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A B S T R A C T   

Background: Everyday operations in the red meat industry generate large quantities of offal and meat co- 
products. These traditionally are not valued as highly as prime cuts of meat, and can represent a threat to the 
environment and human health, if not disposed of or processed properly. In this way, they can represent a cost 
rather than a potential income stream. A requirement to sustainably feed a growing global population, and to 
find renewable bio-based alternatives to fossil-derived food, feed, materials and energy, provide new valorisation 
opportunities for such biomass. 
Scope and approach: To identify such opportunities, a systematic literature review was undertaken, considering 
edible and inedible offal and co-products as raw materials. The initial search of academic databases identified 
11,058 papers of potential relevance. Following removal of duplicates, out of topic articles, articles for which a 
full-text was not available and other quality related factors, 23 review papers and 94 full research papers 
remained for analysis. 
Key findings and conclusions: The results highlight the large variety of potential products that can be produced 
from meat co-products and offal, including applications in food and human nutrition, pharmaceuticals, 
biomedical, oleo-chemical, animal feed, pet-food and fertilizer. Capitalising on these opportunities is likely to 
require demonstration and industrial-scale development, and changes to operational as well as current business 
practices within the industry. However, the creation of a circular bio-economy model with positive economic, 
environmental, and social impacts will increasingly be required to enable the industry to address challenges 
relating to sustainability.   

1. Introduction 

The slaughtering of food animals results in significant volumes of 
non-meat biomass, which at best has low value, and at worst results in 
significant disposal costs due to its potential to damage the environment. 
Despite growing concerns about the environmental, human health and 
animal welfare impacts associated with meat production and con-
sumption, global beef and veal production is set to increase to 76,005 kt 
carcass weight equivalent (cwe) in 2029 as compared to 69,774 kt cwe 
in 2019, while sheepmeat production will increase to 17,194 kt cwe in 
2029 from 15,047 kt cwe in 2019 (OECD/FAO, 2020). In addition to 
producing more meat, this means that additional volumes of offal and 
co-products will be generated. This presents both a challenge and an 
opportunity for the low margin red meat industry. It is a challenge in 
that there is a cost to harvesting, storing, transporting and selling meat 

co-products and offal just as there is with prime beef cuts. While the 
meat industry has made some progress in developing markets for organ 
meats, producing ingredients for pet foods, rendering etc. there are also 
significant non-food/non-edible valorisation opportunities available. 
Furthermore, a growing recognition amongst industry and policy 
makers that fossil resources are finite presents a new impetus for the 
development of bio-based products based on underutilised biomass 
streams (European Commission, 2019). The purpose of this paper is to 
identify all such opportunities. It starts by defining the terminology 
associated with non-meat biomass, outlines the methodology used in 
undertaking a systematic literature review, presents the results accord-
ing to major feedstock stream and draws some conclusions. 
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1.1. Animal by-products, co-products, offal and related terms 

In the meat industry, prime meat cuts are taken from the four 
quarters of the carcass with the remainder of the carcass commonly 
referred as the fifth quarter. It includes offal, animal by-products and 
meat co-products (Marti & Johnson, 2012) However, terms like “offal”, 
“by-products”, and “co-products”, and related terms such as “slaugh-
terhouse waste” are often used interchangeably. Indeed different ter-
minology can be used for non-meat biomass generated during livestock 
slaughtering in different regions and by different stakeholders. 

Offal consists of the parts that “fall off” the carcass when being 
stripped and trimmed, such as the organs and entrails. They are gener-
ally segregated, chilled, and processed during the slaughtering process 
(Jayathilakan et al., 2012; Marti & Johnson, 2012). It can be categorised 
further into (i) red and (ii) white offal based on edibility. Red offal is 
generally edible with only cooking required, and can be consumed in a 
recognisable form, e.g. liver, heart, kidney, tongue and sweetbreads. 
Edible offal is also often referred as “variety meats” (Galanakis, 2019). 
White offal requires further processing before consumption, such as the 
blood, stomachs and intestines ((Florek et al., 2012); Jayathilakan et al., 
2012). According to European Regulation (EC) 853/2004 (EC, 2004) 
offal is “fresh meat other than that of carcase”, including viscera, in-
ternal organs and entrails (Lynch et al., 2018). 

Animal By-products (ABP’s) consist of all parts of an animal that are 
deemed unsuitable for human consumption. In Europe, EU Regulation 
1069/2009 (EC, 2009), repealing Regulation (EC) 1774/2002 (Animal 
by-products Regulation), classifies animal by-products into category 1, 2 
and 3 based on their potential risk to animals, the public and to the 
environment. It ranges from high risk Category 1, which contains ma-
terial known as Specified Risk Material (SRM); this includes constituents 
from animals suspected or confirmed of being infected with Bovine 
Spongiform Encephalopathy (BSE), that have been administered certain 
prohibited substances/drugs and floor waste. Category 2 includes: (i) 
constituents from on-farm dead animals (ii) manure as well as the 
digestive tract content and (iii) constituents from animals that exceeding 
permitted residue levels of certain allowed substances (such as thera-
peutic drugs). Category 3 is the lowest risk and includes materials that 
were fit for human consumption at the point of slaughter but are no 
longer so for a range of reason. Category 3 materials are usually sent for 
rendering for animal/pet food (Woodgate, 2013). Offal or co-product 
harvesting practices undertaken in many abattoirs means that the 
distinction between the categories is not always relevant, i.e. 
by-products are not classified because industry does not find it 
economically justifiable to separate and categorise them. 

Marti and Johnson (2012) reported on a classification system of 
animal by-products used in the United States where by-products fall into 
edible offal, inedible offal and hide categories. In Australia all non-meat 
carcase components are categorised as co-products, which includes 
edible and inedible products such as animal fat, hide & skins, bones, 
hairs, hooves and horns (Mullen et al., 2017). Terminology can vary 
depending on the stakeholder, for example, meat scientists and re-
searchers tend to use the term co-products whereas regulators tend to 
use the term animal by-products (Galanakis, 2019). Researchers have 
noted that some terms have negative connotations and give the 
impression that those materials have no use or value (Gehring et al., 
2009). The term “co-product” implies that there is some value if 
recovered properly. 

Under-utilization of co-products and offal is commonly reported in 
the red meat industry, however advances in technology and processing 
capabilities along with an increased rate of offal and co-products re-
covery can generate profitable business opportunities for the red meat 
industry and have positive impact on the environment (Henchion et al., 
2016; Toldrá et al. 2012, 2016). Non-meat components such as blood, 
skin, offal etc., have been estimated to account for between 54 and 56% 
of live animal weight for cattle and may contribute up to 11.4% of the 
gross income (Marti & Johnson, 2012; Toldrá et al., 2016). 

Traditionally, the prime meat cuts have provided the highest return 
and highest contribution to the total value of the carcass in comparison 
to the offal and co-products, despite accounting for less than half of the 
carcass. Vernooij (2012) has reported a shift in value, in favour of the 
meat co-products and processing cuts because of growth in consumer 
demand for a high protein diet and processed meats. Some offal, such as 
blood, heart, kidney, liver, brains and spleen, is reported to be rich in 
nutritional compounds such as essential amino acids, vitamins and 
minerals (Mullen & Álvarez, 2016). However traditional markets are 
limited and future market demand could be limited due to the associa-
tion of offal with scarcity and lower value segments of the market, as 
well as safety concerns, regulatory barriers and cultural/demographic 
factors (Henchion et al., 2016; Jayathilakan et al., 2012; Mullen & 
Álvarez, 2016). Changing the physical form of such products can how-
ever enhance acceptance. Henchion et al. (2016) highlighted that 
incorporating by-products as ingredients into foods following 
pre-processing rather than in their pure form can help change consumer 
perception about offal. It is noted that developing circular supply chains, 
particularly those related to human food consumption, can result in 
additional risks (Lavelli, 2021). Rao et al. (2021) for example noted that 
utilization of co-products generated during meat processing within the 
European Union can be more challenging than valorisation as a result of 
the Bovine Spongiform Encephalopathy (BSE) crisis. The BSE crisis 
means that the handling of slaughterhouse co-products is strictly regu-
lated, with health inspectors required to approve such co-products as 
being free from contaminants and infections immediately after slaughter 
and before processing for human/edible consumption (Alao et al., 
2017). Food fraud risks also arise, particularly in relation to mixtures of 
meat-based formulations with undeclared offals and co-products pre-
sent, as co-products are likely to be less expensive than meat. An 
extensive discussion on these additional risks is however beyond the 
scope of this paper. 

Furthermore, advancements in science and technology have directed 
research and marketing efforts towards more high value use of different 
meat co-products including pharmaceutical, nutraceutical, cosmetics 
and other non-food industrial uses. Toldrá et al. (2012) noted the 
example of blood which was traditionally used as an ingredient in food 
products like sausages and blood puddings but as researchers have un-
covered different functional and nutritive properties of blood proteins 
such as water binding or emulsifying capabilities, blood and blood 
co-products are often used for high end food ingredients or pharma-
ceutical applications. New and advanced technology has made it 
possible to recover purified proteins and other high value components 
from a range of co-products. This review highlights valorisation op-
portunities for red meat co-products and offal. 

A large number of studies and reviews have been published on the 
valorisation of animal co-products and offal, e.g. Jayathilakan et al. 
(2012), Toldrá et al. (2012, 2016), Mora et al. (2014), Rahman et al. 
(2014), Valta et al. (2015), Henchion et al. (2016), Mekonnen et al. 
(2016), Mullen et al. (2017), Alao et al. (2017) and Lynch et al. (2018). 
This paper contributes to this field of research by undertaking a sys-
tematic literature review, with the aim of providing an overview of all 
relevant feedstocks and all existing and potential food and non-food 
valorisation opportunities originating from offal and meat co-products. 

2. Methodology 

This paper is based on a systematic literature review following the 
five steps outlined by Khan et al. (2003), i.e. 1) framing the question; 2) 
identifying relevant publications; 3) assessing study quality; 4) sum-
marising the evidence; 5) Interpreting the findings. 

2.1. Framing the question 

This systematic literature review seeks to identify potential food 
and/or non-food uses of meat co-products and offal of bovine and ovine 
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origin. The question posed in undertaking the review was: What cur-
rent/existing and potential food and non-food applications/value 
chains can be developed using bovine/ovine co-products and offal? 

The key elements of this question are elaborated here to clearly 
define the scope of the question. Meat co-products are defined as the 
secondary products generated as a result of meat processing. For the 
purposes of this review we include all fifth quarter components, co- 
products by-products, and offal. “Food application” in the question re-
fers to where the feedstock is directly edible (i.e. merely cooked) as well 
in applications where it is processed and used as an ingredient in food 
products suitable for human consumption. Non-food application of co- 
products refers to inedible raw material used for the various applica-
tions such as fertilizer, animal feed, pharmaceutical and a variety of 
oleo-chemical applications. Co-products and offal of interest in the 
systematic literature review are of bovine (cattle) and ovine (sheep) 
origin only. There was no restriction on the breed or age of the bovine 
and ovine animal considered in the study. This framing of the question 
was discussed with representatives from meat companies in Ireland, 
under the aegis of Meat Technology Ireland,1 to ensure that the termi-
nology and key concepts used in the question were comprehensive and 
relevant. 

2.2. Identifying relevant publication 

An electronic search was performed using three database platforms: 
(1) PubMed; (2) ProQuest; (3) ISI Web of Science. No time restriction was 
set for relevant publications. The key words used to search the fields of 
title, and/or abstract and/or key words are presented in Table 1. The 
search process yielded 11,058 records. These records were exported 
directly to Endnote (Version 7), following which duplicates were iden-
tified and removed. This reduced the number of papers to be considered 
by 1572. Total 9486 records remaining following the removal of du-
plicates were screened to exclude records that may not have been peer 
reviewed, e.g. conference articles, book chapters. The review was 
confined to published journal articles as such research has been peer- 
assessed, thus acting as an important marker on the quality of the data 
and results presented. Articles for which full text was not readily 
accessible through electronic database/repositories/journals available 
to the authors were also excluded at this stage. A first screening, based 
on reviewing the title and/or abstract, removed out-of-topic records, 
articles written in different languages and further duplicates. Fig. 1 
shows the process followed and the number of articles at each stage. 
References were screened and manually searched to make sure that the 
defined search terms had identified all the relevant articles. A total of 
482 records remained after this preliminary screening process. 

2.3. Assessing study quality 

Given the large volume of citations left after the preliminary 
screening, records were classified as articles or reviews. The reviews 
were used to identify different valorisation opportunities whereas the 
articles identified different co-products that could be used as feedstock 
for such opportunities. The 104 review records were assessed first by 
reading the title and abstract. Seventy-five reviews were excluded, as the 
co-products discussed were not related to red meat. The remaining 29 
reviews were assessed for quality and to determine whether they were 
highly related or somewhat related to the topic. This led to the exclusion 
of six further records as they discussed the functionality of co-products 
but did not provide specific valorisation opportunities. Finally, 23 re-
views dealing with a variety of value chains were selected for full text 
review. 

The 378 research articles that remained after the preliminary 
screening were given similar treatment and were further assessed to see 
whether they addressed the use of specific bovine or ovine co-product/s 
in specific or various applications. Those that only dealt with the func-
tionality of co-products rather than any particular applications were 
excluded. Finally, 94 articles, dealing with bovine or ovine co-products 
and offal were included in the review. Therefore, a total 117 full texts 
were used in this systematic review. 

Of the 117 articles, the oldest record was published in 1982 with the 
most recent one published in 2019. The majority of publications were 
published after 2008. The articles were also examined in terms of in-
dustry involvement; since 2000 the authors identified 19 industries from 
across the pharma, meat/food/ingredient, feed, energy and fertilizer 
sectors that were part of the research activities. Thus it appears that the 
topic is becoming increasingly important to both researchers and in-
dustry over time. 

2.4. Focus and content of the publication 

To synthesise the results the publications needed to be categorised. 
Analysis of records identified help categorise them on the basis of 
application type. Applications were identified with reference to the 
selected review papers primarily but also the research articles. Relevant 
reviews and articles such as Jayathilakan et al. (2012), Toldrá et al. 
(2012), Toldrá et al. (2016), Rahman et al. (2014), Mora et al. (2014), 
Mekonnen et al. (2016), Alao et al. (2017), Lynch et al. (2017), Mullen 
et al. (2017), Lafarga et al. (2017), and Lynch et al. (2018) identified 
value chain opportunities in different sectors as pertinent to valorisation 
of different offal and co-products. They are:  

1. Edible and food ingredients  
2. Bioactives, pharmaceutical and research  
3. Animal feed/pet food  
4. Fertilizer  
5. Oleo-chemical & energy  
6. Value added and biobased 

3. Results 

A summary of offal and meat co-products, application type and cited 
references are elaborated further in five sub-sections as follows (1) blood 
and blood derivatives such as plasma, haemoglobin (Hb) (Table 2); (2) 
red and green offal (Table 3); (3) collagen and gelatin (Table 4); (4) 
bones and keratinous waste (Table 5); and (5) rendered by-products 
such as Meat and Bone Meal (MBM) and animal fat (tallow) (Table 6). 

3.1. Blood & blood co-products 

The first co-product obtained as a result of animal slaughtering is 
blood. Bovine slaughter results in approximately 10–22 kg blood per 
head whereas ovine slaughter results in 1–2 kg/head (Pontoppidan & 

Table 1 
Literature search; search terms and connecting words.  

Co-product Origin AND 

Bovine OR Ovine Offal OR Meat co-products 
Animal by-products OR Meat by-products 
Animal by-products OR Offal 
Fifth quarter OR Meat co-products 

Beef OR Sheep Fifth quarter OR Animal by-products 
Cattle OR Sheep Variety meat  

1 Meat Technology Ireland is an industry-led initiative that will build a 
strategic research and innovation base in beef and sheepmeat processing in 
Ireland. 
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Miseljic, 2016). While blood poses a significant processing as well as 
environmental challenge for the meat industry, it is rich in iron, proteins 
and in bioactive peptides (Bah et al., 2013; Mora et al., 2014). According 
to Duarte et al. (1999) bovine blood contains 17.3% protein, is an 
excellent source of essential amino acids and contains heme iron. 
Traditional use of animal blood for blood puddings, sausages, biscuits, 
blood cakes and breads is popular in Europe and Asia (Jayathilakan 
et al., 2012). Galanakis (2019) highlights the use of blood for pet food, 

animal feed and fertilizers. Blood can also be processed into several 
derivatives as the relatively simple technology of centrifugation sepa-
rates whole blood into plasma and red blood cells. However, the use of 
blood and blood products as a higher value functional protein or peptide 
remains limited. 

However, the separation of the plasma proteins from red blood cells 
can complicate the production line and incurs extra cost. Thus, blood is 
currently either sent to rendering to end up as a low value blood meal or 

Fig. 1. Search process and results for identifying and excluding records (based on Moher et al., 2009).  

Table 2 
Summary of studies included in the review related to blood and blood products.  

Offal and 
Co-products 

Value chain/application 
type 

Application References 

Blood, 
plasma, 
Hb 

Edible/Food ingredient Functional ingredient, food additive: meat protein replacer in 
sausages, human food ingredient (egg white replacer in cakes), 
meat preservative, fat replacer, iron supplement, stabilizing and 
emulsifying agent, clarifier, colour additive, blood puddings 

(Lynch et al., 2017; Álvarez et al., 2018; Gomez-Juarez et al., 
1999; Lee et al., 1993; Przybylski et al., 2016; Rodriguez Furlán 
et al., 2010; Silva & Silvestre, 2003; Viana et al., 2005; Yousif 
et al., 2003; Toldrá et al., 2012; Jayathilakan et al., 2012;  
Walter et al., 1993; Alao et al., 2017) 

Blood: Hb, 
BSA 

Bioactive peptides, 
Pharmaceutical and 
Research 

Antimicrobial peptides (food and bio-preservatives), antioxidant 
and antibacterial peptide, opoid activity, Angiotensin (ACE)- 
inhibitory peptide (antihypertensive), DPP-IV (the management 
of type-2 diabetes) and rennin inhibitory peptide (heart-health 
promoting activities), Amyloid fibrils (biotechnological 
applications such as bio-sensing and drug delivery, nanowires, 
hydrogels and thin films), Cell culture growth for tissue 
engineering and stem cell derived therapies, Blood meal derived 
peptones supporting the growth of various microorganisms, 
potential biological reagent 

(Bah et al., 2013; Daoud et al., 2005; Jayawardena et al., 2017;  
Lafarga et al., 2015; Mora et al., 2014; Nedjar-Arroume et al., 
2008; O’Sullivan et al., 2017a,b; Yu et al., 2010; Przybylski 
et al., 2016; Anderson et al., 2004; Anderson & Yu, 2008;  
Lafarga et al., 2017; Tang et al., 2015; Lafarga et al., 2014;  
Garcia et al., 2010; Francis, 2010; Hyun & Shin, 1998; Yu et al., 
2013) 

Blood Value added/Biobased Blood protein-based wood adhesives, Blood based thermoplastic, 
Biobased industrial flocculants and coagulants 

(Adhikari et al., 2018, Bier, Verbeek, & Lay, 2012, 2013; Li 
et al., 2018; Mekonnen et al., 2016; Piazza et al., 2012; Bier 
et al., 2013)  
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it is added as an ingredient in different food applications. 
Blood derivatives exhibit high value techno-functional properties 

like gelling, foaming and emulsifying properties and therefore can be 
used as functional ingredients in the food industry (Lynch et al., 2017). 
Blood and proteins are used in the food industry as nutrients, binding 

agents, natural colour enhancers, emulsifiers, stabilizers, and meat 
curing agents (Alao et al., 2017; Rahman et al., 2014; Silva & Silvestre, 
2003; Toldrá et al., 2012) Bovine blood fractions are promising in-
gredients for human consumption when added to improve the nutri-
tional profile of foods (Gomez-Juarez et al., 1999). 

Meat co-products such as blood plasma are high quality protein 
sources. Álvarez et al. (2018) recovered plasma proteins and incorpo-
rated them as a meat protein replacer in Irish breakfast sausages. They 
demonstrated that plasma proteins at 20% replacement levels greatly 
improved water holding capacity, cooking losses, emulsion stability and 
essential amino acid content in such products while 10% replacement 
level maintained overall finished product quality. Lee et al. (1993) 
concluded that bovine plasma proteins can replace egg substitutes in 
layer cakes without affecting sensory qualities. Rodriguez Furlán et al. 
(2010) used raw bovine plasma and processed bovine plasma (PBP) as a 
stabilizing and emulsifying agent; when applied to minced meat, these 
proteins were shown to improve stability and consistency without 
having any adverse effect on colour, aroma and taste properties. Viana 
et al. (2005) and Silva and Silvestre (2003) investigated the use of 
bovine plasma as fat replacers on the quality of ham pate and as an 
emulsifier. Yousif et al. (2003) incorporated spray-dried bovine blood 
plasma (DBP) into biscuit flour for pasta production (2.2 g/100 g DBP, 
4.2 g/100 g DBP, 8.4 g/100 g DBP). Their results indicated that the 
addition of 2.2 g/100 g DBP not only improved colour intensity and 
acceptability, but also gave a balance between pasta protein content and 
organoleptic acceptability compared to higher concentrations (4.2 
g/100 g DBP, 8.4 g/100 g DBP). 

As bovine blood is rich in heme iron, commonly consumed food 
products can be fortified in order to increase iron levels. Walter et al. 
(1993) incorporated 6% bovine haemoglobin (Hb) into 
chocolate-flavoured cookies to study the nutritive properties of blood 
proteins and concluded that it is a feasible and effective way to improve 
the iron status among children. Apart from providing added nutritional 
benefit, the addition of Hb had no aftertaste and with great overall 
acceptability cookies were virtually indistinguishable from regular 
chocolate cookies. Similar results were reported by Quintero-Gutiérrez 
et al. (2012) using the commercial product AproFER 1000 a heme iron 
concentrate manufactured by APC-Europe. 

Blood as a source of bioactive peptides has been studied and reported 
to have shown antimicrobial, antibacterial, antioxidant, DPP-IV and 
ACE-I inhibitory,2 amyloid fibrils and antiproliferative activities (Bah 
et al., 2013; Daoud et al., 2005; Jayawardena et al., 2017; Lafarga et al., 
2015; Mora et al., 2014; Nedjar-Arroume et al., 2008; O’Sullivan et al., 
2017a; Yu et al., 2010). Bioactive peptides that can inhibit ACE inhibi-
tion can lead to the development of novel therapeutics and can act as a 
functional food for hypertension prevention (Toldrá et al., 2012). Meat 
proteins including bovine haemoglobin, serum albumin and bovine 
fibrinogen are precursors of ACE-I, DPP-IV and renin inhibitory pep-
tides, which have heart-health promoting activities, and can be a po-
tential source for new commercial opportunities beyond its current 
application in food industry (Lafarga et al. 2014, 2015). In recent years, 
the use of bioactive peptide-based ingredients has become very popular 
in the functional food, pharmaceutical and nutraceutical industry, and 
may provide commercial opportunities for many meat processors e.g. 
Bovine haemoglobin powder developed by Bovogen Biologicals 
Australia can be used for a variety of food and non-food applications. 

Antimicrobial peptides isolated from bovine and ovine blood have 
potential to be used as preservatives in meat-based products (Anderson 
& Yu, 2008; Daoud et al., 2005; Przybylski et al., 2016; Yu et al., 2010). 
Peptides studied by Yu et al. (2010) has specific activity against Listeria 
monocytogenes in ham, while the antimicrobial peptide (α137-141) 

Table 3 
Summary of studies included in the review related to offal parts.  

Offal and Co- 
products 

Value chain/ 
application type 

Application References 

Offal (Liver, 
lung, 
kidneys, 
tail, heart, 
intestines, 
stomach, 
tripe, 
trimmings) 

Edible/Food 
ingredient 

Liver pâté, food 
formulation, head and 
cheekmeat in burritos, 
tails for soups and 
bouillon cubes, 
diaphragm use in 
ground or minced beef, 
protein source additive, 
extruded products (lung 
& tripe), intestines 
(sausage casings), lung 
(beef lung protein 
concentrate; BLPC 
emulsifier), Keropok- 
like snack, beef heart 
surimi-like extracts; 
Kidney, lung and heart 
(heme and iron 
fortification), replacing 
pork back-fat with 
bovine heart surimi-like 
materials Beef lung 
protein powder (iron 
source), beef trimming 
ingredients as a water 
binding agent 

(Webster 
et al., 1982;  
Mittal & 
Lawrie, 1986;  
Hayes, 1989;  
Krasnowska 
et al., 1995;  
Henchion 
et al., 2016;  
Bhaskar et al., 
2007; Darine 
et al., 2010;  
Darine et al., 
2010; Do 
Amaral et al., 
2013;  
Selmane et al., 
2008; Subba, 
2002;  
Tsermoula 
et al., 2019;  
Desmond & 
Kenny, 1998;  
Seo et al., 
2016;  
Jayawardena 
et al., 2019;  
Lynch et al., 
2018; Mora 
et al., 2014;  
O’Flaherty 
et al., 2019;  
Seo et al., 
2016) 

Offal (lung, 
kidney, 
pancreas, 
trimmings, 
hide, heart, 
diaphragm, 
liver, aorta, 
brain, sheep 
abomasum, 
gall) 

Bioactive 
peptides, 
Pharmaceutical 
and Research 

Antioxidant capacity of 
hydrolysed animal by- 
products, Angiotensin 
(ACE)-inhibitory 
peptide, DPP-IV, PEP 
inhibitory peptide, 
bioactive substances 
found in aorta tissue in 
atherosclerotic disease 
treatment, Traditional 
medicine (liver, lungs, 
pituitary, thyroid, 
pancreas, stomach, 
parathyroid, adrenal, 
kidney, corpus luteum, 
ovary, and follicle), Bile 
(treatment of 
indigestion, 
constipation, and bile 
tract disorders) 

(Damgaard 
et al., 2015;  
Meinert et al., 
2016;  
O’Sullivan 
et al., 2017a, 
b; Mora et al., 
2014; Lafarga 
& Hayes, 
2017; Di 
Bernardini, 
Rai, et al., 
2011; Di 
Bernardini, 
Harnedy, 
et al., 2011;  
Chernukha 
et al., 2018; ( 
Ohmori et al., 
1994);  
Jayathilakan 
et al., 2012) 

Offal Animal Feed/ 
Pet food 

Heart, kidney, liver and 
red offal use for pet food 
formulation, Dog food 
(testicles, residue sirloin 
steak, trachea and liver) 

(Hayes, 1989;  
Marti & 
Johnson, 
2012;  
Loureiro et al., 
2017) 

Offal Value added/ 
Biobased 

Offal based 
polyhydroxyalkanoates 
(PHA) for biodegradable 
and versatile plastics 

(Titz et al., 
2012)  

2 ACE-I and renin plays a key role in the treatment of hypertension, and the 
inhibition of DPP-IV is a recent approach in the management of type-2 diabetes 
(Lafarga et al., 2015) (Lafarga et al., 2014). 
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extracted by Przybylski et al. (2016) reduced lipid oxidation by 60% 
when applied to meat, Anderson and Yu (2008) successfully produced a 
crude antimicrobial extract that could be used in a topical cream for 
treating cuts and grazes. Ovine antimicrobial peptide SMAP29 exerts 
potent activity against a wide variety of oral pathogens and has potential 
to be used in the pharmaceutical industry to treat oral infections 
(Anderson et al., 2004). 

O’Sullivan et al. (2017a) assessed bovine blood proteins such as 
fibrinogen for its anti-inflammatory activity in range of human cancer 
cell lines and found fibrinogen-derived hydrolysates to be toxic to cancer 
cells and that the toxicity was correlated with non-cellular antioxidant 
activity. Tang et al. (2015) found that heme iron exhibited strong in 
vitro and in vivo antioxidant activities, probably due to the presence of 
Fe2+ in heme iron. US based start-up VRM Labs has developed a natural 
antioxidant from animal red blood cells named Prot-X that can help 
extend the shelf-life of pet food by preventing fat rancidity. It has been 
approved by the US Food and Drug Administration (FDA) and can be 
used as an antioxidant in frozen meat products in the foodservice sector. 
Bovine haemoglobin derived amyloid fibril can be used for range of 

biotechnological applications such as bio-sensing and drug delivery, 
nanowires, hydrogels and thin films (Jayawardena et al., 2017). 

Bovine serum albumin (BSA) is a well-known protein with potential 
to provide many bioactive compounds (Arrutia et al., 2017) and to 
improve the performance of many bioactive factors that influence the 
growth of cells in culture. Therefore BSA has potential, as a source of 
nutrients for tissue culture media and for microbial feed, for use in 
modern biotechnological applications such as cell culture for tissue 
engineering and stem cell derived therapies (Francis, 2010). Yu et al. 

Table 4 
Summary of studies included in the review related to collagen, gelatin and protein hydrolysate.  

Offal and Co- 
products 

Value chain/application 
type 

Application References 

Collagen/gelatin/ 
Protein 
hydrolysate 

Edible/Food ingredient Edible composite bioactive films, functional ingredient, 
casings for sausages 

(Abdelhedi et al., 2018; Lafarga & Hayes, 2017; Jayathilakan 
et al., 2012; Abdullah et al., 2018; Di Bernardini, Rai, et al., 
2011; Di Bernardini, Harnedy, et al., 2011; Gomez-Guillen 
et al., 2011) 

Collagen/gelatin Bioactive peptides, 
Pharmaceutical and 
Research 

Angiotensin (ACE)-inhibitory peptide, antioxidant and 
antihypertensive peptide, functional peptide (muscle mass), 
Antimicrobial peptides, Binding and compounding agent in 
medicated capsules and tablets, plasma expander, obtain 
collagen hydrolysates in cosmetics 

(Lafarga et al., 2014; Fu et al., 2016; Abdullah et al., 2018;  
Lafarga et al., 2017; Mora et al., 2014; Ryder et al., 2016; Kim 
et al., 2001; Fu et al., 2015; Banerjee & Shanthi, 2012; Liu 
et al., 2016; Fu et al., 2018; Lima et al., 2015;  
Oertzen-Hagemann et al., 2019; Ferraro et al., 2016; Lafarga 
et al., 2014; Jayathilakan et al., 2012; Toldrá et al., 2012;  
Mokrejs et al., 2009)  

Table 5 
Summary of studies included in the review related to bones and keratinous 
waste.  

Offal and Co- 
products 

Value chain/ 
application type 

Application References 

Bones Edible/Food 
ingredient 

Functional proteins: 
sausage batter, bone 
marrow valuable 
lipid resource in 
food and 
pharmaceutical 
industry 

(Boles et al., 2000; 
(Marzocchi et al., 
2018)) 

Bones Pharmaceutical 
and Research 

Milled bone 
powders for 
biomedical 
applications, 
Xenograft material 

(Johnson, Mucalo, 
& Lorier, 2000;  
Johnson, Mucalo, 
Lorier, Gieland, 
et al., 2000) 

Bones Fertilizer Category 3 food 
grade bone 
materials and cat 2 
animal bone grist to 
obtain high quality 
animal bone char 
(ABC), 

(Someus & 
Pugliese, 2018) 

Keratinous 
waste 
biomass 
(horns 
hooves, 
nails, hide 
and skins) 

Fertilizer Hooves & horns for 
fertilizer, Wool 
Waste into Organic 
Nitrogen Fertilizer 

(Sharma & Gupta, 
2016; Veselá & 
Friedrich, 2009;  
Gousterova et al., 
2008; Gousterova 
et al., 2003;  
Nasholm & 
Eythorsdottir, 
2011; Zoccola 
et al., 2015)  

Table 6 
Summary of studies included in the review related to rendered by-products.  

Offal and 
Co- 
products 

Value chain/ 
application type 

Application References 

Rendered 
by- 
products 

Pharmaceutical 
and Research 

MBM derived low-cost 
peptones 

(Garcia et al., 2010) 

Rendered 
by- 
products 

Fertilizer Mineral fertiliser: eco- 
phosphate, low cost 
pure phosphate source 
for agriculture 
industry, agricultural 
soil enrichment, 

(Chaves et al., 
2014; Stepien & 
Wojtkowiak, 2015;  
Bujak and Sitarz, 
2016; Cascarosa 
et al., 2012;  
Cayuela et al., 
2009; Kivela et al., 
2015; Spangberg 
et al., 2011;  
Deydier et al., 
2005) 

Rendered 
by- 
products 

Animal Feed/Pet 
food 

MBM in aquaculture 
feed and for animal 
nutrition, Tallow in 
salmon feed 

(Yu et al., 2015;  
Emery et al., 2014) 

Rendered 
by- 
products 

Oleochemical & 
Energy 

Biodiesel, Jet fuel, 
Electricity generation 
(Cat 3 residue and 
animal fat), MBM as a 
secondary fuel in a 
thermochemical 
process 

(Bankovic-Ilie 
et al., 2014; Da Rós 
et al., 2012; Da 
Cunha et al., 2009;  
Nelson & Schrock, 
2006; Santagata 
et al., 2017; Seber 
et al., 2014;  
Cascarosa et al., 
2012; Deydier 
et al., 2005) 

Rendered 
by- 
products 

Value added/ 
Biobased 

Adhesives, MBM 
bottom ash used in 
mortars, as a sand 
replacement, as well 
as in the production of 
bricks and ceramic 
materials, Biobased 
flocculent, bioplastic 
sheets derived from 
meat and bone meal, 
MBM derived 
biopolymer 

(Adhikari et al., 
2018; Bier, 
Verbeek, & Lay, 
2012, 2013; Li 
et al., 2018;  
Mekonnen et al. 
2016; Piazza et al., 
2012; Valta et al., 
2015; Lukubira & 
Ogale, 2013; Zhang 
et al., 2017)  
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(2013) demonstrated the use of adult bovine serum as a potential bio-
logical reagent. 

Garcia et al. (2010) showed that peptones made from rendered 
proteins are capable of supporting the growth of various microorgan-
isms and blood meal derived peptones are stronger promoters of media 
foaming than current commercial peptones. Thus, they could potentially 
be low-cost substitutes for commercial peptones. Hyun and Shin (1998) 
demonstrated that industrial production of animal/microbial feed pro-
biotics is economically feasible using bovine blood by utilising bovine 
plasma as a cost-effective nitrogen source for the cultivation of a pro-
biotic strain; this could be used as a nutritional supplement in animal 
feeds. 

Bier et al. (2012) used blood meal (BM) to develop Novatein Ther-
moplastic Protein (NTP), which is a renewable thermoplastic. Their 
research demonstrated that animal protein-derived plastic materials can 
be adequately formulated with specific modifiers to produce seeding 
trays, planting pots and mulching films or can potentially be tailored for 
different application that are cost competitive compared to 
petroleum-based plastics for similar applications (Bier et al., 2013). BM 
thermoplastic has already been commercialized by researchers at Wai-
kato University in New Zealand. New Zealand-based Aduro Biopolymers 
is using NTP to commercially manufacture rectal plugs, which can be 
used to prevent faecal contamination during meat processing. They also 
help reduce contamination of meat products destined for pet food 
manufacturing, as they are completely biodegradable. 

Adhikari et al. (2018) developed bovine blood protein-based wood 
adhesives. Different US patents (1892486, 1976436) explain the process 
of blood-based glue formation that can be used in the construction of 
interior grade wood products such as waterproof plywood as well as 
wood panels. According to Li et al. (2018) the higher protein content and 
hydrophobic amino acid content of blood meal is beneficial for 
manufacturing high performance bio-based adhesives for plywood in-
dustrial application. 

Mekonnen et al. (2016) reported many different applications of 
blood derived animal proteins including bio-based plastics, adhesives, 
surfactants, flocculants, coagulants, nitrogen-rich fertilizers, and mi-
crobial feedstock. Piazza et al. (2012) investigated the flocculation po-
tential of bovine blood and found that compared to synthetic 
flocculants, animal protein derived flocculants are cost effective 
renewable alternatives and their flocs are relatively stable. 

3.2. Offal 

Meat processing companies generate several edible products fit for 
human consumption such as brain,3 kidney, liver, spleen, tripe and lung 
which have high nutritional value and are consumed in many countries 
around the world (Mullen & Álvarez, 2016; Toldrá et al., 2016). Organ 
meats such as kidneys and liver contain higher amounts of vitamins than 
lean meat, whereas lungs, liver, brain and kidney have more poly-
unsaturated fatty acids compared to lean meat tissue (Liu, 2002; Rah-
man et al., 2014). Due to its high protein and nutrient content offal can 
be useful functional ingredients in new value-added products with 
economic potential. 

Hayes (1989) noted use of tails for soups and bouillon cubes in EU 
and US and diaphragm use in ground or minced beef while Lynch et al. 
(2018) highlighted culinary uses of several offal parts and their use as 
ingredients in processed meat and sausages. Meat trimmings, the portion 
remaining after the primary meat parts and offal is harvested, including 
fat and gristle, are a co-product of meat processing. Many processed 
meat products such as hot dogs and sausages include meat trimmings 
derived ingredients (Mora et al., 2014). Lynch et al. (2018) noted that 
the US FDA has approved the use of beef trimming ingredients as a water 

binding agent to restrict cooking losses and to improve textural prop-
erties of meat based products. In the US, head and cheek meat is 
commonly used as an ingredient in sausages, hot dogs and pet foods 
(Hayes, 1989; Marti & Johnson, 2012). 

O’Flaherty et al. (2019) developed a fortified infant rice cereal 
product containing bovine kidney, lung and heart; demonstrating beef 
co-products use as a food ingredient to improve non-heme iron 
bioavailability compared to beef itself. Subba (2002) developed a 
keropok-like snack containing processed offal parts including bovine 
lung, spleen, liver and bone. Processed lung, liver and spleen were found 
to have high protein content whereas spleen was found to be an excel-
lent source of iron. Subba (2002) reported that lung, liver and spleen 
have a high quantity of lysine and that added bone contained 25% 
calcium. Mature cattle liver can weigh up to 1.4 kg and it is a rich source 
of nutrients like vitamin B12 (Jayathilakan et al., 2012), Therefore the 
addition of meat co-products to snacks can improve their nutritional 
profile. Do Amaral et al. (2013) formulated sheep pâté with acceptable 
sensory qualities composed of 12% meat, 25% liver, 13% blood, 20% 
water and 30% fat, rich in essential amino acids, protein, iron and 
linolenic acid. 

Jayawardena et al. (2019) used a beef lung protein powder (BLP) as a 
functional ingredient to enhance the protein and iron content of fresh 
pasta. They noted that the addition of 10% BLP increased the iron 
content of the pasta fivefold while protein content was increased by 
60%. They concluded BLP shows potential as a functional food to 
enhance the nutritional quality of protein-poor and carbohydrate-rich 
cereal foods, such as pasta. 

Selmane et al. (2008) and Darine et al. (2010) extracted and analysed 
meat protein concentrates extracted from beef lungs (BLPC) in order to 
maximize protein recovery and to enhance functional properties such as 
gelling, emulsifying and foaming properties for application as food in-
gredients. With a yield of 40–48% when compared to commercial 
emulsifiers like sodium caseinates (Na-Cn), beef lungs showed good 
emulsifying properties. Therefore, BLPC shows potential to be used in 
elaborated meat products instead of commonly used commercial sodium 
caseinates. In a subsequent study, Darine et al. (2011) investigated the 
emulsifying properties of BLPC in presence of xanthan gum (poly-
saccharides) and compared it to commercial sodium caseinates. The 
results confirmed the high emulsifying capabilities of BLPC in presence 
of Xanthan. BLPC therefore can potentially be used to stabilize meat 
emulsions. Tsermoula et al. (2019) extracted protein rich extract from 
bovine heart using acid or alkali solubilisation and isoelectric precipi-
tation. Total protein recovery using alkaline solubilisation (ALS) or acid 
solubilisation (ACS) was in the range of 51.53–55.74%. Extracts were 
found to be rich in myofibrillar proteins. Both ALS and ACS extracts 
showed superior gelling properties in the absence of added NaCl, sug-
gesting that these wet proteins extracts have potential to be used in 
low-salt meat products. The lower rate of cooking loss in ALS gels can 
offer an economic advantage. Therefore, the authors noted that protein 
rich extracts of bovine heart have the potential to be used as functional 
ingredients for processed meat products. 

Beef surimi is very popular in China and southeast Asia, and is often 
used as the main ingredient for soups or traditional hotpots (Lynch et al., 
2018). Desmond and Kenny (1998) and Seo et al. (2016) prepared beef 
heart based surimi-like material (BHSM) to be utilised in commercial 
frankfurters. Seo et al. (2016) replaced pork back-fat with BHMS. While 
BHMS help restrict cooking losses, adding 40% BHSM to frankfurters 
lowered fat and lipid oxidation compared to sausages with 15% pig back 
fat. With a small reduction in sensory characteristics, the authors found 
no change in juiciness and overall acceptability. 

Loureiro et al. (2017) added testicles, residue sirloin steak (RSS), 
trachea and liver in dog food to evaluate nutritional levels and di-
gestibility. Results showed essential amino acid (EAA) presence in liver 
and testicles were intermediate, lowest in trachea and highest in RSS. 
Despite low digestibility and energy values of trachea, the nutritional 
profile of these co-products overall indicates potential to be used as an 

3 BSE regulations have limited the consumption of brain and other specified 
risk materials. 
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alternative to conventional ingredients in dog food. 
Bioactive peptide generation from co-products has received attention 

in recent years. Meat co-products are cheap protein rich sources of 
peptides which can display a variety of bioactivities (Lafarga et al., 
2017). Co-products such as lung can be useful resources to generate 
bioactive peptides with health-promoting properties and can be added 
to food products as functional food ingredients (Lafarga et al., 2017). 

Damgaard et al. (2015) compared the antioxidative capacity of 
bovine protein hydrolysate extracted from kidney, pancreas and lung 
tissues. While all the hydrolysates showed antioxidant capacities, the 
highest inhibition of lipid oxidation was exhibited by the pancreas and 
lung tissues. Although commercial application of these hydrolysates are 
not yet demonstrated they represent a natural source of antioxidants 
with potential for food application. Meinert et al. (2016) added hydro-
lysed bovine diaphragm, heart and hide protein hydrolysate to pro-
cessed and minced meat. The results showed hydrolysed bovine 
diaphragm exhibited the highest ACE-inhibitory activity. Increasing the 
amount of added hydrolysate resulted in increased ACE-inhibitory 
activity. 

Chernukha et al. (2018) presented the animal model of atheroscle-
rosis to study the effects of cattle heart and aorta tissue on body weight 
and concluded that the aorta and heart tissue suppressed body weight 
gain as compared to the control; these tissues were found to help 
modulate metabolism and reduce some inflammation in model. There-
fore, bioactive substances found in aorta tissue can be potentially 
effective in atherosclerotic disease treatment and could be added into 
foods as a supplement to manage atherosclerosis. Di Bernardini, Rai, 
et al. (2011) isolated sarcoplasmic proteins from bovine liver in an effort 
to demonstrate that it can be used for the generation of bioactive pep-
tides to be used as a novel natural source of antioxidant peptides in meat 
products as compared to synthetic antioxidants. O’Sullivan et al. 
(2017b) demonstrated the bioactivity of bovine lung hydrolysate for 
anti-oxidant and anti-inflammatory activities. 

Different offal parts and animal glands such as liver, lung, pancreas, 
pituitary, thyroid, stomach and kidney, are traditionally used for me-
dicinal purpose in many countries. Heparin, which is used as a blood 
thinning agent as well as an anticoagulant to prevent blood from clot-
ting, can be extracted from bovine intestinal mucosa, liver and lungs. 
The lining of bovine intestines can be collected during casing 
manufacturing and turned into dry powder which later is used for 
heparin production (Jayathilakan et al., 2012). Jayathilakan et al. 
(2012) also noted gall bladder use to obtain bile or bile salts for appli-
cation in treatment for indigestion, constipation and bile tract disorders. 
The use of bovine pancreatic insulin in diabetes treatment and glucagon 
extract from the pancreas to treat insulin overdose or low blood sugar is 
common. 

Work in project ANIMPOL by Titz et al. (2012) focused on the pos-
sibility of using co-processing streams from red meat industry, such as 
offal, can be used to develop biodegradable and versatile plastics bio-
polymers by converting offal lipids into polyhydroxyalkanoates (PHA). 
Selected offal material (lung, heart, kidney, spleen and liver) from cattle 
slaughter served as an organic nitrogen as well as carbon source during 
acid hydrolysis for PHA-free biomass, with high production rates in a 
fermentation process. This shows the possibility of using offal hydrolysis 
as an organic nitrogen substitute. 

3.3. Collagen, gelatin and protein hydrolysates 

Collagen is a major protein constituent of connective tissue and is 
one of the most abundant proteins in mammals (Gomez-Guillen et al., 
2011). Slaughterhouse co-products such as hide, skins, tendons and 
bones are important sources of collagen; cattle bones yield up to 25% 
collagen as compared to 5% from cattle hide (Walsh, 2014). Different 
connective tissue rich offal like lung, tongue, trachea and tendons can 
also be sources of collagen (Mullen et al., 2017). High levels of certain 
amino acids makes collagen a very important source of bioactive 

peptides in the food industry (Mora et al., 2014). Collagen can be further 
hydrolysed into gelatin, which is an excellent clarifying, stabilizing 
agent and emulsifier (Jayathilakan et al., 2012) and widely used in the 
food industry for its functional properties (Toldrá et al., 2012). 

Gel-forming properties of gelatin has made it very attractive for a 
variety of applications such as soups, gravies, dairy & ice cream, candies, 
bakery, desserts; melt-in-mouth properties of gelatin has made it pop-
ular for use in desserts (Rahman et al., 2014; Toldrá et al., 2012). 
Abdelhedi et al. (2018) mixed bovine gelatin with the fish by-product 
smooth hound viscera to form composite bioactive films to be used in 
food industry as bioactive packaging materials. Compatibility of these 
two ingredients resulted in a homogeneous structure and hydropho-
bicity of the produced composite films give them great potential to be 
successfully employed in the food industry as bioactive packaging bio-
polymers. Protein hydrolysates from different animal tissues may be 
used as flavour enhancers, functional ingredients or as additives to 
improve the food profile of products. As visceral mass accounts for 
nearly 4% of the live weight of an animal, Bhaskar et al. (2007) devel-
oped a method to prepare protein hydrolysate from ovine visceral mass. 
The resulting protein hydrolysates have a relatively higher in vitro 
protein digestibility corrected amino acid score (PDCAAS) compared to 
kidney beans and wheat, which makes protein hydrolysate a suitable 
nutritional supplement to be added to various foods. 

Although collagen and gelatin use in food industry is popular, in the 
past decade several researchers proved that collagen is a good precursor 
of bioactive peptides with antioxidant, antihypertensive, bone & joint 
health and skin-health promoting effects (Di Bernardini, Harnedy, et al., 
2011; Gomez-Guillen et al., 2011). Many researchers in recent years 
have identified a variety of bioactive collagen peptides and bioactivity of 
the peptides has been confirmed by in vivo and in vitro clinical trials. 
Collagen peptides may be used as regulatory components in various 
biological functions, resulting in applications such as, cartilage regen-
eration in osteoarthritis, anticancer activity, opioid agonist, mineral 
binding, skin reaffirmation and wound healing, antithrombotic, anti-
hypertensive, and immunomodulatory (Fu et al., 2018; Gomez-Guillen 
et al., 2011). Collagen peptides with a variety of bioactivities and health 
benefits have promising potential as functional food ingredients (Fu 
et al., 2018). Oertzen-Hagemann et al. (2019) used collagen hydrolysate 
supplementation manufactured by GELITA AG Germany (BODY-
BALANCE®) to investigate how collagen peptides influence protein 
composition of skeletal muscle before and after a 12-week intervention. 
The study concluded that body mass and fat-free mass increased by 3 kg 
and 2.6 kg respectively in the group that consumed the collagen sup-
plement, compared with the groups that consumed the placebo. 

Popular pharmaceutical use of gelatine is as a binding and com-
pounding agent in the manufacture of medicated tablets and capsules 
(Jayathilakan et al., 2012). A review by Rahman et al. (2014) elaborates 
on the work of Gómez-Estaca et al. (2009) where the foaming properties 
of gelatine has extensive use in manufacturing pharmaceutical grade 
sponges for use in surgical operations. High biocompatibility of gelatine 
is its main advantage for medical application. Therefore mammalian 
collagen recovered from cow hide and bone is considered a very useful 
biomaterial in the food, pharmaceutical, cosmetics and biomedical in-
dustries (Abdullah et al., 2018). 

Globally hypertension is a most commonly reported serious health 
concern and can lead to cardiovascular diseases (Bhat et al., 2015). 
Angiotensin-I converting enzyme (ACE) plays an important role in 
regulating blood pressure and electrolyte homeostasis (Perazella & 
Setaro, 2003). Collagen peptides that have potential to inhibit ACE in 
vitro and further exert antihypertensive effect in vivo, has shown 
particular interest and promise for researchers in the development of 
novel therapeutics and functional food for preventing hypertension 
(Toldrá et al., 2012). Lafarga et al. (2014) reported meat muscle and 
by-product proteins are an excellent source of ACE-I-inhibiting peptides 
with in vitro and in vivo bioactivities for the treatment of hypertension. 
Banerjee and Shanthi (2012) and Ryder et al. (2016) identified bioactive 
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peptides using bovine Achilles tendon that have ACE-I-inhibitory 
properties. Bovine Achilles tendon is a major co-product of the meat 
industry and was chosen for the study due to its ease of availability and 
its potential soluble collagen content. The potential bioactivity of 
collagen peptides suggests their value as a therapeutic factor in con-
trolling hypertension. 

Fu et al. (2015) extracted collagen from bovine connective tissue to 
identify in vivo ACE inhibitory activities. The study concluded that 
collagen extracted from bovine connective tissue is a promising pre-
cursor of ACE inhibitory peptides and has great potential as a high value 
food ingredient (Fu et al., 2016). Compared to synthetic ACE inhibitors, 
the development of natural ACE antihypertensive peptide development 
could be seen as a safer alternative. 

Type 2 diabetes, a chronic metabolic disease, is a growing concern 
worldwide. DPP-IV inhibitors are approved for the management of type- 
2 diabetes in Canada, the European Union (EU), and the United States 
(Lacroix & Li-Chan, 2012). A review by Lafarga and Hayes (2017) noted 
the DPP-IV inhibition potential of bovine collagen and refer to the work 
of Minkiewicz et al. (2011) which suggested bovine collagen and elastin 
as potential sources of DPP-IV inhibiting peptides. A limited number of 
DPP-IV-inhibiting hydrolysates and peptides derived from meat 
by-product proteins are available. Meat muscle and by-product-derived 
peptides possess a wide variety of potential health-promoting benefits. 
Inhibition of ACE-I, renin and DPP-IV enzymes through bioactive pep-
tides of natural sources may play an important role in the prevention and 
treatment of diseases associated with metabolic syndrome and other 
health disorders (Lafarga & Hayes, 2017). 

Many food manufacturers use food-grade antioxidants to prevent 
quality deterioration of products and to maintain their nutritional value. 
Antioxidant peptides are used commercially in a range of fields such as 
functional foods, nutraceuticals and cosmeceuticals (Liu et al., 2016). 
Antioxidant capacities of collagen peptides are reported to involve free 
radical scavenging. The presence of certain amino acids in the peptide 
sequences has been suggested to enhance chelating and free radical 
scavenging properties (Banerjee & Shanthi, 2016; Kitts & Weiler, 2005). 
Kim et al. (2001) used gelatin hydrolysates of bovine skin to obtain 
purified antioxidant peptides, and found that bovine skin can serve as a 
natural source of a potent antioxidant. 

Mokrejs et al. (2009) used short tendons to obtain collagen hydro-
lysates that have potential for use in cosmetic skin-care preparations or 
as a secondary industrial raw material for producing surfactants of 
acylamino-carboxy acid type. 

3.4. Bones and keratinous waste 

Cattle bones constitute 10–15% of the animal live weight, whereas 
16% of lamb carcasses are bones (Jayathilakan et al., 2012). Boles et al. 
(2000) used beef bones to extract proteins as an ingredient in finely 
comminuted sausage products. They found that the extracted proteins 
enhanced textural properties in sausage products similar to other 
commercially available proteins. 

Johnson, Mucalo and Lorier (2000) successfully converted bovine 
cancellous bone to a modifiable implant material for biomedical appli-
cation, by boiling, solvent treatment and de-proteination. Due to their 
size, bovine condyles (a round shaped structure at the end of a bone) are 
better than other animal species, such as deer, sheep or ostrich, as an 
utilizable source of cancellous bone for xenograft material. Johnson, 
Mucalo, Lorier, Gieland, et al. (2000) further examined the use of 
bone-derived calcium phosphate powders, obtained by crushing and 
milling cattle bones, as a potential material for biomedical or nutritional 
applications. Bovine bone derived powders can also be used as adherent 
coating feedstock in plasma spraying on titanium metal, offering a cheap 
source of calcium phosphate as an alternative to conventional synthetic 
powders. 

Slaughterhouse co-products bones, horns and hooves often used as 
soil conditioners and organic fertilizers (Mora et al., 2014). Someus and 

Pugliese (2018) used category 3 food-grade bone materials and category 
2 animal bone grist to obtain high quality animal bone char (ABC) 
bio-phosphate. ABC with 92% pure calcium phosphate, 8% carbon 
content with high nutrient density serves as soil improver and fertilizer 
in organic farming systems. In the EU project REFERTIL (finished in 
2018), in collaboration with Terra Humana Ltd, a specific zero emission 
autothermal carbonization system named 3R was commercialized at 
industrial scale providing high quality ABC as its output. It was the first 
industrial scale pyrolysis process for phosphorous recovery from food 
grade animal co-products in the EU. 

Gousterova et al. (2008) used alkaline hydrolysis to convert beef 
scraps and bones into low cost soil conditioner or biofertilizer. Their 
work demonstrated that different solubilisation methods, such as 
enzymatic or alkaline methods, are relatively easy to implement on an 
industrial scale and thus this pathway may provide a simple, sustainable 
and economically viable way for the meat industry to avoid landfills and 
incineration. A review by Ferraro et al. (2016) noted that keratin can be 
recovered for use in various cosmetics and pharmaceutical applications. 

Waste keratin from different keratinous feedstocks such as hooves, 
horns, nails, hide and skins/wool can be turned into fertilizer (Gous-
terova et al., 2003; Nasholm & Eythorsdottir, 2011; Sharma & Gupta, 
2016; Zoccola et al., 2015). Veselá and Friedrich (2009) carried out 
enzymatic hydrolysis of cattle hooves and horns to produce soluble 
products intended as foliar fertilizer. 

3.5. Rendered Co-products 

Rendering is another pathway for protein, fat and nutrient recovery 
from animal co-products. European Regulation 142/2011/EU outlines 
different processing methods depending on the particle size for category 
1, 2 and 3 materials, where combination of heat and pressure for specific 
time is used to turn animal co-products into a variety of rendered 
products (Galanakis, 2019). During rendering, animal co-products are 
treated at 133 ◦C and 3 bars for a minimum of 20 min to obtain 
meat-and-bone meal (MBM) and tallow extract (EC, 2003). According to 
the European Fats and Protein Association (EFPRA), 1.5 million metric 
tonnes of fat and 3 million metric tonnes of protein are recovered 
annually from animal co-products. 

EFPRA statistics show that the EU produces more than 3,500,000 
tons of MBM annually. This is a natural source of nutrients, containing 
50% protein, 8–12% fat, 4–7% moisture and 35% ash (Lukubira & 
Ogale, 2013). Though the BSE crises has restricted the use of MBM in 
ruminant feed in the EU, low-risk material from BSE-free animals is used 
in agriculture as a fertilizer and in pet food products (Jayathilakan et al., 
2012; Rahman et al., 2014; Toldrá et al., 2012). MBM has application in 
animal nutrition as a proteinaceous source due to its amino acid profile 
and its composition in terms of minerals, trace elements and vitamin B12 
(Jayathilakan et al., 2012). 

Animal co-products are an excellent source of nitrogen and appli-
cation of these co-products to the soil increases microbial biomass which 
leads to further improvements in soil fertility (Cayuela et al., 2009). 
MBM contains approximately 8% nitrogen, 5% phosphorous and 10% 
calcium (Jeng et al., 2006). Chaves et al. (2014), Stepien and Wojtko-
wiak (2015), Spangberg et al. (2011), Cascarosa et al. (2012) and 
Deydier et al. (2005) underline the possible use of MBM in soil enrich-
ment as a low cost pure phosphate source, and highlight it high levels of 
nitrogen, organic carbon and micronutrients such as manganese, iron, 
copper, nickel and zinc compared to chemical fertilizers. Many chemical 
fertilizers contain high levels of heavy metals such as cadmium (Cd). 
Kivela et al. (2015) noted that MBM could enhance the storage char-
acteristics of certain agricultural crops. 

Bujak and Sitarz (2016) presented a case study at an industrial 
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abattoir scale (150 tons4 of meat-cut per day) where 17 tons4 of pulp was 
produced per day from MBM and bones were burnt to ash at an animal 
co-product facility located at the meat-processing factory site. The ash 
contained approximately 17% phosphorus and 46% calcium and was 
later converted into a highly effective fertilizer-eco-phosphate. This 
provides a good example of sustainable animal co-product management 
where the negative aspects associated with co-product transport and 
disposal are reduced by having a local facility. Cascarosa et al. (2012) 
reviewed processing technologies for MBM valorisation including ther-
mal treatment processes such as pyrolysis, combustion and gasification 
where MBM can be used as a secondary fuel in a thermochemical pro-
cess, such as co-combustion with coal, to save a significant amount of 
resources. Deydier et al. (2005) examined incineration of MBM in 
cement kilns over 1500 ◦C to produce the clinker. MBM dedicated in-
cinerators have already been developed and are processing 205,000 
tons4 of MBM/year jointly in Glanford, Wyminton and Widnes in En-
gland. Valta et al. (2015) shows that MBM bottom ash can be used in 
mortars, as a sand replacement, as well as in the production of bricks and 
ceramic materials. 

Peptones are one of the most expensive components of microbial 
culture media, which is a water soluble nitrogen source prepared from 
proteinaceous material and can withstand heating (Taskin et al., 2016). 
Peptones can be used as a medium additive for mammalian cell cultures 
(Heidemann et al., 2000). While peptones are primarily derived from 
meat, internal organs, gelatin, milk, plants and yeasts (Fallah et al., 
2015), Garcia et al. (2010) showed that it is possible to use MBM to 
derive low-cost peptones with superior foaming capabilities and better 
viscosity which support the growth of different microorganisms 
compared to commercial peptones. 

Lukubira and Ogale (2013) successfully processed MBM by thermal 
compaction into bioplastic sheets using glycerol as a plasticizer and can 
potentially be used in geo-structural applications. Study shows that 
well-consolidated plastic sheets can be produced from MBM fine powder 
at ~50% relative humidity (RH) although these sheets possess poor 
mechanical properties. A 7% increase in calcium hydroxide resulted in 
increased tensile strength as well as modulus and strain to failure was 
minimized. 

Zhang et al. (2017) hydrolysed MBM protein to develop bio-based 
flocculants to be used in variety of industrial applications such as 
wastewater treatment, erosion control and paper manufacture. 
Although MBM protein showed good flocculation activity in past 
studies, the protein solubility rate was reportedly poor but work by 
Zhang et al. (2017) showed that using dilute acid hydrolysis DHA makes 
it possible to attain more than 80% solubility of MBM proteins. 
Compared to synthetic polymer flocculants, DHA of MBM could be an 
economical choice for bio-based flocculants. Though certain synthetic 
polymers such as polyacrylamide are highly effective, there is a growing 
concern about the environmental and health impact of these flocculants. 

Another important rendered product recovered through wet and dry 
rendering processes is animal fat (Rahman et al., 2014). Tallow, lard and 
grease are the main types of waste animal fats separated from animal 
fatty tissue during rendering. According to Marti and Johnson (2012), in 
the US, tallow used for edible applications can account for up to 20 
percent of the value of live cattle. Tallow use in pet food and animal feed 
formulation is common due to its nutritive profile along with a variety of 
industrial applications where fatty acids are required in large amounts 
such as plastic polymers, softeners, insecticides, lubricants, plasticizers 
and in several cosmetic formulations like hand and body lotions, creams 
and bathing products (Toldrá et al., 2012). 

In recent years, efforts have been made to replace fossil fuels with 
biofuels as a category of renewable energy. Alternative fuel biodiesel 
can be made using different feedstocks including different animal fats 

such as beef tallow. Bankovic-Ilie et al. (2014) reported that the most 
common way to transform waste animal fats (WAF) as well as used 
cooking oil (UCO) into biodiesel is through a process of trans--
esterification of fats. Da Cunha et al. (2009) produced high quality 
biodiesel at pilot-scale by the alkaline transesterification of beef tallow, 
with methanol and potassium hydroxide as catalysts, and showed that 
industrial scale-up of the process is possible while Toldrá-Reig et al. 
(2020) reported yield of 90.8% while using 0.8 wt % of beef tallow as 
feedstock along with KOH as catalyst during transesterification step of 
biodiesel production. Nelson and Schrock (2006) studied the economic 
feasibility, energetic efficiency and resource availability of converting 
beef tallow into biodiesel. Cost analysis showed that feedstock cost in-
fluences the final production cost which ranged from $0.22 to $0.63/L. 
Using waste animal fats, hydro-processed esters and fatty acids (HEFA), 
jet and diesel fuel can be produced. Seber et al. (2014) presented an 
economic as well as environmental assessment of producing 
hydro-processed jet fuel from waste tallow. The minimum estimated 
selling price for tallow-derived HEFA was US$1050-1250 m− 3 i.e. US $ 
1.05 to 1.25$ L− 1. They concluded that tallow based HEFA offered a 
cheap alternative to other oily crop feedstocks such as soybean oil. Da 
Rós et al. (2012) showed that microwave assisted enzymatic synthesis of 
beef tallow can increase the rate of enzyme catalysed reaction, decrease 
the destructive effects on the enzyme for the operational conditions and 
almost total conversion of the FFAs from beef tallow was achieved using 
ethanol and lipase from Burkholderia cepacia immobilized on silica–PVA 
to produce biodiesel. 

Santagata et al. (2017) undertook a life cycle assessment (LCA) of 
electricity generation using waste animal fat based on a real case in-
dustrial plant. The electricity obtained from the investigated process was 
found to be more environmentally friendly than the average electricity 
mix in the grid. Cost-benefit analysis done by authors showed that re-
covery of electricity and matter is beneficial from both environmental 
and energy points of view. Beef tallow generated from the slaughter of 
cattle potentially represents an opportunity to shift a historically 
low-value feedstock into a higher value bioenergy chain which offers a 
wide range of environmental and economic advantages for meat sector. 

4. Conclusion and future prospects 

The meat industry, despite its large scale of operation, is reported to 
be one of the least profitable industries around the world. Meat co- 
products and offal parts generated during meat processing (the so- 
called 5th quarter) often represents the difference between profit and 
loss. This review has highlighted not only the diverse range of food 
opportunities for valorising bovine and ovine co-products and offal, it 
has also highlighted many non-food opportunities. Such opportunities 
range from high value, low volume opportunities, e.g. the recovery of 
bioactive peptides from meat co-products to low value, high volume 
opportunities such as in pet food, animal feed and fertilizer applications. 

Although many of the studies documented in the review are at lab-
oratory or pilot scale, a number of studies indicate potential for indus-
trial scale-up, subject to acceptable investment pay-back periods and 
other factors. Examples include the development of a protein called 
Novatein into bioplastic using blood, using BSA in industrial scale cell 
cultures, recovering phosphorous from food grade animal bones to 
produce animal bone char (ABC) bio-phosphate for use as a fertilizer, 
and use of animal fat for commercial scale biodiesel production. The 
growing market demand and policy support for bio-based products, 
including alternative protein sources, proteins with enhanced techno-
logical and/or improved nutritional properties, or as a source of bioac-
tive peptides, means there is significant opportunity to leverage public/ 
public-private research and innovation funding opportunities to support 
such developments (e.g. Horizon Europe and BBI-JU). An European 
project “Act-O2-Hem”, co-funded by the European Commission (EC) 
under the research and innovation programme Horizon 2020, along 
with the Eurostar-2 programme, provides an example of industrial scale- 

4 Both imperial and metric measures are reported in this paper, reflecting the 
original measurement used by the authors of the cited papers. 
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up and commercial application of bioactive compounds extracted from 
meat co-products such as bovine blood. In this example low volume-high 
value bovine haemoglobin was used as a starting material by Austrian 
company M bioserviceS to develop the world’s first oxygen carrier for 
various in vitro and in vivo applications. 

These identified opportunities can help processors to overcome 
economic and environmental challenges facing the industry. However, 
current industry practices can be a barrier to valorisation as co-products 
are often treated as category 1 animal by-products even though they 
could be categorised as category 2 or 3 if harvested differently. New 
technological developments and innovations have resulted in new 
higher value opportunities; this suggests that it may be time for industry 
to reassess their harvesting processes to make more effective use of 
underutilised meat co-products. Capitalising on these opportunities will 
also require different ways of working within the industry as many ap-
plications are in non-food domains. Meat companies will have to 
develop new relationships outside of their traditional value chains, even 
if they are merely suppliers to newly established bio-based chains. 
Furthermore, more collaborative ways of working within the industry 
may be required to exploit opportunities that require a critical mass to 
be viable. While valorisation of meat co-products and offal can help 
bring more sustainable food, feed and pharma/nutraceutical ingredients 
to market, the regulatory environment must be fit-for-purpose for such 
opportunities to be viable. Appropriate labelling of offal and the use of 
markers, such as glyceroltriheptanoate (GHT) to identify when and 
where co-products are used combined with the exploitation of research 
on different methods for the detection of adulteration of meat prepa-
rations and/or use of co-products in different applications is essential. 

Concepts such as biorefining and the potential for cascading means 
that these opportunities should not be considered in isolation, i.e. the 
feasibility of one application is likely to be connected with another. 
Furthermore, consideration of all of these opportunities, and taking 
account of factors such as established industry practices and scale of 
operation, industrial strategic priorities, the regulatory and investment 
environment, the potential use of complementary industrial processes, 
opportunities for cascading, etc. will result in different pathways to 
valorising these opportunities in different countries. 
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Utilization of blood by-products: An in silico and experimental combined study for 
BSA usage. Scientific Reports, 7, 1–9. https://doi.org/10.1038/s41598-017-17029-2 

Bah, C. S. F., Bekhit, A. E.-D. A., Carne, A., & McConnell, M. A. (2013). Slaughterhouse 
blood: An emerging source of bioactive compounds. Comprehensive Reviews in Food 
Science and Food Safety, 12(3), 314–331. https://doi.org/10.1111/1541-4337.12013 

Banerjee, P., & Shanthi, C. (2012). Isolation of novel bioactive regions from bovine 
Achilles tendon collagen having angiotensin I-converting enzyme-inhibitory 
properties. Process Biochemistry, 47(12), 2335–2346. https://doi.org/10.1016/j. 
procbio.2012.09.012 

Banerjee, P., & Shanthi, C. (2016). Cryptic peptides from collagen: A critical review. 
Protein and Peptide Letters, 23(7), 664–672. https://doi.org/10.2174/ 
0929866522666160512151313 

Bankovic-Ilie, I. B., Stojkovic, I. J., Stamenkovic, O. S., Veljkovic, V. B., & Hung, Y.-T. 
(2014). Waste animal fats as feedstocks for biodiesel production. Renewable and 
Sustainable Energy Reviews, 32, 238–254. https://doi.org/10.1016/j. 
rser.2014.01.038 

Bhaskar, N., Modi, V. K., Govindaraju, K., Radha, C., & Lalitha, R. G. (2007). Utilization 
of meat industry by products: Protein hydrolysate from sheep visceral mass. 
Bioresource Technology, 98(2), 388–394. https://doi.org/10.1016/j. 
biortech.2005.12.017 

Bhat, Z. F., Kumar, S., & Bhat, H. F. (2015). Bioactive peptides of animal origin: A review. 
Journal of Food Science & Technology, 52(9), 5377–5392. https://doi.org/10.1007/ 
s13197-015-1731-5 

Bier, J. M., Verbeek, C. J. R., & Lay, M. C. (2012). An eco-profile of thermoplastic protein 
derived from blood meal Part 1: Allocation issues. International Journal of Life Cycle 
Assessment, 17(2), 208–219. https://doi.org/10.1007/s11367-011-0349-8 

Bier, J. M., Verbeek, C. J. R., & Lay, M. C. (2013). Using synchrotron FTIR spectroscopy 
to determine secondary structure changes and distribution in thermoplastic protein. 
Journal of Applied Polymer Science, 130(1), 359–369. https://doi.org/10.1002/ 
app.39134 

Boles, J. A., Rathgeber, B. M., & Shand, P. J. (2000). Recovery of proteins from beef bone 
and the functionality of these proteins in sausage batters. Meat Science, 55(2), 
223–231. https://doi.org/10.1016/S0309-1740(99)00146-1 

Bujak, J., & Sitarz, P. (2016). Incineration of animal by-products - The impact of selected 
parameters on the flux of flue gas enthalpy. Waste Management, 50, 309–323. 
https://doi.org/10.1016/j.wasman.2016.02.024 

Cascarosa, E., Gea, G., & Arauzo, J. (2012). Thermochemical processing of meat and 
bone meal: A review. Renewable and Sustainable Energy Reviews, 16(1), 942–957. 
https://doi.org/10.1016/j.rser.2011.09.015 

Cayuela, M. L., Sinicco, T., & Mondini, C. (2009). Mineralization dynamics and 
biochemical properties during initial decomposition of plant and animal residues in 
soil. Applied Soil Ecology, 41(1), 118–127. https://doi.org/10.1016/j. 
apsoil.2008.10.001 

Chaves, C., Pomares, F., Albiach, R., & Canet, R. (2014). Rates of nitrogen mineralization 
of meat and bone meals in Mediterranean soils. Communications in Soil Science and 
Plant Analysis, 45(17), 2258–2267. https://doi.org/10.1080/ 
00103624.2014.932368 

Chernukha, I. M., Fedulova, L. V., Kotenkova, E. A., Takeda, S., & Sakata, R. (2018). 
Hypolipidemic and anti-inflammatory effects of aorta and heart tissues of cattle and 
pigs in the atherosclerosis rat model. Animal Science Journal, 89(5), 784–793. 
https://doi.org/10.1111/asj.12986 

Da Cunha, M. E., Krause, L. C., Moraes, M. S. A., Faccini, C. S., Jacques, R. A., 
Almeida, S. R., Rodrigues, M. R. A., & Caramão, E. B. (2009). Beef tallow biodiesel 
produced in a pilot scale. Fuel Processing Technology, 90(4), 570–575. https://doi. 
org/10.1016/j.fuproc.2009.01.001 

Da Rós, P. C. M., de Castro, H. F., Carvalho, A. K. F., Soares, C. M. F., de Moraes, F. F., & 
Zanin, G. M. (2012). Microwave-assisted enzymatic synthesis of beef tallow 
biodiesel. Journal of Industrial Microbiology & Biotechnology, 39(4), 529–536. https:// 
doi.org/10.1007/s10295-011-1059-8 

Damgaard, T., Lametsch, R., & Otte, J. (2015). Antioxidant capacity of hydrolyzed 
animal by-products and relation to amino acid composition and peptide size 
distribution. Journal of Food Science & Technology, 52(10), 6511–6519. https://doi. 
org/10.1007/s13197-015-1745-z 

Daoud, R., Dubois, V., Bors-Dodita, L., Nedjar-Arroume, N., Krier, F., Chihib, N.-E., 
Mary, P., Kouach, M., Briand, G., & Guillochon, D. (2005). New antibacterial peptide 
derived from bovine hemoglobin. Peptides, 26(5), 713–719. https://doi.org/ 
10.1016/j.peptides.2004.12.008 

A.P. Shirsath and M.M. Henchion                                                                                                                                                                                                          

https://doi.org/10.1016/j.foodhyd.2017.08.006
https://doi.org/10.1016/j.foodhyd.2017.08.006
https://doi.org/10.17576/jsm-2018-4702-15
https://doi.org/10.17576/jsm-2018-4702-15
https://doi.org/10.3390/polym10020176
https://doi.org/10.3390/su9071089
https://doi.org/10.1016/j.lwt.2018.06.020
https://doi.org/10.1016/j.lwt.2018.06.020
https://doi.org/10.1071/AR03064
https://doi.org/10.1016/j.procbio.2008.04.005
https://doi.org/10.1016/j.procbio.2008.04.005
https://doi.org/10.1038/s41598-017-17029-2
https://doi.org/10.1111/1541-4337.12013
https://doi.org/10.1016/j.procbio.2012.09.012
https://doi.org/10.1016/j.procbio.2012.09.012
https://doi.org/10.2174/0929866522666160512151313
https://doi.org/10.2174/0929866522666160512151313
https://doi.org/10.1016/j.rser.2014.01.038
https://doi.org/10.1016/j.rser.2014.01.038
https://doi.org/10.1016/j.biortech.2005.12.017
https://doi.org/10.1016/j.biortech.2005.12.017
https://doi.org/10.1007/s13197-015-1731-5
https://doi.org/10.1007/s13197-015-1731-5
https://doi.org/10.1007/s11367-011-0349-8
https://doi.org/10.1002/app.39134
https://doi.org/10.1002/app.39134
https://doi.org/10.1016/S0309-1740(99)00146-1
https://doi.org/10.1016/j.wasman.2016.02.024
https://doi.org/10.1016/j.rser.2011.09.015
https://doi.org/10.1016/j.apsoil.2008.10.001
https://doi.org/10.1016/j.apsoil.2008.10.001
https://doi.org/10.1080/00103624.2014.932368
https://doi.org/10.1080/00103624.2014.932368
https://doi.org/10.1111/asj.12986
https://doi.org/10.1016/j.fuproc.2009.01.001
https://doi.org/10.1016/j.fuproc.2009.01.001
https://doi.org/10.1007/s10295-011-1059-8
https://doi.org/10.1007/s10295-011-1059-8
https://doi.org/10.1007/s13197-015-1745-z
https://doi.org/10.1007/s13197-015-1745-z
https://doi.org/10.1016/j.peptides.2004.12.008
https://doi.org/10.1016/j.peptides.2004.12.008


Trends in Food Science & Technology 118 (2021) 57–70

68

Darine, S., Christophe, V., & Gholamreza, D. (2010). Production and functional 
properties of beef lung protein concentrates. Meat Science, 84(3), 315–322. https:// 
doi.org/10.1016/j.meatsci.2009.03.007 

Darine, S., Christophe, V., & Gholamreza, D. (2011). Emulsification properties of proteins 
extracted from beef lungs in the presence of xanthan gum using a continuous rotor/ 
stator system. Lebensmittel-Wissenschaft und -Technologie- Food Science and 
Technology, 44(4), 1179–1188. https://doi.org/10.1016/j.lwt.2010.11.025 

Desmond, E. M., & Kenny, T. A. (1998). Preparation of surimi-like extract from beef 
hearts and its utilisation in frankfurters. Meat Science, 50(1), 81–99. https://doi.org/ 
10.1016/S0309-1740(98)00018-7 

Deydier, E., Guilet, R., Sarda, S., & Sharrock, P. (2005). Physical and chemical 
characterisation of crude meat and bone meal combustion residue: ’’waste or raw 
material?’’. Journal of Hazardous Materials, 121(1–3), 141–148. https://doi.org/ 
10.1016/j.jhazmat.2005.02.003 

Di Bernardini, R., Harnedy, P., Bolton, D., Kerry, J., O’Neill, E., Mullen, A. M., & 
Hayes, M. (2011). Antioxidant and antimicrobial peptidic hydrolysates from muscle 
protein sources and by-products. Food Chemistry, 124(4), 1296–1307. https://doi. 
org/10.1016/j.foodchem.2010.07.004 

Di Bernardini, R., Rai, D. K., Bolton, D., Kerry, J., O’Neill, E., Mullen, A. M., Harnedy, P., 
& Hayes, M. (2011). Isolation, purification and characterization of antioxidant 
peptidic fractions from a bovine liver sarcoplasmic protein thermolysin hydrolyzate. 
Peptides, 32(2), 388–400. https://doi.org/10.1016/j.peptides.2010.11.024 

Do Amaral, D. S., Da Silva, F. A. P., Bezerra, T. K. A., Guerra, I. C. D., Dalmás, P. S., 
Pimentel, K. M. L., & Madruga, M. S. (2013). Chemical and sensory quality of sheep 
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Ferraro, V., Anton, M., & Santé-Lhoutellier, V. (2016). The “sisters” α-helices of collagen, 
elastin and keratin recovered from animal by-products: Functionality, bioactivity 
and trends of application. In , Vol. 51. Trends in food science and technology (pp. 
65–75). https://doi.org/10.1016/j.tifs.2016.03.006 

Florek, M., Litwinczuk, Z., Skalecki, P., Kedzierska-Matysek, M., & Grodzicki, T. (2012). 
Chemical composition and inherent properties of offal from calves maintained under 
two production systems. Meat Science, 90(2), 402–409. https://doi.org/10.1016/j. 
meatsci.2011.08.007 

Francis, G. L. (2010). Albumin and mammalian cell culture: Implications for 
biotechnology applications. Cytotechnology, 62(1), 1–16. https://doi.org/10.1007/ 
s10616-010-9263-3 

Fu, Y., Chen, J., Bak, K. H., & Lametsch, R. (2018). Valorisation of protein hydrolysates 
from animal by-products: Perspectives on bitter taste and debittering methods: A 
review. International Journal of Food Science and Technology, 54(4), 978–986. https:// 
doi.org/10.1111/ijfs.14037 

Fu, Y., Young, J. F., Dalsgaard, T. K., & Therkildsen, M. (2015). Separation of angiotensin 
I-converting enzyme inhibitory peptides from bovine connective tissue and their 
stability towards temperature, pH and digestive enzymes. International Journal of 
Food Science and Technology, 50(5), 1234–1243. https://doi.org/10.1111/ijfs.12771 

Fu, Y., Young, J. F., Lokke, M. M., Lametsch, R., Aluko, R. E., & Therkildsen, M. (2016). 
Revalorisation of bovine collagen as a potential precursor of angiotensin 1-con-
verting enzyme (ACE) inhibitory peptides based on in silico and in vitro protein 
digestions. Journal of Functional Foods, 24, 196–206. https://doi.org/10.1016/j. 
jff.2016.03.026 

Galanakis, C. M. (2019). Sustainable meat production and processing. 
Garcia, R. A., Piazza, G. J., Wen, Z., Pyle, D. J., & Solaiman, D. K. Y. (2010). The non- 

nutritional performance characteristics of peptones made from rendered protein. 
Journal of Industrial Microbiology and Biotechnology, 37(1), 95–102. https://doi.org/ 
10.1007/s10295-009-0652-6 

Gehring, C., Davenport, M., & Jaczynski, J. (2009). Functional and nutritional quality of 
protein and lipid recovered from fish processing by-products and underutilized 
aquatic species using isoelectric solubilization/precipitation. Current Nutrition & 
Food Science, 5(1), 17–39. https://doi.org/10.2174/157340109787314703 
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