20(4):36-38,40. Available from: 

https://search.proquest.com/docview/195747337?accountid=10382 

70.  Rathore AS. QbD/PAT for bioprocessing: moving from theory to 

implementation. Curr Opin Chem Eng [Internet]. 2014;6:1–8. Available 

from: http://dx.doi.org/10.1016/j.coche.2014.05.006 

71.  Kozlowski S, Swann P. Considerations for Biotechnology Product Quality 

by Design. In: Quality by Design for Biopharmaceuticals [Internet]. John 

Wiley & Sons, Ltd; 2008. p. 9–30. Available from: 

https://onlinelibrary.wiley.com/doi/abs/10.1002/9780470466315.ch2 

72.  Rathore AS, Bhambure R, Ghare V. Process analytical technology (PAT) for 

biopharmaceutical products. Anal Bioanal Chem. 2010;398(1):137–54.  

73.  Glassey J, Gernaey K V, Clemens C, Schulz TW, Oliveira R, Striedner G. 



 

220 
 

Process analytical technology (PAT) for biopharmaceuticals. 2011;369–

77.  

74.  Rathore AS, Kapoor G. Process analytical technology : Strategies for 

biopharmaceuticals. 2013;(1).  

75.  Read EK, Park JT, Shah RB, Riley BS, Brorson KA, Rathore AS. Process 

analytical technology (PAT) for biopharmaceutical products: Part I. 

Concepts and applications. Biotechnol Bioeng. 2010;105(2):276–84.  

76.  Read EK, Shah RB, Riley BS, Park JT, Brorson KA, Rathore AS. Process 

Analytical Technology (PAT) for biopharmaceutical products: Part II. 

Concepts and applications. Biotechnol Bioeng. 2010;105(2):285–95.  

77.  Sastry LVS, Paulis JW, Bietz JA, Wall JS. Genetic Variation of Storage 

Proteins in Sorghum Grain: Studies by Isoelectric Focusing and High-

Performance Liquid Chromatography. Cereal Chem [Internet]. 1986 [cited 

2016 Oct 10];63(5):420–7. Available from: 

http://www.aaccnet.org/publications/cc/backissues/1986/documents/c

hem63_420.pdf 

78.  Blackwell DL, Bean SR. Separation of alcohol soluble sorghum proteins 

using non-porous cation-exchange columns. J Chromatogr A. 

2012;1230:48–53.  

79.  Kumar P, Lau PW, Kale S, Johnson SK, Pareek V, Utikar R, et al. Kafirin 

adsorption on ion-exchange resins: Isotherm and kinetic studies. J 

Chromatogr A [Internet]. 2014;1356:105–16. Available from: 

http://dx.doi.org/10.1016/j.chroma.2014.06.035 

80.  Tang DS, Tian YJ, He YZ, Li L, Hu SQ, Li B. Optimisation of ultrasonic-

assisted protein extraction from brewer’s spent grain. Czech J Food Sci. 

2010;28(1):9–17.  

81.  Chemat F, Rombaut N, Sicaire AG, Meullemiestre A, Fabiano-Tixier AS, 

Abert-Vian M. Ultrasound assisted extraction of food and natural 



 

221 
 

products. Mechanisms, techniques, combinations, protocols and 

applications. A review. Ultrason Sonochem [Internet]. 2017;34:540–60. 

Available from: http://dx.doi.org/10.1016/j.ultsonch.2016.06.035 

82.  Sánchez-García YI, García-Vega KS, Leal-Ramos MY, Salmeron I, Gutiérrez-

Méndez N. Ultrasound-assisted crystallization of lactose in the presence 

of whey proteins and κ-carrageenan. Ultrason Sonochem [Internet]. 

2018;42(December 2017):714–22. Available from: 

https://doi.org/10.1016/j.ultsonch.2017.12.020 

83.  Drochioiu G, Ciobanu CI, Bancila S, Ion L, Petre BA, Andries C, et al. 

Ultrasound-based protein determination in maize seeds. Ultrason 

Sonochem [Internet]. 2016;29:93–103. Available from: 

http://dx.doi.org/10.1016/j.ultsonch.2015.09.007 

84.  Yusaf T, Al-Juboori RA. Alternative methods of microorganism disruption 

for agricultural applications. Appl Energy [Internet]. 2014;114:909–23. 

Available from: 

http://www.sciencedirect.com/science/article/pii/S0306261913007290 

85.  Carrillo-Lopez LM, Alarcon-Rojo AD, Luna-Rodriguez L, Reyes-Villagrana 

R. Modification of Food Systems by Ultrasound. Bari L, editor. J Food Qual 

[Internet]. 2017;2017:12. Available from: 

https://search.proquest.com/docview/2010867333?accountid=10382 

86.  Balachandran S, Kentish SE, Mawson R, Ashokkumar M. Ultrasonic 

enhancement of the supercritical extraction from ginger. Ultrason 

Sonochem [Internet]. 2006;13(6):471–9. Available from: 

http://www.sciencedirect.com/science/article/pii/S1350417705001094 

87.  Belwal S, Revanth V, Dinesh KSV V, Reddy B V, Rao MB. Development and 

Scale Up Of a Chemical Process in Pharmaceutical Industry: A Case Study. 

J Eng Res Appl www.ijera.com ISSN [Internet]. 2016;6(72):2248–962281. 

Available from: http://www.ijera.com/papers/Vol6_issue7/Part -

2/N0607028188.pdf 



 

222 
 

88.  Crater JS, Lievense JC. Scale-up of industrial microbial processes. FEMS 

Microbiol Lett. 2018;365(13):1–5.  

89.  Cohn EJ, Gross J, Johnson OC. The Isoelectric Points of the Proteins in 

Certain Vegetable Juices. J Gen Physiol [Internet]. 1919 Nov 20 [cited 

2016 Oct 11];2(2):145–60. Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/19871798 

90.  Petenate AM, Glatz CE. Isoelectric precipitation of soy protein: I. Factors 

affecting particle size distribution. Biotechnol Bioeng [Internet]. 1983 Dec 

[cited 2016 Oct 11];25(12):3049–58. Available from: 

http://doi.wiley.com/10.1002/bit.260251219 

91.  Nfor BK, Ahamed T, van Dedem GW, van derWielen LA, van deSandt EJ, 

Eppink MH, et al. Design strategies for integrated protein purification 

processes: challenges, progress and outlook. J Chem Technol Biotechnol. 

2008;83:124–32.  

92.  de Mesa-Stonestreet NJ, Alavi S, Bean SR. Sorghum proteins: The 

concentration, isolation, modification, and food applications of kafirins. J 

Food Sci [Internet]. 2010 Jun [cited 2016 Oct 10];75(5):R90–104. 

Available from: http://www.ncbi.nlm.nih.gov/pubmed/20629895 

93.  Rathore AS, Velayudhan A. Scale-Up and Optimization in Preparative 

Chromatography Principles and Biopharmaceutical Applications. 2003. 

346 p.  

94.  Wood-Black F. Considerations for Scale-Up – Moving from the Bench to 

the Pilot Plant to Full Production. In 2014 [cited 2016 Oct 10]. p. 37–45. 

Available from: http://pubs.acs.org/doi/abs/10.1021/bk-2014-

1163.ch003 

95.  Milne JJ. Scale-Up of Protein Purification: Downstream Processing Issues. 

In 2011 [cited 2016 Oct 10]. p. 73–85. Available from: 

http://link.springer.com/10.1007/978-1-60761-913-0_5 



 

223 
 

96.  Heuer C, Hugo P, Mann G, Seidel-Morgenstern A. Scale up in preparative 

chromatography. J Chromatogr A. 1996;752(1):19–29.  

97.  Lawton JW. Zein: A history of processing and use. Cereal Chem. 

2002;79(1):1–18.  

98.  Elkhalifa AEO, Georget DMR, Barker SA, Belton PS. Study of the physical 

properties of kafirin during the fabrication of tablets for pharmaceutical 

applications. J Cereal Sci [Internet]. 2009;50(2):159–65. Available from: 

http://dx.doi.org/10.1016/j.jcs.2009.03.010 

99.  Reddy N, Yang Y. Potential of plant proteins for medical applications. 

Trends Biotechnol [Internet]. 2011;29(10):490–8. Available from: 

http://dx.doi.org/10.1016/j.tibtech.2011.05.003 

100.  Gong S, Wang H, Sun Q, Xue S, Wang J. Mechanical properties and in vitro 

biocompatibility of porous zein scaffolds. Biomaterials. 

2006;27(20):3793–9.  

101.  Taylor J, Anyango JO, Potgieter M, Kallmeyer K, Naidoo V, Pepper MS, et al. 

Biocompatibility and biodegradation of protein microparticle and film 

scaffolds made from kafirin (sorghum prolamin protein) subcutaneously 

implanted in rodent models. J Biomed Mater Res - Part A. 

2015;103(8):2582–90.  

102.  DeRose RT, Ma DP, Kwon IS, Hasnain SE, Klassy RC, Hall TC. 

Characterization of the kafirin gene family from sorghum reveals 

extensive homology with zein from maize. Plant Mol Biol. 

1989;12(3):245–56.  

103.  Ciacci C, Maiuri L, Caporaso N, Bucci C, Del Giudice L, Rita Massardo D, et 

al. Celiac disease: In vitro and in vivo safety and palatability of wheat-free 

sorghum food products. Clin Nutr. 2007;26(6):799–805.  

104.  Taylor J, Taylor JRN, Dutton MF, de Kock S. Identification of kafirin film 

casting solvents. Food Chem. 2005;90(3):401–8.  



 

224 
 

105.  Taylor J, Taylor JRN, Belton PS, Minnaar A. Formation of kafirin 

microparticles by phase separation from an organic acid and their 

characterisation. J Cereal Sci [Internet]. 2009;50(1):99–105. Available 

from: http://dx.doi.org/10.1016/j.jcs.2009.03.005 

106.  Gillgren T, Stading M. Mechanical and barrier properties of avenin, kafirin, 

and zein films. Food Biophys. 2008;3(3):287–94.  

107.  Gillgren T, Stading M. Material Properties of Zein , Kafirin and Avenin 

Films. Annu Trans Nord Rheol Soc. 2008;16:2–5.  

108.  Cuq B, Gontard N, Guilbert S. Proteins as agricultural polymers for 

packaging production. Cereal Chem. 1998;75(1):1–9.  

109.  Giteru SG, Coorey R, Bertolatti D, Watkin E, Johnson SK, Fang Z. 

Physicochemical and antimicrobial properties of citral and quercetin 

incorporated kafirin-based bioactive films. Food Chem [Internet]. 

2015;168:341–7. Available from: 

http://dx.doi.org/10.1016/j.foodchem.2014.07.077 

110.  Xiao J, Shi C, Zheng H, Shi Z, Jiang D, Li Y, et al. Kafirin Protein Based 

Electrospun Fibers with Tunable Mechanical Property, Wettability, and 

Release Profile. J Agric Food Chem [Internet]. 2016;64(16):3226–33. 

Available from: http://pubs.acs.org/doi/abs/10.1021/acs.jafc.6b00388 

111.  Emmambux MN, Stading M, Taylor JRN. Sorghum kafirin film property 

modification with hydrolysable and condensed tannins. J Cereal Sci. 

2004;40(2):127–35.  

112.  Gao C, Taylor J, Wellner N, Byaruhanga YB, Parker ML, Mills EN, et al. 

Effect of preparation conditions on protein secondary structure and 

biofilm formation of kafirin. J Agric Food Chem [Internet]. 

2005;53(2):306–12. Available from: 

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Pub

Med&dopt=Citation&list_uids=15656666 



 

225 
 

113.  Byaruhanga YB, Erasmus C, Taylor JRN. Effect of Microwave Heating of 

Kafirin on the Functional Properties of Kafirin Films. Cereal Chem. 

2005;82(5):565–73.  

114.  Taylor J, Taylor JRN, Belton PS, Minnaar A. Preparation of free-standing 

films from kafirin protein microparticles: mechanism of formation and 

functional properties. J Agric Food Chem. 2009;57(15):6729–35.  

115.  Anyango JO, Taylor J, Taylor JRN. Improvement in water stability and 

other related functional properties of thin cast kafirin protein films. J 

Agric Food Chem. 2011;59(23):12674–82.  

116.  Xiao J, Wang X, Gonzalez AJP, Huang Q. Kafirin nanoparticles-stabilized 

Pickering emulsions: Microstructure and rheological behavior. Food 

Hydrocoll [Internet]. 2016;54:30–9. Available from: 

http://dx.doi.org/10.1016/j.foodhyd.2015.09.008 

117.  Laemelli UK. Cleavage of Structural Proteins during the Assembly of the 

Head of Bacteriophage T4. Nature. 1970;227(5259):680–5.  

118.  Johnson LA, Lusas EW. Comparison of alternative solvents for oils 

extraction. J Am Oil Chem Soc. 1983;60(2):229–42.  

119.  Qi G, Li N, Sun XS, Wang D. Overview of Sorghum Industrial Utilization. 

2016;1–14.  

120.  Rassem H, Nour A, R. M. Y. Techniques For Extraction of Essential Oils 

From Plants: A Review. Aust J Basic Appl Sci. 2016;10(16):117–27.  

121.  Li Y, Fine F, Fabiano-Tixier AS, Abert-Vian M, Carre P, Pages X, et al. 

Evaluation of alternative solvents for improvement of oil extraction from 

rapeseeds. Comptes Rendus Chim. 2014;17(3):242–51.  

122.  Taylor JRN, Schüssler L, van der Walt WH. Fractionation of proteins from 

low-tannin sorghum grain. J Agric Food Chem. 1984;32(1):149–54.  

123.  Jocelyn PC. Chemical reduction of disulfides. In: Sulfur and Sulfur Amino 



 

226 
 

Acids [Internet]. Academic Press; 1987. p. 246–56. (Methods in 

Enzymology; vol. 143). Available from: 

http://www.sciencedirect.com/science/article/pii/0076687987430486 

124.  Echeverrı C, Aitken CE, Marshall RA, Puglisi JD. An oxygen scavenging 

system for improvement of dye stability in single-molecule fluorescence 

experiments. Biophys J. 2008;94(5):1826–35.  

125.  Fogler HS. Essentials of chemical reaction engineering [Internet]. Upper 

Saddle River, NJ: Prentice Hall; 2017. Available from: 

http://www.myilibrary.com?id=287286 

126.  Barcelos CA, Maeda RN, Betancur GJ V, Pereira N. Ethanol production 

from sorghum grains [Sorghum bicolor (L.) moench]: Evaluation of the 

enzymatic hydrolysis and the hydrolysate fermentability. Brazilian J Chem 

Eng. 2011;28(4):597–604.  

127.  Zhang B, Luo Y, Wang Q. Effect of acid and base treatments on structural , 

rheological , and antioxidant properties of a -zein. Food Chem [Internet]. 

2011;124(1):210–20. Available from: 

http://dx.doi.org/10.1016/j.foodchem.2010.06.019 

128.  Shukla R, Cheryan M. Zein: The industrial protein from corn. Ind Crops 

Prod. 2001;13(3):171–92.  

129.  Preece KE, Hooshyar N, Krijgsman AJ, Fryer PJ, Zuidam NJ. Intensification 

of protein extraction from soybean processing materials using 

hydrodynamic cavitation. Innov Food Sci Emerg Technol [Internet]. 

2017;41:47–55. Available from: 

http://dx.doi.org/10.1016/j.ifset.2017.01.002 

130.  Lee L, Huang M, Hsu H. Vapor Pressure of Ethanol + 

Benzyltributylammonium Chloride Solution and Vapor - Liquid 

Equilibrium of Ethanol + Water + Benzyltributylammonium Chloride 

Mixture at Atmospheric Pressure. J Chem Eng Data. 1999;44(3):528–31.  



 

227 
 

131.  TALIBOV M, SAFAROV J. Vapour pressure of ethanol and 1-propanol 

binary mixtures. HUNGARIAN J Ind Chem. 2016;44(1):33–8.  

132.  Mccabe WL, Thiele EW. Graphical Design of Fractionating Columns. Ind 

Eng Chem [Internet]. 1925 Jun 1;17(6):605–11. Available from: 

https://doi.org/10.1021/ie50186a023 

133.  Majer V, Svoboda V, Kehiaian H V. Enthalpies of vaporization of organic 

compounds : a critical review and data compilation. Oxford: Blackwell 

Scientific; 1985.  

134.  Hickman KCD. ADVENTURES IN VACUUM CHEMISTRY. 1945;33(4):205–

31.  

135.  ICH guideline Q3C ( R6 ) on impurities : guideline for residual solvents. 

Eur Med Agency [Internet]. 2019;44(March 1998). Available from: 

www.ema.europa.eu 

136.  Bade PD, Kotu SP, Rathore AS. Optimization of a refolding step for a 

therapeutic fusion protein in the quality by design (QbD) paradigm. J Sep 

Sci. 2012;35(22):3160–9.  

137.  Taylor JRN, Novellie L, Liebenberg N V. Sorghum Protein Body 

Composition and Ultrastructure. Vol. 61, Cereal Chemistry. 1984. p. 69–

73.  

138.  Bean SR, Ioerger BP, Blackwell DL. Separation of kafirins on surface 

porous reversed-phase high-performance liquid chromatography 

columns. J Agric Food Chem. 2011;59(1):85–91.  

139.  Pontieri P, Troisi J, Bean SR, Tilley M, Di Salvo M, Boffa A, et al. 

Comparison of extraction methods for isolating kafirin protein from food 

grade sorghum flour. Aust J Crop Sci. 2019;13(8):1297–304.  

140.  Zhao R, Bean SR, Wang D. Sorghum protein extraction by sonication and 

its relationship to ethanol fermentation. Cereal Chem. 2008;85(6):837–

42.  



 

228 
 

141.  Landry J, Guyon P. Zein of maize grain: I - isolation by gel filtration and 

characterization of monomeric and dimeric species. Biochimie. 

1984;66:451–60.  

142.  Landry J, Paulis JW, Wall JS. Chromatographic and electrophoretic 

analysis of zein heterogeneity. J Cereal Sci. 1987;5(1):51–60.  

143.  Zhu F, Kale A V, Cheryan M. Fractionation of Zein by Size Exclusion 

Chromatography. J Agric Food Chem. 2007;55:3843–9.  

144.  Wakkel M, Alfenore S, Mathé S, Fernández A. Equilibrium and Kinetics of 

High Molecular Weight Protein Uptake in Ion Exchange Chromatography. 

Int J Chem Eng Appl. 2015;6(5):306–13.  

145.  Imafidon GI, Sosulski FW. Nonprotein Nitrogen Contents of Animal and 

Plant Foods. J Agric Food Chem. 1990;38(1):114–8.  

146.  Langmuir I. The constitution and fundamental properties of solids and 

liquids. Part I. Solids. J Am Chem Soc. 1916;38(11):2221–95.  

147.  H.M.F. F. Over the adsorption in solution. J Phys Chem. 1906;57(May):385.  

148.  Giles C, Smith D, Huiston A. A General Treatment and Classification of the 

Solute Adsorption Isotherm. 1974;47(3).  

149.  Hanes CS. Studies on plant amylases: The effect of starch concentration 

upon the velocity of hydrolysis by the amylase of germinated barley. 

Biochem J. 1932;26:1406–21.  

150.  Lineweaver H, Burk D. The Determination of Enzyme Dissociation 

Constants. J Am Chem Soc. 1934;56(3):658–66.  

151.  Schulthess CP, Dey DK. Estimation of Langmuir Constants using Linear 

and Nonlinear. Soil Sci Soc Am J. 1996;60(2):433–42.  

152.  Houng KH, Lee DY. Comparisons of linear and nonlinear langmuir and 

freundlich curve-fit in the study of Cu, Cd and Pb adsorption on taiwan 

soils. Soil Sci [Internet]. 1998;163(2). Available from: 



 

229 
 

https://journals.lww.com/soilsci/Fulltext/1998/02000/COMPARISONS_

OF_LINEAR_AND_NONLINEAR_LANGMUIR_AND.5.aspx 

153.  Tóth B, Pap T, Horvath V, Horvai G. Nonlinear adsorption isotherm as a 

tool for understanding and characterizing molecularly imprinted 

polymers. J Chromatogr A. 2006;1119(1–2):29–33.  

154.  Foo KY, Hameed BH. Insights into the modeling of adsorption isotherm 

systems. Chem Eng J. 2010;156(1):2–10.  

155.  Yaneva ZL, Koumanova BK, Georgieva N V. Linear and nonlinear 

regression methods for equilibrium modelling of p-nitrophenol 

biosorption by Rhizopus oryzae: Comparison of error analysis criteria. J 

Chem. 2013;2013.  

156.  Hamzaoui M, Bestani B, Benderdouche N. The use of linear and nonlinear 

methods for adsorption isotherm optimization of basic green 4-dye onto 

sawdust-based activated carbon. J Mater Environ Sci. 2018;9(4):1110–8.  

157.  GE Healthcare. Capto – A new platform for process chromatography. 

Media. 2016;3–4.  

158.  Yang H. Fc-Binding Hexamer Peptide Ligands for Immunoglobulin 

Purification. 2008;  

159.  GE Healthcare Bio-Sciences. Capto S, Capto Q, Capto DEAE [Internet]. GE 

Healthcare Bio-Sciences AB. 2006. p. 1–36. Available from: 

https://www.gelifesciences.com/gehcls_images/GELS/Related 

Content/Files/1334667780708/litdoc28407452_20120420103701.pdf 

160.  Russ W, Mörtel H, Meyer-Pittroff R. Application of spent grains to increase 

porosity in bricks. Constr Build Mater [Internet]. 2005;19(2):117–26. 

Available from: 

http://www.sciencedirect.com/science/article/pii/S0950061804001187 

161.  Lu S, Gibb SW. Copper removal from wastewater using spent-grain as 

biosorbent. Bioresour Technol [Internet]. 2008;99(6):1509–17. Available 



 

230 
 

from: 

http://www.sciencedirect.com/science/article/pii/S0960852407003653 

162.  Brányik T, Vicente A, Oliveira R, Teixeira J. Physicochemical surface 

properties of brewing yeast influencing their immobilization onto spent 

grains in a continuous reactor. Biotechnol Bioeng [Internet]. 2004 Oct 

5;88(1):84–93. Available from: https://doi.org/10.1002/bit.20217 

163.  Kopsahelis N, Kanellaki M, Bekatorou A. Low temperature brewing using 

cells immobilized on brewer’s spent grains. Food Chem [Internet]. 

2007;104(2):480–8. Available from: 

http://www.sciencedirect.com/science/article/pii/S0308814606009472 

164.  Alegria C, Pinheiro J, Gonçalves EM, Fernandes I, Moldão M, Abreu M. 

Quality attributes of shredded carrot (Daucus carota L. cv. Nantes) as 

affected by alternative decontamination processes to chlorine. Innov Food 

Sci Emerg Technol [Internet]. 2009;10(1):61–9. Available from: 

http://www.sciencedirect.com/science/article/pii/S1466856408000830 

165.  McClements DJ, Gunasekaran S. Ultrasonic Characterization of Foods and 

Drinks: Principles, Methods, and Applications. Crit Rev Food Sci Nutr. 

1997;37(1):1–46.  

166.  Nithila SDR, Anandkumar B, Vanithakumari SC, George RP, Mudali UK, 

Dayal RK. Studies to control biofilm formation by coupling ultrasonication 

of natural waters and anodization of titanium. Ultrason Sonochem 

[Internet]. 2014;21(1):189–99. Available from: 

http://www.sciencedirect.com/science/article/pii/S135041771300148X 

167.  Majid I, Nayik GA, Nanda V. Ultrasonication and food technology: A 

review. Cogent Food Agric [Internet]. 2015;1(1):1–11. Available from: 

https://www.cogentoa.com/article/10.1080/23311932.2015.1071022 

168.  Raphael ML. Recovery and kinetics study of isoelectric precipitation of 

sunflower protein in a tubular precipitator. University of Saskatchewan; 

1997.  



 

231 
 

169.  Rakić T, Kasagić-Vujanović I, Jovanović M, Jančić-Stojanović B, Ivanović D. 

Comparison of Full Factorial Design, Central Composite Design, and Box-

Behnken Design in Chromatographic Method Development for the 

Determination of Fluconazole and Its Impurities. Anal Lett. 

2014;47(8):1334–47.  

170.  Rathore AS. Quality by Design (QbD)-Based Process Development for 

Purification of a Biotherapeutic. Trends Biotechnol [Internet]. 

2016;34(5):358–70. Available from: 

http://dx.doi.org/10.1016/j.tibtech.2016.01.003 

171.  ASTM International. ASTM D882: Standard Test Method for Tensile 

Properties of Thin Plastic Sheeting. ASTM Stand. 2012;12.  

172.  Lawton JW. Plasticizers for Zein: Their Effect on Tensile Properties and 

Water Absorption of Zein Films. Cereal Chem. 2004;81(1):1–5.  

173.  Berk Z. Food Process Engineering and Technology. Second Edi. 2013. 

511–566 p.  

174.  Sanyang ML, Sapuan SM, Jawaid M, Ishak MR, Sahari J. Effect of glycerol 

and sorbitol plasticizers on physical and thermal properties of sugar palm 

starch based films. Recent Adv Environ Ecosyst Dev Eff. 2015;157–62.  

175.  Arham R, Mulyati MT, Metusalach M, Salengke S. Physical and mechanical 

properties of agar based edible film with glycerol plasticizer. 

2016;23(4):1669–75.  

176.  Kinsella JE. Functional properties of soy proteins. J Am Oil Chem Soc 

[Internet]. 1979;56(3):242–58. Available from: 

https://doi.org/10.1007/BF02671468 

177.  Films I, Schäfer D, Reinelt M, Stäbler A, Schmid M. Mechanical and barrier 

properties of potato protein isolate-based films. Coatings. 2018;8(2).  

178.  Schmid M, Prinz TK, Stäbler A, Sängerlaub S. Effect of Sodium Sulfite, 

Sodium Dodecyl Sulfate, and Urea on the Molecular Interactions and 



 

232 
 

Properties of Whey Protein Isolate-Based Films. Front Chem [Internet]. 

2017;4:49. Available from: 

https://www.frontiersin.org/article/10.3389/fchem.2016.00049 

179.  Schmid M, Prinz TK, Müller K, Haas A. UV Radiation Induced Cross-

Linking of Whey Protein Isolate-Based Films. Cucciniello R, editor. Int J 

Polym Sci [Internet]. 2017;2017:1846031. Available from: 

https://doi.org/10.1155/2017/1846031 

180.  Newson WR, Rasheed F, Kuktaite R, Hedenqvist MS, Gällstedt M, Plivelic 

TS, et al. Commercial potato protein concentrate as a novel source for 

thermoformed bio-based plastic films with unusual polymerisation and 

tensile properties. RSC Adv [Internet]. 2015;5(41):32217–26. Available 

from: http://dx.doi.org/10.1039/C5RA00662G 

181.  Riganakos KA, Kontominas MG. GC study of the effect of specific heat 

treatment on water sorption by wheat and soy flour. Zeitschrift für Leb 

und Forsch [Internet]. 1994;198(1):47–51. Available from: 

https://doi.org/10.1007/BF01195283 

182.  Kakalis LT, Baianu IC, Kumosinski TF. Oxygen-17 and proton nuclear 

magnetic relaxation measurements of soy protein hydration and protein-

protein interactions in solution. J Agric Food Chem [Internet]. 1990 Mar 

1;38(3):639–47. Available from: https://doi.org/10.1021/jf00093a012 

183.  Wagner JR, Anon MC. Influence of Denaturation, Hydrophobicity and 

Sulfhydryl Content on Solubility and Water Absorbing Capacity of Soy 

Protein Isolates. J Food Sci [Internet]. 1990 May 1;55(3):765–70. 

Available from: https://doi.org/10.1111/j.1365-2621.1990.tb05225.x 

184.  Lai H, Padua GW. Properties and Microstructure of Plasticized Zein Films. 

Cereal Chem. 1997;74(6):771–5.  

185.  Xu H, Chai Y, Zhang G. Synergistic effect of oleic acid and glycerol on zein 

film plasticization. J Agric Food Chem. 2012;60(40):10075–81.  



 

233 
 

186.  Gao C, Stading M, Wellner N, Parker ML, Noel TR, Mills ENC, et al. 

Plasticization of a Protein-Based Film by Glycerol: A Spectroscopic, 

Mechanical, and Thermal Study. J Agric Food Chem [Internet]. 2006 Jun 

1;54(13):4611–6. Available from: https://doi.org/10.1021/jf060611w 

187.  Gillgren T. Mechanical , Microstructural and Barrier Properties of 

Agricultural Biopolymer Films and Foams: a literature review. 2006.  

188.  Byaruhanga YB, Emmambux MN, Belton PS, Wellner N, Ng KG, Taylor 

JRNN. Alteration of kafirin and kafirin film structure by heating with 

microwave energy and tannin complexation. J Agric Food Chem. 

2006;54(12):4198–207.  

189.  Irissin-Mangata J, Bauduin G, Boutevin B, Gontard N. New plasticizers for 

wheat gluten films. Eur Polym J. 2001;37(8):1533–41.  

190.  Soliman EA, Mohy Eldin MS, Furuta M. Biodegradable zein-based films: 

influence of gamma-irradiation on structural and functional properties. J 

Agric Food Chem [Internet]. 2009;57(6):2529–35. Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/19292471 

191.  Yao C, Li X, Song T. Electrospinning and crosslinking of zein nanofiber 

mats. J Appl Polym Sci [Internet]. 2007 Jan 5;103(1):380–5. Available 

from: https://doi.org/10.1002/app.24619 

192.  Xu W, Karst D, Yang W, Yang Y. Novel zein-based electrospun fibers with 

the water stability and strength necessary for various applications. Polym 

Int [Internet]. 2008 Oct 1;57(10):1110–7. Available from: 

https://doi.org/10.1002/pi.2450 

193.  Jiang Q, Reddy N, Yang Y. Cytocompatible cross-linking of electrospun 

zein fibers for the development of water-stable tissue engineering 

scaffolds. Acta Biomater [Internet]. 2010;6(10):4042–51. Available from: 

http://dx.doi.org/10.1016/j.actbio.2010.04.024 

194.  Krochta J. Proteins as Raw Materials for Films and Coatings. Protein-



 

234 
 

Based Film Coatings [Internet]. 2002; Available from: 

http://www.crcnetbase.com/doi/10.1201/9781420031980.ch1 

195.  Gallagher W. FTIR Analysis of Protein Structure. 1997. p. 662–6.  

196.  Surewicz WK, Mantsch HH. New insight into protein secondary structure 

from resolution-enhanced infrared spectra. Biochim Biophys Acta 

(BBA)/Protein Struct Mol. 1988;952(C):115–30.  

197.  Bandekar J. Amide modes and protein conformation. Biochim Biophys 

Acta (BBA)/Protein Struct Mol. 1992;1120(2):123–43.  

198.  Duodu KG, Tang H, Grant A, Wellner N, Belton PS, Taylor JRN. FTIR and 

solid state 13C NMR spectroscopy of proteins of wet cooked and popped 

sorghum and maize. J Cereal Sci. 2001;33(3):261–9.  

199.  Singh BR. Basic aspects of the technique and applications of infrared 

spectroscopy of peptides and proteins. In: ACS Symposium Series. 2000. 

p. 2–37.  

200.  Schein CH. Solubility as a Function of Protein Structure and Solvent 

Components. Bio/Technology [Internet]. 1990;8(4):308–17. Available 

from: https://doi.org/10.1038/nbt0490-308 

201.  Riès-kautt M, Ducruix A. [3] Inferences drawn from physicochemical 

studies of crystallogenesis and precrystalline state. In: Macromolecular 

Crystallography Part A [Internet]. Academic Press; 1997. p. 23–59. 

Available from: 

http://www.sciencedirect.com/science/article/pii/S007668799776049X 

202.  Evans DF, Pye G, Bramley R, Clark AG, Dyson TJ, Hardcastle JD. 

Measurement of gastrointestinal pH profiles in normal ambulant human 

subjects. Gut. 1988 Aug;29(8):1035–41.  

203.  Fallingborg J. Intraluminal pH of the human gastrointestinal tract. Dan 

Med Bull. 1999 Jun;46(3):183–96.  



 

235 
 

204.  Flory PJ. Principles of polymer chemistry. Ithaca, N.Y: Cornell U.P.; 1953.  

205.  De KS, Aluru NR, Johnson B, Crone WC, Beebe DJ, Moore J. Equilibrium 

swelling and kinetics of pH-responsive hydrogels: Models, experiments, 

and simulations. J Microelectromechanical Syst. 2002;11(5):544–55.  

206.  Schmidt M, Rodler N, Miesbauer O, Rojahn M, Vogel T, Dörfler R, et al. 

Adhesion and Barrier Performance of Novel Barrier Adhesives Used in 

Multilayered High-Barrier Laminates. J Adhes Sci Technol [Internet]. 2012 

Nov 1;26(20–21):2405–36. Available from: 

https://www.tandfonline.com/doi/abs/10.1163/156856111X599535 

207.  Gelatine. In: The merck index [Internet]. Royal Society of Chemistry; 

2013. Available from: https://www.rsc.org/Merck-

Index/monograph/m5685/gelatin?q=authorize 

208.  Hammann F, Schmid M. Determination and quantification of molecular 

interactions in protein films: A review. Materials (Basel). 

2014;7(12):7975–96.  

209.  Yang Q, Forrest L. Drug Delivery to the Lymphatic System. In: Drug 

Delivery [Internet]. John Wiley & Sons, Ltd; 2016. p. 503–48. Available 

from: 

https://onlinelibrary.wiley.com/doi/abs/10.1002/9781118833322.ch21 

210.  Lengyel M, Kállai-Szabó N, Antal V, Laki AJ, Antal I. Microparticles, 

microspheres, and microcapsules for advanced drug delivery. Sci Pharm. 

2019;87(3).  

211.  Amarante C, Banks NH, Ganesh S. Effects of coating concentration, 

ripening stage, water status and fruit temperature on pear susceptibility 

to friction discolouration. Postharvest Biol Technol. 2001;21(3):283–90.  

212.  Amarante C, Banks NH, Ganesh S. Characterising ripening behaviour of 

coated pears in relation to fruit internal atmosphere. Postharvest Biol 

Technol. 2001;23(1):51–9.  



 

236 
 

213.  Alexander L. Ethylene biosynthesis and action in tomato: a model for 

climacteric fruit ripening. J Exp Bot. 2002;53(377):2039–55.  

214.  del Angel-Coronel OA, Cruz-Castillo JG, de la Cruz-Medina J, Famiani F. 

Ripening and physiological changes in the fruit of Persea schiedeana nees 

during the postharvest period. HortScience. 2010;45(1):172–5.  

215.  Gill PPS, Jawandha SK, Kaur N, Singh N. Physico-chemical changes during 

progressive ripening of mango ( Mangifera indica L .) cv . Dashehari under 

different temperature regimes. J Food Sci Technol. 2017;54(7):1964–70.  

 “Every reasonable effort has been made to acknowledge the owners of copyright 

material. I would be pleased to hear from any copyright owner who has been 

omitted or incorrectly acknowledged.”  

  



 

237 
 

 

Appendix: Permission for third party copyright material 

Third party copyright permission was obtained for the following figures. 

Figure 3: SDS-PAGE profile of sorghum kafirins.  

Reference: El Nour et al. (1998) (38) 

Figure 5: Design space created from characterization studies that define ORs and 

acceptable range that assures the desired product quality. 

Reference: Rathore et al. (2009) (66) 

Figure 6: Effects of variability on the final product quality with traditional (a) and PAT 

based dynamic control strategy (b). 

Reference: Rathore et al. (2009) (66) 
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incorporated changes suggested during submission, peer review and editor-author
communications.

Authors can share their accepted author manuscript:

immediately
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via their research institute or institutional repository for internal institutional
uses or as part of an invitation-only research collaboration work-group
directly by providing copies to their students or to research collaborators for
their personal use
for private scholarly sharing as part of an invitation-only work group on
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After the embargo period
via non-commercial hosting platforms such as their institutional repository
via commercial sites with which Elsevier has an agreement

In all cases accepted manuscripts should:

link to the formal publication via its DOI
bear a CC-BY-NC-ND license - this is easy to do
if aggregated with other manuscripts, for example in a repository or other site, be
shared in alignment with our hosting policy not be added to or enhanced in any way to
appear more like, or to substitute for, the published journal article.

Published journal article (JPA): A published journal article (PJA) is the definitive final
record of published research that appears or will appear in the journal and embodies all
value-adding publishing activities including peer review co-ordination, copy-editing,
formatting, (if relevant) pagination and online enrichment.
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Subscription Articles: If you are an author, please share a link to your article rather than the
full-text. Millions of researchers have access to the formal publications on ScienceDirect,
and so links will help your users to find, access, cite, and use the best available version.
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ensure their reuse complies with the terms and conditions determined by the rights holder.
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CC BY: The CC-BY license allows users to copy, to create extracts, abstracts and new
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CC BY NC ND: The CC BY-NC-ND license allows users to copy and distribute the Article,
provided this is not done for commercial purposes and further does not permit distribution of
the Article if it is changed or edited in any way, and provided the user gives appropriate
credit (with a link to the formal publication through the relevant DOI), provides a link to the
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