HANDBOOK OF

Analysis of Edible
Animal By-Products

Edited by
LEO M.L. NOLLET
FIDEL TOLDRA

CRC Press
Taylor & Francis Group
Boca Raton London New York

Taylor & Francis Group, an informa business




CRC Press

Taylor & Francis Group

6000 Broken Sound Parkway N'W, Suite 300
Boca Raton, FL 33487-2742

© 2011 by Taylor and Francis Group, LLC
CRC Press is an imprint of Taylor & Francis Group, an Informa business

No claim to original U.S. Government works

Printed in the United States of America on acid-free paper
10987654321

International Standard Book Number: 978-1-4398-0360-8 (Hardback)

This book contains information obtained from authentic and highly regarded sources. Reasonable efforts have been
made to publish reliable data and information, but the author and publisher cannot assume responsibility for the valid-
ity of all materials or the consequences of their use. The authors and publishers have attempted to trace the copyright
holders of all material reproduced in this publication and apologize to copyright holders if permission to publish in this
form has not been obtained. If any copyright material has not been acknowledged please write and let us know so we may
rectify in any future reprint.

Except as permitted under U.S. Copyright Law, no part of this book may be reprinted, reproduced, transmitted, or uti-
lized in any form by any electronic, mechanical, or other means, now known or hereafter invented, including photocopy-
ing, microfilming, and recording, or in any information storage or retrieval system, without written permission from the
publishers.

For permission to photocopy or use material electronically from this work, please access www.copyright.com (http://
www.copyright.com/) or contact the Copyright Clearance Center, Inc. (CCC), 222 Rosewood Drive, Danvers, MA 01923,
978-750-8400. CCC is a not-for-profit organization that provides licenses and registration for a variety of users. For
organizations that have been granted a photocopy license by the CCC, a separate system of payment has been arranged.

Trademark Notice: Product or corporate names may be trademarks or registered trademarks, and are used only for
identification and explanation without intent to infringe.

Visit the Taylor & Francis Web site at
http://www.taylorandfrancis.com

and the CRC Press Web site at
http://www.crcpress.com


http://www.copyright.com/
http://www.copyright.com/

Contents

PrEEACE. ... e e e et e e e ee—— e e e e e raaaeeenaaaes vii
EIEOTS ..ottt e et e e e e e e e et e e e ee e e e e eea—aaaeeeetraaeeeeaaaareas X
(@00) 115 41010170} ¢ JPUUT USROS X1

PART I Chemistry and Biochemistry

Chapter 1 Introduction—Offal Meat: Definitions, Regions, Cultures, and Generalities.............. 3
Leo M.L. Nollet and Fidel Toldrd

Chapter 2 Food-Grade Proteins from Animal By-Products: Their Usage
and Detection Methods ............ccooiiiiniiiiiiceeeeeee e e 13

Yun-Hwa Peggy Hsieh and Jack Appiah Ofori

Chapter 3  Analysis of Rendered Fats.........cccooiiiiiiiiiiiiiiiieeeeeee e 37
Stephen B. Smith and Dana R. Smith

Chapter 4 Analysis of Cholesterol in Edible Animal By-Products..........cccccccecevenenininenenenne. 43

Neura Bragagnolo

Chapter 5 OXIdAtION .....c..eoverieieieieieteiteeetet ettt ettt ettt ettt ae ettt sae et e aeneeneen 65

Mario Estévez, Sonia Ventanas, Rui Ganhdo, and David Morcuende

PART Il Technological Quality

Chapter 6 Color Measurements on Edible Animal By-Products and Muscle-Based Foods....... 87

José Angel Pérez-Alvarez, Maria Estrella Sayas-Barberd,
Esther Sendra Nadal, and Juana Ferndndez-Lopez

PART Ill  Nutritional Quality

Chapter 7 Composition and CalOTies ...........ceceeereriiriiniereninienienieteteteeetee et se e neens 105
Karl-Otto Honikel
Chapter 8 Essential AMIN0 ACIAS......c.ccovueeiuierieeiiieiieiieereeeieesee et esteesreesteesreesseessseesssessseenes 123

Maria-Concepcion Aristoy and Fidel Toldrd



iv Contents

Chapter 9 Fatty ACIAS ..ccvooveiteieieicieteeee ettt ettt st 137

José A. Mestre Prates, Cristina Mateus Alfaia, Susana P. Alves,
and Rui J. Branquinho Bessa

Chapter 10 VILAmMiNS ....c.ceecvieiieiiieeiieiieerteeiteesteeteesteesteesseesseesseessseesseesseesseessessseessseesssessseenes 161
Young-Nam Kim
Chapter 11 Minerals and Trace EICMENtS.........cccccvevuirieriiienerienieeiesieevesieeveseeeee e esesseeae e 183

Guadalupe Garcia-Llatas, Amparo Alegria, Reyes Barberd, and Rosaura Farré

PART IV  Safety

Chapter 12 Spoilage DEtECHON ......ccueeveriieiieeieiieierieete st ete e ee e eae s eeesseesesseesseeseensesseessennes 207

Isabel Guerrero-Legarreta

Chapter 13 Microbial Foodborne PathOgens ..........c..ceeeereriirienienieiiieieinieeneseeese e 219

Eleftherios H. Drosinos, Spiros Paramithiotis, and Nikolaos Andritsos

Chapter 14 MycotoXins and TOXINS ......ccceeruerieriireeriinienienienentene ettt saeestesreeeesaee 239

Carla Soler, José Miguel Soriano, and Jordi Maiies

Chapter 15 Detection of Bone in MEat .........cceecvieieriieienieiereeiesie ettt ee e 247
Wolfgang Branscheid and Michael Judas

Chapter 16 Detection of Adulterations: Identification of Animal Species .........c..ceccvvererreruennene 287

Johannes A. Lenstra and Stephan A. van der Heijden

Chapter 17 Detection of Neuronal Tissues and Other Non-Muscle Tissues
With ReSPect t0 TSE ......ooiiiiiiiiieet ettt 301

Ernst Liicker, Mitja Malunat, and Katharina Riehn

Chapter 18 Residues of Food Contact Materials ..........ccccveevereriierieerieniieienieeieeeeeie e 315

Emma L. Bradley and Laurence Castle

Chapter 19 Growth PromOters ..........cecuiiuieiinieiieiee ettt ettt 335
Milagro Reig and Fidel Toldrd

Chapter 20 ANGDIOTICS ...vevvieiieiieesieesiterte et erite et e steesteesteesbeesaeessse e beesseesseesaseenseessseesssenseenns 355

Houda Berrada and Guillermina Font



Contents v

Chapter 21 Environmental Contaminants: PEStiCIdes ........c.ccceveruerieiiieririnienenenenenesieniennens 377

Pablo Vazquez-Roig and Yolanda Pico

Chapter 22 Environmental Contaminants: Heavy Metals..........ccocceveiiriiininiininniinieeeceee 403
Giovanni Forte and Beatrice Bocca

Chapter 23 Environmental Contaminants: Polychlorinated Biphenyls
in Edible Animal By-Products ..........ccoceeiiiiiiinieniiiieene et 441

José A. Garcia-Regueiro and Massimo Castellari



Preface

Offal or edible and inedible animal by-products comprise a wide variety of products like the skin,
blood, bones, meat trimmings and mechanically separated meat, fatty tissues, horns, hoofs, feet,
skull, and entrails and internal organs of a butchered animal. Depending on cultures and countries,
edible by-products may be considered as waste material being thrown away or as delicacies com-
manding high prices. Offal not used directly for human or pet food is often processed as material
that is used for animal feed, fertilizer, or fuel.

This book contains 23 chapters classified into 4 parts: Part I (Chemistry and Biochemistry—
Chapters 1 through 5), Part II (Technological Quality— Chapter 6), Part III: (Nutritional Quality—
Chapters 7 through 11), and Part IV (Safety— Chapters 12 through 23).

Chapter 1 introduces readers to the topic of the book. Chapters 2 through 5 focus on the analy-
sis of chemical and biochemical compounds of animal by-products. The usage and detection of
food-grade proteins and analysis of rendered fats and cholesterol are detailed. One chapter discusses
oxidation in edible animal by-products. Chapter 6 describes the measurement methods of color in
these types of products.

Chapters 7 through 11 deal with the analysis of composition and nutrients in animal by-products,
such as essential amino acids, fatty acids, vitamins, minerals, and trace elements.

Chapters 12 through 23 deal with safety parameters, especially analytical tools for the detection
of pathogens, toxins, and chemical toxic compounds usually found in muscle foods. Some chapters
discuss tissues typically found in animal by-products, such as neuronal tissues, non-muscle tissues,
and bone fragments.

This unique handbook is intended to provide readers with a full overview of the analytical tools
available for the analysis of animal by-products and the role of these techniques and methodologies
for the analysis of technological, nutritional, and sensory quality, as well as for safety aspects. In
short, this book deals with the main types of analytical techniques and methodologies available
worldwide for the analysis of animal by-products.

It was not an easy task to find authors for such chapters. We would like to thank all the contributing
authors for their excellent efforts and hard work.

It is better to keep your mouth closed and let people think you are a fool than to open it and
remove all doubt.

Mark Twain

Leo M.L. Nollet
Fidel Toldra

vii
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’I Introduction— Offal Meat:
Definitions, Regions,
Cultures, and Generalities

Leo M.L. Nollet and Fidel Toldra
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1.1  INTRODUCTION

Offal or edible and inedible animal by-products comprise a wide variety of products like the skin,
blood, bones, meat trimmings and mechanically separated meat, fatty tissues, horns, hoofs, feet
and skull, and entrails and internal organs of a butchered animal [1,2]. Depending on cultures and
countries, edible by-products may be considered as waste material being thrown away, or as delica-
cies commanding high prices. Offal not used directly for human or pet food is often processed as
material that is used for animal feed, fertilizer, or fuel [3]. The yield of edible by-products depends
on species, sex, age, live weight, and others. This yield varies from 10% to 30% for beef, pork and
lamb and from 5% to 6% for chicken. Yields of different by-products for different species are shown
in Table 1.1.

Consumption of meat has increased in recent years; however, the use of its by-products for
human consumption has decreased. Most consumed animal by-products are liver, heart, kidney,
tongue, thymus or sweetbreads, brain, and tripe.

In some parts of Europe, scrotum, brain, chitterlings (the large intestine of a pig), trotters (feet),
heart, head (of pigs, calves, sheep and lamb), kidney, liver, lights (lung), sweetbreads (thymus), fries
(testicles), tongue, snout (nose), and tripe (stomach) from various mammals are common menu items.
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TABLE 1.1
Weight of By-Products

By-Product: Percentage of Live Weight

Beef Hog or Pig Lamb Chicken
Blood 2.4-6 2-6 4-9 1.4-2.3kg
Brain 0.08-0.12 0.08-0.1 0.26 0.2-0.3
Chitterlings 0.06
Ears 0.02
Feet 1.9-2.1 1.5-2.2 2.0
Gizzard 1.9-23
Gullet 0.03 0.1
Head 5.2 6.7
Heart 0.3-0.5 0.15-0.35 0.3-1.1 0.3-0.8
Intestines 1.8 33
Kidney 0.07-0.24 0.2-04 0.3-0.6
Liver 1.0-4.5 1.1-2.4 0.9-2.2 1.6-2.3
Lungs 0.4-0.8 0.4-0.85 0.7-2.2 0.7
Pancreas 0.06 0.1 0.2
Penis 0.18
Spleen 0.1-0.27 0.1-0.16 0.1-04 0.15
Tail 0.1-0.25 0.1
Tongue 0.25-0.5 0.3-0.4
Tripe 0.75 0.6-0.7 2.9-4.6

Source: Ockerman, H.W. and Basu, L., By-products/edible, for human con-
sumption, in: Devine, C., Dikeman, M., and Jensen, W.K. (Eds.),
Encyclopedia of Meat Sciences, Academic Press, New York, 2004,
pp. 104-112. With permission.

Mammalian offal is slightly more popular in the southern parts of the United States, where some
recipes include chitterlings, chicken gizzards and livers, and pig stomach (hog maw). Scrapple,
sometimes made from pork offal, is more common in the northeast United States. Traditional reci-
pes for turkey gravy include giblets of the bird.

In Australia, offal is most commonly consumed in meat pies, or in ethnic dishes. Addition of
offal to food and labeling is regulated.

In China, different organs and other parts of animals are used for food or traditional Chinese
medicine. Pork is the most consumed meat in China. Popular pork offal dishes include stir-fried
cleaned pork kidneys or a spicy stew with pork intestine slices and pork blood cubes.

1.2 NUTRIENT CONTENT

Edible animal by-products are significant sources of nutrients. Examples of typical protein,
fat, mineral, and vitamin contents of different organs of beef and pork are shown in Tables
1.2 and 1.3. In general, they have a good nutritional value due to the high protein and low fat
levels as well as good content in vitamins and minerals. Liver contains the largest amounts of
nutrients, especially B group vitamins, copper, and manganese. In the case of cholesterol, the
brain is the organ with substantial larger amounts, while the contents in liver and kidneys are
also relatively high [4].



Components per 100 g of Beef Offal

TABLE 1.2
Protein (g)
Brain 10.4-11.5
Heart 14.9-28.5
Kidney 15.3-24.7
Liver 19.0-22.9
Pancreas 17.6-27.1
Tongue 15.3-22.2
Thiamin
(mg)

Brain 0.07-0.23
Heart 0.19-0.68
Kidney 0.28-0.38
Liver 0.23-0.28
Pancreas 0.14
Tongue 0.12-0.17

Fat (g)

8.6
3.6-20.0
2.6-6.7
3.8-7.8
7.3
10.4-14.6

Riboflavin
(mg)
0.22-0.26
0.23-0.43
0.32-0.44
0.74-0.94

0.20
0.13-0.31

Ca (mg)

10
5
10-11
6-8
8
6-8

Niacin
(mg)
3.0-4.7
6.3-9.5
5.4-7.9
12.8-21.0
3.1-5.8
3.9-4.9

P (mg)

312

195-230
219-230
352-360
216-330
170-182

Vitamin
B6 (mg)
0.10-0.26
0.23-0.43
0.32-0.44
0.74-0.94
0.20

0.13-0.31

Fe (mg)

2.1-2.4
4.0-4.9
5.7-1.4
6.5-7.0
2.8-8.4
2.1-2.9

Pantothenate
(mg)
2.5
1.2-2.3
34
5.5-8.3
3.8
2.0

Na (mg)

125
86-95
176-180
81-136

67
73

Biotin
(ng)

2.0-6.1

2.0-7.3
24.0-92.0
33.0-100.0
14.0

1.0-3.3

K (mg)

219
193-320
225-230
281-320
276
197-250

Folacin
(ng
4-12
2-110

41-77
81-330

47

Mg (mg)
13
23
17
19
18
16

Vitamin

B12 (png)
7-4.7-10.9
8.0-13.7
8.5-31.0
65.0-110.0
4.8-5.0
3.8-7.0

Zn (mg)

1.22
2.38
1.85
3.92
2.58
247

Vitamin A

(v)
Nihil
Traces-3.0
264-880

12709-105032

Nihil
Nihil

Cu (mg)

0.20
0.36
0.47
2.76
0.06
0.17

Ascorbic
Acid (mg)

16.6-23.0
2.0-7.6
8.9-15.0
2.6-31.0
13.7-14.0
31-7.0

Mn (mg)

0.04
0.04
0.10
0.26
0.15
0.03

Cholesterol
(mg)
140
285
354

87

Sources: Ockerman, H.W. and Basu, L., By-products/edible, for human consumption, in: Devine, C., Dikeman, M., and Jensen, W.K. (Eds.), Encyclopedia of Meat Sciences,
Academic Press, New York, 2004, pp. 104-112; Anderson, B.A., Composition and nutritional value of edible meat by-products, in: Pearson, A.M. and Dutson, T.R.
(Eds.), Edible Meat By-Products. Advances in Meat Research, Elsevier Applied Science, London, U.K., 1988, vol. 5, pp. 15-45.
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TABLE 1.3
Components per 100 g of Pork Offal

Protein (g) Fat (g) Ca (mg) P (mg) Fe (mg) Na (mg) K (mg) Mg (mg) Zn (mg) Cu (mg) Mn (mg)
Brain 10.3-122 8.6-9.2 10 312 1.6-2.4 125 219 14 1.27 0.24 0.09
Heart 16.8-23.5 2.7-4.4 3-6 131-220 3.3-4.8 54-80 106-300 19 2.80 0.41 0.06
Kidney 15.4-254 2.7-3.6 8-11 218-270 5.0-6.7 115-190  178-290 17 275 0.62 0.12
Liver 18.9-21.6 2.4-6.8 6-10  356-370 19.2-21.0 73-87 271-320 18 5.76 0.68 0.34
Pancreas 28.5 4.0-15.0 — — 18.9 — — 17 2.62 0.09 0.16

Thiamin Riboflavin  Niacin  Vitamin  Pantothenate Biotin Folacin  Vitamin Vitamin A Ascorbic  Cholesterol

(mg) (mg) (mg) B6 (mg) (mg) (ng (mg) B12 (ng) (UV)] Acid (mg) (mg)
Brain 0.16-023  0.26-028 43-44 0.19 2.8 — 6.0 2.2-2.8  Nihil 13.5-18.0 2195
Heart 0.13-0.16  0.81-124  6.6-9.6 0.29-0.39 2.5 40-18.0 24 2.4-8.0  Traces-106 3.0-5.3 131
Kidney 0.26-0.58  1.70-1.90  7.5-9.8 0.55 3.1 32.0-130 42 6.6-14.0  130-230 14.0-14.2 319
Liver 0.28-0.31  3.00 14.8-16.4 0.68-0.69 0.9 27.0 110212 25.0-26.0 Nihil-10900 13.0-25.3 301
Pancreas 0.11 0.46 3.5 — 4.6 — — 6.5-7.0  Nihil 15.0-15.3 —

Sources: Ockerman, H.-W. and Basu, L., By-products/edible, for human consumption, in: Devine, C., Dikeman, M., and Jensen, W.K. (Eds.), Encyclopedia of Meat
Sciences, Academic Press, New York, 2004, pp. 104-112; Anderson, B.A., Composition and nutritional value of edible meat by-products, in: Pearson, A.M.
and Dutson, T.R. (Eds.), Edible Meat By-Products. Advances in Meat Research, Elsevier Applied Science, London, U.K., 1988, vol. 5, pp. 15-45.
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1.3 MAIN EDIBLE ANIMAL BY-PRODUCTS AND ITS CONSUMPTION
1.3.1 Liver

The liver of beef, veal, lamb, and pork weights in average 5, 1.5, 1.4, and 1.4kg, respectively. Liver
is mostly thinly sliced and cooked. Further on it may be minced and incorporated in many prepara-
tions, e.g., braunschweiger, liver paste, and liverwurst.

Liver is one of the most nutritious parts of by-products and constitutes a rich source of vitamins
B,, and A.

In the United Kingdom, Midlands faggots are made from ground or minced pig offal (mainly
liver and cheek), bread, herbs, and onion wrapped in pig’s caul. A similar dish, almdndega or meat-
ball, is traditional in Portugal.

Ground chicken livers, mixed with chicken fat and onions, called chopped liver, is a popular
Jewish dish.

1.3.2 HeArT

The heart of beef, veal, pork, and lamb averages 1.4kg, 227 g, 227 g, and 113 g, respectively. Hearts
must be cooked for longer periods. So, they are diced and added to stews or other meat to add
protein and color. In Perd, cow heart is used for anticuchos, a sort of brochettes. Anticuchos can
be made of any type of meat, the most popular are made of beef heart (anticuchos de corazén). In
Brazil, churrasco often includes chicken hearts, roasted on a big skewer.

1.3.3 ToNGuUE

The tongue of beef, veal, pork, and lamb weighs +2, 0.7, 0.3, and 0.2 kg, respectively. After blanch-
ing, the outer membrane is removed.

In some countries of South America, the tongue is usually boiled, sliced, and marinated with a
mixture of oil, vinegar, salt, chopped peppers, and garlic.

1.3.4 KIDNEY

The pair of beef and veal kidneys are lobed and weigh +0.5 kg each for beef or 340 g for veal. Sheep
and pork kidneys have one lobe and weigh +57 and 110 g, respectively. Kidneys may be added to
meat casseroles, stews, and pies. Steak and kidney pie, typically with veal or beef kidneys, is widely
known and enjoyed in the United Kingdom.

1.3.5 SWEETBREADS

Sweetbreads are gathered from calves or lambs. Thymus or neck sweetbread (throat sweetbread)
and heart sweetbread, degenerates in adult animals. Pancreas is called gut bread or stomach sweet-
bread. Thymus sweetbread is very likely to spoil.

1.3.6  TRiPE

Beef tripe consists of the first and second stomachs of cattle. Stomachs of sheep and pork are also
used for tripe. Beef first and second stomachs weigh £3.9kg; sheep stomach +1 kg and pork stomach
+1.2kg.

The traditional Scottish haggis consists of sheep stomach stuffed with a boiled mix of liver,
heart, lungs, rolled oats, and other ingredients. Most modern commercial haggis is prepared in a
casing rather than an actual stomach. Sometimes haggis is sold in tins, which can simply be micro-
waved or ovenbaked. Some supermarket haggis is largely made from pig, rather than sheep, offal.
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Drob is in Romania a dish similar to haggis. It is served on Easter.

In Bulgaria, Republic of Macedonia and Turkey, Shkembe chorba is a widespread soup variety
made from tripe.

Tripes are extensively used in Spain as casings for stuffing in the manufacture of traditional
semidry and dry-fermented sausages. In some Latin American countries, tripe is used to make
menudo and mondongo. The soup menudo is a traditional Mexican dish: a spicy soup made with
tripe. Sopa de mondongo is a hearty traditional soup of Latin America and the Caribbean. It is made
from slow-cooked diced tripe.

In the Chinese mainland, beef tripe is used as a cold appetizer.

Cooked buffalo tripe rolls were prepared from a combination of buffalo tripe (75%) and buffalo
meat (25%) by using mincing and blade tenderization and their quality was then evaluated [5]. They
were stored at 4°C = 1°C and studied for various physicochemical, sensory and microbial qualities.

1.3.7 CHITTERLINGS

Chitterlings are the intestines and rectum of a pig that have been prepared as food. As pigs are a
common source of meat throughout the world, the dish known as chitterlings can be found in most
pork-eating cultures. Chitterlings are popular in most parts of Europe, where pig intestines are also
used as casing for sausages. In England, chitterlings remain especially popular in Yorkshire.

They are eaten as a dish in East Asian cuisines. In America, chitterlings are an African-
American culinary tradition and a Southern culinary tradition sometimes called soul food cooking.
In America, chitterlings are sometimes battered and fried after the stewing process.

Chitterlings are carefully cleaned and rinsed several times before they are boiled or stewed for
several hours. Pajata is a traditional dish from Rome, Italy. It refers to the intestines of an unweaned
calf, i.e., only fed on its mother’s milk. The calf is killed soon after nursing. The intestines are
cleaned, but the milk is left inside. When cooked, the combination of heat and the enzyme rennet in
the intestines coagulates the milk and creates a sort of thick, creamy, cheese-like sauce.

In France, chitterlings sausage, a delicacy, is called andouillette.

Care must be taken when preparing chitterlings, due to the possibility of diseases. These diseases
are caused by bacteria including E. coli and Yersinia enterocolitica, or Salmonella.

1.3.8 Brains

Beef brains weigh +450g; pork brains £120g and lamb brains +130g. Cattle brains belong to risk
material and is thus forbidden because of its relation to bovine spongiform encephalopathy (BSE)
or “mad cow” disease. Brains of other animals are edible but very perishable.

Fried-brain sandwiches are a specialty in the Ohio River Valley. Cow’s brains, sesos, are used
to make ravioli stuffing in some countries of South America. Sesos also constitute a typical and
popular dish in Spain.

1.3.9 TEeSTICLES

Testicles of a bull or a ram weight +£0.25kg; the testicles of a boar weigh £130g. Rocky Mountain
oysters are a delicacy eaten in some cattle-raising parts of the western United States and Canada.
Rocky Mountain oysters or prairie oysters is a North American culinary name for edible offal,
specifically buffalo, boar, or bull testicles.

1.3.10 Broobp

Beef contains 10-12 L of blood and a sheep 1.5 L. Pork blood is used in Spain as an ingredient in
a kind of typical cooked sausages called “morcilla.” It is used in other cooked meat products due to



Introduction— Offal Meat: Definitions, Regions, Cultures, and Generalities 9

its good binding of fat and water. Plasma is the most interesting part of blood due to its color and
functional properties. Albumin is the main component of the plasma fraction of blood and is the
main responsible for plasma gel firmness upon heating [6]. Blood proteins also have an excellent
foaming capacity.

1.3.11 LArD AND TALLOW

Lard is considered as the fat rendered from edible pork tissues while tallow is defined as the hard
fat rendered from fatty tissues in cattle [7]. The fatty acid composition of these fats, especially lard,
depends on the feed given to the animal before slaughter. Tallow may also contain some trans-fatty
acids, including the conjugated linoleic acid (CLA), due to the action of rumen. There are many
traditional uses for lard and tallow like deep-fat frying, use in margarine and shortenings, cover of
dry-cured hams, etc.

1.3.12 OrtHEer EDIBLE By-PRODUCTS

Other parts suitable for human consumption are spleen, oxtail, bones for stock, trimmings such as
beef diaphragm muscle, gullet or beef cheek papillae, pork jowl, pig tail, pigs’ feet (trotters) and
ears and poultry giblets.

In the United States, the giblets of chickens, turkeys and ducks are commonly consumed.

Brawn is a British English term for head cheese or the collection of meat and tissue found on an
animal’s skull (typically a pig) that is chilled and set in gelatin.

Iceland has its own version of both haggis and brawn. The Icelandic haggis, slatur, is made in
two versions. BI6dmor or bloodlard is a stomach of a sheep stuffed with a mixture of sheep’s blood,
rolled oats and slices of sheep’s fat, and lifrarpylsa or liver sausage consisting of sheep stomach
stuffed with a mixture of ground lamb’s liver, rolled oats, and cut up bits of sheep. The Icelandic
brawn, svid, is made from singed sheep heads.

Romanian peasants make a kind of traditional sausages from pork offal, called caltabos. In
Greece and in Turkey, splinantero consists of liver, spleen, and small intestine, roasted over an open
fire. A festive variety is kokoretsi, made of pieces of lamb offal (liver, heart, lungs, spleen, kidney,
and fat). These pieces are pierced on a spit and covered by washed small intestine wound around in
a tube-like fashion. It is a traditional dish for Easter. Another traditional Easter food is mageiritsa:
a soup made with lamb offal and lettuce in a white sauce.

An Armenian traditional dish is khash. The main ingredient in khash is pig’s or cow’s feet,
although other animal parts, such as the ears and tripe may also be used. It is rich in cartilage and
other connective tissues.

In Italy, consumption of entrails and internal organs is quite widespread, among the most popular
preparations are fried or stewed brain, boiled intestines (trippa), lampredotto (the fourth stomach
of the cow), liver, kidneys, heart and coronaries (coratella or animelle), head, eyes, testicles of pig;
several preparations are based on chicken entrails.

In Sicily, many enjoy a type of sandwich pani ca meusa, or bread with spleen and caciocavallo
cheese. In New York, it is named vastedda.

In Spain, the organs of the entrails are used in many traditional dishes: callos or cow tripe in
Madrid and Asturias, liver, kidneys, criadillas or bull’s testicles, cow’s tongue, pork’s head and feet
in Catalonia and pork’s ears in Galicia.

In the French city of Marseille lamb’s trotters and a package of lamb tripe are a traditional food,
pieds et paquets.

Feijoada is a stew of beans with beef and pork meats, ears, feet and tail, which is a typical
Portuguese dish, also typical in Brazil, Angola and other former Portuguese colonies.

Lungen stew is a traditional dish among American Jews. In Argentina, Chile and Uruguay, the
traditional asado is often made along with several offal types, achuras, like chinchulines and tripa
gorda (chitterlings), mollejas (sweetbread) and rifién (kidney of a cow).
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Pork tongue slices with salt and sesame oil is a common dish, especially in Sichuan province
of China. Braised pork ear strips are available as street merchant food or in some supermarkets.
Cleaned pork stomach roasted primarily in sugar and soy sauce then sliced is a popular food in
Hong Kong. Pork liver slices served stir fried with onions or in soups is another hawker food. Pork
blood soup is at least 1000 years old.

The offal of cattle, duck, and chicken is also used in traditional Chinese cooking. The Cantonese
dish lou mei is made by simmering the organs and off-cuts of these animals in a soy-based sauce.

In Korea, offal usage is very similar to mainland China but less frequent. In Singapore, soup with
organs of pigs is common for hawkers.

In Indonesia, goat’s organs are very popular for soups and almost all of the parts of the animal
are eaten. Babat or the stomach of cows and iso (intestines of cows) are popular in Javanese cuisine.

In Japan, chicken offal is often skewered and grilled over charcoal as yakitori. Offal originating
from cattle is also an ingredient in certain dishes. However, Japanese culture mostly declines the
use of offal from large animals due to the traditional Japanese preference for cleanliness, derived
from Shinto purity beliefs.

In the Philippines, people eat practically every part of the pig, including snout, intestines, ears,
and innards. Dinuguan is a particular type of blood-stew using pig intestines, pork meat and some-
times ears and cheeks. Bopis is a spicy dish with pork lungs and heart. Isaw is another course in the
Philippines. It is a kebab made with pieces of the large intestine of a pork barbecued.

In India, Pakistan, Nepal, and Bangladesh, different parts of the goat, brain, feet, head, stomach,
tongue, liver, kidney, udder, and testicles are eaten. The heart and liver of chickens are also enjoyed.
One popular dish, Kata-Kat, is a combination of spices, brains, liver, kidneys and other organs.

Rakhti is a combination of heavily spiced porcine offal and cartilaginous tissue, consumed by the
local Christian community in southern India.

In Lebanon, lamb brain is used in nikhaat dishes and sometimes as a sandwich filling. Another
popular dish is korouch, rice-stuffed sheep intestine.

In Iran, sheep liver, heart, and kidneys are used as certain types of kebab and are frequently
eaten, as well as sheep intestines and stomach. Sheep brains and tongue are eaten with traditional
bread.

1.4 FOOD SAFETY ISSUES

Offal of certain animals may be unsafe to consume. Some animal intestines are very high in coli-
form bacteria and need to be washed and cooked thoroughly to be safe for eating. Wong et al. [8]
discussed the presence of the pathogens Salmonella and Escherichia coli O157:H7, and E. coli bio-
type 1 on 100 New Zealand-produced pig carcasses and 110 imported pig meat samples.

Bhandare et al. [9] investigated the microbial contamination (Staphylococcus—Bacillus—
Enterococcus— Clostridium—Enterobacteriaceae—Pseudomonaceae—Faecal Coliforms—
Salmonella) on sheep/goat carcasses in a modern Indian abattoir and traditional meat shops.

Nervous system tissue can be contaminated with transmissible spongiform encephalopathies
(TSE) prions, which cause BSE or mad cow disease. Some tissues are classified as specified risk
materials and are subject to special regulations. So, certain tissues like tonsils, intestine, brain, and
spinal cord from cattle, sheep, and goats were controlled since 1989 in the United Kingdom and
prevented to enter the human food chain and in 2000 were harmonized through the EU [10]. The
production of mechanically recovered meat from all ruminant bones was also prohibited in the EU
[10]. Adequate detection methodologies for the detection of BSE in meat and meat products, based
on the detection of markers from the lipids, proteins, or nucleic acids fractions were developed [11].
Offal may contain high quantities of purines able to provoke an acute attack of gout.

Heterocyclic amines (HAs) are potent mutagens formed during intense heat-processing of pro-
teinaceous food. PhIP (2-amino-1-methyl-6-phenylimidazo[4,5-b]pyridine) is the most ubiquitous
and abundant mutagenic HA. In the study of Khan et al. [12], several offal products (beef liver, lamb
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kidney and beef tongue) were thermally processed and analyzed for HAs. Norharman and harman
were the amines most abundant, found at concentrations below 2ng g='.

The practice of feeding raw offal to dogs on farms and ranches can spread echinococcosis,
a potentially fatal parasitic disease of many animals, including wildlife, commercial livestock,
and humans. The disease results from infection by tapeworm larvae of the genus Echinococcus
(E. granulosus, E. multilocularis, E. vogeli, and E. oligarthrus).

Offal of bovine, ovine, and porcine may accumulate potentially toxic heavy metals, such as Cd
and Pb, posing a risk for human health and making necessary the development of new methodolo-
gies like SF-ICP-MS for its quantification [13].

In summary, there is a wide variety of animal edible by-products with traditional consumption,
sometimes high, in many countries worldwide. This book provides a full overview of the analyti-
cal tools available for the analysis of animal by-products and the role of these methodologies in the
analysis of technological, nutritional, and sensory quality, as well as for safety aspects.
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2.1 INTRODUCTION

The parts of an animal that are not intended for direct use as human food are referred to as animal
by-products. In the United States, the meat industry considers everything produced by or from
an animal, with the exception of dressed meat, to be a by-product. These by-products include
bones, skin, trimmed fat and connective tissues, feet, abdominal and intestinal contents, and blood.
Biologically, however, most of the non-carcass material obtained after slaughtering the animal is
edible once it has been properly cleansed, handled, and processed. Globally, the use of these non-
carcass materials in the human food chain varies from region to region depending on such factors
as religion and custom, with organs such as the liver, heart, kidney, and tongue being the most
commonly used. Other edible parts include poultry feet, pig’s feet, the brain, blood, and so on [1].
Animal by-products fall into two categories, namely edible and inedible, although the distinc-
tion is not always clear cut and may vary from situation to situation. For example, bovine liver is
a beneficial by-product when passed as suitable for human consumption, but if it is infected with
fascioliasis it is inedible [2]. Other animal by-products that are initially considered to be unfit for
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human consumption when produced at the slaughter house may, after further processing, become fit
for human consumption. For example, bones, connective tissues, hides, and skins can be processed
to make gelatin and collagen, while sheep intestines can be turned into casings for use in sausage
type products. Such products are referred to as edible co-products and must not be confused with
edible by-products, which include parts of animals that are perfectly fit for human consumption but
are not meant for such [3]. Animal by-products that are absolutely unfit for human consumption are
used in animal feedstuffs such as meat-and-bone-meal, pet food, and in other technical products,
such as glue, leathers, soaps, and fertilizers. The alternative is their destruction, often by incinera-
tion. This classification may change over time; whey, the watery part of milk that separates from
the curd when milk is curdled in the production of cheese, used to be considered a by-product of
the cheese industry and was disposed of as such, but is now widely used in the food industry. Whey
is thus an animal by-product that for the purposes of this chapter will be included as a food grade
protein source.

The combined livestock and poultry industry represents the largest agricultural businesses in the
United States. According to the United States Department of Agriculture (USDA), it was forecast
that 57,038 metric tons of beef and veal (carcass weight equivalent), 100,171 metric tons of pork
(carcass weight equivalent), and 76,227 metric tons of broiler and turkey (ready to cook equivalent)
meat would be consumed in 2009 [4]. As reported by the Food and Fertilizer Technology Center
for the Asian and Pacific Region publication, by-products constitute 52%, 66%, and 68% of the live
weight of pigs, cattle, and sheep, respectively; this implies that billions of kilograms of animal by-
products are produced annually and a valuable source of revenue will be lost if these products are
not well utilized. Also, disposing of unwanted by-products is expensive and continues to rise [1];
even worthless by-products must be disposed of in an environmentally responsible manner, which
adds to the cost of meat production. As the selling price of the carcass (dressed meat) alone cannot
compensate for the high cost of rearing the live animal, a great deal of effort has been devoted to
finding ways to fully utilize these animal by-products, not only to increase profits and hence the
viability of the meat industry, but also to address issues of environmental pollution associated with
their inefficient disposal. However, despite the strenuous efforts that have already been made to
fully utilize animal by-products, more than 2% of the weight of the carcass is still lost to effluent
and there is therefore more room for improvement in this area [5].

This chapter will examine four food grade protein materials derived from major animal
by-products, namely, blood, collagen, gelatin, and whey. Their use as ingredients in food production
will be discussed, along with possible concerns associated with their use in food product formulation
and the analytical methods for their detection that have been developed to address these concerns.

2.2 BLOOD

For many years, blood, which is the first by-product obtained after slaughter of an animal, used to
be discarded as an unwanted by-product by slaughter houses in the United States. Blood is made
up of two fractions, namely the cellular fraction which comprises the red blood cells, white blood
cells and platelets, and the plasma fraction, with the former suspended in the latter. Plasma accounts
for 65%—70% of the total volume of blood, with the cellular fraction accounting for the remainder
[6]. Animal blood contains about 18% of protein, with hemoglobin, which is present in the red
blood cells, accounting for more than half of the proteins present [7]. The typical nutrient composi-
tion of bovine blood consists of 80.9% water, 17.3% protein, 0.23% lipid, 0.07% carbohydrate, and
0.62% minerals. [8]. Plasma contains about 7.9% protein, consisting principally of immunoglobu-
lins (4.2%), albumins (3.3%), and fibrinogen (0.4%) [9]. More than one hundred proteins have been
well characterized from plasma. Selected specific proteins are listed in Table 2.1.

Of all the unwanted animal by-products, blood causes the most problems as a result of the huge
volume produced and its high pollutant load. It is estimated that the annual blood waste in the United
States is around 1.6 million tons. Given the large quantities of blood produced and its high solids
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TABLE 2.1
Selected Well Characterized Plasma Proteins

Molecular Amount in
Protein Weight (kDa) Serum (mg%)
Albumin 66 3500-5500
Antithrombin IIT 65 29
o,-Acid glycoprotein 44.1 90
o,-Antitripsin 54 290
o, -Antichymotrypsin 68 45
o, B-Glycoprotein 50 22
o,-HS-Glycoprotein 49 60
o,-Macroglobulin 820 240-290
B,-Glycoprotein I 40 20
B,-Glycoprotein III 35 10
Cl1 inactivator 104 24
C2 117 3
C3 185 110
C3 activator (B21I) 60 18
Ceruloplasmin 132 35
Cold insoluble globulin 350 33
Fibrinogen 341 300
Gc globulin 50.8 40
Hemopexin 57 80
Haptoglobulin 1-1 100 170-235
Histidine-rich 3.8 S a2-glycoprotein 58.5 9
Immunoglobulin A 158-162 90-450
Immunoglobulin M 800-950 60-250
Immunoglobulin D 175-180 <15
Immunoglobulin E 185-190 <0.06
Inter-o.-trypsin inhibitor 160 45
Lipoproteins
LDL 2500 350
HDL, 40-90
HDL, 225
Plasminogen 81 12
Prealbumin (thysoxine-binding) 54.98 25
Pregnancy-specific B1-glycoprotein 90 5-20
Prothrombin 72 6
Retinol-binding protein 21 45
Steroid-binding -globulin 65 0.4-0.8
Thyrpxon-binding prealbumin 54.98 25
Thyroxine-binding globulin 60.7 1.5
Transcortin 55.7 4
Transferrin 80 295
Vitamin D-binding protein 52.8 0.5
Zn-02-glycoprotein 41 5

Source: Selected from Heide, K. et al., Plasma protein fractionation, in: Putman,
EW. (Ed.), The Plasma Proteins: Structure, Function, and Genetic
Control, 2nd edn., vol. III, Academic Press, Inc., New York, pp. 558-561,
Table V. With permission.
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content (18%), and chemical oxygen demand (COD) (500,000 mg O,/L), the environmental problems
caused by its disposal are enormous [10]. Hence efforts to fully utilize blood through the recovery
of its proteins are both necessary and justified. The food industry currently uses about 30% of the
blood products produced [11], mainly in meat products as a gelling agent and natural colorant. Other
applications for blood products are the pet food industry (to increase the palatability of pet food),
animal farming (as a feed ingredient), agriculture (as fertilizer), pharmaceutical diagnostic agents
(especially bovine serum albumin [BSA] and immunoglobulins), and the paper industry (as glue).
This practice of utilizing blood for a wide range of other applications avoids the cost of the environ-
mental compatible disposal of these animal by-products, hence increasing the value of the animal to
the farmer [12]. Here, we will focus on the use of blood as an ingredient in the food industry.

2.2.1 Use ofF BLoob AND BLoob ProbuUCTS AS FOOD INGREDIENTS

Animal blood has long been used in Europe to make blood sausages, biscuits, bread, and blood pud-
ding. Itis also used widely in Asia in food products such as blood curd, blood cake, and blood pudding.
Although the above-mentioned blood products are not common in the United States, blood finds its
way into the human food chain in various forms. The U.S. Meat Inspection Act approves the use of
blood in food provided that it is obtained by bleeding an animal that has been inspected and passed
for use as meat (9CFR 310.20). Its uses include in sausage products to enhance the color and as an
extender in meat products, with the primary purpose of lowering costs [13]. Blood from bovine and
porcine origin is most commonly used in the formulation of meat products. The amount of whole
blood that is used in meat products is very low however, as increasing the proportion has a detri-
mental effect on sensory qualities, particularly color and flavor [14]. In sausage products, the use of
blood is restricted to 0.5%—2% of the sausage content, as levels above this have a negative impact
on the sensory attributes of the final product. Restricting the addition of blood to within this range
improves the overall perception of color and meat taste compared to reference samples with no blood
added [15]. The adverse effect on sensory qualities associated with increased amounts of blood in
meat products and food products in general is attributed to the presence of hemoglobin, which has an
objectionable color and odor as a result of the heme component of the protein [7]. Plasma, which has
a neutral taste and is devoid of the dark color normally associated with blood, is therefore preferred
over whole blood and is more widely used in meat products [16]. Plasma proteins are good emulsi-
fiers and are thus used in emulsified meat systems, where they serve as a source of large quantities
of nutritionally beneficial protein [17]. They are also used as protein supplements and fat replacers in
meat products such as sausages. Major muscle proteins such as myosin have the ability to cross-link
with plasma proteins, enhancing resistance to endogenous protease degradation. Thus, dried plasma
is used as an inhibitor for endogenous proteases in surimi-type products made from certain spe-
cies of fish in order to inhibit degradation by endogenous proteases [18,19]. The predominant use of
plasma in the meat industry, however, is as a binder because of its ability to form gels upon heating.

Plasma is produced by removing the blood cells from blood, but unfortunately this also removes
the majority of the blood proteins present. This has led to a great deal of research into better ways
of incorporating blood cells into food products to take advantage of the high protein content, while
at the same time avoiding the undesirable sensory effects of hemoglobin. One approach has been to
recover the proteins in the blood cells through decolorizing blood by removing the heme group from
hemoglobin to produce what is known commercially as globin or decolorized blood, a more use-
ful product in food formulations [8,20]. In addition to whole blood, plasma and decolorized blood,
blood serum concentrates, and other proteins isolated from blood are now used as ingredients in
food products. Examples of commercial food grade proteins produced from whole blood and blood
fractions for use by the food industry are shown in Table 2.2.

Blood and blood products are used widely in the meat industry, but potential applications in
other areas of the food industry have also been suggested by a number of studies for specific situa-
tions. For example, spray-dried plasma can be used as an egg substitute in bakery products because
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TABLE 2.2

Examples of Food Grade Proteins Produced from Blood and Blood Fractions
Product Company Description Usage
ImmunoLin Proliant Inc., USA Serum concentrate Dietary supplement to be

added to bars and drinks
to boost immune system

NutraGammax Proliant Inc., USA Serum protein isolate Dietary supplement target
the sports nutrition world
Fibrimex Harimex B.V., Isolate of thrombin and Natural binder for whole
the Netherlands fibrinogen precipitated muscle processing
from plasma
Harimix P Sonac B.V., Hemoglobin Natural meat colorant
the Netherlands
Plasma powder FG ~ Sonac B.V.,, Plasma A binder in meat products
the Netherlands
Prietin Lican Functional Protein ~ Whole blood For making Morcilla
Source, Chile (blood sausage)
Vepro globin VEOS Group, Belgium Globin An emulsifier in meat
products

of the foaming and leavening properties of blood plasma proteins [14,21]. Substituting spray-dried
plasma for eggs, however, only produces cakes with desirable qualities, if the substitution is partial.
Because egg products are among the more costly ingredients used in the bakery industry, the use
of blood plasma would provide a low-cost substitute for some of the eggs in bakery products [21].

Food-based strategies remain the most sustainable means of combating iron deficiency anemia
(IDA), which is the most widespread micro-nutrient deficiency disease globally, particularly in
developing countries. Bovine blood, which has a high concentration of heme iron, has been found to
be a suitable way to fortify commonly consumed food products in order to combat IDA. The heme
iron content of bovine blood powder is estimated to be as high as 195.46 mg/100 g of bovine blood
powder—more than 10 times that of bovine liver (17 mg/100 g of bovine liver) which is usually con-
sidered an iron rich food [22]. Studies by Walter and coworkers [23], where children were fed bovine
hemoglobin fortified cookies through a nationwide school lunch program in Chile, revealed signifi-
cant differences in hemoglobin concentrations and serum ferritin levels between the fortified and
non-fortified groups. Thus, fortification of commonly consumed food items with blood products is
a feasible and effective way to improve iron levels in iron-deficient populations. Other studies have
shown that globin (hemoglobin without the heme group), which is deficient in isoleucine, serves as
an excellent complement to widely consumed plant products such as corn and wheat that are low in
lysine but rich in isoleucine, providing a nutritionally beneficial end product [24].

2.2.2 NEeeD FOR METHODS TO DETECT BLOOD AND BLOOD PRODUCTS IN FOOD

Despite the nutritional, environmental, and economic benefits that can be derived from the use of
animal blood, there is a concern about the widespread use of these products as a result of the advent of
bovine spongiform encephalopathy (BSE), known colloquially as mad cow disease. There is strong
evidence to suggest that blood from ruminant animals carries some level of infectivity for transmis-
sible spongiform encephalopathies (TSEs) [25-29], a group of related fatal, progressive degenera-
tive diseases, including BSE, which affect the central nervous system (CNS) in both humans and
animals. In addition, certain individuals, for example Jews, Muslims, and vegetarians must avoid
blood-tainted food products as a result of dietary restrictions imposed by their religion [30], or sim-
ply as a matter of preference [31]. Others restrict blood from their diets because of an allergy to blood
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proteins such as serum albumin [32,33]. Yet other concerns regarding the use of animal blood relate
to the labeling issue. Federal regulation requires that the percentage of meat or poultry in products
identified as containing meat be declared on the label. Undeclared blood proteins in meat products
would increase the nitrogen content of the product and hence, falsify the actual meat content, as
meat content is usually estimated based on the nitrogen content of the product. Partial replacement
of lean meat with blood plasma content thus offers great economic advantage to the manufacturer, as
the addition of 2% of blood plasma to a meat product can boost yield by 4%—5% and substitute for up
to 10% lean meat content [34]. Manufacturers may therefore be tempted to add more plasma to meat
than permitted by law in order to boost profits. For all these reasons, it is necessary that effective
methods be developed to detect blood in both raw and processed food as a product quality control
measure to enforce labeling regulations and address consumer safety concerns. Accordingly, a great
deal of effort has been devoted to developing effective ways to detect and quantify the amount of
animal blood in food formulations. Some of the methods that have been developed for the purpose
will be reviewed and their limitations discussed in the following section.

2.2.3 DETECTION METHODS

Several methods, including spectrophotometric methods, ultra-thin layer isoelectric focusing,
Kjeldahl, and immunological methods, have been used for detecting animal blood that is added
to meat products. A spectrophotometric method developed by Maxstadt and Pollman [35] was
designed to estimate the added blood in raw ground beef. This method is based on the detection of
hemoglobin as a measure of the amount of added blood and involves the extraction of hemoglobin
with water. Myoglobin is extracted alongside the hemoglobin from the meat sample, and these two
heme pigments must then be separated by treating the extract with 85% (NH,),SO, to precipitate
the hemoglobin, leaving the myoglobin in solution. The hemoglobin is then converted to cyano-
methemoglobin and quantified by its absorbance at 422 nm using a standard curve prepared using
cyanomethemoglobin standards. The method has the advantage of being easy and fast to perform,
with good repeatability. However, it is not species specific, and hence does not discriminate between
blood of bovine origin and blood from other species, leading to BSE concerns, and the amount
of hemoglobin extracted is the sum of that from both the added blood and the residual blood in
the meat sample. Hence it is necessary to subtract a correction factor of 171 mg hemoglobin/100 g
meat, which represents the normal residual hemoglobin content of ground beef, from the amount of
hemoglobin measured to estimate the amount of hemoglobin (and hence blood) added. Since many
factors may affect the quantity of residual blood in meat, this method cannot accurately determine
the amount of added blood at low levels to enable effective regulatory decisions to be made.

The Kjeldahl method has been adopted as an alternative way to estimate the amount of hemoglo-
bin in meat products [36]. This method uses hazardous chemicals to digest samples and measures
the total nitrogen content to provide an estimate of the crude protein content. The crude protein
content is determined by multiplying the nitrogen content by an appropriate conversion factor.
Normally 6.25 is used as the average conversion factor, but the factors 5.94, 4.94, and 5.65 have
been calculated based on biochemical data to estimate the amount of muscle protein, collagen, and
hemoglobin, respectively, in the sample. This method is time consuming and at best gives only an
approximation of the amount of blood present in the sample. Although it is the most commonly used
method for crude protein determination in a wide range of samples, it does not distinguish between
added blood and residual blood and is by no means either species- or tissue-specific.

Bauer and Stachelberger [37] employed ultra-thin layer isoelectric focusing to detect added blood
in heat-treated meat, reporting that this method is not affected by heat-treatment, and has a detec-
tion limit of 0.2% of dry blood plasma in sausage. However, it is not able to discriminate between
different species and requires a laborious gel chromatographic step to desalt the samples and then
to concentrate the desalted samples by adsorption of the protein on hydroxyl apatite, followed by
subsequent elution.
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A liquid chromatography tandem mass spectrometric (LC-MS-MS) method has also been devel-
oped to detect the presence of a commercial bovine [38] and porcine [39] blood-based food binding
agent in food products. The blood-based binding agent is sold under the brand name Fibrimex®
and consists primarily of thrombin and fibrinogen. The method is based on the specific detection
of fibrinopeptide A and B, which are cleaved by the blood protease thrombin from the N-terminus
of the alpha and beta chains of fibrinogen, respectively. This method, however, suffers from matrix
interference, as different matrices (fish, chicken, and meat) spiked with 5% (v/w) of the binding
agent produced marked differences in the amount (peak size) of fibrinopeptides A and B detected.
Although fibrinopeptides A and B could be detected when meat samples (beef, pork, and lamb) were
spiked with these target peptides, neither was detected in 5% spiked cod fish samples. Detection in
cod was only possible when spiking of the binding agent was above 10% level. Similarly the signal
due to fibrinopeptide A in chicken samples spiked at 5% was considerably lower than that for com-
parable levels in meat samples. Although the authors asserted that this method was not hampered
by the heat-treatment (80°C for 15 min) given to samples, it is questionable if the method will still
be effective with samples that have undergone more severe or prolonged heat treatment. In addition,
the fibrinopeptides could also be detected faintly in non-spiked control samples, indicating that the
method may not adequately distinguish between added blood and residual blood.

Immunological methods have begun to emerge as important and effective methods for qualita-
tive and quantitative analyses of numerous food ingredients due to the simplicity, specificity, and
speed of the assays produced. These methods are all based on the specific binding between the
antigen (the analyte) and its corresponding antibody and are available in many different formats,
including immunodiffusion, immunoglutination, enzyme-linked immunosorbent assay (ELISA),
immunoblot, and immunohistochromatography (lateral flow assay). The effectiveness of the assay
mainly depends on the quality of the antibody used, which is either a polyclonal antibody (PAb) or
a monoclonal antibody (MAD). Otto and Sinell [40] produced two antisera against extracts of dried
bovine blood plasma and dried porcine plasma, for the detection of added dried bovine and porcine
plasma in heat-treated meat mixtures, respectively. Plasma proteins were extracted with 7M urea
and tested against the antisera using either gel-diffusion or electro immune assays. Both methods
proved useful for the detection of dried blood plasma, provided the tested samples had been prop-
erly diluted. The assay signal, however, was hampered by the heat treatment of the cooked samples.
Thus, the concentration of plasma in a given sample can only be determined if the time—temperature
regimen of the process experienced by the sample is known, and appropriate model samples tested
for comparison. This method is therefore inadequate for most real life situations, where the details
of the processing the sample has undergone are not available.

Blood and blood products used as the ingredients in food and feedstuffs could be produced from
whole blood, plasma, serum, red blood cells, hemoglobin, and/or globin. Because of the easy avail-
ability of this wide range of blood products, the above-mentioned methods developed for detecting
blood in food products that depend on detecting specific analytes may be useful for detecting only
particular blood products. For example, the spectrophotometric method proposed by Maxstadt and
Pollman [35], which is based on the specific detection of hemoglobin as a measure of the amount of
blood that has been added to meat products, would not be useful for detecting the presence of non-
hemoglobin-containing blood products such as plasma or serum in meat products. It is therefore
necessary that the scope of these methods be better defined to streamline the application of these
methods.

A competitive indirect enzyme-linked immunosorbent assay (ELISA) was recently developed for
the detection of bovine blood in heat-processed meat [41]. This assay, which is based on a MAb,
BbIH9Y, that recognizes a 12kDa thermal-stable antigenic protein in ruminant (bovine and ovine) red
blood cells, is bovine and ovine blood specific and works effectively with severely heat-processed
samples. It is also possible for the assay to distinguish between added blood and residual blood, with a
detection limit of 0.5% bovine blood in beef. As mentioned earlier, decolorized blood, a useful blood
product in food formulation, is produced through the removal of the heme group, which is responsible
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for the negative sensory qualities of hemoglobin containing blood products. The 12kDa antigenic
protein recognized by the MAb BbIH9 seems to be a monomer of the tetrameric hemoglobin mole-
cule (Ofori and Hsieh, unpublished data). Consequently, this competitive ELISA can be used to detect
any blood products containing hemoglobin or globin in a food sample, because MAb Bb1H9 has the
ability to recognize hemoglobin both with and without the heme group. To the best of our knowledge,
however, there is currently no single method available for the detection of globin in food products.
Ofori and Hsieh [42] have developed a sandwich ELISA for the detection of bovine blood in
animal feed. This method is based on two MAbs, Bb6G12 and Bb3D6, that recognize an approxi-
mately 60kDa thermal-stable antigenic protein in bovine blood. This assay also has the advantage
of being bovine blood specific, tissue specific, and not hampered by any heat treatment the samples
may have been subjected to. Further studies confirmed that the 60kDa antigenic protein is present
in the plasma fraction (Ofori and Hsieh, unpublished data) and that the assay has a detection limit
of 0.3% bovine blood in autoclaved (121°C at 1.2 bar for 15min) beef. These two methods [41,42]
therefore complement each other and can be used together to detect the whole range of blood and
blood products that may be used as ingredients both in food and feed. In addition, these two assays
offer a specific and sensitive determination of added bovine blood in heat-processed products.

2.3 COLLAGEN

Collagen is an insoluble fibrous protein that constitutes the major component of connective tissues,
skin, and bones. It is the raw material for the production of gelatin and is also used in the food indus-
try as is, without processing into gelatin. It is the most abundant protein in vertebrates, accounting
for about one-fourth of total proteins [43]. Unlike other mammalian proteins, collagen has high con-
centrations of 4-hydroxyproline, which is formed post-translationally from proline side chains [44].
Collagen has a triple helix structure composed of three almost identical polypeptide chains with
a repeating triplet sequence (Gly-X-Y)n, where X and Y are usually proline or 4-hydroxyproline.
The triple helical structure is stabilized by the presence of 4-hydroxyproline through the formation
of hydrogen-bonded water bridges [45]. Over 90% of the different collagen types fall into three
categories, namely Type I, Type II, and Type III, with Type I being the most abundant form, and
the most widely distributed within the body. Each year, over 200,000 metric tons of collagen and
gelatin are produced for use by the food, pharmaceutical, and cosmetic industry [46]. Most colla-
gen is produced from bovine and porcine skin. A patented procedure of a collagen manufacturing
process from calcified tissues such as animal skin, without a prior decalcification step is described
in Figure 2.1.

2.3.1  Use oF COLLAGEN AS A FOOD INGREDIENT

Collagen performs a wide range of functions in different food products. For example, collagen
preparations are utilized in processed meat products to enhance the tenderness, texture, and yield
of the final product [47]. Isinglass, a collagen fining agent obtained from the swim bladders of fish,
has for years been used as a clarifying agent in the manufacture of both beer and wine. However, as
a result of BSE-related fears and for religious reasons, raw materials from fish sources are now the
consumer-preferred alternative for the production of collagen [48]. Collagen in the form of collagen
hydrolyzate and collagen fiber preparation can also serve as a carrier of antioxidants when added
to meat products in order to prevent meat lipid oxidation, which is responsible for the production of
several chemical compounds that affect the nutritional and other quality attributes of meat products
[49]. However, collagen is currently underutilized in the food industry because it suffers from low
solubility, weak water-retention and emulsion-forming properties, and a poor amino acid profile,
lacking the essential amino acid, tryptophan. In addition, collagen is poorly digested due to the low
levels of collagenase in the human gastrointestinal tract [50]. Interestingly, individual fractions of
collagen, which can be produced by various techniques, such as water-salt extraction or enzyme
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FIGURE 2.1 Manufacturing process of collagen from animal skin. (Adapted from Losso, J.N. et al,,
Extraction of collagen from calcified tissues, U.S. Patent 7109300, 2006. http:/www.freepatentsonline.
com/7109300.html. Accessed on November 28, 2010.)

preparation, exhibit a pronounced capacity for water retention and emulsion formation. It has there-
fore been suggested that these fractions be used as a replacement for gelatin, as research findings
indicate that these collagen fractions have higher moisture-absorbing and gelling properties, and are
also cheaper to produce than gelatin [51].

2.3.2 NEeeD FOR METHODS TO DETECT COLLAGEN IN FOOD

Methods have been developed to detect the presence of collagen in food products for a variety
of reasons. For example, collagen serves as a measure of the quality of meat and meat products;
poor quality meat-based products tend to be rich in connective tissues, which are high in collagen
[52,53]. Accordingly, the amount of collagen gives an indication of the economic value of the raw
material (meat) used in the manufacture of the meat-based product, as well as the nutritional value
of the product [52,53]. The Food Safety and Inspection Service (FSIS) of the USDA thus considers
estimation of the collagen content to be an easy and practical method for ascertaining the protein
quality of meat products [54]. Many countries specify the maximum allowable level of collagen in
comminuted meat products in order to prevent adulteration and partial substitution of economically
high value meat portions with less expensive alternatives. Compared with other mammalian pro-
teins, collagen has a high concentration of the imino acid 4-hydroxyproline; hence, estimating the
content of 4-hydroxyproline provides an indirect measure of the collagen content.
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2.3.3 DETECTION METHODS

The most commonly used method for 4-hydroxyproline content determination as a measure of
collagenous material in meat and meat products is the AOAC official method 990.26 [55]. The
colorimetric method involves a time consuming (16h) acid hydrolysis step. Hydroxyproline in the
filtered and diluted hydrolysate is then oxidized to pyrrole by reacting with chloramines-T, followed
by adding 4-dimethylaminobenzaldehyde to develop a red-purple color. The absorbance of the solu-
tion is measured spectrophotometrically and the amount of 4-hydroxyproline present in samples
is calculated from a calibration curve obtained from absorbance readings of standard solutions of
hydroxyproline. The amount of collagenous connective tissue present in the sample is computed as
the hydroxyproline content multiplying a factor of 8, as the collagenous connective tissue contains
12.5% 4-hydroxyproline, if nitrogen to protein factor is 6.25. This calculation is different in some
countries based on different nitrogen and hydroxhproline factors, and this method is not applicable
to analysis of freeze-dried material. Recently, microwave hydrolysis of proteins combined with high
performance anion exchange chromatography, and pulsed amperometric detection (HPAEC-PAD)
analysis of 4-hydroxyproline, was reported as a new way to rapidly determine the collagen con-
tent in meat-based foods [52]. Briefly, an aliquot of sample corresponding to 25 mg of protein was
subjected to hydrolysis in acid using a microwave digestion system. Filtered hydrolyzed samples
evaporated to dryness and dissolved in 0.1 N HCI1 were then diluted with ultra-pure water, filtered
and injected into the chromatographic system. Hydroxyproline quantification was then carried out
alongside other amino acids using amino acid standards. The collagen content was also calculated
by multiplying the 4-hydroxyproline content (g/100 g of sample) by 8. The use of microwave hydro-
lysis allowed the hydrolysis time to be reduced from 16 to 24 h typical of traditional hydrolysis to
20min. The ratio of collagen to protein gives an indication of the quality of meat used, with higher
ratios indicating the use of low quality meat and lower ratios indicating the use of high quality
meat. However, there is an issue with the interpretation of the results for the above two methods. For
example, a low collagen to protein ratio may not necessarily indicate the use of high quality meat
but could be as a result of the use of non-meat protein in the preparation of the product.

Several instrumental methods have also been developed for the same purposes. The use of near
infrared reflectance (NIR) spectroscopy has been reported for rapid estimation of components (fat,
protein, collagen-free protein [CFP], moisture, and starch) in meat patties [56]. The instrument
was first calibrated using results obtained from the analysis of each component from 50 meat pat-
ties using standard chemical reference methods. After calibration, the protein, water, fat, CFP, and
starch contents of the meat patties were determined with the near infrared spectroscope and the
results compared with the chemical data. The standard error between the two sets of data served
as an estimate of the difference between the NIR and reference methods. After calibration, 43
additional meat patties were analyzed using both NIR and reference methods. The correlation coef-
ficient (r), standard error of prediction (SEP), and coefficient of variation (CV) were then calculated
to assess the accuracy of the NIR method. Correlation coefficients of 0.943 and 0.983 were recorded
for CFP and crude protein, respectively. The collagen content of the sample was calculated as the
difference between crude protein and CFP (crude protein minus CFP). The drawback of this method
is that it suffers from a high prediction error due to the necessity to calculate SEP, and may thus
be inaccurate. The researchers therefore recommended that samples be defatted and dehydrated to
make the determination of CFP more accurate.

Autofluorescence spectroscopy is another instrumental method that has been proposed as a
rapid way to quantify the hydroxyproline content of ground beef [53]. This method is based on the
fact that connective tissue (such as collagen) is autofluorescent, giving off a bluish fluorescence
[57]. Five excitation wavelengths, namely 300, 332, 365, 380, and 400 nm, were investigated (based
on previous data) and autofluorescence spectra obtained using an optical system. The measure-
ments were performed using an optical bench system and light from a 300 W Xenon light source.
The light was focused onto samples (contained in specially designed cuvettes) at an angle of 45°.
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Detection was via a detector coupled to the optical device. The emission intensities at 300, 365, and
380nm increased as the concentration of collagen increased, while at 332 nm the samples exhibited
emission spectra that provided information about both their fat and collagen contents. The emis-
sion spectra at 400 nm gave the least reliable results, as other chromophores influenced the spectra.
This method was performed under ideal conditions and may therefore not be suitable under field
conditions, given that autofluorescence is a very sensitive technique that may be influenced by
several factors in the environment, including pH and color variations in the sample (i.e., dark or
white meat) [53].

In addition to the above methods for quantifying the endogenous collagen in meat products as a
measure of meat quality, methods are also developed to detect collagen that has been added to food
products for the concern of the potential allergenicity of collagen proteins. For example, a semi-
quantitative sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)/densitometer
has been used to detect trace amounts of native collagen in beer [45]. As the method does not detect
denatured collagen, beer samples were first heat treated to denature any collagen that might be
present. Some samples were then spiked with known amounts of acid soluble collagen in amounts
ranging from 0.03 to 0.05ppm to determine the detection limit, while other samples were tested
without spiking. Supernatants obtained from samples that had undergone settling, centrifugation,
treatment with acetic acid, and rotary evaporation were subjected to SDS-PAGE on pre-cast 7.5% or
4%—-15% gels, and the resolved protein bands stained with Coomassie Stain for visualization. Gels
were then scanned on an imaging densitometer. This method was based on the extraction of acid
soluble collagen as fibers under elevated ionic strength brought about by the addition of salt. SDS-
PAGE revealed three bands: oyl and o], co-eluted, while o] remained separate. The first band,
oyl/o,] was easily visualized and also better resolved from contaminating proteins, so this was
used for relative quantitative comparisons using the densitometer. The detection limit of the assay
was reported to be 0.03 ppm for some beers and 0.05 ppm for others. The researchers noted that the
recoveries of this method at different spiking levels were not always proportional to the amount of
collagen added. Another disadvantage of this method is that background in the gel has a tendency
to mask increases in the loading of samples, so it is important to establish correct loadings in order
to produce a linear response to quantity on the gel.

In summary, all the above-mentioned methods developed for the detection of both endogenous
and added collagen in food products suffer from shortcomings that limit their application. These
problems include prediction errors, interference from environmental factors, errors in interpreta-
tion of results, low recoveries, and/or interference from background. In addition to their individual
shortcomings, none of these methods is species-specific. Detection of native collagen is therefore
still an analytical challenge.

2.4 GELATIN

Gelatin is a mixture of peptides commonly obtained through the heat dissolution at acidic or
alkaline pH of collagen from animal skins, tendons, and bones [58]. As discussed in the previous
section, collagen is the principal protein constituent of animal skins, bones, tendons, and loose
connective tissues. The amount of collagen present, as well as its nature, varies considerably from
tissue to tissue and also from one species to another, so differences in the gelatin manufacturing
technology are dictated by the raw material (collagen), although the principle of gelatin production
remains the same. The raw material is pre-treated, either with an acid or an alkaline solution, then
subjected to increasing temperatures to extract the gelatin. The final product is obtained through
centrifugation, filtration, or settling. The quality in terms of clarity, transparency, and purity of the
gelatin produced depends on the type of extraction method (acid or alkaline), source, and history
of the raw material, the thermal conditions used, and the subsequent processing [59]. Five types of
gelatin are produced industrially for various applications, namely bovine gelatin produced by alkali
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(BA gelatin) or acid (hydrochloric acid) treatment (BHA), porcine gelatin produced by alkali (PA)
or acid (PHA) treatment, and fish gelatin (F gelatin) [60].

In Europe, about 80% of edible gelatin is derived from pig skin. Of the remaining 20%, 15%
is obtained from bovine hide splits and 5% is extracted from the bones of bovine, porcine, poul-
try, or fish species [61]. In North America, pig skin is currently the major raw material source
for the production of edible gelatin, while cattle hide is the least used raw material. Pig skins are
obtained from slaughterhouses and meat processing plants already trimmed of fat, flesh, and hair,
and supplied as either fresh or frozen [58]. However, the preferred source of collagen for produc-
ing high-quality gelatin is cow bone. Gelatin extracted from fish by-products has poor functional
properties and therefore requires chemical or enzymatic modifications to improve its functional-
ity [62]. Gelatins are sometimes referred to as edible, photographic, technical, or pharmaceutical
grade, but these terms refer to their uses rather than the method of manufacture [58]. In the United
States, gelatin manufactured for food, drug, and cosmetic uses must be produced from the skin
and bones of healthy animals that have been slaughtered in plants inspected by the USDA. Such
materials are also sourced to a small extent from other countries with comparable veterinary health
services inspection systems. In Canada, gelatin manufactured for food, drug, and cosmetic usage
is made solely from the skin of healthy pigs slaughtered in plants inspected by the Canadian Food
Inspection Agency (CFIA) or in plants inspected by the USDA. Accordingly, in the United States,
gelatin produced locally or imported from companies in countries that are affiliated to the Gelatin
Manufacturers Institute of America (GMIA) should comply fully with the current recommendations
of the U.S. Food and Drug Administration (FDA) Guidance [63].

2.4.1 Use oF GELATIN IN THE FOOD INDUSTRY

Gelatin has traditionally been used in the food industry as a stabilizer, clarifier, or protective coating
material, and is commonly found as an ingredient in food products such as candies, baked products,
desserts, meat products, ice-cream, and dairy products. The major use of gelatin in the food indus-
try is as a clarifying agent and as a stabilizer, for example, in drinks and beverages that contain
tannins, where the gelatin reacts with the tannins to form a gelatin-tannin complex that precipitates
out as sediment. In the United States, about 50% of edible gelatin produced is used for such pur-
poses. The foaming capacity of gelatin is utilized in the manufacture of marshmallow, a common
confectionery in the American diet, to produce a stable foam system that imparts an airy and light
texture to the product. In the bakery industry, gelatin is widely used as a setting agent, a stabilizer,
and as a foaming agent in products such as cakes, breads, and pies, and also as a stabilizer in dif-
ferent kinds of icing and dairy products. The meat industry makes use of a considerable amount of
gelatin in products such as meat loaves, sausages, and meat jellies, where the principal function of
added gelatin is to absorb the juices that separate out during cooking, or as a coating material [59].
Gelatin has also been suggested as a coating on meat products to extend the shelf life because the
gelatin matrix is believed to act as a barrier to water and oxygen, which would slow down the oxida-
tion of myoglobin and lipids and decrease water loss [64]. In developed countries, about one tenth of
the edible gelatin produced goes into the pharmaceutical industry, primarily for use as capsules and
emulsions. Gelatin has been subjected to several chemical modifications with the aim of producing
food-grade gelatin with improved functional properties [59].

2.4.2 NEeeD FOR METHODS TO DETECT GELATIN AND SOURCES OF GELATIN IN FOooD

It has become necessary for methods to be developed to detect the presence of gelatin in food prod-
ucts and also to differentiate between the species of origin of gelatin products. In some individu-
als, foods containing gelatin may trigger allergic reactions [65,66]. Most of these gelatin-sensitive
patients develop allergic reactions to porcine and bovine gelatin but do not react to fish gelatin
[67,68], so some countries require that the source of gelatin used in food products be appropriately
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labeled. For example, the Ministry of Ordinance in Japan has recommended bovine and porcine
gelatin to be clearly labeled. Labeling precautions notwithstanding, there is still a high possibility
of gelatin (from bovine or porcine sources) inadvertently becoming present in processed foods as
undisclosed allergens as a result of cross-contamination during processing, particularly in estab-
lishments that produce different products with various ingredients on the same production line.
This is a serious issue, as even small amounts of bovine or porcine gelatin have the potential to
cause severe reactions [60]. Thus, detection methods for bovine and porcine gelatin contaminants
in food products are highly necessary. They are also important to address consumer concerns as
certain individuals, for example Muslims, Jews, and Hindus, do not accept gelatin produced from
porcine and/or bovine sources for religious reasons [69,70]. It has also been suggested that foods
contaminated with the BSE prion may be responsible for variant Creutzfeldt-Jakob disease (vCJID),
raising concerns about the use of any bovine-derived food ingredient. According to both the FDA
and the European Food Safety Authority (EFSA), the manufacturing guidelines established for
edible gelatin production that gelatin manufacturers are required to adhere to sufficiently reduce
the likelihood of BSE infectivity to protect human health. Edible gelatins produced according to
these guidelines can thus be assumed to be safe. This notwithstanding, there is still the need for
methods to differentiate bovine gelatin from porcine or fish gelatin for labeling enforcement pur-
poses, for the benefit of those individuals who may be concerned about the safety of bovine gelatin
as a result of the BSE scare. Accordingly, immunological and DNA-based methods, as well as
methods based on principal component analysis, have been designed for the speciation of gelatin,
as outlined below.

2.4.3 DETECTION METHODS

A sandwich ELISA has been developed for the detection of bovine and porcine gelatin in processed
foods using different pairs of polyclonal antibodies [60]. Three polyclonal antibodies, PAbl, PAb2,
and PAb3 were used for this assay. The antibodies PAbl and PAb2 were obtained by immuniz-
ing rabbits with bovine gelatin, and PAb3 was obtained by immunizing goats with bovine gelatin.
Several antibody pairs were evaluated and two antibody-pair systems, PAb2—PAbl (PAb2 as first
antibody and PAbl as second antibody) and PAb3—PAb3 (with PAb3 as both first and second anti-
body) were selected for the ELISA. This ELISA, however, cross-reacted with heat-treated meat
species and also with some sea foods tested, either raw or cooked, and also with gelatin from non-
bovine species, although the nature of this cross-reaction varied, depending on the pair of PAbs
used. The ELISA system made up of the antibody pair PAb2—PAbl cross-reacted strongly with
porcine gelatin and boiled squid, and slightly with fish gelatin, while the ELISA system made up
of the antibody pair PAb3—PAb3 reacted strongly with porcine gelatin. Both antibody pairs reacted
with different kinds of heat-treated meat samples. The researchers therefore pointed out the need
for further studies to develop methods that are better able to discriminate between gelatin used as a
food ingredient and gelatinized heated meat.

Another competitive ELISA method based on PAbs obtained by immunizing rabbits with tyrosyl-
ated bovine and porcine gelatins was reported by Venien and Levieux [70] to differentiate between
bovine and porcine gelatin. Gelatin was tyrosylated to increase the immunogenicity of gelatin,
which is traditionally known to be a weak immunogen. However, the antibodies were not species
specific, as antibodies raised against porcine gelatin reacted with some of the bovine gelatins tested
and vice versa. To circumvent this cross-reactivity, the authors used peptides synthesized from
species-specific sequences of the bovine alpha 1(I) collagen chain as the immunogen to produce
bovine-gelatin specific antibodies, reporting that this process was effective in producing antibodies
capable of distinguishing bovine from porcine gelatin. However, neither the cross-reactivity of the
antibodies with other proteins commonly used as ingredients in food nor the ability of the assay to
differentiate between added gelatin and gelatin resulting from heat-treated meat samples was exam-
ined or discussed in this study.
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Conventional and real-time PCR-based methods have also been used for the molecular detec-
tion and quantification of bovine species material in edible gelatin [61]. The method developed
by Tasara et al. [61] involved the isolation of DNA from gelatin of bovine, fish, and porcine
origin, followed by confirmation that sufficient amount and PCR-detectable template had been
isolated given that the gelatin manufacturing process has a tendency to severely degrade nucleic
acids. Several published species-specific PCR systems designed for bovine, porcine, and fish
species detection were evaluated as potential tools for determining the species origin of the raw
material used in the gelatin manufacture. A PCR system specific for bovine material in gelatin
was selected after this preliminary evaluation, as most of the PCR systems tested were either
incapable of identifying species of origin of gelatin or cross-reacted with DNA of other species.
This bovine species-specific PCR primer set, which targets the ATPase 8 subunit gene in bovine
mitochondrial DNA, was then optimized using both conventional and real-time PCR methodol-
ogy. The conventional PCR assay had a detection limit of 0.1% and 0.5% bovine gelatin in porcine
gelatin and fish gelatin, respectively. The real-time system had a better detection limit of 0.001%
bovine gelatin in both pork and fish gelatin. However, this method only reveals the presence of
bovine species material in gelatin, which does not necessarily mean it is gelatin, as DNA-based
methods are not tissue specific. In addition, this method offers only an approximate estimate of
bovine DNA, as absolute quantification of DNA in severely processed products such as gelatin is
not feasible.

Principal component analysis (PCA), a technique that reduces the dimensionality of a data set
while retaining the most significant information, and widely used in many classification studies,
has also been used to differentiate between bovine and porcine gelatins [69]. Gelatin samples were
hydrolyzed using hydrochloric acid (12M HCI) to release their amino acid residues, then separated
and analyzed using reversed-phase high performance liquid chromatography (RP-HPLC). Twenty
peaks were detected by the HPLC for both bovine (14 samples) and porcine (5 samples) gelatin
samples of high purity. PCA was then employed with the MATLAB® program using peak height,
area, area percentage, and width to differentiate between bovine and porcine gelatin. PCA pro-
cesses peak parameters, and extracts the principal components or significant variables (in this case,
peaks), which are then used as the basis for classifying bovine and porcine gelatin. Twelve samples
comprising of 9 bovine and 3 porcine gelatins, were first processed by PCA and presented in a two-
dimensional graph. The remaining 7 samples, consisting of 5 bovine and 2 porcine gelatins, were
employed as the prediction set and added to the first 12 samples. All 19 samples were then analyzed
by PCA by comparing the two dimensional presentation graphs. Bovine and porcine gelatin was
distinguished by a line from the PCA plot of HPLC data or peak height or peak width for bovine and
porcine gelatins. However, one limitation of PCA is that finding the principal component direction
becomes a problem when large numbers of data points are involved. In addition, it is not clear how
to properly handle incomplete data sets in which some of the points are missing.

2.5 WHEY

Whey is a cheap by-product obtained during the production of cheese or casein from milk. It is the
watery part of milk that separates from the curd when milk is curdled in the production of cheese.
For every kilogram of cheese manufactured, about 9kg of whey is produced [71]. According to a
2004 report, cheese whey was manufactured by over 200 whey plants in the United States and their
total output represented 25% (935,000 metric tons) of the global production of cheese whey [72].
The composition of whey varies depending on the type of cheese produced, with lactose being the
main constituent at 70—80g/100 g of dry matter [73]. Whey is broadly categorized as sweet whey
or acid whey, depending on the raw material used for the coagulation of the milk, that is, whether
rennet (enzymatic) coagulation or acid coagulation, respectively, is used. A typical composition of
the two types of whey is shown in Table 2.3. The major proteins found in whey are -lactoglobulin
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TABLE 2.3

Composition and pH of Fresh Whey
Component Sweet Whey Acid Whey
Water 93%-94% 94%-95%
Dry matter 6%—6.5% 5%—6%
Lactose 4.5%—-5% 3.8%—-4.3%
Lactic acid Traces Up to 0.8%
Total protein 0.8%-1.0% 0.8%-1.0%
Whey protein 0.6%—0.65% 0.6%—0.65%
Citric acid 0.1% 0.1%
Minerals 0.5%-0.7% 0.5%-0.7%
pH 6.4-6.2 5.0-4.6

Source: http://www.dairyforall.com/whey.php. Accessed
on November 28, 2010.

TABLE 2.4

Whey Protein Composition

Protein Abundance
B-Lactoglobulin 50%—55%
a-Lactalbumin 20%-25%
Immunoglobulins 10%-15%
Bovine serum albumin 5%—-10%
Lactoferrin 1%—-2%
Lactoperoxidase 0.5%
Lysozyme <0.1%
Glycomacropeptide ND

Source: http://www.wheyoflife.org/facts.cfm#8.
Accessed on November 28, 2010.
ND, not determined.

(BLG), o-lactalbumin (ALA), bovine serum albumin (BSA), and immunoglobulins (IgG), with
BLG being the most abundant (~55%) of the whey proteins. The various proteins found in whey and
their relative abundance are shown in Table 2.4.

2.5.1 Use oF WHEY AND WHEY PROTEINS AS FOOD INGREDIENTS

The use of whey proteins in formulated foods has increased in recent years, but in the past whey
was considered merely as a waste product and dumped in water bodies, on agricultural lands, or
in any convenient location. The trend toward processing whey into valuable end products instead
of its disposal as waste is at least partly as a result of present day pollution standards designed to
protect water bodies from run-offs, which makes casual disposal unattractive [74]. Currently, whey
products such as whey powder, whey protein isolates, whey protein concentrates, hydrolyzed whey
protein isolates and concentrates, deproteinized whey, and lactose are used as ingredients in a wide
range of food and dietary supplements because of certain qualities they possess that are highlighted
below. Whey proteins are nutritionally valuable because of their complete amino acid composition;
they are not deficient in any amino acid and also have high contents of the essential amino acids
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tryptophan and lysine. They are particularly rich in cysteine, which is considered conditionally
essential for individuals who do not synthesize it in sufficient amounts [75]. In addition to their
nutritional quality, whey proteins have excellent solubility, water-binding, gel formation, foaming,
and emulsifying capacities. They can also protect against syneresis in a product such as yoghurt,
which impairs the organoleptic quality of the product and often causes consumers to believe that the
product has gone bad [76], and are used as fat replacers in low-fat products such as cheese, pasta,
and yoghurt [77,78]. The unique functional and nutritional attributes of whey proteins make them
desirable as a functional ingredient in processed foods such as beverages, sauces, meat products,
and baked goods [79].

The widespread use of whey as an ingredient in food products due to its excellent functional and
nutritional qualities, coupled with improvements in processing technologies such as ultra-filtration,
osmosis, and ion-exchange, means that several different whey products are now available for use in
food products to address particular needs. These mostly take the form of powder obtained from the
drying of liquid whey. Examples of the wide range of whey products that are available commercially
are shown in Table 2.5. However, despite the multiple benefits that are derived from processing
whey into valuable end products, whey is seldom fully utilized because of the high cost inherent
in its processing into value added products. Drying or concentrating liquid whey is very costly and
this adds to production costs [80]. Only a fraction of the tons of the fluid whey generated annually
is currently utilized in food and feed production [81]. A study of 11 dairies in Serbia indicated that
78.75% of whey was discharged into river systems, contributing significantly to the organic pollu-
tion of the environment [82]. Whey is usually dumped as a result of a lack of the technology needed
to process it, mainly due to the inherent cost of concentrating or drying [80]. Accordingly, efforts
are now being directed toward utilization of liquid whey, which is currently not used because of
its high water content, to circumvent the high cost of processing and environmental concerns over
the dumping of excess whey, and to facilitate its full utilization. For example, research by Yetim
et al. [80] has indicated that fresh liquid whey can be added to frankfurter-type sausages without
compromising product quality. Further research in this area is necessary and should be encouraged
to ensure maximum utilization of this valuable product.

TABLE 2.5
Examples of Commercially Available Whey Products
Product Description
Whey Protein Concentrate 80% Product obtained by removing non-protein constituents from whey
(WPC 80%) such that the final dry product contains not less than 80% protein
Whey Protein Isolate (WPI) Product obtained by removing non-protein constituents from whey
such that the final dry product contains not less than 90% protein
Whey permeate Dairy solids obtained by the removal of protein, lactose and some
minerals from whey
Reduced lactose whey or mineral Product produced by the partial removal of lactose from whey
concentrated whey
Demineralized whey Product obtained by removing a portion of the minerals from whey
Hydrolyzed whey Product obtained by hydrolyzing whey with specific enzymes
Sweet whey powder Product obtained by drying fresh whey obtained as by-product
in the production of cheeses such as Cheddar, Mozzarella,
and Swiss
Acid whey powder Product obtained by drying fresh whey obtained as by-product in

the production of cheeses such as cream cheese, cottage cheese
and ricotta
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2.5.2  NEeeD FOR METHODS TO DETECT WHEY PRODUCTS IN FOOD

Because of the multiple benefits of whey proteins, they are beginning to be used as ingredients in
food products that hitherto would not have contained whey proteins. For example, whey proteins are
now added to fruit juices for protein fortification. However, although whey ingredients are assum-
ing an increasingly important role in the food industry, they are known to be potent allergens and
as such, their widespread use by the food industry poses a serious health threat to consumers who
are allergic to whey proteins. While the most abundant whey protein, B-lactoglobulin (BLG), rep-
resents the major allergen in whey, studies using large populations indicate that even those minor
whey proteins present in trace amounts, such as bovine serum albumin (BSA), lactoferrin, and
immunoglobulins (IgG), are potential allergens [83]. The Food Allergen Labeling and Consumer
Protection Act of 2006 (FALCPA) currently requires packaged foods to clearly label ingredients
derived from the eight major allergen foods, namely milk, eggs, soybean, wheat, peanuts, tree nuts,
fish, and shellfish, all of which are considered Class I allergens. There is therefore an urgent need
for methods to be developed to detect the presence of whey proteins in food products as a regulatory
tool to protect consumers who are allergic to whey proteins. This is particularly important given
that several fruit juices and soft drinks that may contain undeclared whey proteins have recently
been recalled in Canada and the United States [84], especially since these products typically do not
contain whey products. Analytical methods for whey detection are necessary not only to protect
consumers who are allergic to whey, but also to deter unscrupulous manufacturers from adulterating
expensive whole milk-based products with low-priced whey products. Because of the large quantity
of inexpensive whey that is available, the use of whey to adulterate more costly dairy products such
as liquid milk and milk powder is economically very attractive [85]. Not only does whey cost about
four to five times less than milk, adding it to milk does not compromise the sensory qualities of the
final product [86].

2.5.3 DEeTeECcTION METHODS

Several methods have therefore been developed to detect whey proteins in food as part of the effort
to enforce food allergen labeling laws as a consumer safety measure, as well as to protect the
consumer against fraud. One approach that has been tried uses liquid chromatography with mass
spectrometric detection to quantify whey allergen traces in mixed-fruit juices [84]. Here the whey
proteins ALA, BLG, and alpha lactoglobulin (ALG) were simultaneously extracted using solid
phase extraction (SPE), and injected into the LC-MS (liquid chromatographic system coupled to a
quadrupole mass spectrometer) system. The LC-MS system allows the identification and quantifi-
cation of whey proteins from the spectrum based on the retention time of individual protein peaks.
This method has the capacity to unambiguously detect intact whey proteins at levels as low as
1 ng/mL in fruit juices. However, this approach is only suitable for intact proteins and may not be
suitable in situations where processing has affected the structural integrity of these proteins.

For those individuals that are allergic to cow’s milk, soybean dairy-like products are often used
as an alternative. However, in some cases, whey proteins are added to the soybean-based products
for enrichment. A perfusion reversed-phase high-performance liquid chromatographic (RP-HPLC)
method has therefore been developed to simultaneously separate soybean and bovine whey pro-
teins [87]. Extracts obtained from samples, together with a soybean protein isolate standard, were
injected into the chromatographic system. When bovine proteins were present at very low levels, the
sample extracts had to first undergo an acidic precipitation step to concentrate the proteins. A linear
binary gradient water-acetonitrile-0.1% trifluoroacetic acid procedure is used to separate the soy-
bean and whey proteins, which were then detected by UV absorption at 254 nm, a wavelength at
which sensitivity for soybean proteins is higher than at the wavelengths commonly used to detect
whey proteins. Whey proteins in the powdered soybean milk were then quantified from calibration
curves of standard solutions containing known concentrations of ALA or BLG. This method allows
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soybean proteins and whey proteins to be rapidly separated in about Smin, although high errors
have been reported in the estimation of the concentration of BLG, which the authors ascribed to the
shape of the peaks and poor resolution between peaks in the chromatogram.

A competitive ELISA has been developed as an easy-to-use alternative screening method for the
detection of bovine rennet whey powder in milk powder and buttermilk powder [88]. This method
uses an anti-bovine-k-casein MAb 4G10 that recognizes bovine caseinomacropeptide CMP, a com-
pound specific to whey. Because MAb 4G10 also binds to the k-casein ordinarily present in milk,
samples had to be treated with optimal concentrations of trichloroacetic acid (TCA) to selectively
precipitate interfering casein and whey proteins without compromising the CMP recovery. The
assay has a detection limit of 0.1% (w/w) whey powder in skimmed milk powder. The main draw-
back of this method is that it requires this optimal TCA concentration to be determined based on
several trials using spiked samples to ensure that interfering proteins such as x-casein are absent
in the samples, and also to maximize the recovery of CMP. Thus, in the case of unknown samples
it would be difficult to determine the optimum TCA concentration to use in each case, which ulti-
mately affects the results obtained.

Other instrumental methods including capillary electrophoresis [89,90] and HPLC [91,92] have
been reported for the detection of whey proteins in food, based on the detection of caseinomacro-
peptide (CMP). CMP (residues 106—109) is the smaller of two peptides and remains in the whey
when the milk protein k-casein is hydrolyzed by the enzyme chymosin in the making of cheese.
The larger peptide (residues 1-105), known as para-k-casein, remains with the curd [93]. However,
in samples such as ultra high temperature (UHT) milk, the presence of CMP may not necessarily
be an indicator of adulteration with whey proteins. This is because it has been found that certain
proteases from psychotropic bacteria have the capacity to split CMP from x-casein during storage
of long-life products such as UHT milk [89]. Thus, the presence of CMP in UHT milk is an excep-
tion to the rule that it can be used to indicate that a product has been adulterated with whey solids.

There are ELISA Kkits available commercially for the detection of milk or milk-derived products
such as whey, in food products. One such product is RIDASCREEN®B-lactoglobulin, a competitive
ELISA kit manufactured by R-Biopharm AG, Germany, for the quantitative analysis of native and
processed BLG in such products as hydrolyzed milk products, or foods containing whey, milk, or
milk powder (http://www.r-biopharm.com/product_site.php?language=english&product_id= 273).
Although the manufacturers report that this kit is suitable for both raw and processed foods, studies
supporting this claim have not been reported in the literature. This ELISA kit shows trace cross-
reaction with o-, B-, and K-casein and hence cannot be said to be whey specific. The assay also
shows cross-reaction with AL A and BSA. However, since these two proteins are present in the whey
fraction of milk, cross-reaction with these two proteins is an advantage as far as detection of whey in
food is concerned. Other commercial ELISA kits based on the detection of BLG have been developed
by companies such as ELISA Systems Australia (http://www.elisas.com.au/allergens/allergen_2/
index.htm) and Tepnel, U.K. (BioKits BLG) (http:/www.tepnel.com/elisa-blg-assay-kit.asp). Both
the kits from ELISA Systems and Tepnel are claimed to work as well with raw samples as with
processed samples. The Tepnel kit also shows trace cross-reactivity with caseins. The cross reaction
with non-whey proteins of these methods, so far as detection of whey products are concerned, is
understandable, as they were primarily developed for the detection of milk, not just whey protein in
food products. The above-mentioned assays have as yet not been validated by any research reports
and hence their effectiveness in whey protein detection in different food products is not confirmed.

There is also a need for further work on developing better hydrolyzed whey protein detection
methods. Hydrolyzed whey proteins are one of the fastest growing commercial products in the
food industry. These hydrolyzed whey formulas are referred to as hypoallergenic formulas (HFs)
and are often used in infant formula and medicinal dietary supplements. Their allergenic potential
has been lowered through enzymatic hydrolysis, and they are considered a suitable alternative for
infants or individuals that suffer from an allergy to cow’s milk. HFs are classified based on the
degree of hydrolysis as extensive (EHWFs) or partial (PHWF) protein hydrolysates. However, it


http://www.elisas.com.au/
http://www.elisas.com.au/

Food-Grade Proteins from Animal By-Products: Their Usage and Detection Methods 31

is important to note that hypoallergenic formulas may still contain residual allergenicity due to
inadequate hydrolysis or filtration, which results in peptides that are large enough to induce allergic
reactions. Even after extensive hydrolysis, peptides that are large enough to be antigenic may remain
intact [94]. In addition, smaller peptides resulting from hydrolysis may aggregate into larger pep-
tides with allergenic potential, which may explain the presence of higher molecular weight particles
in HFs [95]. Hence, despite the use of HFs in child nutrition, cases of allergic reactions have been
reported for EHWFs and, more commonly, for PHWFs [96]. Moreover, it has been reported that
PHWFs may induce allergic reactions even in infants not previously sensitized to cow’s milk [97].
Unfortunately, there are as yet no methods available for the detection of hydrolyzed whey proteins,
and current methods based on intact protein molecules cannot be appropriated for the detection of
hydrolyzed whey proteins. It is therefore imperative that new methods be developed for the detec-
tion of the presence of these modified whey proteins in a variety of food products.

2.6 CONCLUSIONS

In conclusion, the utilization of animal by-products as described in this chapter offers great eco-
nomic, nutritional, and environmental benefits. As such, there is the need for more effort to be
directed toward full utilization of these valuable by-products to ensure that maximum benefits are
derived. However, there is also a need for methods to be developed to detect these by-products in
both feed and food materials, to enforce labeling laws. This is necessary to protect the health of
individuals who may be allergic to some of these by-products, or who avoid these by-products for
cultural, religious, or personal reasons, and also to protect consumers from being cheated by rogue
manufacturers who may be tempted to adulterate high priced food commodities with these lower
priced by-products. Analytical methods are not only needed to detect animal by-products that are
deliberately added to the food items, but also those that are present naturally in the food as a mea-
sure of the quality or economic value of the food. Despite the extensive work that has been done in
the area of method development, there is still room for improvement; most of the methods developed
so far suffer from one or more limitations that affect their suitability for the intended application. In
some cases, as with hydrolyzed whey proteins, where processing has significantly altered the pro-
tein structure, as yet no methods are available that are capable of reliably detecting altered proteins
that still possess allergenic potential. The availability of methods that can easily and quickly detect
the whole range of by-products would enable the nutritional, environmental, and economic benefits
of these products to be fully realized, while at the same time protecting the consumer from fraud or
allergic reactions that may result from inadvertent exposure to these by-products.
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3.1 INTRODUCTION

Between 45% and 50% of the entire live weight of livestock species does not enter directly into the
human food chain [1]. These by-products of animal slaughter and fabrication include muscle trim
and a large quantity of the carcass fat (especially subcutaneous and internal fat depots) that are not
used in processed meats. In addition, many animal internal organs are included in total by-products.
Altogether these by-products contain approximately 20% extractable fat. With rendering some of
this extractable fat can be recovered and converted into more useful and profitable materials such as
lard or tallow allowing part of this fat to reenter the human food chain [1,2].

In addition to tissue from slaughterhouses, material for rendering also comes from restaurant
grease, butcher shop trimmings, and expired grocery store meat. The quality of the rendered mate-
rials determines the fate of the finished product. This chapter will focus on the rendering of fat, its
chemical composition, and its uses in the industry.

3.2 RENDERING PROCESS

Early rendering involved the addition of water to the by-products in an open kettle or the injection
of steam into a sealed autoclave. This type of process is referred to as “tanking” and could be used
for both edible and inedible products [3,4]. The fat produced by this method was relatively light in
color, but the increased presence of added water resulted in an elevation in the free fatty acid content
reducing the quality and making the product more susceptible to oxidation. Therefore, for economic
reasons dry rendering is most commonly used today.

In the past, each slaughter facility had its own steam-jacketed kettle and rendered its own fat.
Although the kettle was jacketed in steam, the by-products were cooked in their own juices with no
added water; therefore, this was considered a dry rendering method. Currently in the United States,
there has been a general shift to centralized rendering operations that collect animal by-products
and ship them to a central rendering facility. This is evident by the decline in rendering plants from
823 in 1921 to 273 in 2006 [4].
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Rendering fat involves applying heat, extracting moisture and separating the fat. To accomplish
this, by-products are first ground into a consistent particle size and then cooked at 115°C-145°C for
up to 90min. With the heating process, microorganisms such as bacteria and viruses are inactivated
(an advantage over other waste product disposal methods). While the by-products are cooked, the
jacket steam pressure must be controlled, the mixture agitated and the temperature monitored for the
desired end-point. Over the years there have been advances in the uses of the rendered products, as
well in the rendering methods. Today various more energy efficient, continuous processes are used
to allow the re-use of process vapors to preheat or dry the materials. Filtering and bleaching systems,
as well as refining equipment to remove free fatty acids, may be part of the rendering process.

During rendering, the melted fat floats to the top of the unit by virtue of its lesser density, whereas
protein and bone solids settle to the bottom of the rendering kettle. Traditionally, the rendered fat
then was skimmed from the top of the rendering kettle. This has been replaced with a screw press
that draws off the melted fat, and the melted fat is stored and/or transported in tanks.

3.3 FATE OF RENDERED FATS

For the 2009 calendar year, the U.S. rendering industry produced an estimated 0.9 billion kg edible
tallow, 1.5 billion kg inedible tallow, 0.6 billion kg yellow grease, 0.1 billion kg lard, and 0.6 billion
kg poultry fat [S]. Tallow is primarily derived from rendered beef fat. Choice white cooking grease
is derived from pork fat. Yellow grease (not to be confused with off-colored white cooking grease)
is restaurant-quality grease or cooking oil and may be from blended sources. Rendered fat provides
concentrated sources of energy for use in feed for poultry, aquaculture, and pets. Other uses of ren-
dered fat include soap, candles, and biodiesel.

3.4 CHEMISTRY OF RENDERED FATS

Fatty acids in meat are located primarily in adipose tissues, and the majority of the fatty acids
are stored as highly nonpolar triacylglycerols. Triacylglycerols coalesce into the large lipid vac-
uoles that are the central features of adipocytes, and these adipocytes comprise the various fat
depots in animals [6]. The triacylglycerol structure consists of a glycerol (i.e., three-carbon alcohol)
backbone containing three fatty acids in ester linkages. The glycerol primarily is derived from
glycerol-3-phosphate, which in turn is derived from the metabolism of glucose or, in liver, from the
phosphorylation of free glycerol by glycerokinase. In adipose tissue and intestinal mucosal cells,
2-monoacylglycerol (derived from partial hydrolysis of triacylglycerols) provides a portion of the
carbon backbone for triacylglycerol synthesis.

Rendered fats consist primarily of the triacylglycerols. The characteristics of the rendered fat are
determined by the composition of fatty acids attached to the glycerol backbone. The most abundant
fatty acids of animal fat triacylglycerols are palmitic (16:0), stearic (18:0), and oleic acid (18:1n-9),
typically comprising 20%—-25%, 10%—-30%, and 30%—-55% of the total fatty acids in muscle and
adipose tissue [7]. Smaller but significant quantities of myristic (14:0), palmitoleic (16:1n-7), lin-
oleic (18:2n-6), and o.-linoleic acid (18:3n-3) are contained in triacylglycerols, especially in rendered
poultry fat. Lipids from ruminant tissues also contain measurable amounts of odd-chained fatty
acids, branched-chain fatty acids, trans-fatty acids, and conjugated fatty acids, due to the absorp-
tion and metabolism of the products of ruminal fermentation. Virtually all A9 desaturase products
of saturated fatty acids can be detected in triacylglycerols from animal tissues. However, with the
exception of oleic acid, the concentrations of other monounsaturated fatty acids are low [8]. Lard
and tallow also contains free fatty acids (primarily as oleic acid), but these must be no more than
0.5% in edible lard and 0.75% in edible tallow [2].

When the rendered fat contains more saturated fatty acids, the fat is referred to a hard fat. It is
more solid at room temperature and has a higher melting point. When the rendered fat contains
more unsaturated fatty acids, the fat is referred to as a soft fat. It is not as solid at room temperature
and has a lower melting point.
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3.5 ANALYSIS OF LIPIDS SPECIES IN RENDERED FAT

The composition of rendered lipids can be analyzed for total fatty acid composition; the triacylglyc-
erol classes can be separated by silver-ion chromatography; the positional distribution of fatty acids
can be quantified by specific lipase digestion; or some combination of these methods can be used
to provide essentially complete information about the composition of the triacylglycerols [9-11].
However, so much detailed information about the composition of rendered fat is rarely needed, and
more rapid analyses such as iodine number or detailed analysis by gas/liquid chromatography are
typically performed.

3.5.1 lobINE NUMBER

Iodine number provides a rapid means of estimating the amount of unsaturated fatty acids and is a
measurement of hardness/softness of the fat. Iodine number is defined as the grams of iodine that
will react with 100g of lipid. There are two primary methods for measuring iodine number, the
Hanus method and the Wijs method [12], which differ primarily in their choice of iodine source.
In both procedures, an extracted lipid sample is dissolved in a small amount of organic solvent,
and titrated with sodium thiosulfate (Na,S,0;) until the yellow/brown color of the iodine solution
becomes colorless. A starch indicator is used at the final steps to ensure complete titration. Titrated
samples are compared to blanks titrated concurrently, and the difference is the amount of iodine that
was taken up by the double bonds of the fatty acids.

Because iodine reacts with the carbons at the double bonds in the fatty acid chains, a more unsat-
urated fat will have a higher iodine number. Inversely, a more saturated fat will have a lower iodine
number. Poultry fat, being highly polyunsaturated, will have a high iodine number (77-80). Pork fat
also will have a relatively high number (63—65). With beef and lamb being more saturated, fat from
these species will have lower values. The iodine number for beef is 43—45, and for lamb, it is 42—43.

3.5.2 MEeASUREMENT OF FATTY Acip ComposITION BY GAS/LIQUID CHROMATOGRAPHY

Gas/liquid chromatography of fatty acid methyl ester derivatives of tissue fatty acids is the method
of choice for quantifying fatty acids, based on its high reproducibility and relatively low cost. This is
the most commonly used procedure for the analysis of the fatty acid composition of animal tissues.
Identification of the various 18-carbon monounsaturated fatty acids, in addition to less abundant
trans-fatty acids, has been made possible by the development of the capillary columns of up to
100m in length (e.g., 10).

Methylation of the triacylglycerol fatty acids is prerequisite to their quantification by gas/liquid
chromatography. After extraction of lipids in chloroform/methanol [13], the extracted lipids are
trans-esterified in boron trifluoride under alkaline conditions at 70°C [14], which methylates only
those fatty acids in ester linkage. Alternatively, trans-methylation can be conducted under acidic
conditions, resulting in methylation of both glyceride-fatty acids and nonesterified fatty acids [15].

3.5.3  MeLnNG PoInt

The melting point of fat is determined by chain length and the saturation of the fatty acids. Although
there are several methods to measure melting point, one of the simplest is slip point [10]. After extrac-
tion of lipids and complete removal of organic solvents, the lipids are heated gently and drawn into
capillary tubes. After chilling, the tubes are immersed in water and the temperature is raised gradually.
The slip point (melting point) is that temperature at which the lipids begin to slip up the capillary tube.

Longer-chain fatty acids have higher melting points than shorter-chain fatty acids, and more
saturated fatty acids have higher melting points than unsaturated fatty acids. Because of the abun-
dance of stearic and palmitic acids, animal fats are typically solids at room temperature. At slightly
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higher temperatures (90°F—100°F), rendered pork fat will separate with a liquid upper layer and
solid material in the lower layer. The solid portion is known as stearin (from the Greek for animal
fat) and is composed primarily of stearic acid. The liquid portion is composed of the glycerol back-
bone in the form of esters with the less saturated fatty acids, primarily oleic acid, and is known as
lard oil or olein (from the Latin for oil).

Due to differences in fatty acid composition, the melting points of fat from different species vary.
Lamb fat typically has the highest melting point, followed by beef fat and then pork fat. With a high
polyunsaturated fat content, poultry fat has the lowest melting point of the four species (80°F-110°F).
Related to the higher internal temperature, the internal fats have a higher saturated fatty acid content
and a higher melting point. The fat in the outer layers of the animal body is less saturated with a
lower melting point. This corresponds to the lower temperature near the body surface and the need
to maintain a more liquid state. For example beef kidney fat has a melting point of 104°F-122°F,
while the beef external fat has a melting point of only 89°F—110°F. Beef brisket subcutaneous fat has
an unusually low melting point (77°F), due to its high concentration of oleic acid [8]. Pork leaf fat has
a melting point of 110°F-118°F; pork back fat has a melting point of 86°F—104°F.

Tallow and lard melting points are standardized as titers, which is the minimum temperature at
which fat congeals [2]. For edible tallow, the minimum titer is 105°F, whereas for edible lard, the
minimum titer is 100°F.

3.5.4 Oxipative RANCIDITY

Rendered fat high in polyunsaturated fatty acids will react chemically with oxygen resulting in off-
flavors and odors known as rancidity. Oxidative rancidity is catalyzed by the presence of heat, light,
salt and iron, as well as other elements. Because rancidity is not chemically defined or quantifiable,
measurements of oxidation products are often used to indicate quality of the product. One such test
is the peroxide value test that measures the milliequivalents (mEq) of peroxide per kilogram fat.
A low peroxide value (<10mEq) indicates a non-rancid fat. Lard and leaf lard (from pig abdominal
fat) should have a peroxide value no higher than 5 to be considered high quality [2].

To increase the value of rendered fats reentering the human food supply, antioxidants are often
added. Even with the pet food industry, antioxidants are recommended due to the loss of fat-soluble
vitamins A, D, and E that occurs with oxidative rancidity. Approved antioxidants are odorless,
tasteless, and non-toxic to humans. Approved antioxidants include butylated hydroxyanisole (BHA),
butylated hydroxytoluene (BHT), glycine, propyl gallate, resin guaiac, tertiary butylhydroquinone
(TBHQ), and tocopherols. Approved combinations of these antioxidants have been shown to be
effective in not only protecting the rendered fat from oxidative rancidity, but to also protect products
made from these rendered fats.

3.6 CONCLUSION

Rendered fats have a great deal of functionality, depending on the source of the fat and the separation
techniques. Rendering allows an outlet for animal by-products that would otherwise be unusable
and accumulate, creating significant economic and environmental problems. Differential rendering
of fat trims that vary in melting points improves the functionality and usefulness of the rendered fat.
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4.1 INTRODUCTION

Cholesterol (5-cholesten-33-ol) is an essential structural component of cell membranes and lipo-
proteins and serves as the precursor for steroid hormones, bile acids, and vitamin D.! However,
numerous studies have shown that an increase in the intake of dietary cholesterol can increase the
plasma low density lipoprotein (LDL) cholesterol.>-® There is an association between blood levels
of cholesterol and the risk of coronary heart diseases’ (CHD) and premature development of ath-
erosclerosis in humans.!® On the other hand, the increasing amount of the dietary cholesterol on
LDL has been relatively small in comparison to the well-established LDL-raising effects of dietary
saturated fat® and it is highly variable between individuals;>>¢ however, several studies do not link
dietary cholesterol to the risk of CHD.!'""1* The main dietary modification needed to reduce plasma
LDL-cholesterol concentration involves decreased intakes of dietary cholesterol and total fat.'* One
of the implications of the dietary guidelines for public health policy is the need for food labels show-
ing the total fat, saturated fat, and cholesterol content.

43



44 Handbook of Analysis of Edible Animal By-Products

Dietary cholesterol is strictly linked with foods of animal origin since cholesterol is a constitu-
ent of animal cells. However, little information is available on the consumption and mainly the
estimate of cholesterol content in edible animal by-products used as human foods. Earlier methods
for the determination of cholesterol were neither sufficiently precise nor standardized and the data
published in different studies were not always comparable.

4.2 CHOLESTEROL: A STEROL

The cholesterol is a small molecule highly recognized since thirteen Nobel Prizes awarded between
1910 and 1985 were associated with work on sterols. In 1974, cholesterol was isolated from biliar
calculus and continues to be the focus of research activities in the field of many chemists, biochem-
ists, as well as clinical workers due to its relation to atherosclerosis. The other sterols that have great
impact on science research are phytosterol esters because of their lowering effect on blood choles-
terol and antipolymerization effect on frying fats.

Cholesterol has a C27 carbon skeleton being a sterol characteristic of higher animals and pres-
ent in very small amounts in plants and marine algae, while phytosterols contain 28 and 29 carbon
atoms and are present in minor amounts in vegetable oils, nuts seeds, cereals, and beans.

4.3 CHOLESTEROL METABOLISM IN HUMANS

The critical question about the metabolism of cholesterol in humans is: does a lower intake of
dietary cholesterol contribute significantly to lowering of plasma cholesterol reducing risk of coro-
nary disease? The lipid hypothesis of coronary heart diseases has received wide acceptance; how-
ever, it has many limitations and deficiencies, which have been discussed in detail.''-13

The works that show the dietary influences on plasma cholesterol commonly use as model spe-
cies rabbits, which are very sensitive to dietary cholesterol, developing severe hypercholesterolemia
in response to modest dietary supplementation.'> On the other hand, humans and other model spe-
cies such as rats are less responsive since the intestinal absorption is far from complete. The absorp-
tion of dietary cholesterol averages 60% in the human population with individual values ranging
from 20% to 80% at a daily intake of 200-300mg of cholesterol.!® The rate of absorption depends
on a number of factors including the total dietary cholesterol load; when the quantity was increased
to 800 mg/day the fractional absorption was only 55%, demonstrating that an increase in dietary
cholesterol supply had no substantial effect on the plasma lipids. In addition, it is now accepted
that for most people the influence of dietary cholesterol on plasma cholesterol is really quite small.
Harman et al.'” showed that increasing dietary cholesterol by consuming two eggs a day produces
no increase in plasma LDL when accompanied by energy restriction and moderate weight loss.

Endogenous cholesterol synthesis ranges between 11 and 13 mg/day per kg body weight, so a
man with 70kg will produce around 770-910 mg/day. If the body synthesizes 840mg cholesterol
per day and absorbs a dietary cholesterol input of 270 mg/day (60% of 450 mg/day, which is an aver-
age dietary cholesterol intake of an American), the total amount of cholesterol the body must handle
would be equal to 1110 mg/day: 76% from synthesis and 24% from diet. Nearly 20%—-30% of this
cholesterol will synthesize bile acid, and small amounts will be used for steroid hormone production
and tissue repair. The body has no mechanisms to degrade steroids, so most of this daily input must
be excreted as unabsorbed bile acids and biliary cholesterol.!®

In addition, the synthesis of cholesterol by the human organism is under feedback control,
increased dietary cholesterol supply decreases the rate of endogenous cholesterol synthesis by 20%.
Normally, the population responds to increased cholesterol intake through lower intestinal absorp-
tion, suppression of endogenous synthesis, increased sterol excretion, and/or increased deposition in
the tissues. In general, the compensation is such that the influence of dietary cholesterol is minimal.
According to McNamara,'® only 31% of the test subjects showed an increased serum cholesterol
level after a higher dietary cholesterol intake, while in the other people it remained unchanged and
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the cholesterol synthesis in the mononuclear leukocytes decreased by 26%. It demonstrated that
most of the individuals have a precise feedback control mechanism maintaining the level of choles-
terol serum relatively constant when the cholesterol supply changes moderately. Nevertheless, there
are individuals who exhibit raised cholesterol by dietary cholesterol although in any population it
is relatively small.

4.4 METHODS OF CHOLESTEROL DETERMINATION

The determination of the sterol components, particularly cholesterol, among the unsaponifiable
lipids of food is of great importance to the food industry. The qualitative and quantitative evaluation
of cholesterol is of interest to the consumer because of an apparent relationship between increased
incidence of coronary heart disease and elevation of serum cholesterol.'

Methods for cholesterol analysis have been developed for decades, beginning in the late nine-
teenth century when Salkowski described a color reaction for this analyte, which was isolated from
gallstones about a century ago.'® A great number of the methods, gravimetric, colorimetric, or chro-
matographic, for the determination of cholesterol in foods have been developed over the years. Prior
to the qualitative and quantitative steps, the cholesterol must be separated from the apolar frac-
tions such as triglycerides. Methods for isolation and identification of cholesterol have been much
improved since the early method of precipitation with digitonin or tomatin'® to high performance
liquid chromatography (HPLC) with detector of mass spectrometry (MS). Nowadays, to determine
cholesterol in foods, gas chromatography (GC) and HPLC are chosen over the colorimetric and
enzymatic methods since the former are more accurate due to their greater specificity. This is espe-
cially true when samples contain both cholesterol and phytosterols.

4.4.1 SAPONIFICATION AND EXTRACTION

Saponification is a vital step, which is conducted routinely for two reasons. The first is to convert
cholesterol esters to free cholesterol in the determination of total cholesterol; if this step was not
carried out the results must be expressed in free cholesterol or the results of total cholesterol are
subestimated. The second reason is to remove mainly triglyceride and free fatty acid.

Two saponification procedures, saponification of the lipids and saponification of the food nor-
mally designed to direct saponification, are often employed. Direct saponification has been the
method of choice in meat products?*-2¢ because saponification of the lipids are time-consuming pro-
cedures, laborious, and costly, and they use highly toxic and flammable chemicals in large quanti-
ties. In addition, many reports have shown that direct saponification produces results that are slightly
higher than or comparable to saponification of the lipids because there are fewer steps.?0-22.23.27-29

After saponification, addition of water is necessary to increase the polarity and improve the
partitioning of nonpolar compounds into the organic phase to extract the unsaponifiable mate-
rial. The organic solvent normally used are n-hexane,’-3¢ benzene,’’ cyclohexane,?>?%3 tolu-
ene,” ether/hexane,? diethyl ether, and petroleum ether.*® Al-Hasani et al.?> compared toluene
and n-hexane and as the results were similar, recommended the use of n-hexane. King et al.*
compared the solubility of cholesterol in six solvents (hexane, diethyl ether, cyclohexane + 1%
isopropanol, toluene, and methylene chloride) and observed good recovery of cholesterol with
toluene or hexane; but toluene has the disadvantage of being toxic. Tsai and Hudson*' suggested
the use of diethyl ether, and Thompson and Merola® cyclohexane since water has an extremely
low solubility in this solvent.

4.4.2 HPLC ANALysis

HPLC and GC are the most frequently used chromatographic methods for analysis of cholesterol in
meat. HPLC has some advantages as it is often carried out under ambient temperatures: provides an
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ideal means, for sample, recovery and purification, simplifies the quantification procedure, shortens
the analysis time, and introduces fewer artifacts.

The triglycerides of the fatty acids comprise up to 99% of the total lipids in most foods and inter-
fere with cholesterol detection and determination since its content is relatively small in comparison
to the triglycerides. Consequently, the HPLC methods for determination of cholesterol in food have
been developed using direct saponification?0424 or extraction of the lipid and subsequent saponi-
fication.3%-31:4445 Reversed-phase systems with mobile phase from nonpolar (2-propanol:hexane)*®
to extremely polar (methanol)*’ and ultraviolet (UV) detection at 205, 210, 230 and 254 nm have
been used. The most common HPLC conditions used for the analysis of cholesterol in meat con-
sist of a C18 column (150 mm, 4.6 mm, 5um) with a mixture of acetonitrile and 2-propanol as
mobile phases and UV detection set at 210nm. Comparison of the retention times of the samples
with those of the cholesterol standard, co-chromatography, and spectra taken at 190-300 nm when
using a photodiode array detector have been used for the identification of the cholesterol. Since
HPLC is a nondestructive technique, it is possible to recover the cholesterol and confirm its iden-
tity by GC-MS or other techniques.?® For the quantification of cholesterol, most of the publications
report the use of a calibration curve obtained by relating the cholesterol concentration and the
corresponding area. When possible, an internal standard like 6-cetocholesterol,*?> stigmasterol,*3
or pregnolone? is used.

A procedure for quantification of cholesterol by HPLC in muscle and organs was optimized
as show a Figure 4.1. Using this method, the mean of recovery was 95 + 1% and the coefficient of
variation was 1.4% when cholesterol was added in meat.*? This method was validated also using
meat standard reference material (SRM 1546, NIST) and the results obtained (75.0 £ 0.5mg/100 g)
were similar to those declared on the certificate (75 = 7mg/100 g).

4.4.3 GC ANALysIS

Among the chromatographic methods to determine cholesterol in meat, the most commonly used
is the GC. There are numerous GC methods available which are generally cumbersome and time-
consuming.¥’4%%0 Besides, there is little uniformity among these methods regarding the respective
extractions of total fat and the unsaponifiable from total fat. Most of the methods for cholesterol
determination by GC consist of direct saponification, extraction of nonsaponifiable materials with an
organic solvent, and derivatization prior to analysis. Derivatization of sterols for GC is still a common
practice in the methodologies of the analysis of cholesterol, 24334931 although Kanada et al.>> showed
that derivatization was non essential since this procedure is not only time-consuming but also con-
tributes to increase the noise and to decrease linearity due to silicon deposits on the flame ioniza-
tion detector (FID) originated from the trimethylsilyl (TMS) derivatives.* However, King et al.*
obtained higher recovery in turkey meat using derivatized samples than underivatized samples.

To determine cholesterol by GC the most common system of detection is by flame ionization
detector (FID) with separation being performed with nonpolar columns (5% diphenyl and 95%
dimethylpolysiloxane) or medium and low polarity columns. Most works use slightly polar column
as HP-5, DB-5, Ultra2, or HP-1 (5% phenyl-methyl silicone or methyl silicone) fused silica bonded
phase capillary column with a length of 25m. The conditions used for cholesterol identification
are the same as for HPLC, i.e., comparison of the retention times of the samples with those of
the cholesterol standard, co-chromatography and confirmed by MS.?>40 The majority of the works
quantify cholesterol by internal standardization using So.-cholestane.?328:2940.52 However, Thompson
and Merola®® recommended 5o-cholestanol instead of So-cholestane since it is an alkane, and so
does not have the same chemical and physical proprieties of cholesterol or one of the plant sterols
when the samples do not already contain such sterol. In this way, the choices of the internal standard
depend to the greatest extent on the type of samples to be analyzed.

Piironen et al.>! determined cholesterol in meat and organs by GC using direct saponification,
with two internal standards (epicholesterol mixed with the sample and dihydrocholesterol during
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Directly weight 2.0 g of sample in a 70 mL tube
with screw cap

A 4

Add 4 mL of 50% aqueous KOH and 6 mL of 95% ethanol

With a stirrer bar inside the tube, agitate the sample
until it become completely solved

A 4

Place the tube in a water bath (60°C for 10 min) over the
stirrer plate with continuous agitation

A 4

Add 10 mL of hexane and vortex to promote the extraction.
Wiait phases separation

}

Collect hexane phase in a separate tube and repeat the
extraction with 10 mL of hexane two more times. Combine
the three hexane extracts

A 4

Take 3 mL aliquot of the extract; evaporate the solvent under
gentile nitrogen stream. Dissolve in mobile phase, filtrate and
inject in the HPLC

A 4

HPLC conditions
Detector: UV-VIS (210 nm), column: C18 (150 x 4,6 mm, 5 um),
mobile phase: acetonitrile: 2-propanol (85:15, v/v),
flow rate: 2 mL/min

FIGURE 4.1 Cholesterol assay fluxogram.

saponification) and saturated aqueous KOH in absolute ethanol at 59°C-85°C for 30 min. The
unsaponifiable matter was extracted with 20 mL of cyclohexane from the hydrolyzate diluted with
12mL of water. The sterols were derivatized to trimethylsilyl (TMS) ethers and analyzed with
capillary GC. Anhydrous milk fat (274.7 £ 9.0 mg/100 g; BCR CRM 164; European Commission,
Geel, Belgium) was used as a certified reference material to confirm the analytical values. The
cholesterol levels obtained were 246 + 8 mg for triplicates and 266 + 6 mg for six analysis, when
epicholesterol and dihidrocholesterol were used as the internal standards, respectively, in agree-
ment with the certified values. Comparing the date obtained by two internal standards, the val-
ues with dihidrocholesterol were 3.3 + 2.3 mg higher than those obtained with epicholesterol in
meat and meat products. The percentage of recovery of cholesterol for meat and meat products
was 95% =+ 4%.
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4.4.4 COLORIMETRIC AND ENZYMATIC ANALYSIS

The tendency to overestimate the cholesterol content in foods, together with the presence of other
chromogens present in the samples, limit the use of colorimetric methods. However, it has been
largely used for measuring the cholesterol extracted from meat.’*-%2 Enzymatic methods as in colo-
rimetric methods also are not specific for cholesterol, since all sterols with a 3 B-OH group react
with this enzyme, normally cholesterol oxidase, leading to an overestimation of the cholesterol con-
tent in foods, especially those containing mixtures of animal and vegetable origin. This method has
also been used to determine cholesterol in meat and meat products,?>#>63-65 but in lower extension
than the colorimetric methods.

The overestimation depends mainly on the sample analyzed and the method used. When the
samples have higher amount of cholesterol than the other sterols such as meat, egg, and cheese,
the results of the cholesterol obtained by colorimetric methods and by GC*¢ and HPLC® are simi-
lar. Similarly, the enzymatic method showed no significant difference in bovine meat, milk, and
egg cholesterol values when compared to the results obtained by HPLC.*>%¢ In the same way,
when biceps femoris was analyzed, no differences were observed between the enzymatic method
and HPLC methods; but higher cholesterol levels by the enzymatic method than by HPLC were
obtained in semi membranous, chicken drumsticks and chicken thighs.?® In order to obtain accurate
results using enzymatic and colorimetric methods, it is necessary to control the analytical condi-
tions, mainly temperature and time of reaction.

4.5 CHOLESTEROL CONTENTS IN EDIBLE ANIMAL BY-PRODUCTS

Edible offal is defined as the edible part of the carcass of any animal ordinarily consumed by man,
other than the meat flesh of that carcass, and includes liver, kidneys, heart, tongue, brains, pancreas,
thymus, and spleen. Since cholesterol is the major component of cell membranes and of nerves
and is an active metabolite within the cells of organs and glandular meats, heart, kidney, liver, and
sweetbreads contain higher concentrations of cholesterol than regular cuts of meat, with or without
fat, the concentration being highest in brains. However, little information is available in the litera-
ture about cholesterol levels in these foods. As the methods for the determination of cholesterol in
the past were neither sufficiently accurate nor standardized, Tables 4.1 through 4.10 show the results
obtained mainly with GC and HPLC methods. However, some results obtained with colorimetric
and enzymatic method were also added; but only the ones obtained after 1976, since by that time
data about cholesterol in food including offal were reviewed by Sweeney and Weihrauch' for the
period 1972-1976 and Feeley et al.*” on data prior to 1972.

4.5.1 CHoLESTEROL CONTENTS IN BRAIN

Although the results shown in Table 4.1 vary greatly, they indicate that the cholesterol content
of brain is high in all animals analyzed compared with the other offal. The lowest values in raw
samples were obtained in lamb brain and the highest in beef brain. The results of raw lamb brain
showed little variation (939 mg/100 g™ to 1352 mg/100 g%?) while raw beef brain showed great varia-
tion (1456 mg/100 g% to 3010 mg/100 g7"). The results obtained in raw mutton brain by colorimetric
method are similar to the cholesterol values in raw lamb brain obtained by enzymatic method, and
these results are lower comparing with the other results in brains of other animals. However, the
sample preparation used in these methods was carried out by extraction of lipids followed by the
determination of cholesterol without saponification, which can explain the low results because these
results must be expressed in free cholesterol and not total cholesterol. Similarly, in raw brain beef,
lower results were obtained by colorimetric methods than by chromatographic methods, showing
that the cholesterol levels depend on the sample preparation.
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TABLE 4.1

Cholesterol Contents in Brain

Animals and
References

Beef
Raw®8
Raw?®
Raw™
Raw’!
Cooked®®
Pan-fried’!

Simmered’!

Calf
Raw™

Lamb

Raw’!

Raw’

Breed, raw
Altamurana’
Comisana’
Gentile di Puglia’
Males™
Females”
Singles”
Twins”?
Braised’!
Pan-fried”!
Cooked™
Boiled™

Mutton
Rawos
Raw™
Cooked®®

Pork
Raw™
Raw’!
Braised”!

Veal
Raw’!
Braised’!

Pan-fried”!

Methods

Lipid Extraction

Ether
C/M
ND
No
Ether

ND

Cc/M

No

Cc/M
ND

Ether
ND

ND
No

No

Saponification

No

Saponification

ND

Direct saponification
No

ND

Direct saponification

Saponification

Direct saponification

Direct saponification

Saponification
ND

No
ND

ND
Direct saponification

Measurement

Colorimetric
Colorimetric

ND

GC-DIC, TMS, IS
Colorimetric

ND

GC-DIC, T™MS, IS
CG, TMS, IS

Enzymatic

GC-DIC, TMS, IS

CG, TMS, IS
GC

Colorimetric
ND

ND
GC-DIC, TMCS, IS

GC-DIC, TMCS, IS

Cholesterol Level
(mg/100g, Wet
Basis)

1456 = 55

2154 +300

2335 (2000-2670)
3010

1395 + 81

1995

3100

2000

1352
1352

1067 + 169
939 + 184
987 + 166
997 + 104
999 +212
1002 = 159
994 + 189
2043

2504

1886

2200

968 + 74
2200
1408 + 109

2550 (2000-3100)
2195
2552

1590
3100
2120

Note: C/M, extraction with chloroform and methanol; TMS, with derivatization; IS, internal standard (5o-cholestane);
ND, not described.
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TABLE 4.2
Cholesterol Contents in Gizzard

Methods Cholesterol
Animals and Level (mg/100g,
References Lipid Extraction Saponification Measurement Wet Basis)
Chicken
Raw® CM Saponification Colorimetric 260 + 16
Raw’! No Direct saponification GC-DIC, TMS, IS 240
Simmered’! 370
Cooked in water” No Direct saponification GC-FID, IS 73+ 16
Turkey
Raw’! No Direct saponification GC-DIC, TMS, IS 197
Simmered”! 203

Note: C/M, extraction with chloroform and methanol; TMS, with derivatization; IS, So-cholestane.

4.5.2 CHoOLESTEROL CONTENTS IN GIZZARD

As shown in Table 4.2, the results of cholesterol found by Labrador and Sangronis® in raw chicken
gizzard (260 = 16 mg/100 g) using colorimetric method were similar to the ones described in USDA”!
(240mg/100 g) using GC. On the other hand, the results obtained after thermal treatment were very
different considering that both samples were cooked in the same way. Both methods were carried
out by GC using direct saponification, a small difference being that one used derivatization, while
the other did not. The results obtained by Pereira et al.”> were very lower than those described in
USDA!; however the samples were not the same since the animals were different from each other
and the cholesterol in chicken can be varied with diet, breed, species, and hen’s age. Comparing the
results of cholesterol levels in gizzard between chicken and turkey, it can be observed that turkey
showed lower levels than chicken sieving of the results by Pereira et al.”> in cooked chicken gizzard.

4.5.3 CHOLESTEROL CONTENTS IN HEART

There are several results of cholesterol reported for heart in beef, chicken, lamb, pork, turkey, and
veal, which varied between the limits from 64 mg/100 g in raw mutton to 238 mg/100 g in raw chicken
and in cooked samples from 92 mg/100 g in mutton to 291 mg/100g in lamb (Table 4.3). The lower
results obtained in raw and cooked samples were in mutton,* being similar to the results obtained in
raw and cooked heart beef®® and raw heart pork. The other results were higher than these and in gen-
eral the samples after thermal treatment showed higher levels of cholesterol than the raw samples.
However, these results were expected since all results are expressed in wet weight because during
heating there is a loss of water and consequently the other compounds were concentrated. However,
the results showed great variation between different and equal animals, and it is interesting to note
that the results obtained in heart veal from American and Australian samples were similar.

4.5.4 CHOLESTEROL CONTENTS IN KIDNEY

Although the results obtained vary greatly between the same and different animals, they indicate
that the cholesterol content in kidney is high but lower than in brain (Table 4.4). The largest variation
can be observed in raw (100-517 mg/100 g) and cooked (200-716 mg/100 g) beef kidney. Comparing
the results obtained in beef kidney by colorimetric methods, it is possible to see the great difference
between colorimetric methods where one is very low and the other very high. Both analyses were
carried out with extraction of the lipids and no saponification step, so the results are in relation to
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TABLE 4.3
Cholesterol Contents in Heart
Methods Cholesterol
Animals and Level (mg/100g,
References Lipid Extraction Saponification Measurement Wet Basis)
Beef
Rawo® Ether No Colorimetric 72+6
Raw™ ND ND ND 138 (125-150)
Raw’! No Direct saponification GC-DIC, TMS, IS 124
Raw™ C/M Saponification CG, TMS, IS 103
Raw™ ND ND GC 140
Raw’® ND ND ND 91
Barbecued®® Ether No Colorimetric 93+5
Simmered”! No Direct saponification GC-DIC, TMS, IS 212
Cooked™ C/M Saponification CG, TMS, IS 179
Stewed™ ND ND GC 230
Cooked”® ND ND ND 128
Stewed with pork fat 102
and margarine’®
Calf
Raw™ ND ND ND 2000
Chicken
Raw®’ Cc/M Saponification Colorimetric 238 +40
Raw’ ND ND ND 170
Raw’! No Direct saponification GC-DIC, TMS, IS 136
Raw”’ No Direct saponification HPLC 161 +24
Raw’8 ND ND ND 170
Simmered’! No Direct saponification GC-DIC, TMS, IS 242
Roosted™ No Direct saponification GC-FID, IS 213+ 19
Fried”” No Direct saponification HPLC 292 + 66
Lamb
Raw’! No Direct saponification GC-DIC, TMS, IS 135
Raw’ C/M Saponification CG, TMS, IS 129
Raw™ ND ND GC 140
Braised”! No Direct saponification GC-DIC, TMS, IS 249
Cooked” C/M Saponification CG, TMS, IS 199
Roasted” ND ND GC 260
Mutton
Raw®8 Ether No Colorimetric 64+3
Raw® ND ND ND 130
Barbecued®® Ether No Colorimetric 90+5
Pork
Raw™ ND ND ND 154 (150-158)
Raw”! No Direct saponification GC-DIC, TMS, IS 131
Raw™ ND ND GC 79
Raw7’¢ ND ND ND 92
Raw’® ND ND ND 150
Braised”! 221
Stewed with pork fat ND ND ND 112

and margarine’®

(continued)
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TABLE 4.3 (continued)
Cholesterol Contents in Heart

Methods Cholesterol
Animals and Level (mg/100g,
References Lipid Extraction Saponification Measurement Wet Basis)
Turkey
Raw”! No Direct saponification GC-DIC, TMS, IS 147
Simmered’! 184
Veal
Raw™ No Direct saponification GC-DIC, TMS, IS 104
Raw?? C/M Saponification CG, TMS, IS 104
Braised”! No Direct saponification GC-DIC, TMS, IS 176
Cooked™ C/M Saponification CG, TMS, IS 172

Note: C/M, extraction with chloroform and methanol; TMS, with derivatization; IS, Sa-cholestane; ND, not described.

free cholesterol and not total cholesterol, which can explain the lower results. Moreover, depending
upon the conditions used in colorimetric method, the results can be overestimated, which might
explain the high results. Using colorimetric methods, Mustafa® obtained lower levels of cholesterol
in beef and mutton although both the results were similar. However, the results obtained with raw
and cooked lamb were very similar independent of the method of the analysis. In addition, kidneys
from different breeds of lamb have same cholesterol levels with the exception of the Altamurana
breed that showed higher levels than the other breeds.

4.5.5 CHoOLESTEROL CONTENTS IN LIVER

Because the liver is a common food, there is more information about cholesterol as can be seen
in Table 4.5, which shows the cholesterol contents in beef, calf, chicken, duck, goose, lamb, mut-
ton, pork, turkey, and veal. The results cover a wide range from 105mg/100g? to 712mg/100 g%
in raw liver chicken and from 192 mg/100 g” in liver chicken to 585 mg/100g in liver lamb’> when
cooked. The highest result found in liver chicken by Labrador and Sangronis® was obtained by
colorimetric method that can explain this result. On the other hand, the results in cooked liver
chicken showed great variability from 192mg/100 g% mg/100g7 to 563 mg/100g"" although both
methods used chromatography determination demonstrating that the variation of the results could
be attributed to the samples.

Cholesterol levels mostly increased on cooking, due to the effects of concentration and subse-
quent the moisture loss; however, the results obtained in cooked beef, chicken, and lamb were lower
than raw.”

The literature is limited regarding changes in liver cholesterol due to the effect of cholesterol-
reducing agents, especially in beef, pork, lamb, and chicken. When feeding chickens (male Ross x
Ross) with garlic powder, linear reductions of cholesterol in liver were observed as garlic supple-
mentation increased.®! In addition, a decrease of about 28% in liver cholesterol was found in birds
fed garlic, copper, and combination of garlic and copper in comparison to the control.

The free cholesterol and its esters, as well as total cholesterol content were determined in beef,
chicken and pork liver raw (Table 4.6). The ester cholesterol is higher than free cholesterol varying
from 69% in chicken liver to 80% in beef liver. Perona and Ruiz-Gutierrez?? found 71% and 18% of
the esterified cholesterol in raw muscle and abdominal adipose tissue of Iberian pig, respectively.
According to Bhattacharyya and Strong,?* cholesterol is present in atherosclerotic lesions primarily
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TABLE 4.4

Cholesterol Contents in Kidney

Animals and
References

Beef

Raw®8
Raw®
Raw™
Raw’!
Raw’
Raw™
Raw’®
Simmered’!
Cooked™
Barbecued®®
Stewed”

Calf
Raw

Lamb

Raw’!

Raw’

Raw’™

Breed, raw
Altamurana’™
Comisana’
Gentile di Puglia™
Males™
Females™
Singles™
Twins™
Braised’!
Cooked™
Fried™

Mutton
Raw®8
Raw
Raw’®
Barbecued®®

Fried with margarine’®

Pork
Raw™
Raw”!
Raw™
Raw’®
Braised’!
Stewed”

Fried with margarine’®

Veal
Raw’!
Raw?”?
Braised’!
Cooked™

Methods

Lipid Extraction

Ether
C/M
ND
No
C/M
ND
ND
No
C/M
Ether
ND

ND

No
C/M Folch
ND

No

No
C/M Folch
ND

Ether
ND
ND
Ether
ND

ND
No
ND
ND
No
ND
ND

No
C/M
No
C/M

Saponification

No

Saponification

ND

Direct saponification
Saponification

ND

ND

Direct saponification
Saponification

No

ND

ND

Direct saponification
Saponification
ND

Direct saponification

Direct saponification
Saponification
ND

ND
ND

ND

ND
Direct saponification
ND
ND
Direct saponification
ND
ND

Direct saponification
Saponification
Direct saponification
Saponification

Measurement

Colorimetric
Colorimetric

ND

GC-DIC, TMS, IS
CG, TMS, IS

GC

ND

GC-DIC, TMS, IS
CG, TMS, IS
Colorimetric

GC

ND

GC-DIC, TMCS, IS
CG, TMS, IS
GC

Enzymatic

GC-DIC, TMCS, IS
CG, TMS, IS
GC

Colorimetric
ND
ND
Colorimetric
ND

ND
GC-DIC, TMCS, IS
GC
ND
GC-DIC, TMCS, IS
GC
ND

GC-DIC, TMCS, IS
CG, TMS, IS
GC-DIC, TMCS, IS
CG, TMS, IS

Cholesterol
Level (mg/100g,
Wet Basis)

100 + 12
51718
358 (340-375)
411

313

265

213

716

549
200+ 13
460

380

337
338
315

374 £90
320+ 61
298 +59
329+ 92
332 +59
32172
339+73
565

550

610

102+6

365 (354-375)
276

214+ 14

401

385 (365-405)
319
410
395
480
700
483

364
272
791
434

Note: C/M, extraction with chloroform and methanol; TMCS = with derivatization; IS: 5o-cholestane; ND, not described.
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TABLE 4.5

Cholesterol Contents in Liver

Animals and
References

Beef
Raw’!
Rawo8
Raw®
Raw™
Raw’!
Raw’?
Raw’™
Raw’®
Raw”’
Raw®®
Barbecued®®
Braised’!
Immered”!
Cooked™
Fried”®
Fried”
Stewed”
Fried®?
Raw™
Raw’™
Raw’®
Fried with pork fat
and margarine®
Fried”®
Grilled’®
Fried”

Chicken

Raw®’

Raw’

Raw’!

Raw’™

Raw?®?

Raw, diet 18!

Control?®!

1.5% Garlic®

3% Garlic®!

4.5% Garlic®!

Raw, diet 28!

Control?!

3% Garlic + 0mg
Cu/kg®!

0% Garlic +
180mg Cu/kg®!

3% Garlic +
180mg Cu/kg®!

Methods

Lipid Extraction

No
Ether
C/M
ND
No
C/M
ND
ND

C/M

Saponification

Direct saponification
No

Saponification

ND

Direct saponification
Saponification

ND

ND

Direct saponification
Saponification

Direct saponification
Saponification

Direct saponification
ND
Direct saponification
ND
ND
ND

Saponification

ND

Direct saponification
Direct saponification
Saponification
Cholesterol esterase

Measurement

GC-FID, TMS
Colorimetric
Colorimetric

ND

GC-DIC, TMCS, IS
CG, TMS, IS

GC

ND

HPLC

HPLC

GC-DIC, TMCS, IS

CG, TMS, IS

HPLC
GC
GC-FID
ND

GC

ND

Colorimetric

ND

GC-FID, TMCS, IS
GC-FID, TMCS, IS
HPLC

Enzymatic

Cholesterol
Level (mg/100g,
Wet Basis)

228

192 + 10
334 +21
261 (257-265)
275

271

270

283

338 + 31
230+ 16
385 +31
396

381

409

297

460 + 23
240

265 + 35
360

370

286

284

310
387
330

712 £40

492 (429-555)
345

380

228 £ 12

105+ 10
91 +15
7315
54+9

208 =25
150 + 10

152 +12

176 + 14
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TABLE 4.5 (continued)
Cholesterol Contents in Liver
Methods Cholesterol

Animals and Level (mg/100g,
References Lipid Extraction Saponification Measurement Wet Basis)
Pan-fried”! No Direct saponification GC-FID, TMCS, IS 564
Simmered”! 563
Fried” ND ND GC 350
Fried” No Direct saponification GC-FID, IS 192 + 31
Cooked® C/M Saponification HPLC 410+ 18
Duck
Raw”! No Direct saponification GC-DIC, TMCS, IS 515
Goose
Raw’! No Direct saponification GC-DIC, TMCS, IS 515
Lamb
Raw’! No Direct saponification GC-DIC, TMCS, IS 371
Raw” C/M Saponification CG, TMS, IS 433
Raw’ ND ND GC 430
Raw, breed” No Direct saponification Enzymatic
Altamurana’ 456 = 127
Comisana’ 298 +49
Gentile di Puglia” 362 + 120
Males’ 350 + 134
Females” 394 +112
Singles” 354 £ 90
Twins” 390 + 130
Braised”! No Direct saponification GC-DIC, TMCS, IS 501
Pan-fried”! 493
Cooked” C/M Saponification CG, TMS, IS 585
Fried” ND ND GC 400
Mutton
Raw®® Ether No Colorimetric 279 + 35
Raw” ND ND ND 312 (300-323)
Barbecued®® Ether No Colorimetric 356 =47
Pork
Raw’! No Direct saponification GC-FID, TMS 225
Raw™ ND ND ND 354 (340-368)
Raw’! No Direct saponification GC-DIC, TMCS, IS 301
Raw™ ND ND GC 260
Raw’® ND ND ND 237
Raw® C/M Saponification HPLC 214 +8
Braised’! No Direct saponification GC-DIC, TMCS, IS 355
Fried with pork fat ND ND ND 233

and margarine’®
Fried™® 256
Grilled’® 267
Stewed” ND ND GC 290
Cooked® C/M Saponification HPLC 289 + 32

(continued)
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TABLE 4.5 (continued)
Cholesterol Contents in Liver

Methods Cholesterol
Animals and Level (mg/100g,
References Lipid Extraction Saponification Measurement Wet Basis)
Turkey
Raw’! No Direct saponification GC-DIC, TMCS, IS 331
Simmered”! 388
Veal
Raw”! No Direct saponification GC-DIC, TMCS, IS 334
Raw?? C/M Saponification CG, TMS, IS 206
Braised”! No Direct saponification GC-DIC, TMCS, IS 511
Pain-fried”! 485
Cooked™ C/M Saponification CG, TMS, IS 244

Note: C/M, extraction with chloroform and methanol, TMCS = with derivatization; IS, So-cholestane; ND, not described.

TABLE 4.6
Total, Free, and Esterified Cholesterol Contents
in Raw Liver

Total Free Esterified
Cholesterol Cholesterol Cholesterol
Animals mg/100g mg/100g % mg/100g %
Beef 230+ 16 47 £2 20 183+ 16 80
Chicken 228 =12 70+ 3 31 158 £ 13 69
Pork 2148 51+4 24 163 £8 76

Source: Santos, C.C. and Bragagnolo, N., Unpublished data, 2009.

in the form of cholesterol esters, and such accumulation of cholesterol esters within the arterial wall
is the hallmark of atherosclerotic lesions.

4.5.6 CHoLESTEROL CONTENTS IN LUNGS

The values reported for pork lungs, raw or braised, were higher than that reported for beef, lamb,
and veal lungs. Cholesterol levels found in pork lungs was 320 and 387 mg/100 g in raw and braised,
respectively, while in the beef, lamb and veal lungs were near to 229 and 263 mg/100 g for raw and
braised, respectively (Table 4.7).

4.5.7 CHOLESTEROL CONTENTS IN PANCREAS

The results are given for raw and braised beef, pork, lamb, and veal being the values reported
higher in raw and braised lamb pancreas than in raw and braised beef, pork, and veal pancreas
which in these animal the results is similar. All results reported in Table 4.8 are by USDA Nutrient
Database’ using GC methods. The data for beef, pork, and veal pancreas are also generally similar
to those obtained for beef, lamb, and veal lungs, while the cholesterol results for pork lungs agree
with lamb pancreas.
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TABLE 4.7
Cholesterol Contents in Lungs

Methods Cholesterol
Animals and Level (mg/100g,
References Lipid Extraction Saponification Measurement Wet Basis)
Beef
Raw” ND ND ND 234
Raw’! No Direct saponification GC-DIC, TMCS, IS 242
Braised”! 277
Lamb
Braised”! No Direct saponification GC-DIC, TMCS, IS 284
Mutton
Raw™ ND ND ND 215
Pork
Raw™ ND ND ND 314
Raw’! No Direct saponification GC-DIC, TMCS, IS 320
Braised”! 387
Veal
Raw’! No Direct saponification GC-DIC, TMCS, IS 229
Braised”! 263

Note: TMCS, with derivatization; IS, Sa-cholestane; ND, not described.

TABLE 4.8
Cholesterol Contents in Pancreas

Methods Cholesterol
Animals and Level (mg/100g,
References Lipid Extraction Saponification Measurement Wet Basis)
Beef
Raw’! No Direct saponification GC-DIC, TMCS, IS 205
Braised’! 262
Lamb
Raw’! No Direct saponification GC-DIC, TMCS, IS 260
Braised’! 400
Pork
Raw’! No Direct saponification GC-DIC, TMCS, IS 193
Braised”! 315
Veal
Raw’! No Direct saponification GC-DIC, TMCS, IS 173

Note: TMCS, with derivatization; IS, 5o-cholestane; ND, not described.

4.5.8 CHOLESTEROL CONTENTS IN TONGUE

The cholesterol levels of the tongue are shown in Table 4.9. The raw tongue cholesterol was
lowest in veal (62mg/100g), beef was in the range 78—171 mg/100g, pork was 101 mg/100 g,
lamb was in the range 132-189mg/100g, while mutton had 197 mg/100g. When the sam-
ples were cooked, the cholesterol values ranged from 104 to 270mg/100g in beef tongue,
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TABLE 4.9
Cholesterol Contents in Tongue

Methods Cholesterol

Animals and Level (mg/100g,
References Lipid Extraction Saponification Measurement Wet Basis)
Beef
Raw?®® Ether No Colorimetric 120+ 10
Raw® C/M Saponification Colorimetric 171 £ 21
Raw™ ND ND ND 105 (102-108)
Raw’! No Direct saponification GC-DIC, TMCS, IS 87
Raw” C/M Saponification CG, TMS, IS 103
Raw™ ND ND GC 78
Raw’¢ ND ND ND 89
Cooked® Ether No Colorimetric 211 +32
Simmered”! No Direct saponification GC-DIC, TMCS, IS 132
Cooked™ C/M Saponification CG, TMS, IS 104
Steewed’® ND ND ND 95
Lamb
Raw’! No Direct saponification GC-DIC, TMCS, IS 156
Raw’? C/M Saponification CG, TMS, IS 132
Raw’ ND ND GC 180
Braised’! No Direct saponification GC-DIC, TMCS, IS 189
Cooked™ C/M Saponification CG, TMS, IS 146
Mutton
Raw?®® Ether No Colorimetric 197 £ 14
Raw’ ND ND ND 147
Cooked® Ether No Colorimetric 192 + 14
Stewed” ND ND GC 270
Pork
Raw’ ND ND ND 116
Raw’! No Direct saponification GC-DIC, TMCS, IS 101
Raw’8 ND ND ND 87
Braised”! No Direct saponification GC-DIC, TMCS, IS 146
Veal
Raw’! No Direct saponification GC-DIC, TMCS, IS 62
Simmered”! 238

Note: C/M, extraction with chloroform and methanol; TMCS, with derivatization; IS, So-cholestane; ND, not described.

146-189 mg/100 g in lamb tongue, and 146270 mg/100 g in pork tongue; it was 197 mg/100 g in
mutton and 238 mg/100 g in veal.

4.5.9 CHOLESTEROL CONTENTS IN OTHER OFFAL

Table 4.10 shows the results of cholesterol in beef blood and intestine, pork chitterlings, chicken
and pork feet, pork jowl, beef and pork stomach, beef tail, tripe as well as beef and veal thymus.
The value reported in beef intestine is much higher than the other organs but similar to the values
reported in raw beef brain® and raw veal brains’'; raw pork jowl and beef tail had lower cholesterol
(60 and 61 mg/100 g, respectively); raw chicken and pork feet and beef tripe showed similar levels
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TABLE 4.10
Cholesterol Contents in Other Offal
Methods Cholesterol
Animals and Level (mg/100g,
References Lipid Extraction Saponification Measurement Wet Basis)
Blood, beef, raw™® ND ND ND 190
Blood, pork, raw™ 40
Intestine, beef, raw® C/M Saponification Colorimetric 350 = 13
Chitterlings, pork, raw’! No Direct saponification GC-DIC, TMCS, IS 154
Chitterlings, pork, 2717
simmered’!
Feet, chicken, boiled’! No Direct saponification GC-DIC, TMCS, IS 84
Feet, pork, raw’! 88
Feet, pork, 83
cured-pickled”!
Feet, pork, simmered”! 107
Jowl, pork, raw’® ND ND ND 60
Stomach, beef, raw® C/M Saponification Colorimetric 155 +21
Stomach, beef, raw”’ No Direct saponification HPLC 168 =7
Stomach, beef, cooked”” 255 +24
Stomach, pork, raw”! No Direct saponification GC-DIC, TMCS, IS 223
Stomach, pork, raw’® ND ND ND 141
Stomach, pork, No Direct saponification GC-DIC, TMCS, IS 316
simmered’!
Tail, beef, raw’? C/M Saponification CG, TMS, IS 61
Tail, beef, cooked’ 59
Tripe, beef, raw’? C/M Saponification CG, TMS, IS 82
Tripe, beef, cooked’? 112
Thymus, beef, raw”! No Direct saponification GC-DIC, TMCS, IS 223
Thymus, beef, braised”! 294
Thymus, veal, raw”! 250
Thymus, veal, braised’! 350

Note: C/M, extraction with chloroform and methanol; TMCS, with derivatization; IS, 5a-cholestane; ND, not described.

among 82—-88 mg/100 g; raw pork chitterlings and beef stomach had cholesterol values ranging from
154 to 168 mg/100 g; raw beef blood had 190 mg/100 g and raw pork stomach, beef, and veal thymus
reported values from 223 to 250 mg/100 g.

4.6 EFFECT OF BREED IN CHOLESTEROL CONTENTS IN OFFAL

There are limited data available on the cholesterol content in offal from different breeds. Sevi et al.™
observed significant differences in cholesterol content of the kidney from different breeds of
lamb, which was markedly higher in Altamurana (374mg/100g) than in Gentile di Puglia lambs
(298 mg/100¢g), and in liver it was higher in Altamurana (456mg/100g) than in Comisana lamb
(298 mg/100 g). However, in these works, all results of cholesterol in Altamurana lambs were higher
than the other breeds of lamb, and the authors suggested this fact to be ascribed either to a larger
output and depot of endogenous cholesterol in Altamurana lambs or to a different composition of
the dams’ milk.
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4.7 CONCLUSIONS

The cholesterol content of the organs is higher than in all meats because much of the cholesterol
is synthesized in organs such as kidney and liver and in the structural part of brain. The highest
cholesterol levels are found in the brain, kidney, and liver and the lowest in tripe, tail, jowl, and feet,
which, at times, are very similar to the meat.

There is little information in the literature about the cholesterol levels in these foods and the great
variation in the cholesterol levels among different offal derived mainly from the differences in the
type of muscle, i.e., red or white, as pig stomach is rich in smooth muscle fibers and connective tis-
sue. Moreover, cholesterol values in the same organ often differ among investigators by more than
100%, and this fact can be attributed to the inherent differences among samples and the analytical
methodologies.
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5.1 INTRODUCTION: OXIDATION IN EDIBLE ANIMAL BY-PRODUCTS

The oxidative degradation of biomolecules involves several molecular mechanisms that lead to the
generation of oxygen-rich precursors of reactive, chain-propagating free radicals. Subsequent reac-
tions lead to the degradation of the reactive-oxygen species (ROS) formed in early stages to yield
a large variety of final oxidation products.! Oxidative reactions occur in living animal tissues as a
result of an imbalance between the production of ROS and endogenous antioxidant mechanisms.
Upon slaughter, the occurrence of oxidative reactions is accelerated as the defense mechanisms
partially collapse and the tissues are exposed to oxygen and other pro-oxidant factors. Subsequent
manipulation of animal tissues during handling, processing, and/or storage greatly enhances the
onset of oxidative reactions.? The study of oxidation phenomena in animal tissues has been tra-
ditionally focused on lipids, specifically polyunsaturated fatty acids and cholesterol, whereas the
oxidation of some other major components such as proteins is an issue of recent interest.

The subject of this chapter, namely, edible animal by-products, comprises a heterogeneous group
of edible tissues and internal organs obtained from animal dressing. Most of these tissues are highly
susceptible to suffer oxidative reactions owing to their high fat content (i.e., lard, tallow, brains),
the high unsaturation index of their fat (i.e., liver, heart, bone marrow fat), and the presence of high
amount of transition metals such as iron and other oxidation promoters (i.e., heart, liver, kidneys).
Whereas the consumption rate of these by-products as such can be highly variable among customs
and countries, these tissues are frequently used as ingredients for the manufacture of a large variety
of processed-food products worldwide. In this sense, these tissues are very commonly subjected
to numerous processing operations that enhances oxidation by facilitating the reaction between
molecular oxygen and unsaturated lipids (size reduction, mixing) or by accelerating the oxidative
reactions through high temperatures (cooking, pasteurization, sterilization).

Overall, the oxidation of animal-based foods is considered a major threat to their quality. The
loss of essential fatty acids, amino acids, and vitamins as a result of their oxidative degradation
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largely diminishes the nutritional value of the food. Relevant sensory traits such as color, flavor,
and texture are also affected by the onset of lipid and protein oxidation.>3 As a result of the
oxidative reactions, porcine lard or beef tallow might become rancid,* whereas oxidized liver
develops a very unpleasant “fishy” and “rancid” off-flavors.’ The analysis of the oxidative stabil-
ity of an edible animal by-product might be necessary whenever this is used as an ingredient for
the manufacture of a processed foodstuff. The initial oxidative status of the tissue predicts its
suitability for being subjected to a technological process and an eventual storage. Raw materials
with high oxidation rates lead to a final product with undesirable sensory properties and might
not be appropriate for processing.* The analysis of the final product for lipid and protein oxida-
tion is also of great interest as the extent of the oxidation reflects the suitability of the processing
and the nutritional, sensory, and technological quality of the resulting product. In addition to
the oxidation-induced loss of quality, the intake of highly oxidizable foods is associated with
the development of serious diseases such as colorectal cancer.® Certain lipid oxidation products
such as malondialdehyde (MDA) have been recently highlighted as compounds with mutagenic
and toxic potential.’

The enormous impact of oxidation on food quality challenges food chemists to assess the extent
of the oxidative reactions in food systems by means of sensitive and reliable methodology. However,
the complexity of the chemistry involved in the oxidative reactions affecting lipids and proteins hin-
ders the possibility of one, general, analytical test for unambiguous evaluation of the oxidative dete-
rioration of edible animal by-products. The deep understanding of lipid oxidation mechanisms and
the development of improved techniques for the isolation, identification, and quantification of lipid
oxidation products have enabled the development of methodology to obtain accurate results. Most
methods used for assessing lipid oxidation in edible animal by-products are commonly employed
in other animal-based products such as muscle foods with the detection of thiobarbituric acid sub-
stances (TBA-RS) and hexanal being the most popular procedures. Whereas some routine methods
employed for measuring lipid oxidation has been used for several decades, the methodology cur-
rently used for assessing protein oxidation is considerably novel and very recently some innovative
methods have been developed. In most cases, the analytical methods used in biomedical sciences
are being successfully extrapolated to muscle food systems. The dinitrophenylhydrazine (DNPH)
method is now commonly used as a routine procedure for quantifying protein carbonyls in most
animal-based products, whereas some advanced methodologies employ liquid chromatography cou-
pled to electrospray ionization and mass spectrometry (LC-ESI-MS) for the accurate detection of
specific protein oxidation products.®

This chapter reviews routine and advanced methodologies for assessing lipid and protein oxida-
tion in raw and processed edible animal by-products.

5.2 LIPID OXIDATION

Lipid oxidative reactions leads to the generation of toxic compounds and are responsible for
the loss of sensory quality in animal-based foods including aroma, color, and texture deteriora-
tion.>? The use of edible animal by-products such as liver, rendered fat, or natural casings for
the manufacture of these foods would likely affect the oxidative stability and the quality of the
final product. The onset of lipid oxidation in self-stable animal products is generally recognized
as the main cause of food spoilage and a major concern in the food industry. Great efforts
have been made to shed light on the mechanisms involved in the oxidation of animal lipids, to
characterize the lipid-derived oxidation products and to assess their effects on food quality and
human health. The deep knowledge of the chemical insight into mechanisms involved in the
oxidative degradation of unsaturated lipids provides a solid basis upon which specific, reliable,
and highly sensitive techniques have been developed. A brief overview of the mechanisms and
factors affecting these complex reactions would assist the reader in the comprehension of the
methodologies subsequently reported.
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5.2.1 MECHANISMS AND FACTORS

Lipid oxidation is a radical reaction described as a combination of a various chain reactions, consist-
ing of three phases’: initiation, propagation, and termination.

During the initial phase, in the presence of initiators or the reactive oxygen species, unsaturated
lipids lose hydrogen radical to form a lipid free radical’ The direct reaction between the fatty acid
and molecular oxygen is highly improbable since lipid molecule has a singlet electronic state and the
oxygen molecule has a triplet ground state. This spin barrier between lipids and oxygen can be over-
come with the presence of initiators that can produce radicals by different mechanisms: (1) thermal
dissociation, (2) decomposition of hydroperoxides catalyzed by redox metals, (3) exposure to light in
the presence of a sensitizer such as ketone.” Unsaturated lipids are easily oxidized by the ROS, which
include oxygen radicals and non-radical derivatives of oxygen.!° The hydroxy radical is highlighted as
mainly responsible for the initiation of lipid oxidation in animal tissues."

During the propagation stage, the alkyl radical of an unsaturated lipid containing a labile hydro-
gen reacts very rapidly with molecular oxygen (O,) to form peroxide radicals. This reaction is always
much faster than the following hydrogen transfer reaction with unsaturated lipids to form hydro-
peroxides (ROOH), which are considered the main primary products of lipid oxidation.® The newly
formed hydroperoxy radical can abstract hydrogen from an adjacent unsaturated fatty acid since the
reaction sequences goes through 8—14 propagation cycles before termination.>!© Hydroperoxides are
considered the most important initial reaction products from lipid oxidation. At the last stages of
oxidation, the radical species react with each other and self-destruct to form non-radical products
by different mechanisms. Alkoxyl radicals can react with unsaturated lipids to form stable and
innocuous alcohols or undergo transformation into unsaturated aldehydes, such as MDA, and other
unstable compounds.

The susceptibility of animal tissues to undergo lipid oxidation depends upon a variety of factors
including the fat content, fatty acid composition, and the presence of transition metals such as iron
and copper and endogenous antioxidant compounds such as tocopherols.? The extent of the oxida-
tive reactions in animal tissues during processing and storage is largely affected by the conditions
and characteristics of the technologies applied with the temperature and exposure to light and oxy-
gen being the most influential factors.?

5.2.2  ASSESSMENT OF LipiD OXIDATION

There are many analytical methods for measuring oxidative status of animal edible by-products,
ranging from simple sensorial evaluations to more complex chemical methods. Chemical methods
may be performed by a variety of procedures, measuring either primary oxidative changes or sec-
ondary changes that originate from primary oxidation products decomposition. Selecting an opti-
mum test for lipid oxidation in animal by-products is difficult due to the complexity of the chemical
processes involved and the diversity of the food matrices. Thus, the suitability of each method
depends on the type of animal by-product and the way it has been processed or stored and, in many
cases, no single method can suffice for analyzing lipid oxidation.

5.2.2.1 Primary Oxidation Changes

Numerous analytical methods have been developed for assessing primary oxidative changes in raw
and processed edible animal by-products (Table 5.1). Among them, hydroperoxide determinations
by titrimetric or colorimetric methods and lipid stability tests have been the most widely used
at industry and academic research. Alternatively, other advanced techniques such as enzymatic,
chromatographic (GC and HPLC) or spectroscopic (ESR and NMR) methods have been proposed
(reviewed by Dobarganes and Velasco'' and Prior and Loliger'?). However, these methods are not
easily adapted to routine screening of large numbers of samples and have been more frequently used
in biological studies.
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TABLE 5.1

Summary of Techniques Used for Evaluating Primary Lipid Oxidation Changes
in Edible Animal By-Products

Sample

Mechanically deboned meat

Liver

Lard

Tallow

Pork and beef back fat

Poultry fat

Technique

Peroxide value by the iodometric assay

Peroxide value by the iron oxidation
assay

Conjugated diene determination

Peroxide value by the iodometric assay

Conjugated diene determination

Peroxide value by the iodometric assay

Peroxide value by the iron oxidation
assay

Conjugated diene determination

Active oxygen method
Rancimat and Oil Stability Instrument
Oxygen absorption method

Peroxide value by the iodometric assay
Active oxygen method

Rancimat and Oil Stability Instrument
Oxygen absorption method

Peroxide value by the iodometric assay
Active oxygen method

Rancimat and Oil Stability Instrument
Peroxide value by the iodometric assay

Peroxide value by the iron oxidation

References

Hassan and Fan?' and Ozkececi et al.??

Olsen et al.’® and Raghavan and Richards?!

Nissen et al.>*

Farag et al.??

Bernacchi et al.»

Liang and Schwarzer?* and Milos et al.?
Kang and Dasgupta® and Osawa et al.?®

Rigby et al.?

Liang and Schwarzer?* and DeMan and
DeMan*

Liang and Schwarzer,?* Aruoma et al.,*
and De Leonardis et al.*

Kang and Dasgupta,? Liang and
Schwarzer,?* and Koga and Terao®

Liang and Schwarzer?

Liang and Schwarzer>

Liang and Schwarzer?*

Liang and Schwarzer*

Hertzman et al.?® and Lasta et al.?’

Hertzman et al.?

Flachowsky et al.*' and Gebert et al.*?

Kang and Dasgupta®

Kang and Dasgupta?® and Shantha and

assay Decker?
Shortenings Active oxygen method DeMan and DeMan?
Rancimat and oil stability instrument DeMan and DeMan?® and Anwar et al.*?
5.2.2.1.1  Primary Oxidation Products: Hydroperoxides

Since the primary products of lipid oxidation are hydroperoxides, it is reasonable to determine their
concentration as a measure of oxidation. Hydroperoxides are formed during the autoxidation of unsatu-
rated lipids and have little or no direct impact on the odor and flavor of the food product. Nevertheless,
hydroperoxides are easily decomposed to a high variety of nonvolatile and volatile secondary
products, of which some have very low sensory thresholds.” Hydroperoxide determination in animal
by-products may be limited by the inherent chemical instability of these compounds. Consequently,
when hydroperoxides breakdown is as fast as or faster than hydroperoxides formation, lipid hydro-
peroxides are not good indicators of oxidation.” This fact can occur in animal by-products,
especially in those with high susceptibility to undergo oxidative phenomena. The analysis of lipid
hydroperoxides in animal by-products other than pure fat (i.e., tallow, lard) namely, mechanically
deboned meat or viscera, requires a previous lipid extraction with solvents. These solvents, mainly
chloroform or chloroform-methanol mixtures,'3'* must be eventually removed to avoid the decom-
position of hydroperoxides or loss during solvent evaporation.'

One of the most widely used tests for lipid hydroperoxide determination is the peroxide value.
Peroxide value is a measure of the concentration of hydroperoxides formed in the initial stages of
lipid oxidation and is commonly expressed as the milliequivalents (mEq) of peroxides per kilogram
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of sample. As an indicative value, samples with a peroxide value greater than 15-20mEq kg! can
be considered as rancid.’> Peroxide value can be measured based on their ability to liberate iodine
from potassium iodide (iodometric assay), or to oxidize iron ions from the ferrous to the ferric state:

5.2.2.1.1.1 Determination of Peroxide Value by the lodometric Assay The iodometric method
is a volumetric analysis based on the titration of iodine released from potassium iodide by hydro-
peroxides. The standard method, described by American Oil Chemists’ Society (AOCS) (Official
Method Cd 8-53)'¢ and by Association of Official Analytical Chemists (AOAC) (Official Method
965.33),"” involves the reaction of the sample dissolved in acetic acid/chloroform (3:2v/v) or iso-
octane, with aqueous KI for 1 min (Equation 5.1). The amount of released iodine is assessed by
titration against a standardized solution of sodium thiosulfate (Na,S,0;) using a starch indicator
(Equation 5.2):

ROOH +2H" +2KI — I, + ROH + H,0 + 2K* 3.1

I, + 2Na,S,0; — Na,S,0, + 2Nal (.2)

Iodometric methods are easy to perform and produce consistent results and the equipment and glass-
ware required are readily available in most laboratories although any modification in the procedure
may cause large variations in the results.'® Potential drawbacks of this method are the absorption
of iodine by fatty acid double bonds and liberation of iodine from potassium iodide by oxygen
present in the solution during titration.”” Samples with low peroxide value cannot be adequately
measured by the standard iodometric method because of difficulties encountered in determination
of the titration end point. However, this drawback can be resolved by determining the titration end
point by electrochemical techniques.?’ Despite these disadvantages, the iodometric assay of perox-
ide value is one of the commonest methods to determine oxidative stability of lipids and has been
frequently used in different animal by-products, such as mechanically deboned meat,??? liver,??
tallow,?* lard,>*?* pork and beef backfat,?®?” and poultry fat.?®

5.2.2.1.1.2 Determination of Peroxide Value by the Iron Oxidation Assay Methods based
on the formation of iron complexes have been also proposed to improve the sensitivity of the clas-
sical iodometric procedures. These methods are based on the ability of peroxides to oxidize iron
(1) to iron (III).? Ammonium thiocyanate reacts with ferric ions, resulting in a colored complex
that can be measured spectrophotometrically at 500 nm. Peroxide values as low as 0.1 mEq kg™
sample can be determined with this method, providing a clear advantage over the iodometric
titration procedure.'® Alternatively, this determination can be carried out by the ferrous oxidation-
xylenol orange (FOX) method.? In this case, the resulting ferric ion is bound to the xylenol
orange dye producing a blue-purple complex that can be measured spectrophotometrically with a
maximum of absorbance between 550 and 600 nm. These methods have been reported to provide
a sensitivity comparable or even better than that of the spectrophotometric iodometric assay. It has
been successfully applied to the analysis of edible animal by-products, such as mechanically
deboned meat,3%3! lard?%28 and chicken fat.20-2°

5.2.2.1.2  Primary Oxidation Products: Conjugated Dienes

During the formation of hydroperoxides from polyunsaturated fatty acids, conjugated dienes are
the typical yield. When the conjugated diene moiety is present in fatty acids it shows absorption at
233nm that can be determined spectrophotometrically. Comprehensible and developed methods
for conjugated diene analysis can be found in [IUPAC Standard Method 2.505% and in the review
reported by Pegg.'® The conjugated diene determination offers several advantages over the perox-
ide value method as it is faster, requires no chemical reagents or does not depend upon a chemical
reaction or color development. However, the magnitude of the value obtained depends mainly upon
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the fatty acid composition of the analyzed sample, and therefore, conjugated diene value cannot be
compared amongst different food matrices, especially when large differences in fatty acid composi-
tion occurs.?* Conjugated diene determination has been used in different animal by-product, such as
mechanically deboned meat,3* liver,® and lard.3¢

5.2.2.1.3 Predictive Methods

Stability of lipids during storage can be anticipated on the basis of special tests called predictive
or stability tests. These oxidative stability tests are designed to accelerate the oxidation process by
manipulating pro-oxidant conditions, such as temperature, metal catalysts or oxygen pressure.'®
Although predictive methods were primarily developed for oil samples, it is also possible to use
these methods in animal by-products containing high amount or fat (i.e., lard, tallow, backfat). For
other animal by-products, lipids should first be extracted with solvents.'>! These methods have
been widely used in industry and academic research and may be useful to determine the quality
of raw ingredients, to measure the effectiveness of preservatives, or to estimate the shelf life of
processed animal by-products (Reviewed by Liang and Schwarzer?* and Wan?*’). However, many
of these methods have been also criticized because they run at elevated temperature, usually far
above the ambient or storage temperature, at which the mechanism of lipid oxidation changes.’
Some of the most commonly used accelerated stability methods are described briefly below:

Active Oxygen Method (AOM): This method predicts the stability of a lipid sample by bubbling air
through a solution of the fat. According to the AOCS official method (AOCS Cd 12-57),!¢ the fat
sample is heated to 98.7°C and bubbled with a stream of dry air (140 mL min~! flow rate). AOM
value is determined by the time at which the fat sample reaches a fixed peroxide value (usually
20 or 100mEq kg™!, depending on the type of fat).'®!° The method is very time-consuming since
a stable fat may require 48 h or more before reaching the endpoint and periodic titrations to deter-
mine peroxide value is also required. The AOM has been used extensively in lipid analysis over
the years, including animal by-product as lard,?** pork backfat,?¢ tallow,?* or shortenings,*® but
this method has inherent deficiencies and difficulties and is being supplanted by faster automated
techniques.

The Rancimat and Oil Stability Instrument: The Rancimat and the Oil Stability Instrument are
two modified and automated versions of AOM. Both methods measure the conductivity in deion-
ized water as it increases due to the absorption of volatile acids and other products formed from
the oxidative decomposition of lipids. Increasing conductivity is an indication of hydroperoxide
breakdown that occurs at the same time as peroxide value increases. Conductivity of the water is
monitored continuously and the endpoint (Oil Stability Index) is defined as the hours required for
the rate of conductivity change to reach a predetermined value.!® This Oil Stability Index is an offi-
cial method (Cd 12b-92) of AOCS.!® These methods rely on either of two commercially available
instruments; the Oil Stability Instrument is produced commercially by Omnion Inc. (Rockland,
MA) and is capable of running up to 24 samples at the same time. The Rancimat method employs a
commercial equipment marketed by Metrohm Ltd. (Herisau, Switzerland) and is capable of running
only eight samples simultaneously. These methods have been profusely used in animal by-product
analysis, particularly in those containing high amounts of fat, such as lard,?*34° pork backfat,*"*>
tallow,?* and animal shortenings.3843

Oxygen Absorption Method: The consumption of oxygen during formation of hydroperoxides from
lipids can be measured during initial stages of lipid autoxidation. In the classical method, a sample
of fat is weighted into petri dishes and stored in an oven at a fixed temperature.'® Oxygen uptake is
followed by weighing samples at intervals during storage. Other versions of this method confined a
sample in a reactor and consumption of oxygen is monitored by an oxygen manometer or by means
of a gas-phase flow injection analysis.** An advantage of this technique is its ability to measure sta-
bility of the complete product without prior extraction of the fat. These methods have been applied
to predict lipid stability in lard?*2445 and tallow.?*
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5.2.2.2 Detection of Secondary Changes

As indicators of lipid oxidation, the secondary oxidation products are more reliable compared to
primary products as they reflect the deterioration of the quality of edible animal by-products as a
consequence of oxidative reactions. Secondary products are generally odor-active and stable com-
pounds, whereas primary products are colorless, flavorless, and commonly labile compounds.”
Amongst these compounds, aldehydes are considered the most important breakdown products
because they possess low threshold values and are the major contributors to the development of
rancid off-flavors.*® The most commonly used techniques for assessing secondary lipid oxidation
changes are summarized in Table 5.2.

5.2.2.2.1 Secondary Oxidation Products: Malonaldehyde

Malonaldehyde (1,3-propanedial), is a three-carbon dialdehyde with carbonyl groups at the C-1 and
C-3 positions. The generation of MDA is promoted by the oxidation of polyunsaturated fatty acids
(PUFA) leading to a highly reactive compound that remains bound to other food ingredients. An
acid/heat treatment of the food presumably releases the bound MDA.#’ Besides the deterioration of
the sensory quality caused by the presence of MDA, its implication on health should be taking into
consideration as MDA acts as a catalyst in the formation of N-nitrosamines and also as mutagenic
promoter.*8 Different methods have been developed to evaluate the lipid oxidation extent by MDA
detection and quantification, most of which were firstly applied in muscle foods and subsequently in
different edible animal by-products.

5.2.2.2.1.1 Thiobarbituric Acid (TBA) Test The 2-thiobarbituric acid (TBA) test is the most
widely used method for the assessment of the oxidative status of a great variety of edible animal
by-products. The technique is based on the formation of a color red pigment (MDA-TBA adduct)
as consequence of the attack of the monoenolic form of MDA by the active methylene groups of
TBA.* The complex shows a wavelength of maximum absorbance at 532—-535nm and a secondary
one at 245-305nm.* MDA is the major TBA reactive substance although other oxidation products,
such as o, B-unsaturated aldehydes (for instance 4-hydroxyalkenals) and certain unidentified
nonvolatile precursors of these substances may also react with TBA, which are generally referred to
as TBA-reactive substances (TBARS).*

TABLE 5.2
Summary of Methodologies Used to Analyze Secondary
Lipid Oxidation Changes in Edible Animal By-Products

Sample Technique References
Spleen and liver (pork) TBA test* Gebert et al.*
Liver and heart (chicken) TBA test® Tang et al.*®
Mechanically deboned chicken meat TBA test? Gomesa et al.%
Mechanically deboned turkey meat TBA test® Pettersen et al.
Lard TBA test® Houben et al.®
Back fat TBA test* Verma et al.”
Adipose tissue FTIR Guillén et al.”!
Cured lard Indol agent Paleari et al.”®
Oxidized liver GC Imetal?

Cured lard GC Paleari et al.”®
Mechanically deboned turkey meat GC Pettersen et al.>

2 Distillation method.
b Direct method.

¢ Extraction method.
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Different methods have been proposed to perform the TBA test: (1) by directly heating the sam-
ple with TBA in acidic conditions followed by separation of the red pigment by centrifugation,’® (2)
by distillation of the sample followed by the reaction of the distillate with the TBA,>' (3) by extrac-
tion of MDA using aqueous trichloroacetic or perchloric acid and subsequent reaction with TBA,3?
(4) and by extraction of the lipid fraction of the sample with organic solvents and reaction of the
extract with the TBA.33 The selection of one of these methods is usually made according to the char-
acteristics of the matrix of the product. Sgrensen and Jgrgensen® reported a higher reproducibility
(5-10 times) of the direct acid extraction method compared to an optimized distillation procedure,
which highlights the use of the direct extraction method in food matrices with less than 14%—18%
of fat and with no artificial colorants. Pettersen et al.>> and Tang et al.’® employed the direct acid
extraction method for measuring MDA in mechanically deboned turkey meat and in chicken liver
and heart, respectively. Nevertheless, the distillation procedures are considered as more sensitive
and also more suitable for high fat samples (>10%) where turbidity may occur in the extracted
samples.* Several authors have assessed TBARS numbers using the distillation method in a great
variety of edible by-products such as backfat, liver, and porcine spleen,*? edible broiler skin fat,>
frozen pork backfat,’® and additive-free lard.>

Amongst animal edible by-products, special attention has been paid to the development of lipid
oxidation in mechanically deboned meat since oxidative reactions are enhanced by the addition of
unsaturated fatty acids from bone marrow®® and during the deboning process due to high tempera-
tures and the incorporation of air and heme pigments.®! The distillation procedure with modifica-
tions (incorporation of butylated hydroxytoluene before the blending step, to prevent auto-oxidation)
is the most widely used TBA method to evaluate the oxidative status of mechanically deboned meat,
followed by the direct extraction method.?-%2-6* Moreover, the direct extraction TBA method has
been also applied to sausages including mechanically deboned meat as well as in different meat
products elaborated using edible by-products as raw material.®

Overestimation of TBARS counts may occur as acidic and heating conditions enhance the
formation of MDA and other TBARS.*® Moreover, the main drawback reported for TBA test is
the development of interfering reactions. Yellow chromogens (max. absorbance at 450—-460 nm)
derived from the reaction of sugar-derived compounds and TBA may be formed and hence,
overlap the spectrophotometric measurement of the MDA-TBA adducts.®® Numerous organic
(proteins, pigments, aldehydes) and inorganic (transition metals) compounds could act as inter-
fering compounds in animal edible by-products leading to the formation of colored compounds.
The inclusion of sulphanilamide during performance of the TBA test in cured lard is highly
recommendable as this compound prevents the nitrozation of MDA by residual nitrite and
thus, reduces an eventual underestimation of TBARS counts.®” Some strategies have been pro-
posed in order to reduce these interfering reactions such as decreasing the reaction tempera-
ture (from boiling to room temperature),®® removing the interfering compounds by solid-phase
extraction,’? or adjusting the reaction conditions (pH, TBA concentration and temperature of
incubation).%?

Some other procedures have been employed to detect and quantify MDA in animal edible
by-products. Paleari et al.’”® analyzed free MDA in cured lard by using 1-methyl-2-phenylindol
as a reactive agent. This compound reacts with MDA and other lipid derived aldehydes such
as 4-hydroxy-2-nonenal to yield a stable chromophore with intense maximal absorbance at
586 nm.

The Fourier transform infrared spectroscopy (FTIR) has been successfully applied to different
edible oils including porcine adipose tissue to assess lipid oxidation through the modifications in the
Fourier transform infrared spectra of the melted lipids under oxidative conditions.”!

5.2.2.2.1.2 Determination of MDA by CGC and HPLC GC and HPLC have been extensively
used for MDA determination in a great variety of foods.”” Hydrazine-based reagents, such as
2,4-dinitrophenylhydrazine and N-methylhydrazine have been preferred as derivatization agents for
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GC-MS analysis since these substances are able to form stable pyrazole derivatives with MDA and
4-hydroxynonenal.”” Most reported GC methods provide a measurement of the total, free and bound
forms of MDA because the assay conditions are sufficient to hydrolyze or decompose bound MDA
during sample preparation. Kakuda et al.”? originally used HPLC to quantify MDA in distilled
water and found a linear correlation between TBARS numbers and HPLC results. Subsequently,
different applications of HPLC to MDA detection have been reported in meat™ and smoked meat
products.” Therefore, it may be interesting to apply the reported chromatographic techniques to
evaluate the extent of lipid oxidation also in edible animal by-products.

5.2.2.2.2 Secondary Oxidation Products: Lipid Oxidation-Derived Volatiles

Lipid oxidation of unsaturated fatty acids results in a wide range of volatile aldehydes, such as
hexanal, propanal, or 4-hydroxy-2 nonenal, which have been commonly used as indicators of ran-
cidity.”® The most widely used techniques developed for the extraction and isolation of lipid-derived
volatiles are the solvent extraction, the simultaneous distillation extraction procedure, the dynamic
headspace or purge and trap, and the solid-phase microextraction (SPME) (reviewed by Ross and
Smith’). The extracted volatiles are separated, identified, and quantified using GC or HPLC usually
coupled to MS. Amongst the techniques for the analysis of lipid-derived volatiles, the use of SPME
is growing in popularity due to its sensitivity and ease of use.’

Amongst the volatile compounds derived from lipid oxidation, hexanal can be considered the
dominant in most food matrices and several authors have pointed out that this compound is the best
indicator of lipid oxidation, particularly in meat and meat-derived products.”” Accordingly, Paleari
et al.’® found that hexanal, nonanal, 2-nonenal, and 2,4-decadienal were the predominant alde-
hydes in cured lard analyzed by simultaneous distillation extraction. Im et al.> extracted the volatile
compounds from the headspace of oxidized pork liver using SPME, with hexanal, 1-octen-3-one,
4-heptenal, 2-octenal, and 2,4-decadienal being the most abundant lipid-derived volatiles. Mielnik
et al.% found 30-lipid derived volatiles in the headspace of comminuted sausages formulated with
mechanically deboned poultry meat. These authors reported a good correlation between these com-
pounds, particularly hexanal and TBA results. Pettersen et al.>> used the hexanal content analyzed
by dynamic headspace as index of lipid oxidation development in frozen mechanically deboned
turkey meat.

5.3 PROTEIN OXIDATION

The oxidation of lipids captured the attention of the food industry throughout the last decades,
while it was greatly ignored that some other major components of animal foods such as proteins are
highly sensitive to oxidative deterioration.”®” Currently, protein oxidation is a hot topic of increas-
ing interest among food technologists. Recent studies have shown the complex mechanisms impli-
cated in protein oxidation, the effects of oxidation in protein functionality, and the large variety
of oxidation products derived from oxidized proteins.”*-8! Certain edible animal by-products are
significant sources of protein with interesting technological properties. In fact, the usage of blood
plasma, animal gelatins, or pork rind powder in particular formulations and recipes is fully justified
by the benefits contributed by their proteins to the final product in terms of consistency, stability,
and flavor.?? Recent studies have reported that specific technological properties (i.e., gelling, emul-
sifying) of myofibrillar and other animal proteins are seriously affected by oxidative reactions. The
oxidation of muscle and liver proteins during refrigerated storage of liver sausages and frankfurters
results in modifications of the color and texture of these products.?

It becomes, hence, essential to develop accurate procedures to assess the oxidative reactions
affecting proteins during handling, processing, and storage of animal by-products and the foods
elaborated with these. In order to comprehend the methodological approach of the analytical pro-
cedures, it is necessary to present a brief overview of the chemical aspects regarding the oxidative
modification of proteins.
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5.3.1  MECHANISMS AND FACTORS

Oxidation of proteins is manifested as a free radical chain reaction similar to that of lipid oxida-
tion including initiation, propagation, and termination stages. Unlike the oxidative degradation of
unsaturated fatty acids, the oxidation of each specific amino acid follows particular pathways and
yields specific oxidation products. Lipid and protein oxidation take place concurrently in food sys-
tems and actually, timely interactions are known to happen between lipids and proteins during
oxidative reactions. In fact, primary and secondary lipid oxidation products, mainly hydroperoxides
and aldehydes are known to promote protein oxidation.%3-34

Besides oxidizing lipids, numerous chemicals can initiate the oxidation of food proteins,
including transition metals (i.e., iron, copper), myoglobin, hydrogen peroxide, reducing sugars,
and ROS formed as a result of the interaction of the aforementioned compounds.®34+-87 It is gen-
erally accepted that the nature of the protein oxidation products formed is highly dependent on
how oxidation is initiated. In general, the more reactive the formed radicals are, the less selective
reactions are initiated.®® It is plausible that heme and non-heme iron are main promoters of pro-
tein oxidation in animal tissues acting (1) directly on amino acid side chains for the formation of
carbonyl derivatives® and/or (2) indirectly through the formation of ROS and hypervalent reactive
species.?%0 As a direct consequence of the oxidative damage of food proteins, several chemical
modifications can be observed such as the formation of cross-links between proteins, peptide scis-
sions and the oxidative modification of single amino acids.”®*°! These modifications include the
loss of sulfydryl groups, the generation of oxidized derivatives (i.e., sulfoxides from methionine),
and the conversion of an amino acid residue to a different one.”® Additionally, the oxidation of side
chains of certain amino acids (arginine, lysine, proline, and threonine) leads to the generation of
carbonyl residues through deamination reactions. Other relevant consequences derived from the
oxidation of animal proteins are the formation of aggregates through covalent and noncovalent
linkages. The formation of non-covalent aggregates are enhanced by the generation of hydrogen
bonds and the complexes formed between proteins and oxidized lipids.®?> In animal tissues and
animal-based products, the formation of covalent cross-links is usually ascribed to the reaction
between two sulfur containing amino acids or two tyrosines to yield disulfide bonds or dityrosines,
respectively.86-93

The oxidation of proteins and amino acids is affected by numerous environmental factors includ-
ing pH, temperature, water activity, and the presence of catalysts or inhibitors such as transition
metals and phenolic compounds.?#>°! Additionally, the three-dimensional structure of the protein
as well as their amino acid composition influences the susceptibility of proteins to undergo oxida-
tive reactions.®”>#3 Heterocyclic amino acids and those containing reactive side chains (sulfhydryl,
thioether, aminogroup imidazole, and indole rings) are particularly sensitive to undergo oxidative
degradation due to the presence of OH-, S- or N- containing groups.®! In a recent study, Estévez et al.?
reported that animal proteins such as bovine serum albumin (BSA), whey proteins and myofibrillar
proteins are more susceptible to ROS than soy proteins.

5.3.2 ASSESSMENT OF PROTEIN OXIDATION

Most of the analytical procedures used for assessing protein oxidation in food systems have been
adapted from methods originally developed for analyzing biological samples. These techniques are
aimed to either (1) prove the oxidative modification of proteins and/or amino acids or (2) to detect
protein oxidation products. Table 5.3 summarizes the methods employed for assessing protein oxi-
dation products in animal tissues. Taking into account the extremely fast progress in this innovative
field, some of the most novel and advanced techniques reported in the present chapter have not been
applied yet in edible by-products. Nevertheless, their successful application in other animal-based
tissues and certain biological samples predicts their suitability for being applied in all kinds of ani-
mal tissues and justifies their inclusion in this review.
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TABLE 5.3

Summary of Methodologies Used to Detect Protein Oxidation Products

in Animal Tissues and By-Products

Protein Source  Protein Oxidation Product Technique References
Skeletal muscle Total protein carbonyls DNPH Lund et al.3 and
Ventanas et al.!*
AAS and GGS LC-ESI-MS Estévez et al.®
Disulfide bond Spectrophotometry Liu et al.”®
CL-MHC SDS-PAGE Lund et al.?
electrophoresis
Dityrosines Spectrofluorometry Xiong et al.'!®
HPLC Decker et al.'!”
Liver Total protein carbonyls DNPH Ibrahim et al.”” and
Bahramikia et al.!®
AAS and GGS GC-MS Requena et al.''?
Heart Total protein carbonyls DNPH Srinivasan et al.'®?
CL-MHC SDS-PAGE Parkington et al.''®
electrophoresis
Plasma AAS and GGS LC-ESI-MS Estévez et al.®
Whey AAS and GGS LC-ESI-MS Estévez et al.®
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5.3.2.1 Assessment of the Oxidative Modification of Proteins

5.3.2.1.1

Tryptophan, one of the most sensitive amino acids to undergo oxidative decomposition,’® emits natural
fluorescence at around 350nm when excited at around 280 nm. Physicochemical modifications of its
original structure such as those caused by ROS, involves the loss of its natural fluorescence.®* Hence,
the oxidation of tryptophan can be easily assessed by measuring the loss of its natural fluorescence
using fluorescence spectroscopy. For this purpose, the proteins are usually diluted at appropriate con-
centrations in organic solutions, distilled water, or specific buffers.3+2>% In food systems, the depletion
of tryptophan through spectrofluorometric measurements has been used as an indicator of oxidative
damage of whey proteins,’>% plasma proteins,3*% and myofibrillar proteins.”>3* A recent study evalu-
ated the oxidative stability of a processed meat product made of animal by-products (low-quality meat
and adipose tissue) by means of tryptophan depletion using fluorescence spectroscopy.”” The present
procedure is simple and fast and could be used as an interesting alternative for time-consuming tech-
niques. However, the method might require previous optimization when applied to a particular food
sample for the first time as the nature of the protein and environment influence the sensitivity of the
measurement, the quantum yield, and wavelength of maximum fluorescence emission of tryptophan.®*

Tryptophan Depletion

5.3.2.2 Assessment of Protein Oxidation Products
5.3.2.2.1 Quantification of Total Protein Carbonyls by the DNPH Method

The formation of carbonyl compounds from oxidatively modified amino acid side chains is one of
the most remarkable changes occurring during protein oxidation.”® The 2,4 dinitrophenylhydrazine
(DNPH) method enables a simple estimation of the total amount of protein carbonyls in biologi-
cal and food samples. This procedure is currently used as a routine method for the assessment of
protein oxidation in animal tissues such as skeletal muscle®®®® and liver,”>!% particularly animal
edible by-products such as beef heart surimi,'°192 other muscle and liver foods,>!%3 and most pro-
cessed animal-derived products.'%419> The method is based on the reaction between the DNPH with
protein carbonyl compounds to form a 2,4-dinitrophenyl (DNP) hydrazone product that displays a
maximum absorbance peak at around 370nm (Figure 5.1). The procedure involves a simultaneous
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FIGURE 5.1 Derivatization of protein carbonyls using DNPH.

determination of carbonyl derivatives and protein content of the sample.!’® The concentration of
DNP hydrazones is calculated by measuring reacted DNPH spectrophotometrically on the basis
of an absorption of 22,000M~! cm~! at 370nm. Concentration of protein is determined in a con-
trol sample (without added DNPH) at 280 nm using BSA as standard. Obtained results are usually
expressed as nmols DNP hydrazones per mg of protein. The original method!%® was developed for
analyzing oxidative stress in biological samples and has been subsequently employed with minor
modifications by food scientists. These modifications include treating the samples with a hydrochlo-
ric acid-acetone solution in order to remove potentially interfering chromophore substances (e.g.,
hemoglobin, myoglobin, retinoids)” and using high ionic strength buffers to facilitate the suspen-
sion of particular animal proteins such as myofibrillar proteins.33°

Whereas the simplicity and convenience of this assay make it a widespread procedure for assess-
ing protein oxidation, several drawbacks have been reported on this method. The total amount of
carbonyl compounds in animal tissues and complex food systems might not consistently reflect the
extent of protein oxidation. For example, certain oxidative modifications in proteins (i.e., oxidation
of aromatic amino acids) might not lead to the generation of carbonyl compounds and carbonyl
moieties can be present in proteins according to mechanisms that do not involve the oxidation of
amino acid residues.!®® Whereas the method is simple and requires ordinary laboratory resources,
it is relatively lengthy and numerous solutions and solvents are eventually employed. An optimized
DNPH-ELISA analysis recently proposed by Jongberg et al.' enables a higher sample throughput
for the detection and quantification of protein carbonyls in meat. According to another recent study,
the DNPH method might overestimate the amount of protein carbonyls by accounting lipid-derived
carbonyls from the samples.!'® This overestimation would be particularly problematical in animal
tissues with high fat content and comminuted meat products. However, performing additional wash-
ing steps with organic solvents might remove oxidized lipids and improve the consistency of the
results. The complexity of having an initial homogeneous protein suspension should also be consid-
ered a major drawback of this technique. An erroneous initial sampling from the protein suspension
would lead to eventual unexpected, unreliable results. Whenever more specific, reliable, and sensi-
tive methods are required for measuring protein carbonyls in food samples, advanced methodolo-
gies such as HPLC-MS should be employed.

5.3.2.2.2  Analysis of Specific Protein Semialdehydes by LC-ESI-MS

This advanced methodology has been recently adapted from medical research for the detection of
specific protein oxidation products, namely, o.-amino adipic semialdehyde and y-glutamic semi-
aldehyde (AAS and GGS, respectively) in food proteins using LC-ESI-MS.# AAS is an oxidative
deamination product of lysine, whereas GGS originates from arginine and proline residues (Figure
5.2). Both compounds have been reported as major carbonyl products of metal-catalyzed oxida-
tion of plasma and liver proteins.!'!1? In medical research, these semialdehydes have been used as
biomarkers of oxidative stress and indicators of serious age-related disorders such as Alzheimer’s
disease.!'® Several procedures have been reported for the analysis of AAS and GGS in biological
samples. They involve a preparative derivatization step using either NaBH, or fluoresceinamine
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(FINH,) followed by gas chromatography-mass spectrometry (GC-MS) or high-performance lig-
uid chromatography-diode-array detector (HPLC-DAD) analysis, respectively.!'!12 More recently,
Akagawa et al.!"* developed a novel derivatization procedure using p-aminobenzoic acid (ABA)
coupled to HPLC coupled to fluorescence detection (FLD). This derivatization procedure (Figure
5.2) provides some advantages as ABA-derivatized semialdehydes show great stability against
acidic hydrolysis and cold storage.” Three years later, Estévez et al.® first detected both AAS and
GGS semialdehydes in food proteins, namely myofibrillar, o-lactalbumin, soy proteins, and BSA
by using the ABA derivatization procedure coupled to HPLC-ESI-MS. In the aforementioned study,
AAS and GGS were positively identified by comparing their fragmentation patterns at MS? with
those displayed by the standard compounds. The results obtained by Estévez et al.® highlight the
suitability of using these semialdehydes as specific oxidation indicators in animal edible by-products
containing myofibrillar proteins (e.g., mechanically deboned meat, heart, stomach, or intestines),
o-lactalbumin (whey), and BSA (plasma). The study carried out by Armenteros et al.!'® shows the
suitability of using these semialdehydes as protein oxidation markers in a large variety of muscle
foods including those produced using edible by-products such as cooked sausages and liver paté.

Whereas the procedure enables an accurate detection of specific protein oxidation products,
complex and expensive equipments as well as highly qualified personnel are required. In addition,
the whole procedure involves such a long procedure that it usually takes between 24 and 36h to
obtain definitive MS results. Unsuitable to be used as a routine method, this technique should be
employed whenever the chemical insight into protein oxidation mechanisms is to be thoroughly
studied.

5.3.2.2.3 Detection of Protein Cross-Links

There are three methods of interest for the evaluation of protein cross-links in animal tissues and
related foods: (1) determination of disulfide bonds, (2) estimation of dityrosine formation, and (3)
assessment of the formation of cross-linked myosin heavy chains.

The procedure for the determination of disulfide bonds was originally described by Thannhauser
et al.'> and subsequently improved by Damodaran.!'® The method is based on the quantification
of 2-nitro-5-thiobenzoate (NTB) formed from the reaction of 2-nitro-5-thiosulfobenzoate (NTSB)
with disulfides in the presence of excess sodium sulfite. The amount of the chromophoric deriva-
tive is determined through the measurement of absorbance at 412nm and using a molar extinction
coefficient of 13,600 M~! cm~!. Following this method, Liu et al.”® have detected disulfide bonds in
myofibril proteins from chicken muscles.

Identification and quantification of dityrosine in muscle protein hydrolysates is usually carried
out by HPLC.!7 Some other approaches to the detection of dityrosines in meat samples involves
using spectrofluorometry, with 320 and 420nm being the excitation and emission wavelengths,
respectively.!®

Finally, the formation of protein cross-links can be assessed by the detection of cross-linked
myosin heavy chain through electrophoresis techniques. Sodium dodecyl sulfate polyacrylamide
gel electrophoresis (SDS-PAGE) of oxidized proteins show the appearance of a band corresponding
to molecular weight higher than 500kDa that have been identified as cross-linked myosin heavy
chain (CL-MHC) by mass spectrometry®® and usually attributed to the generation of disulfide
bonds.?® This technique has been applied for detecting protein cross-links in animal by-products
such as heart beef surimi.!"®
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6.1 GENERAL ASPECTS OF COLOR

The first impression that a consumer receives concerning a raw material or food product is estab-
lished visually, and among the properties observed are color, form, and surface characteristics. The
power of color for food is not in doubt. Color appearance, contrast, and differences of edible animal
by-products (EABP) and muscle-based foods (MBFs) can have a deep effect on an individual’s
moods and feelings, and food technologists can exploit these effects.

6.1.1 CoLOR ATTRIBUTES

Color is the main aspect that defines a food’s quality and a product may be rejected simply because
of its color, even before other properties, such as aroma, texture, and taste, can be evaluated [1]. All
edible animal by-products and MBFs have a number of visually perceived attributes that contribute
to their color and appearance as well as to their overall quality. According to Lozano [2], the appear-
ance can be divided in three different categories: color, cesia, and spatial properties or spatiality.

87
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Color is related to optical power spectral properties of the stimulus detected by observers [3]. Cesia
includes transparency, translucence, gloss, luster, haze, lightness, opacity, and matt and is related to
the properties of reflecting, transmitting, or diffusing light by foods evaluated by human observa-
tion. Spatial properties are divided into two main groups: (1) modes of appearance in which color is
modified depending on the angle of observation related to the light incidence angle, such as metal-
lic, pearlescent, or iridescent materials, and (2) modes of appearance related to optical properties of
surfaces or objects in which effects of ordered patterns (textures) or finishing characteristics of food
(as roughness, polish, etc.).

6.1.1.1 Appearance

The total appearance of an object consists of visual structure, surface texture, and distributions of
color, gloss, and translucency. It comprises the visual images within the observer. These images
are controlled by viewer-dependent variables and scene-dependent variables. The first consists of
the viewer’s individual visual characteristics, upbringing and preferences, and immediate environ-
ment. The second consists of the physics of the constituent materials and their temporal properties
combined with the way these are put together and the scene illumination providing light and shade
to define the volume and texture of the scene. The model considers the buildup of the appearance
image [3]. As regards the specific characteristics that contribute to the physical appearance of EABP
and MBFs, color is the quality that most influences consumer choice [4]. This is why the appearance
(optical properties, physical form, and presentation) of MBF at the sales point is of such importance
for the meat industry [5].

6.1.1.2 Color as Quality Parameter

Some of the edible animal by-products are constituted by lean and fatty tissues. Thus, most of the
considerations related to muscle color can applied to the lean tissues of EABP and MBF.

The relation between meat color and quality has been the subject of study since the 1950s, any
deviation (nonuniform or anomalous coloring) is unacceptable [6]. The color of fresh meat and asso-
ciated adipose tissue is, then, of great importance for its commercial acceptability, especially in the
case of beef and lamb [7] and in certain countries like the United States and Canada, and there have
been many studies to identify the factors controlling its stability. In poultry, the consumers of many
countries also associate the skin color with the way in which the animal was raised (intensive or
extensive) and fed (cereals, animal feed, etc.) [8]. There is little information related to MBF (cooked,
salted, or dry-cured) elaborated with EABP [1].

Color of foods greatly influences consumers’ preferences [9]. Color as quality factor on EABP
can be appreciated in different ways in different countries. Thus, bovine and chicken fat quality
affects consumers grading and the buyer’s price. For example, in the United States and Mexico,
chicken skin color plays a significant role in the acceptance of chicken [10,11]. In Spain, pinkness
fat in whole dry-cured meat products such as dry-cured ham affects consumer’s perception on this
type of products. Also yellowness in fat of dry-cured meat products is associated with extended
processing time [12]. Sensorial quality, especially color and appearance, of EABP or MBF can be
affected by internal and external factors. As an example, ostriches fed with carotene-rich diets yield
foie-grass-like color [13].

Food technologists have a special interest in the color of food for several reasons: first, because
of the need to maintain a uniform color throughout processing; second, to prevent any external
or internal agent from acting on the product during its processing, storage, and display; third, to
improve or optimize a product’s color and appearance; and, lastly, to bring the product’s color into
line with what the consumer expects [12].

In simple words, the color of EABP and MBFs is determined by the pigments present in them.
These can be classified into four types: biological (carotenes and hemopigments), which are accu-
mulated or synthesized in the organism ante mortem [5]; pigments produced as a result of damage
during manipulation or inadequate processing conditions; pigments produced postmortem (through
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enzymatic or nonenzymatic reactions) [14]; and, finally, those resulting from the addition of natural
(paprika, saffron, etc.) or artificial colorants [15].

The color also provides information about raw materials [16,17], processing technologies [18],
storage conditions, and shelf life [19] and defects [20]. As a quality parameter, color has been widely
studied at slaughter [21], in fresh meat [22-24], fat [25], liver [13], and cooked products [26,27],
while dry-cured meat products have received less attention [28,29] because in this type of product
color formation takes place during the different processing stages [18,29]. Recently, the interest on
the effect of functional ingredients in meat products has increased [30,31].

Color plays a fundamental role in the animal production sector, especially in meat production
(beef, lamb, and poultry, basically) [32,33]. Thus, in poultry the skin and meat color (to slaughter
house to retail points) in the market place have been well established. Ponsano and coworkers [32]
described that Rhodocyclus gelatinosus supplementation resulted in more yellow breast skin and
increased darkening and color purity of breast and thigh skins. Akiba and coworkers [34] reported
that poultry meat and poultry meat products can be modified by adding cell-wall-fractured yeast
Phaffia rhodozyma containing high concentrations of Astaxanthin (Ax). This natural colorant was
detected in edible meats and liver in the concentration range from 0.1 to 1.1 ug/g tissue, and the
concentration was mostly dependent on the dietary Ax concentration. These results show that the
cell-wall-fractured Phaffia yeast containing high concentrations of Ax can be a useful source of Ax
for the modification of meat color, thus meeting consumer preferences in relation to the qualities of
poultry meat. Bianchi and coworkers [35] found correlation between the skin and breast meat yel-
lowness. Lin and Hsu [36] reported that caponization can modify chicken skin color; thus, the breast
skin color parameters (L* and b*) are higher than in the intact birds. Related to redness (a*) capons
showed the lowest values. Also, consumers can evaluate beef fat as undesirableness if it has yellow
or dark color, excessive glossy, or lustrous [37].

In many countries, the color of bovine subcutaneous adipose tissue is associated with carcass
and meat quality. It can, as well, authenticate the dietary history [35]. Poultry sector is also affected
by color characteristics, according to Zhang and coworkers [38]. Skin color is used as indicator for
chicken sex.

Color can also be used as an important tool by the slaughter plant food inspectors. Trampel and
coworkers [39] determined that livers from full-fed birds were lighter in color than normal, and
consequently a significant number of chicken carcasses can be condemned for human consumption
because they are associated to higher hepatic lipid concentrations. Also, color can be used to char-
acterize postmortem changes in rabbit liver (Figure 6.1). However, few studies are available on the
color of EABP cuts and its MBFs.
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FIGURE 6.1 CIELAB color coordinates evolution during rabbit liver postmortem.
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6.2 COLOR MEASUREMENT

6.2.1 OBjecTIVE METHODS

The color of foods can be defined as the interaction of a light, an object, an observer, and the sur-
roundings of the food [40]. Recently, the International Commission on Illumination describes that
background can influence the appreciation of color.

Optical methods have the advantage of being nondestructive, fast, and inexpensive and are con-
sidered suitable for online measurement. The color of foods can be studied in two main ways: chem-
ically by analyzing the pigments present or physically by measuring the interaction of light. Color
necessarily requires a light source that illuminates an object, which, in turn, modifies the light and
reflects (or transmits) it to an observer. The observer senses the reflected light, and the combined
factors provide the stimulus that the brain converts into our perception of color, a property which
has three quantitatively definable dimensions: hue, chroma, and lightness [40].

Several methods are available for objectively measuring the color of foods, some of which
depend on the extraction of pigments from food products followed by spectrophotometric deter-
mination of pigment concentration [41,42]. However, since such pigment extraction methods are
time-consuming and tedious, some researchers have sought simpler methods of color measure-
ment. For example, several methods measure the light reflected from the surface of foods. There
are also tabulated coefficients of various objective values, which are correlated with panel scores
[43]. These objective values consist of numerous combinations of percentage reflectance values and
tristimulus values such as Hunter Lab, CIE XYZ, Munsell hue, chroma, and value or CIELAB [12].
The use of this color space was adopted as an internal standard. Thus in many countries the use of
this color space is related to quality control, using as illuminant D5 and 10° as standard observer
[43]. L* is a measure of lightness: 0 equals black and 100 equals white. High, positive values of
a* indicate redness and large, negative values indicate greenness, b* values indicate yellowness to
blueness. In Table 6.1, CIELAB color coordinates of different EABP used for dry-salting process
are showed.

Lindahl and coworkers [44] in a recent study reported that a* values explained more than 90%
of the variation in pigment content and form of pork muscles. Other study demonstrate that L* value
was the instrumental value most highly correlated with subjectively assessed color when this was
based on the Japanese Color Standards [45]. Fat quality can be also related with optical character-
istics [37].

Muscles are highly anisotropic optical materials owing to their structural organization and their
composition: from muscle to sarcomere filaments, the components are elongated and roughly par-
allel, forming bundles of conjunctive tissue and myofibrils with widely different intrinsic optical
properties [46]. This confers anisotropic optical properties. After slaughter, during rigor mortis and
aging, structural damage appears that changes optical anisotropy [47].

Light propagation within meat and meat products is strongly modulated by the corresponding
optical absorption and scattering properties of the product. Optical absorption depend on MBF
type: (1) meat, (2) offals, (3) muscle-based meat products with various chemical components such
as heme pigments (myoglobin and hemoglobin and its derivatives) [48], carotenes and added ingre-
dients to meat products (1) salt, (2) phosphates, (3) curing agents, (4) starch, and (5) dietary fibers
among others. Conversely, optical scattering properties of muscle are subjected to several effects:
structural properties such as sarcomere length and collagen content [49,50] influence optical prop-
erties. Thus, in dry-cured meat products optical properties change during processing as several
changes take place on the sarcomere [51].

6.2.1.1 Reflectance Measurements

The measured diffuse reflectance reflects photons that have survived absorption and been scat-
tered diffusely in meat and eventually escaped from the meat surface. Hence, the conventional
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TABLE 6.1
CIELAB Color Coordinates Evolution of Different Edible Animal
By-Products during Dry-Salting Processing

Edible Meat Cut Time (Weeks)  Lightness (L*)  Redness (a*)  Yellowness (b*)
Lung 1 48.06 25.93 11.36
2 49.45 11.65 11.89
3 51.50 8.57 12.61
Heart 1 37.40 10.52 4.54
2 33.63 7.35 2.63
3 30.64 3.69 -1.63
Liver 1 37.77 7.34 2.35
2 37.65 4.99 4.59
3 43.42 4.80 5.67
Tongue 1 37.44 15.58 5.56
2 36.85 6.61 2.24
3 37.69 3.97 3.76
Backfat (muscular tissue) 1 43.64 7.43 5.76
2 45.57 1.46 0.06
3 43.26 0.55 1.73
Backfat (fatty tissue) 1 73.64 2.43 2.76
2 76.14 1.36 4.78
3 75.60 0.46 6.15
Backfat skin 1 65.41 9.97 6.53
2 56.73 8.98 2.79
3 65.58 3.37 4.7
Blood 1 37.44 15.58 5.56

absorbance is the combined result of the absorbing and scattering effects and is different from the
derived absorption coefficient, which is independent of scattering. Absorbance cannot provide an
accurate absorption spectrum because the scattering effect is not excluded. Similarly, the scatter-
ing coefficients are independent of sample chemical compositions and are solely determined by
sample ultrastructure properties [52]. Dry-cured meat products color characteristics, has measured
by reflectance values, which consist of indices and/or differences of reflectance at different wave-
lengths [53].

Myoglobin present in EABP absorbs light in the ultraviolet region and through practically the
complete visible region of light [54]. Metmyoglobin (MMb), oxymyoglobin (OMb), nitrosomyo-
globin (NOMD), and deoxymyoglobin (DMb) have maximum absorbances (>400nm) at about 410,
418, 419, and 434 nm, respectively [55]. The absorbance band (AB) is typically much weaker at
higher wavelengths (500—600nm). Above 500nm, OMb and NOMb have absorption maxima both
at around 545 and 585nm [55]. The NOMb complex maintains myoglobin in ferrous state, but is
somewhat unstable and can be displaced and oxidized if stored with excess oxygen and light [56].

In adipose tissues, reflectance shows a minimum originated from the residual hemoglobin asso-
ciated with the presence of capillaries or with hemorrhage. Irie [37] reported that internal fat is
whiter, with less hemoglobin and with harder fat than subcutaneous fat. The hemoglobin derivatives
showed different ABs, and, thus, ABs for methemyoglobin (MetHb) were 406, 500, and 630 nm, for
oxyhemoglobin (OHb) were 418, 540-542, 516578, 950 nm, and for deoxyhemoglobin (DHb) were
430, 555, 760, and 910 nm.

Objective color measurements may refer to include several properties or various ratios or color
difference indices [40]. By summarizing all the reflected colors (wavelengths) and expressing them
as one color [57]. The color as consumer sees can generally be described in one or two words, which
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indicate the main color and its shade. However, color measurements whether descriptive or specific,
must be made as carefully as other measurements [40].

Correlation between visual assessment and instrumental color measurement of MBFs are not
very high, generally due to both technique and measurement conditions.

Rapid screening techniques to determine quality characteristics of meat are of great interest
for both industry and consumers. Reflectance measurements closely relates to what the eye and
brain see. This is a good method for examining the amount and chemical state of myoglobin in
meat in situ. This method is also able to provide a procedure for estimating the percentages of
myoglobin forms on the surface of meat. With this method, repeated measurements over time can
be made on the same sample. In addition, the procedure is rapid and relatively easy. Reflectance
measurements are affected by muscle structure, surface moisture, fat content, additives, and pig-
ment concentrations [58]. Also, tissue structures are associated with the light scattering properties
of meat. Several fat type colors can be described by its reflectance spectra. Thus, slight reddish
white adipose tissue had a similar percentage of reflectance around 700nm as the white adipose
tissue but had a lower percentage of reflectance at the other visible wavelengths. For the slight dark
white color, the reflectance minimum of DHb at 560 nm was characteristic. Yellow fats have lower
reflectance than white fat and differed in the shape of the spectra. The reflectance spectra of white
fat were low for the difference in the height between around 500 and 700 nm, but the spectra of
colored fat were high for that difference. By visual observation, the dark yellow fat seemed to have
more yellowness than the pink-yellow fat [59].

The increase in reflectance values of meat would be related with some factors as water-holding
capacity (WHC). Its diminution caused by the falling pH might cause the meat structure to close
up, driving out the intracellular water, hindering light penetration into the myofibrils, and increasing
light scattering. Feldhusen [60] reported that this effect upon reflectance values could be related to
the sarcoplasmic proteins denaturation and precipitation on the myofibrils, which result in increased
light scattering and less light penetration [61].

Reflectance spectra also were used to evaluate growth rates [62], detection of poultry feces and
ingesta [63], fecal contamination of chicken carcass [64], determine the use of nitrite in cooked
meat products as Bologna type, etc. Swatland [48] reported that the use of nitrite was associated
with lower reflectance at 400 and 410 nm, and with higher reflectance at 430 and 440nm and from
600 to 700 nm.

Reflectance values of different myoglobin states (deoxymyoglobin, metmyoglobin, and oxymyo-
globin) can be equal at several wavelengths (isobestic points). Thus by this method, myoglobin
forms can be quantified. Swatland [48] found also isobestic at 580nm in samples with/without use
of nitrites. According with Snyder [65] in beef, several isobestic points are found at 474, 525, 572,
and 610nm. All myoglobins states can be stated at 525nm in beef. This behavior was also found
in pork by Fernandez-Lépez and coworkers [66] and Navarro [67]. This author also found more
isobestic wavelengths for chicken meat and mechanically deboned poultry recovered (430, 440, 450,
460, 510, 560, 570, 610, 690nm) meat than beef and pork. In Figure 6.2 reflectance spectra of the
different myoglobin states of tuna “sangacho” (by-product from canned or dry-salted tuna process-
ing) can be observed. In sangacho tuna, dark muscle there are not differences in several wavelengths
between OMb and DMb myoglobin states reflectance spectra.

From a practical point of view, reflecto-spectrophotometry can be used as a method for the
assessment of meat discoloration and MMb accumulation on meat surfaces. Reflectance measures
may be excellent for describing appearance of meat color, but they offer very little information
about Mb redox chemistry at subsurface levels. Although qualitative and quantitative reflectance
data have been very useful in meat color chemistry and for providing insight into meat color prob-
lems, these data are not particularly useful for predicting or relating changes in Mb redox status,
muscle oxygen status, and muscle color stability.

Liu and coworkers [68] found that intensities of two visible bands at 445 and 560 nm increase
with the storage temperature and these wavelengths, possibly indicating a color change due to frozen



Color Measurements on Edible Animal By-Products and Muscle-Based Foods 93

45

40 7—/—— Mmb -#- DMb — OMb |
35 /“.
30 »

2 y
20 /

15

% reflectance

10 4
5

0 rr1rrrrrrrrrrrrrrrrrrrrrrr1r1rr1 1 1 1 1 1 1T 1T T 17T
O O O VD O O D OV O O O OV O O D OO O
FFTE T EERFETTHFECRFTSFTEFEF S Y

Wavelength (nm)

FIGURE 6.2 Reflectance spectra (360-740nm) of different myoglobin states (OMb: oxymyoglobin; DMb:
Deoxymyoglobin; MMb: Metmyoglobin) of tuna “sangacho” (dark muscle (Thynnus Thynnus)).

storage. The reduction of spectral intensities, probably indicate water loss and compositional altera-
tions during the freeze—thaw process as well as the tenderization development in muscle storage.
Chao and coworkers [69] determined that reflectance spectra, in the range of 400-867 nm, can be
used for veterinarians to select wholesome and unwholesome carcass.

Perez-Alvarez and Fernandez-Lopez [1] reported that most additives and ingredients added to
MBF do not modify the spectral form, but only modify its height.

Irie [37] reported that the main factors affecting bovine fat appearance are carotene concentra-
tion and hemoglobin concentration affecting on the yellowness and redness, respectively. Also the
chemical state of hemoglobin and the translucency of fat affected the color and % reflectance or
darkness of beef fat.

6.2.1.2 Near Infrared NIR Analysis

Near infrared (NIR) technology provides complete information about the molecular bonds and
chemical constituents in a sample scanned. Optical devices coupled to computers offer potentially
very fast data acquisition that may permit decision making on meat eating quality albeit from
a selected small surface area only [70].

Near-infrared reflectance (NIR) spectroscopy can be useful for quality control. This technique
can predict chemical composition of poultry meat and possibly some dietary treatments applied
to the chicken [71]. Recent studies have therefore concentrated on looking for the application of
this technique [72]. There is substantial interest to use NIR online to predict chemical parameters
in the meat industry and to augment existing on video image scanning and analysis technology
(VISA) systems [73]. New VISA systems [74] provide a noninvasive method operating at normal
abattoir chain speeds and enable automatic acquisition of data on carcasses from the side and back
view. However, these systems cannot classify on the basis of meat quality and need therefore to be
augmented with other suitable systems to measure meat eating quality traits. Post rigor drip loss
and WHC during storage can be predicted adequately by NIRS, also determine WHC specifically,
rather than the occurrence of PSE, using techniques such as NIR spectroscopy [75].

The USDA Agricultural Research Service has developed a method and a hyperspectral imag-
ing system to detect feces (from duodenum, ceca, and colon) and ingesta on poultry carcasses. The
method first involves the use of multivariate data analysis on visible/near-infrared (Vis/NIR) reflec-
tance spectra of fecal and uncontaminated skin samples for classification of contaminants [63].

Myoglobin contents vary with species and with fiber-type composition within specific specie.
However, some authors [76] have found evidence for the possibility of estimating myoglobin in meat
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samples using the visible region (400—-800nm) of the spectra. This would be feasible due to the dif-
ferent forms of myoglobin in the meat samples (oxymyoglobin, deoxymyoglobin, and metmyoglo-
bin), thus giving rise to different colors (bright red, purple, and brown, respectively).

6.2.1.2.1 Near-Infrared Tissue Oximetry Analysis

Currently available meat color measurement techniques such as reflectance colorimetry and spec-
trophotometric methods are limited to surface measurements of meat color because of the inability
of visible light to penetrate the meat surface.

NIR tissue oximetry has a potential as a noninvasive, rapid method for the assessment of meat
color traits and may help to improve the meat color chemistry understanding. Thus, interactions
between light and muscle pigments in meat allow the use of frequency-domain multidistance
(FDMD) NIR tissue oximetry. FDMD NIR tissue oximeter penetrates several centimeters below
the meat surface, and its ability to determine the oxygen-dependent absorption of Mb and Hb.
[77,78]. Wavelengths of the NIR lights are differentially absorbed by the oxygenated and deoxygen-
ated forms of Hb [43,79]. Hb and Mb have similar NIR absorption and given that because there
are minimal amounts of Hb in well-bled animal tissues, it is possible to distinguish DMb, OMb,
and MMb. Mohan et al. [79] reported that fiber orientation and Mb redox form affected NIR tissue
oximetry (FDMD) data in postrigor muscle, allowing the direct measure of absolute concentrations
of hemoglobin (Hb) and Mb oxygen saturation in skeletal muscle and brain tissue. Also, NIR tissue
oximeter is based on the relative tissue transparency in the NIR region and on the O, dependent
absorption changes of Mb. The FDMD spectrophotometer permits the calculation of absolute con-
centrations of OMb and DMb (UM) using dynamic calculation of the reduced scattering coefficient.
The disadvantage is that it is not possible to distinguish between Hb and Mb (both have nearly iden-
tical spectral characteristics). The absorption changes at the discrete wavelengths were converted
into concentrations of OMb and DMb.

6.2.1.3 Digital Image Analysis

As mentioned above, visual properties are key factors for consumer acceptance. Visual inspection is
often used, but it is highly subjective and is not appropriate for industrial settings. Different optical
and imaging techniques have recently been developed [80].

The digital image analysis has several advantages: (1) nonstop working, (2) works at high speed,
(3) amplifies the images, and (4) avoids human inspector failures by distraction or fatigue. The arti-
ficial intelligence does not see in the same way as the human beings. Cameras are different from the
optics of the human eye: whereas the man sees as a whole, the computer has to see the pixels of the
image one by one, and then built up the information [81].

Macro and microscopic research in EABP or MBFs needs simple technologies that allow char-
acterizing the performance of ingredients or additives and changes during processing and shelf life.
Therefore, digital image analysis technology can give good results to determine food appearance.
The analysis of this property cannot be determined with colorimeters. These equipments cannot
analyze the high variability and complexity of color distribution in many MBFs [82].

The development of computer-assisted vision grading systems, the changes in skin and meat
color during and after processing have become important, based on calibrations and assessment val-
ues based on color. Thus color values for both skin and meat were studied. Both changed dramati-
cally within the first 6h postmortem, after which the changes were less pronounced. Also scalding
process can be evaluated by VA; thus, the skin from semiscalded birds showed fewer changes than
the skin from subscalded birds [83].

6.2.1.4 Photon Migration Techniques

Photon migration techniques (PMT) using visible to near infrared wavelengths have found wide-
spread applications in the analysis of different material structures [84]. When light propagates in a
turbid media, it is absorbed and randomly scattered. Eventually, some light escapes from the sample
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surface and is measured as the optical reflectance. Those scattered photons carry vital information
about optical properties of the media, which can be derived from reflectance measurements based
on light transportation theories. Thus, the continuous time random walk (CTRW) theory [85] has
been used to study the complicated process of light transportation in scattering media. This theory
has been successfully applied in various anisotropic tissue structures such as the skin [86]. PMT
have these advantages: (1) it is simple to implement, (2) the results have good immunity to light
incident angle, (3) reflectance profile is not affected by the incident light intensity, and (4) no sample
preparation is required during the measurements. With these advantages PMT can provide a real-
time quality control and assurance device for products having fibrous structure in an industrial
setting.

6.3 ADDITIVES AND PROCESSING OF EDIBLE ANIMAL BY-PRODUCTS

6.3.1 CoLor AND FOOD ENGINEERING

Descriptions of color in EABP an MBFs differ, depending on whether chemical, biochemical, sen-
sorial or technological aspects are foremost in the observer’s mind. Most studies have been directed
to evaluate the effects of processing and shelf life on meat color and the effect of incorporating func-
tional ingredients is gaining interest (Figure 6.3). For functional meat products to be successfully
commercialized, they must be healthy, safe, and appetizing. This last characteristic is related with
the external appearance of the product, to which cesia and color both contribute [81].

6.3.1.1 Technological Aspects

Meat-based foods (MBFs), in general, and meat products elaborated with offal and other edible ani-
mal by-products can be considered as multicomponent and, frequently, multiphase systems. Certain
added ingredients (water, etc.) or components of the meat (e.g., fat) may undergo phase changes due
to the temperature and pressure changes associated with processing. The color of meat products is
generally developed in one or more stages of the manufacturing process (salting, smoking, marinat-
ing, drying, curing, etc.). Frequently, color development during processing can serve as an objective
quality criterion.

The diversity and complexity of MBFs imply dramatic color effects on derived products, for
example, (1) the relative amounts of different tissues (muscular adipose and connective), (2) the type
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FIGURE 6.3 Redness (a*) evolution during the shelflife of a Spanish blood sausage “botifarré” added with
citrus dietary fiber.
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and concentration of meat and nonmeat ingredients, (3) technological treatments, and (4) changes in
the MBFs ultrastructure resulting from treatment.

Regarding the percentage of the different tissues used, the relation between muscle, conjunctive
or adipose tissues, and the percentage of blood or viscera have a dramatic effect on color. Among
nonmeat ingredients, salt, particularly, affects the final color of MBFs. The individual incorporation
of curing agents even at different concentrations is not involved in generating the color associated
with cured MBFs, for which it is necessary to add salt and nitrites jointly. Insofar as paprika (the
most commonly used in MBFs) is concerned, the color of the MBFs (both during processing and
shelf life) will depend on the content and stability of paprika carotenes.

A great variety of technological treatments are possible in the case of MBFs, ranging from
the conventional (salting, cooking, smoking, or drying) to the new technologies (high pressures,
lyophilization, etc.). The color of MBFs can be studied from different points of view: (1) physical,
(2) chemical, (3) ultrastructural, and (4) microbiological.

From a physical standpoint, EABP and MBFs can be considered as opaque solids that disperse,
reflect or transmit light, a property that results from the interaction of light with the macro and
microscopic structure of the MP. Chemically, the property is related with the concentration and
state of the pigments present in meat and meat products, whether of heminic origin (myoglobin,
hemoglobin, and citochromes) or in carotenoid form (carotene and xanthophylls). The influence of
ultrastructure is one of the most recent areas of interest and study. The changes that take place at
macro and microscopic level strongly affect the color of MBFs, i.e., changes linked to the change
from sol to gel in dry-cured MPs, the effect of phosphates and salt on the water holding capacity
or even the inclusion of air in a meat emulsion can notably affect the color of the product. Lastly,
microbiology plays a primordial role in the formation and stabilization of color, particularly in dry-
cured products. However, microbiota can also harm MP color through generating substances that
alter the stability of the nitrosated pigments, reducing their shelf life.

6.3.2 ADDITIVES AND PROCESSING

Meat color is closely related to its pH [87]. The state of the pigment is affected by the meat pH,
and the reaction of the heme with other reactants such as oxygen on their effect on the state of
the heme iron [88]. Faustman and coworkers [24] reported that the rate of autoxidation of OMb
increases rapidly with increasing hydrogen ion concentration. From a technological point of view,
the additives usually used in meat processing modify the myoglobin forms, especially producing
metmyoglobin, and other factors (endogenous reductor muscle factors) take place to enhance final
meat color.

6.3.2.1 Additives

To understand the color of MBFs, it is necessary to study the mobility of water in the product
and its ultrastructure. Both criteria will enable the shelf life of the products to be ascertained.
Understanding the fundamental aspects of treatments applied to meat products will contribute to
the formation and stabilization of their color.

Color behavior in cured meat products (dry or cooked) is very different in relation to fresh meat
products (without nitrite), because the presence of nitrite provokes the formation of other myoglobin
states (nitrousmyoglobin, nitrousmetmyoglobin, etc.) that masks the effect of these additives on
color. However, additives may also cause color problems in meat products since both may alter the
behavior of proteins such as myoglobin [61]. In the dry-cured sausages formulated with EABP (ears,
tails, snouts, blood, etc.) added with paprika (“Botillo del Bierzo,” “onion chorizo,” or “Galician
Morcilla”), this spice masks reflectance meat spectra [15] and only paprika reflectance spectra can
be observed (Figure 6.4). Also similar behavior is observed on color between paprika discoloration
and dry-cured sausages paprika added [61].
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FIGURE 6.4 Reflectance spectra (400-700nm) of a dry-cured meat product containing edible animal
by-products (EABP) added with different paprika concentrations.

6.3.2.1.1 Salt

Salt as main ingredient for muscle-based products plays many important roles, one of them being
color. All myoglobin states differed with the addition of different salt concentrations. Thus, the
addition of salt to the meat favored MMb formation and decreased the proportion of OMb and
DMb, due to its ability to oxidize the ferrous state of the heme group to the ferric state (MMb) [22].
According to the values reported by Ferndndez-L6pez and coworkers [66] in a study of the color
parameters of the pure states of Mb in pork meat, the increase in MMb after salt addition is accom-
panied by the increase in L* values and decrease in a* values. Ferndndez-L6pez and coworkers [58]
suggest that the meat color with added salt depends more on changes in the meat structure and free
water content, together with their interaction with light, than the Mb state in the meat. Some other
findings about the influence of sodium chloride and tripolyphosphate indicated that the addition of
latter additive did not modify redness (a*), yellowness (b*), chroma (C*), or hue (4°), but stabilized
the percentage of oxymyoglobin. A decrease in pH and the addition of sodium chloride or sodium
tripolyphosphate led to an increase in the metmyoglobin percentage.

6.3.2.2 Processing
Studying color formation mechanisms in MBFs during their manufacture is a complicated task
because of the great variety of interactions that take place (physical, chemical, biochemical, enzy-
matic, and microbiological). In addition, the manufacturing processes are diverse and have very
different effects on the muscle-based matrix and, therefore, on color. For example, smoking can
be studied not only from a drying point of view but also as Maillard reaction induces through the
interaction between aldehydes and ketones present in smoke and the amino acids in the MBFs [89].
Regarding the drying process in dry-salted and dry-cured meat products, dehydration leads the
water to migrate along a concentration gradient from the inside to the outside of the product, thus
creating objective color differences in wide diameter products (>55mm diameter). These differ-
ences are visible to the human eye since the most external zones tend to have a more intense color
than the inner parts. To optimize the drying process from a color point of view, the kinetic of the
movement of water outward the product should be studied, and the gradients formed analyzed.
Such studies are in the early stages and face the difficulty of studying water diffusion and its rela-
tion with color since both engineering aspects, as well as product microstructure must be consid-
ered. Microstructure of the food plays an important role in the color components of the final meat
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product, particularly the yellow-blue coordinate (b*). However, the instrumental study of color is
complicated since it requires a wide surface for the measurements to be made while the ultrastruc-
ture presents no such “wide” surface.

Technological processing leaves “fingerprints” and the spectrum can be used to quantify the
degree to which the MBF color is altered by such processes. However, upon reflectance spectra,
other aspects have to be considered in the spectrum such as the nature of the surface (smooth, rouge)
or the particles (nonmeat ingredients) or molecules dispersed or dissolved in the aqueous phase (salt,
phosphates, etc.).

The study of how technological processes influence the color of MPs is fundamental for determin-
ing the mechanisms that control this physical property. For this reason, it is important to determine
which color components are modified during processing and which ingredients/conditions are most
favorable for maintaining a product’s color.

From a technological point of view, the breakdown of the tissues by mincing facilitates the exit
of the liquid remaining in the muscle tissue and intracellular space and is accompanied by soluble
proteins such as myoglobin. Such modification of the muscle structure by mincing should influence
how color develops in the final meat products. Thus, it is very important to know the time that the
fatty tissue was cut (optical properties changes after cutting). Immediately after cutting adipose tis-
sue had reflectance minima at about 430 and 555 nm showing DHb. But 1 h after cutting, the reflec-
tance minima changed to about 420, 540, and 580nm, characteristics of oxy-hemoglobin. When
this tissue is analyzed 3 days after cutting, the spectra show slight reflectance minima at 640nm
characteristics of met-hemoglobin. When the adipose tissue is stored for large periods and then is
minced to elaborate meat products, oxidized state of hemoglobin can be a catalyst of oxidation reac-
tions. These oxidation reactions can modify meat product color [46].

On the other hand, the incorporation of air by the action of mincing should also be taken into
account, since this increases L*, a greater scattering of light being caused by the air bubbles trapped
in the meat batter (cooked or dry-cured) [89].

In a study of the color parameters in different primary meat products, Perez-Alvarez and
coworkers [17] reported that the concentration of Mb is not an influential factor for this coordinate.
Johansson and coworkers [90] reported that the yellowness coordinate in fresh meat increased with
more oxymyoglobin (OMb). Fernandez-Lépez [91] reported that both oxidation and Mb oxygen-
ation affect the b* values, by increasing them. Mincing destroys muscle structure, liberating the
sarcoplasmic proteins, among them Mb. The mincing process per se facilitate the incorporation of
air and the consequent formation of OMb, which contribute to the increase in b* values [29]. When
adipose tissue is grinded whiteness increase and may be useful for sausage production. But the
cooking process can reduce L* values as pork dewlap is scalded during paté elaboration processing.
When meat rich in connective tissues are added in MBF products, lightness increased. When this
collagen is heat treated, gelatin is produced and jellifies. This phenomena increases L* by increasing
light reflection.

In all MBEF, fat characteristics are very important for textural and technological properties
[86,92]. Fat hardness o softness can modify MBF product color by the oxidization of heme pigments
through oxygen permeability [59].
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7.1 INTRODUCTION

In different countries, by tradition and culture, people eat meat of different species of animals and
subsequently also different parts of the carcass that are not skeletal muscles or fatty (adipose) tissue.
The latter are the by-products. In general, the expression “by-products” describes all parts, edible
or inedible for human beings, but it varies which of the by-products are considered as edible [1].
Another expression of these parts of a carcass is “offal.” By offal those parts of the carcass are meant
that “fall of the butcher’s block™ [2]. The expression is used for inedible by-products. Regarded as
inedible for all human beings are mineralized bones. Since the BSE crisis in most parts of the world,
brains of grown up cattle and sheep have been taken away from the plate of consumers. In gener-
alization, today, often brains of all species are regarded as inedible by-products. Nevertheless, the
composition of brains of some species will be addressed in this chapter. Furthermore, blood, skin,
and sexual organs of animals are often regarded by many consumers as offal. Due to the refusal
of people to accept some by-products as edible, the compositional data of these “offal” are not
mentioned in most data books and databanks. Literature data of these “offal” are also incomplete.
Reported are only data of protein or fat, sometimes minerals and residues like hormones. These
studies do not permit to list even the main constituents and to calculate energy values. Thus, only
those by-products of the species mentioned in Table 7.1 are addressed in this chapter.

The decision about compiling the data for composition of the products in Table 7.1 was made
after 11 data books and their relevant data banks—if the latter ones were accessible without fees—
have been consulted [3—13]. Access to the data books and data banks is obtained easily via www.
fao.org/infoods/directory-en.stm. After the data had been collected, the observation was made
that the compositional data of major and minor constituents of by-products within the same species
differed considerably between the sources. Even wider, the data of prepared (heated) by-products
differed. Furthermore, the composition of heated by-products were not reported in all cases. Hence,
it was decided to compile only the data of raw material.
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TABLE 7.1
Addressed Compositional and Caloric Data of the Edible Animal
By-Products and Species

By-Product Porcine  Bovine Small Bovine  Chicken Lamb/Sheep  Other Species

Blood
Liver
Heart
Tongue
Kidney
Spleen

X Duck

Fo T B B B -
LT T B B

Lung

L T - T

Tripe
Chitterlings
Stomach

tal

Thymus X X
Pancreas X X

Lard

Tallow

Suet

Calf fat X

Cow udder X

Skin
Brain
Ear
Feet
Giblets/gizzard X

HooX oM X
>
P

The most likely reason for the discrepancies in the analytical data is that the raw materials used
were from animals of different breeds, gender, age, and feeding regimes. Differences of analytical
methods with macro constituents may exist; but they will not lead to differences of 100% and more,
e.g., in the fat content of bovine liver. These differences in the concentrations of macro constituents
were also observed in minor constituents with the data of minerals and vitamins. It is interesting
to note that in some minor components of the by-products the values of concentrations differed
considerably, in other minor constituents the variation was rather small. In Table 7.2, values of 11
data books for bovine liver with regard to sodium, potassium, vitamin A, and vitamin B2 content
are presented. I chose a by-product which is most often analyzed. The values of sodium varied
from 65 to 116 mg Na/100g, i.e., a factor of 1.8, the concentrations of potassium ranged from 230
to 330mg/100g, i.e., a 30% difference. Vitamin A ranged from 5100 pug RE/100g to 22,000 ug
RE/100g, a factor of more than 4. The reason in this case may be that the figures were reported in
different units (ug RE resp. IE), which the authors of the source did not take into account. With
vitamin B2 the variation was between 2-3 (mean 2.5) and 4.2mg/100 g, a difference of 40%.

As the author of this chapter I had to come to a decision which data I should use for the tables, the
calculations, and discussions of composition and calories. In a handbook of analysis and within the
subheading of “nutritional quality,” I decided to analyze the nutritional composition in comparison
of species and by-products in major and minor constituents and in relation to meat cuts. The choice
in presentation was either presenting the range or a “mean” value. For calculations of energy, a
mean value was needed in any case. After the compilation of the individually reported data of each
by-product, species, and constituent I considered which the most likely concentration or range of
the constituents would be. I decided to present one value only. A range would have not given any
valuable further information except the large variation in data books. In some cases I chose the
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TABLE 7.2
Values of Sodium, Potassium, Vitamin A and Vitamin B2
in Bovine Liver according to Handbooks

Sodium Potassium Vitamin A2 Vitamin B2
Reference (mg/100g) (mg/100g) (ng RE/100g)  (mg/100g)
[1] 81-136 281-320 3,700-32,000 2.8-3.3
[3] 115 290 15,000 2.9
[4] 115 330 18,000 2.9
[5] 15,300 2-3
[6] 81 320 5,100 3.1
[7] 96 325 10,000 2.9
[8] 116 292 6,000 2.9
[9] 81 320 16,500 3.1
[10] 65 300 22,000 3.0
[11] 82 285 14,200 4.2
[12] 73 323 10,500 2.8
[13] — — 10,800 3.0

4 g RE means pg retinol equivalent.

arithmetic mean, in some the median (50%) value. In a few cases I decided for smaller or bigger
values of concentration than mean or median. In any case it is the personal decision as the author
of this chapter which values appear in the tables. Most of the constituents will also be addressed
in other chapters and most likely there the analytical methods of determination will be described.
Thus, I decided not to go into the topic of chemical analysis.

Together with the major constituents and calories also the fatty acid groups and cholesterol are
listed in Table 7.3. Tables with the concentrations of minerals and vitamins will follow.

7.2 COMPARING OF COMPOSITION OF MEAT AND ANIMAL BY-PRODUCTS

In foods, the contents of protein, fat, and degradable carbohydrates (monosaccharides or their mul-
tiples) have to be taken into account for the calculation of nutritional energy. The energy values are
presented in Table 7.4. They are expressed in this table in kcal and kJ/100 g. Later on, only the more
common calculation in kcal (1 kcal = 4.2kJ) is used.

In meat (derived from skeletal muscles and adjacent fat) and fatty tissue, only protein and fat
add to the energy content. In muscles of living animal, a polysaccharide made of glucose units,
glycogen, may be stored up to 1.2% of the weight of the muscle. Rather minor concentrations of
glucose and other monosaccharides exist in muscles of live animals [4]. In the postmortal anaero-
bic glycogenolysis, the glycogen is metabolized to lactic acid resp. lactate with different velocities
depending on species and stress before and within the slaughter process [14]. With the lactic acid
formation the pH falls. For instance, in stress susceptible pigs the final pH value of around 5.5
may be reached within 60 min. In grown-up cattle, it may take up to 36 h until the glycogenolysis
finishes. Lactic acid normally lowers the pH value of muscular cells from about 7.0 in the live ani-
mal to 5.4-5.8 as the ultimate value. Animals that are stressed antemortem for a longer period of
time get partially depleted of glycogen [15]. The postmortal pH fall is then lower and ends usually
above 6.0 up to 6.8. The metabolic pathway of glycogenolysis involves more than a dozen enzymes,
which with falling pH slow down in their velocity or even lose their activity. Thus, between 0.2 and
0.5 g carbohydrates (glycogen and glucose derivatives)/100 g remain in the meat. Around 0.2-1.0g
lactic acid/100g will be formed. Calculating the nutritional energy of both carbohydrates and
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TABLE 7.3
Selected Ingredients of By-Products

Main constituents
Protein
Fat

Elements or accompanying constituents
of main compounds
Fatty acids (SFA, MUFA, PUFA)?

Cholesterol
Minerals Vitamins

Macroelements A
Sodium (Na) Bl
Potassium (K) B2
Magnesium (Mg) Niacin
Calcium (Ca) B6
Phosphorous (P), presented as phosphate (HPO,>") Folate

Trace elements Pantothenate
Iron (Fe) B12
Zinc (Zn) C
Selenium (Se) D
Copper (Cu) E
Todine (I) H

K

Manganese (Mn)

2 SFA, saturated fatty acid; MUFA, monounsaturated fatty acid; PUFA,
polyunsaturated fatty acid.

TABLE 7.4
Range of Main Constituents and the Calculated Nutritional Energy
in Meat of Skeletal Muscles at 48h Postmortem

Energy [18] Concentration  Nutritional Energy  Nutritional Energy

Constituents (kcal/k)) (g/100g) Range (kcal/100g) Range (kJ/100g)
Protein 4/17 15-23 60-92 255-391

Fat 9/37 1-30 9-270 37-1110
Carbohydrates 4/17 0.5-1.5 2-6 8-25
Lactic acid 3.6/15 0.2-1.0 0.7-3.6 3-15

Sum (range) 100-300 420-1260

lactic acid, a maximum of 6kcal/100 g can be provided (Table 7.4). The leanest cuts of meat (<2%
fat) deliver about 100kcal nutritional/100 g. The overall mean of meat cuts of all common meat
species contains about 20% protein and 10% fat [16]. This adds up to about 170kcal/100 g, thus,
the 6kcal/100g by carbohydrates and lactic acid can be neglected in meat. In fatty tissue, this
energy calculation is even more applicable as the carbohydrate concentration is much lower than in
muscular tissue [4] and no pH fall occurs [14]. Furthermore, in fatty tissues no postmortem energy
delivering metabolism occurs from fat or fatty acids, as oxygen is needed for energy metabolizing
breakdown, which does not exist in sufficient concentrations after death. In the usual time between
slaughter and final consumption no fat metabolism occurs in meat of farm animals [17].
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TABLE 7.5

Composition of a Bovine Muscle per 100 g Raw Material

Main Constituents Unit Beef Topside
Protein g 20.7
Fat g 4.5
Energy kcal 122

Elements or accompanying constituents
of main compounds

Saturated fatty acids g 1.9
Monounsaturated fatty acids g 2.0
Polyunsaturated fatty acids g 0.15
Cholesterol mg 50
Minerals
Macroelements
Sodium (Na) mg 65
Potassium (K) mg 360
Magnesium (Mg) mg 25
Calcium (Ca) mg 6
Phosphorous (P) as phosphate mg 205
Trace elements
Iron (Fe) mg 2.4
Zinc (Zn) mg 3.7
Selenium (Se) ug 7
Copper (Cu) mg 0.1
ITodine (I) ug 3
Manganese (Mn) ug 11
Vitamins
A ug RE 5
B1 mg 0.05
B2 mg 0.1
Niacin mg 4.7
B6 mg 0.35
Folate ug 9
Pantothenate mg 1
BI2 ug 2
C mg <1
D ug tr
E ug 0.5
H ug 5
K ug 15

Source: Souci, S.W. et al., Der kleine SFK, Lebensmitteltabelle fiir die Praxis,
3rd edn., Wiss. Verlagsgesellschaft, Stuttgart, Germany, 2004.

Most by-products differ in the postmortem metabolism from muscular tissue. Only muscle-like
by-products like heart or tongue show some pH fall, usually smaller than in skeletal muscles. Other
by-products like liver do not metabolize the main constituents. If carbohydrates are stored in higher
concentrations, then they remain unchanged and they will add to the energy calculation.

As a reference and in comparison to the composition of by-products, Table 7.5 shows the com-
position of a bovine muscle (topside), which is a rather lean cut of bovine carcasses. It contains
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FIGURE 7.1 Cholesterol and fat content in different edible animal by-products.

20.7% protein and 4.5% fat. The carbohydrate/lactic acid contents are not mentioned due to their
low values. But it should be emphasized that the sum of fatty acids in the fat is 4.05 g equivalent to
90% of the fat content as the glycerol moiety of the fat has a weight share of close to 10% of the fat
weight. This calculation assumes that the triacylglycerols in fat of meat and also in animal by-products
consists of 3 fatty acids with chain length of 16 or 18 C-atoms. For phospholipids the fatty acid
weight share is even lower with 75%—-90% of the fat value. But due to the low fat content of most
by-products, the use of 0.9 for the fatty acid part of fat does not cause a big error. The concentrations
of the saturated fatty acids group in the topside meat is slightly lower than the sum of monounsatu-
rated fatty acids. The polyunsaturated fatty acids add up to small values (<5% of total fatty acids).

For meat cuts from skeletal muscle including the ones with adjacent fat and fatty tissue, the cho-
lesterol content is in the range of beef topside. It ranges for lean to fat meat cuts from 45 to 70 mg
cholesterol/100 g raw material (Figure 7.1). In unprocessed by-products cholesterol concentrations
are always above this range.

The macro mineral concentrations in all lean meat cuts are high in potassium and phosphorus,
low in sodium, calcium, and magnesium. With trace elements, there is none very high or low in
meat cuts. The exceptions are iron and zinc content, which rise with the red color of the meat. The
same as for minerals also applies to vitamins in meat, again with a few exceptions.

7.3 RECOMMENDED DAILY ALLOWANCES ACCORDING
TO GUIDELINE 90/496 EEC AND D-A-CH (2002)

As a further reference the recommended daily allowances (RDA) are presented in Table 7.6. The values
given there indicates that those amounts should be eaten regularly. Eating more in the range of two- to
threefold does not cause any health problems [5]. Taking up only half of the daily recommended values
may lead, in the long run, to deficiencies and maybe health problems. It must be realized, however, that
some of the nutrients can be stored for some time. Others are excreted or used up in the body rather fast. For
instance, calcium and phosphate are bound in bones and teeth and exhibit a half-life in the body of years;
potassium and sodium are excreted via urine and perspiration within days or a few weeks. The fat soluble
vitamins (A, D, E, and B12) are stored for months and years, vitamin C, however, only for a few days [19].

7.4 LOSSES OF CONSTITUENTS ON PREPARATION

The amounts of RDA values are related to the intake. This means as by-products are heated before
consumption that the concentrations of many constituents are lower than they are reported in the
data books and banks. The data of constituents in Tables 7.5 as well as 7.7 through 7.9 are those of
raw materials. Minerals like potassium will be lost by cooking with the cookout, which may amount



Composition and Calories 111

TABLE 7.6

Recommended Daily Allowances (RDA) according to References [17,20]

Nutrient Unit RDA Male  RDA Female Nutrient Unit RDA Male RDA Female

Energy kcal 2500 2000

Protein g 60 50

Fat g 90 70

Fatty acids % of total fatty acids
SFA? “ <35 <35
MUFA «“ <50 >50
PUFA « >15 >15

Cholesterol mg 300 300

Minerals Vitamins

Macroelements A ug RE 1000 800
Na mg 550 500 Bl mg 1.2 1.0
K mg 2000 2000 B2 mg 1.4 1.2
Mg mg 350 300 Niacin mg 16 13
Ca mg 1000 1000 B6 mg 1.5 1.2
Phosphate mg 700 700 Folate ug 400 400

Trace elements Pantothenate mg 6 6
Fe mg 10 15 B12 ug 3 3
Zn mg 10 7 C mg 70 70
Se ug 50 50 D ug 5 5
Cu mg 1.2 1.2 E mg 14 12
I ug 200 150 H ug 40 40
Mn ug 3000 3000 K ug 70 60

2 SFA, saturated fatty acid; MUFA, monounsaturated fatty acid; PUFA, polyunsaturated fatty acid.

to more than 30% of the raw weight. Sodium, on the other hand, is added to food during prepara-
tion and/or on the plate. Cations with 2 or 3 positive charges are lost in smaller amounts as they
are bound to protein side chains. Vitamins are lost, on the one hand, with the cookout and, on the
other hand, are inactivated/degraded by the heat. Losses of 10% to >50% are possible, depending
on the process of preparation [4]. As the loss on preparation varies widely with vitamins, a direct
calculation of intake from of the contents of raw materials and RDA values must be done with care.

Comparing Tables 7.5 and 7.6, it shows quite a difference of nutrients in meat/100g and RDA
values. For instance, a portion of 100 g raw meat provides 30% (for male) and 40% (for female) of
protein requested in the RDA values, fat in 100 g topside adds up to 5%—6% of the RDA values
only, and cholesterol in 100 g topside amounts to 17% of the RDA value. We can assume of the just
mentioned ingredients that on cooking low amounts are lost and the amount in g/mg is present after
preparation. It is different with the following constituents. Raw meat that weighs 100g contains
only 11% of the RDA of sodium. Prepared on the plate ready for consumption, 1% salt, i.e., 400 mg,
is usually added and 400 mg exists naturally in meat (30% lost as cookout of 550mg/100g), and
800 mg sodium is present in the meat on the plate, which is about 150% RDA. Likewise, 100 g of
raw topside cut provides 18% of potassium. This may end after 30% cookout at 12.5% of the RDA
value. In the meat, 8% of the RDA of divalent magnesium and 0.6% (!) of calcium are provided.
Iron, on the other hand, provides 25% (for male) and 16% (for female) of the RDA;, zinc is even with
30%-50% of the RDA value present in the beef cut and selenium with about 15% of RDA. We can
assume that, of these di- and tri-valent cations, only small amounts are lost during cooking. Iodine,
on the other hand, provides 1%—2% of RDA only.
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With the vitamins the beef topside contains raw, e.g., about 30% of the niacin RDA value and
25% of vitamin B6, 16% of pantothenate and 20 resp. 25% of vitamin K. All other vitamins in bone
muscles are low in comparison to the RDA values. We can assume that in prepared by-products
about 25% of the vitamins are lost in cookout or degradation. For more details, it is recommended
to consult the data books mentioned in the reference list [3—13].

7.5 MAJOR NUTRIENTS IN BY-PRODUCTS

Table 7.7 shows that the protein content of all by-products with few exceptions amounts to about
15%—-22%. Exceptions are the rendered fats (lard, tallow, suet) but not the fresh calf fat (abdominal
and kidney fat), tripe, chitterlings, skin, and brain. The protein content is near the values of a meat
cut with a low or medium amount of adjacent fat.

The fat content is low (<5%) in liver heart, kidney, spleen, thymus, and lung of all species. These
by-products are in their fat content comparable to lean meat cuts. Higher in fat are tongue, chitter-
lings, stomach, pancreas, brain, ear, cow udder, feet of swine, skin, and fat (unrendered or rendered).

In most by-products, the monounsaturated fatty acid group (MUFA) are higher than the sum of
saturated fatty acids (SFA). Lowest are always the polyunsaturated fatty acids (PUFA). In all cases,
the sum of MUFA+PUFA is higher than the SFA content. In other words, SFA contents are always
<50% of all fatty acids. This result mirrors the composition of meat.

All species of meat animals contain in their fat more than 50% unsaturated fatty acids.

The carbohydrate content in nearly all by-products is below 1%, in giblets 2% are reported.
Liver of all species contains, however, 3.5%—15% carbohydrates. This is mainly glycogen. The
variation between the species is reported in all data books. It seems, without calling this a dogma,
that younger animals have higher glycogen stores in the liver. As reported above, muscular tissue
metabolizes the glycogen postmortem to lactic acid leading to a pH fall. In liver, the glycogen is
not metabolized and the pH value remains around 7. The high pH value limits the shelf life of all
by-products in comparison to meat. The chilling requirements of animal by-products is, therefore,
lower (3°C and lower) than with meat at 7°C or lower [21].

Calculating the energy contents of the by-products all of those that are low in fat and carbohy-
drates provide 100 and less kcal/100 g raw material. The energy content of liver due to its carbo-
hydrate content adds up to 130-190kcal/100 g, heart provides 100-130kcal/100 g, the fatter tongue
170-185kcal/100 g. The fatty tissues of the by-products start with 280kcal/100g in fresh calf fat.
The rendered fats come close to 900kcal/100. Stomach, chitterlings, pancreas, cow udder, ear, fat,
and skin are around or above 200kcal/100 g. Hence, many of the animal by-products contain more
nutritional energy in the range or just above the average meat cut of all species, which amounts to
10% fat and 170kcal/100 g.

The cholesterol content of lean and fatter meat, as shown in Figure 7.1, is determined between 50
and 70mg/100 g. All by-products contain higher cholesterol concentrations. The lowest cholesterol
contents of the by-products have the rendered fats, the tissues of tongue, ear, feet, and skin. All
other tissue are well above 150mg cholesterol/100 g. Liver, kidney, and spleen are in the range of
250-550mg cholesterol/100 g. Brain is the organ with cholesterol contents >1000mg/100g (Table
7.7). As has been shown in Figure 7.1 with meat, the cholesterol content does not depend strongly
on the fat content. Cholesterol is a constituent of cellular membranes of animals necessary for their
functionality. It is more dependent on size of cells (surface area) than on fat content.

7.6 MINERAL CONTENT OF BY-PRODUCTS

As already indicated above, cellular structures contain more potassium than sodium. In the Table
7.8, blood is the only by-product that contains more extra- than intracellular fluid. Thus, its sodium
content is higher than the potassium concentration. Rendered fat contain only traces or small
amounts of minerals as they consist of fat with >94% (Table 7.8).



TABLE 7.7
Major Constituents Including Fatty Acid Groups and Cholesterol in By-Products per 100 g Raw Material

By-Product Species®  Energy (kcal)  Protein (g) Fat(g SFAP (g MUFA<(g) PUFAY(g) Cholesterol (mg) Carbohydrates (g)
Blood b 70 16.5 0.4 0.1 0.1 0.1 90 0.1
s 70 17 0.4 0.1 0.1 0.1 40 0.1
Liver b 130 21 3 1.1 1.2 0.5 300 5
yb 130 19 1.5 0.4 0.6 0.3 300 8.5
S 140 22 4.5 1.6 1.7 0.5 300 3
p 190 22 5 1.7 22 0.5 550 15
1 150 21 5 1.6 2.3 0.7 375 5
Duck 145 18.5 4.5 1.6 1.2 1.1 510 35
Heart b 115 17 5 2 2.1 0.5 150 0.5
yb 110 17 4 1.6 1.7 0.3 120 <0.5
S 115 17 5 1.7 23 0.5 150 0.5
p 135 19 6.5 2 2.8 0.7 175 0.5
1 120 17 5.5 1.9 2.3 0.7 190 <0.5
Tongue b 185 16.5 13 5 6 0.5 100 0.5
yb 170 17 11.5 4 5.5 0.5 100 1
s 180 16 13 6 75 1.8 100 0.5
Kidney b 100 16 4 1.4 L5 0.5 350 1
yb 105 16.5 4 1.5 1.4 0.5 375 1
s 90 16 3 1 1.2 0.5 375 1
1 95 17 3 1.2 1.1 0.4 — 1
Spleen b 110 18 35 1.3 1.2 0.5 260 1
yb 100 18.5 2 — — — 340 0.5
S 105 18 2.5 1 0.7 0.2 360 0
1 95 17 3 — — — 250
Lung b 90 17 24 1 0.65 0.35 290 1
s 85 15 2.5 1 0.6 0.35 320 —
Tripe b 100 15 4 2 1.3 0.1 160 <0.5
1 125 10 9.5 3.5 3.8 1 260 <0.5
(continued)
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TABLE 7.7 (continued)
Major Constituents Including Fatty Acid Groups and Cholesterol in By-Products per 100 g Raw Material

By-Product Species®  Energy (kcal)  Protein (g) Fat(g SFAP (g MUFA<(g) PUFAY(g) Cholesterol (mg) Carbohydrates (g)

Chitterlings s 250 10 235 8 9 4 160 <0.5
Stomach s 150 16.5 9.5 — — — 190 <0.5
Thymus yb 105 19 3 1 1.54 0.2 280 tr

1 125 18 6 23 25 0.4 300 tr
Pancreas b 225 16 18 6.7 8 1.4 200 <0.5

s 190 18.5 13 — — — 195 0.5
Lard s 890 0 99 38 45 10 95 0
Tallow b 870 4 95 42 42 3 110 0
Suet b 860 2 94 42 39 3 80 2
Calf fat yb 280 18.5 23 8.5 10 1.5 75 0
Cow udder b 230 155 18.5 — — — — 1
Brain yb 120 10.5 8.5 3 2.5 1 1350 <l

1 120 10.5 8 — — — 1600 <l

s 125 10.5 9 3 2.5 1.5 2200
Ear s 225 22.5 15 — — — 82 <0.5
Feet s 260 22 19 6.5 9 2 105 <0.5
Giblets gizzard p 120 18 45 1.5 1.5 1 260 2

p 110 18 4 1.2 1.5 1.2 130 0.5
Skin s 350 135 325 9 135 6 110 <l

2 b, bovine; s, porcine; p, chicken; 1, lamb/sheep; yb, calf.
b SFA, saturated fatty acids.

¢ MUFA, monounsaturated fatty acids.

4 PUFA, polyunsaturated fatty acids.
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TABLE 7.8

Minerals in By-Products per 100g Raw Material

By-Product
Blood

Liver

Heart

Tongue

Kidney

Spleen

Lung

Tripe

Species?

b

Duck

yb

o v o = »

Na (mg)

330
210
120
85

140

95
115
180
190
130
150
80
95
85
85
200
150
45
105

K (mg)

43

170
300
300
300
255
300
250
250
260
200
175
280
220
240
255
230
225
250
270
320
360
320
360
340
150
270
200

Ca (mg)

7
7
7
7.5
8
8
7.5
12
5
5
4.5
12

Mg (mg)

3

9

35
20
30
20
20
20
17
22
20
17
20
18
17
18
20
15
20
15
20
17
20
15
15
8

12

Pb (mg)

50

75

350
350
300
320
250
270
210
200
170
175
210
175
185
190
330
275
250

360
340
370

195
200
80

285

Fe (mg)

50
40
9
8.5
20
8
8.5
3
5.5
4.5
4
6
3.5
2.5
2
4.5
9.5
4.5
5

44
9
21
42
6.5
20
0.5
1.5

Zn (mg)

0.5
0.3
4
3
7.5
3
4.5
2
1.5
1.5
2
6.5
2
3
3.5
2.6
2
2
2.5

2.5

1.5

1.5

Se (ng)

15
8

15
15
50
46
55
tr

15
15
22

NSRS S

115
200
190

Cu (mg)

0.1
0.15
35
2.5
1.5
0.5
7.5
6
0.3
0.3
0.45
0.35
0.5
0.1
0.15
0.25
0.4
0.4
0.8

2.5
2.7
0.1

0.25

0.1

I (ng

14
8

10
2.5
2.5
30
30
1

2.5
2.5
1.5
4
4
4

Mn (pg)

8

7

400
300
400
250
200

50
50
50
100
20
50
50
500
100
100
150

100
100
150
250
20

(continued)
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TABLE 7.8 (continued)
Minerals in By-Products per 100g Raw Material

By-Product Speciess Na(mg) K(mg Ca(mg) Mg(mg P°(mg) Fe (mg)

Chitterlings s 35 115 20 5 30 2
Stomach S 52 200 10 — 155 2
Thymus yb 75 290 10 18 400 2

1 75 420 8 20 400 1.5
Pancreas b 65 250 10 15 335 1.5

s 45 200 10 15 235 2
Lard S 2 1 1 1 3 0.05
Tallow b Nil Nil Nil Nil Nil Nil
Suet b tr 16 tr tr tr tr
Calf fat yb 65 280 10 20 170 1
Cow udder b — — 70 — 160 2.5
Brain yb 125 315 10 15 275 2

1 110 300 10 12 270 2

s 120 260 10 15 280 1.5
Ears S 55 190 20 7 40 2.5
Feet S 60 275 60 7 55 —
Giblets p 75 230 10 20 200 6
Gizzard p 75 235 10 15 135 3.5
Skin S 65 105 11 15 100

2 b, bovine; s, porcine; p, chicken; 1, lamb/sheep; yb, calf.
> P means HPO ,>.

Zn (mg)
2
2
2

2.5
0.1
Nil
tr

35
1

1.5
1.5

35
1.0

Se (ng)

2.5

Cu (mg)

0.15
0.35
0.2

0.05
0.1
0.02
tr
0.05

0.2
0.25
0.25

0.25
0.1
0.05

I (ng)

Mn (ug)

40
50
10

150
100
20
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In cellular by-products the potassium content is about 2.5-4 times higher than the sodium
content with the exception of kidneys in which the sodium content is rather high and varies between
60% and 90% of the potassium value. This is valid for all species. In muscular tissue and meat,
potassium is about 5-6 times higher than the sodium content (Table 7.5). All by-products with
the exception of tripe, chitterlings, cow udder, and feet of swine contain calcium concentration
of 10mg/100g or lower equivalent to meat. In swine feet, some calcium of bones may have been
brought into the edible part on dissection. With the exception of blood, magnesium is by a factor of
2-3 higher than the calcium concentration. Meat also has a 3—4 times higher magnesium concentra-
tions in relation to calcium.

Phosphate is in nearly all cellular by-products in the concentration range of potassium, excep-
tions are chitterlings, ears, and feet. Phosphates are one of the main anions in the cells besides
chloride. Due to its high molecular weight of 96 Da (HPO,>") in comparison to potassium (molec-
ular weight 39 Da), a molar ratio of about 2.5 potassium exists in the cells on equal amounts in
grams. The phosphate anion exists at pH 7 near the equilibrium of H,PO,~ and HPO,?>~. The ionic
strength of phosphate, therefore, is about twice that of the potassium ion. Thus, phosphate will
cover about 70%—-80% of necessary anionic strength to match the cation load. The same applies
for meat cuts.

In the area of the microelements the iron concentration of by-products is usually higher than
that of zinc. In meat, zinc concentrations are higher than the iron content. In blood, liver, kidney,
spleen, and lung, the iron content exceeds the zinc content considerably. Selenium is high in kidney
in comparison to all other by-products and higher than in meat. Copper accumulates in liver, heart,
and kidney, all other by-products are low <0.5g/100g. Iodine is reported high for liver and heart,
in many tissues no values are reported. It can be assumed that the concentrations in these products
are low. Meat contains only a portion of the iodine concentration of liver and heart. Manganese is
in the range of 50-400ug/100mL and is highest in liver. In most by-products manganese is higher
than in meat.

By-products mirror meat in their overall concentration. However, differences in the concentra-
tions of the single minerals exist.

7.7 VITAMIN CONTENTS OF BY-PRODUCTS

In Table 7.9, it becomes obvious at the first sight that liver contains the highest concentrations of
many vitamins in the by-products. Vitamin A, folate, pantothenate, vitamin C, D, E, H, and K are
highest in liver of the various species. Vitamin A occurs besides liver only in kidney giblets and
skin. The concentrations of vitamin B1, B2, niacin, and B6 are rather uniform in liver, heart, tongue,
kidney, and spleen, and their concentrations are similar to the ones in the bovine topside meat cut
shown in Table 7.5. Folate, which is present in livers with high concentrations, is also found in heart,
tongue, kidney, and giblets but in lower concentrations. The concentrations are still higher than in
meat. Pantothenate is available in rather high concentrations in liver, heart, tongue, and kidney.
The content in spleen is lower and similar to meat. Vitamin B12 is very high in many by-products.
Bovine topside meat contains only one-tenth to one-fiftieth of the vitamin B12 of liver.

Also vitamin C is available in a number of by-products. Liver and spleen provide concentrations
of vitamin C equivalent or higher than apples near the range of citrus fruits [4]. Also in kidney, the
vitamin C concentration is high. In muscular tissue and meat, the vitamin C concentration is negli-
gible and <1 mg/100 g. Vitamin D occurs only in liver and kidney in mentioning amounts. Meat con-
tains only traces. The vitamin E concentrations of most by-products are similar to meat and rather
low with regard to RDA values. Vitamin H (Biotin) concentrations are high in liver and kidney up
to 10 times the concentrations in meat. The amounts in tongue and heart match the meat concentra-
tions. Vitamin K is rarely reported with by-products. Only the values of liver are mentioned in some
data books. Liver contains two- to fivefold the concentrations of bovine topside cuts.



TABLE 7.9

Vitamins in By-Products per 100 g Raw Material
A (RE pg)

By-Product
Blood

Liver

Heart

Tongue

Kidney

Spleen

Species?

b

s

b

yb

S

p

1
Duck

Goose

yb

30

25

21,000
31,500
20,000
18,000
50,000
12,000

B1 (mg)

0.1
0.1
0.3
0.55
0.3
0.35
0.35
0.35
0.45
0.4
0.45
0.3
0.1
0.1
0.3
0.4
0.4
0.35
0.6
0.15

0.15

B2 (mg)

0.1
<0.1
35
3
3
2.5
3
2.5
0.9
0.65

0.75
0.4
0.3
0.4

1.7
22
0.3

0.3

Niacin (mg)

35
35
20
10
21
14
14
13.5
35
35
10
9.5
6.5
8.5

9.5
9.5
135
7.5

B6 (mg)

0.01
0.01
1

1
0.7
0.8
0.4
0.75
0.3
0.3
0.45
0.25
0.15
0.1
0.35
0.45
0.5
0.6
0.2
0.12
0.1
0.05
0.1

Folate (png)

7

5
2,600
1,950
1,000
590
220
700
20

20

9

75

20

20

8

80

30

42

30

Pantothenate (mg)

7.5

B12 (ng)

0.6
0.6
100
60
40
25
85
55
10
12
2.5
75
5

5
35
30
30
10
52
55
35
2.5

C (mg)

Nil
Nil
30
30

D (ng

0.1
0.1
1.7
0.2
5

0.2
0.6
0.5
1

1

0.7

E (mg)

0.4
0.4
0.7
1

0.7
0.3
0.4
5

0.2
0.8
0.2
0.1
0.1
0.5
0.2
0.2
0.2

H (ng)

25
25
30

K (ng)

75
27
30
80

tr
tr
tr
tr
tr
tr
tr
tr
tr
tr

gLl

$10Npoud-Ag [ewiuy 3|q1pT JO SISA[euy jJo JooqpueH



Lung b 45 0.1 0.4
S tr 0.1 0.4
Tripe b tr <0.1 0.15
1 _ _ _
Chitter— S tr 0.01 0.05
lings
Stomach S — 0.1 0.1
Thymus yb tr 0.05 0.25
1 tr 0.15 0.25
Pancreas b 17 0.1 0.4
Lard S 1.5 tr tr
Tallow b — — —
Suet b 55 tr tr
Calf fat yb — 0.05 0.15
Cow udder b — 0.1 0.18
Brain yb — 0.15 0.25
1 — 0.15 0.3
S — 0.15 0.25
Ear S — 0.1 0.1
Feet S — 0.05 0.1
Giblets p 8900 0.05 1
Gizzard p 215 0.1 0.2
Skin s 265 0.5 0.05

2 b, bovine; s, porcine; p, chicken; 1, lamb/sheep; yb, calf; tr, traces.

3.5
0.1

0.1

4.5
3.5

4.2
tr
1.8
tr
10
1.3
4.5

4.5
0.8

6.5
4.5

0.05
0.1
tr
0.01
0.05
0.05
0.05
0.02

tr
0.5

0.3
0.2
0.4

0.15
0.1

10

32
0.75
0.5

2.5
1.5

0.8

14

tr

tr

1.5

12

11.5

12

11.5

0.6
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7.8 CONTENTS OF BY-PRODUCT AND RDA VALUES

Most by-products except fatty tissue, rendered fat, pancreas, and tongue are rather lean with less
than 200kcal/100 g and by international accepted standards nutrient dense foods (Table 7.7). If
we assume a portion of 100 g (USDA uses 3 ounces equivalent to 85 g for a portion), then the
energy intake is less than 10% of the RDA value with 2000kcal for a woman of 25-50 years of
age and a normal physical activity (Table 7.6). Carbohydrates of accountable amounts are only
present in liver. It means that many animal by-products are low energy foods with a high nutri-
ent density. Due to their low carbohydrate content, they are very valid foods for people with
diabetes.

Like in meat, all animal by-products exceed 50% of unsaturated fatty acids in their fat.

Cholesterol in animal by-products, however, is always present in higher concentrations than in
skeletal muscle meat with or without adjacent fat with 50-70mg/100 g, as shown in Figure 7.1. All
by-products exceed 100mg/100 g. Brains even exceed 1000 mg/100 g. The recommended amount is
not more than 300 mg/day.

With minerals (Table 7.8), the native sodium content is low in many cases (<100mg/100g). A
minimum of 500-600mg/day is required and an intake above 2400 mg/day should be avoided.
Salt added on preparation is just used for flavoring purposes and it could be reduced or even
renounced. Thus, we can state that unprocessed animal by-products are low in “salt.” Potassium
and magnesium provide with 100 g raw material per day about 10%—-15% of RDA. Calcium in
by-products is as low as in meat with less than 1% RDA. Phosphate, on the other hand, provides
30%-40% of RDA with 100 g. Many by-products contain high concentrations of iron. The values
shown in Table 7.8 exceed in blood, liver, and spleen by 100% of the RDA values. But one must
keep in mind that all cations with 2 or 3 positive loads are only absorbed to a certain extent,
which is higher for animal tissues than for plant tissue. It is discussed that from animal food
about 20% of iron, zinc, magnesium, and other di- or tri-valent cations are absorbed in the human
digestive tract [19]. Zinc is also present in significant amounts (20%—-40%) and so are selenium
(15%-200% of RDA, the latter in kidney) and copper (15%—-70% of RDA). Iodine and manganese
are low in by-products.

With vitamins liver and kidney provide more than 100% RDA of vitamin A. Vitamins Bl
and B2 are present in significant amounts/100g (30%-300% of RDA). Niacin is present in
many by-products with 50%—-150% of RDA values. Vitamin B6 often covers 15%-50% RDA.
Folate is very high in liver up to seven times of the RDA value, in all other by-products the con-
centration is low in relation to RDA. Pantothenate again is present in a number of by-products
by 15%-200% of RDA; the highest again is in the liver. With vitamin B12 content, most
by-products well exceed 100% of RDA values by an intake of 100 g. Even Vitamin C covers in
liver and spleen about 30%—-40% and in kidney with 15%-30% of RDA values. Vitamins D and
E concentrations are low in all by-products, except liver of porcine with vitamin D and duck
liver with vitamin E. Vitamin H is again present in significant amounts in liver (20%-120%
RDA) and in kidney (60%—-70% RDA) with an intake of 100 g. Vitamin K is only high in liver
with 35%-110% RDA.

7.9 CONCLUSION

Animal by-products are nutrient dense foods; many are low in fat content. They provide significant
amount of minerals and vitamins. On the other hand the cholesterol content is higher than in meat.
The contaminants and residues are addressed in other chapters of this book. They will show that the
unwanted substances were a problem of the 1970s and 1980s. They have been reduced in the last
decades to low concentrations [22-24].
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8.1 INTRODUCTION

A large proportion of the total animal live weight is made up of by-products that are biologically
edible. Thus, organs, fatty tissues, bones, and blood, represent 39% of the live weight of cattle,
30% of the live weight of pigs, and 35% of the live weight of lambs.! Edible meat by-products are
recognized as a source of high-quality nutrients like essential amino acids and among them organ
meat proteins have higher biological value than other edible by-products (lard, blood, etc.) being
rich in protein content (by 20%) with a balanced essential amino acids profile similar to that of
muscle proteins. As an example, taking the essential amino acid contents of chicken muscle pro-
teins as 100, corresponding values were 105 for liver, 100 for heart, and 92 for gizzard.>? Owing to
their large content of these amino acids organ proteins are almost 100% digestible. Exceptions are
those organs rich in connective tissue, mainly collagen, that have their composition especially rich
in hydroxyproline, proline, hydroxylysine, and glycine, being low in tyrosine and devoid of tryp-
tophane.? This is the case with tripe, stomach, lungs, chitterlings and other by-products like comb,
tongue, ears, snouts or feet. It is clear that it is economically advantageous to make profit of these
products, and, for this purpose, the nutritive quality must be demonstrated by adequate analytical
techniques. Furthermore, the importance of essential amino acids in nutrition and health makes
their analysis of high relevance.

The total amino acid content of fresh liver is about 19%, essential amino acids being 42% of
them.* Essential amino acids in meat by-products are a very important group of nutrients, which are
affected only to a very little extent by processing and home cooking because the low-carbohydrate
content of these products does not cause secondary degradation reactions like maillard or racemi-
zation and cross-linking reactions, which diminish the amino acids availability. Figure 8.1 shows
the chromatograms of fresh and roasted pork liver free amino acids in which a good recovery of
essential amino acids (written in bold), after cooking can be observed. Only a considerable decrease
in available cysteine was described during sterilization of canned beef liver® and after alkali treat-
ment of blood plasma.®
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FIGURE 8.1 Free amino acids from fresh (A) and roasted (B) pork liver, after derivatization with OPA. IS,
internal standard nor-valine; Tau, taurine; Orn, ornithine; OPA, o-phthaldialdehyde.

Valine, leucine, isoleucine, phenylalanine, tryptophan, threonine, methionine, lysine, and his-
tidine are essential amino acids because they cannot be synthesized de novo by the organism and
therefore, must be supplied in the diet. However, other amino acids may be considered ‘“‘semies-
sential” or “conditionally essential amino acids” depending on the developmental stage and health
status of the individual. This is the case of arginine or glutamine whose intake under exceptional
severe stress conditions (intense exercise, infectious disease, surgery, burn injury) may turn out
to be decisive, and tyrosine, which is formed from phenylalanine, may be essential in the diet of
those patients suffering from phenylketonuria. Cysteine is not classified as an essential amino acid
because it can be usually synthesized by the human body under normal physiological conditions if
sufficient amounts of other sulfur-amino acids (i.e., methionine and homocysteine) are available.
So, sulfur-containing amino acids are sometimes considered for convenience as a single pool of
nutritionally equivalent amino acids.
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TABLE 8.1
Essential Amino Acid Composition of Pork Meat By-Products
and Lean Tissue (mg/g Protein)?

Liver Kidney Tongue Feet Brain Lean Tissue

Valine 61.8 57.6 52.0 23.0 57.0 53.6
Leucine 89.1 89.8 80.2 42.1 87.2 81.3
Isoleucine 50.7 534 45.6 16.0 46.2 48.3
Phenylalanine 49.0 47.2 414 26.9 50.9 40.0
Tyrosine 34.1 36.0 — 15.8 41.9 35.7
Tryptophan 14.1 13.0 115 1.9 12.8 13.4
Threonine 42.6 41.4 422 26.1 46.7 47.0
Methionine 24.8 214 224 10.1 19.8 24.6
Lysine 77.1 72.0 81.8 43.0 78.6 98.6
Histidine 27.2 24.0 25.1 12.0 26.9 50.7
Cystine 18.9 21.9 — — — 13.0
Total 489.3 477.8 402.2 217.0  468.0 506.1

Source: Data from Edible Meat By-Products. Advances in Meat Research, Vol. 5,
Anderson, B.A., Composition and nutritional value of edible meat
by-products, 15-45, copyright (1988), with permission from Elsevier.

2 Data were extracted and calculated from Ref. [1] by considering g protein =

N x 6.25.

The content of essential amino acids from edible animal by-products is scarcely described in
the literature. Dvorak and Vognarova’ published the values for the contents of essential amino
acids from calf, beef and pig liver, heart, tongue, spleen, kidneys, lungs and brain, and for cow
udder, tripe, calf sweetbreads, and pork crackling. Savran and Pavlova? analyzed these contents in
heart, liver, and gizzard of various poultry species (hens, chickens, geese, and ducks). Zarkadas
and Maloney? assessed the nutritional quality of chicken gizzard. Anderson' reviewed in a table
the amino acids content (mg/gN) of edible meat by-products from a great variety of mammalian
species, together with that of the same species lean tissue. These data were collected from USDA
reports. Data from some edible pork tissues extracted from this review were converted into mg
of essentials amino acids per gram of protein and presented in Table 8.1. The nutritive value,
with respect to the essential amino acids content, of these products in relation to the lean tissue
is evident.

Essential amino acids in animal by-products can be analyzed following the typical procedures
described for amino acids in general.>!° Nevertheless, some extra careful attention must be paid to
some of them, especially when hydrolysis is required.'"!> Furthermore, cysteine requires specific
methodologies for its analysis. All these methods are briefly described in this chapter.

8.2 SAMPLE PREPARATION

Edible animal by-products range over a miscellaneous number of products including organs (nor-
mally constituted by smooth proteins), mixed tissues (muscular and adipose tissues or colagen),
fluids (blood), etc. Therefore, each kind of sample will require a different initial manipulation for
its analysis.

In general, solid samples must be freed from visible fat and ground with a grinder or mortar,
and a representative portion weighed to be analyzed. If total amino acids are required, sample
will be submitted to hydrolysis to get their protein amino acids free and added up to the total
pool together with the free amino acids content. If only free amino acids is the matter, a sample
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extract will be deproteinized by any of the methods described in the literature. Some method-
ologies for these analyses are summarized below.

8.2.1 SampLe HyDROLYSIS FOR TOTAL AMINO ACID ANALYSIS

The hydrolysis is the Achilles heel of some essential amino acid analysis, which is especially sen-
sible to the most used hydrolysis methods, which are acid hydrolysis. Indeed, the acid digestion
with constant boiling 6 N hydrochloric acid in an oven at around 110°C for 20-96h is the preferred
method to hydrolyze food proteins for analytic purposes. This hydrolysis must be carried out in
sealed vials under nitrogen atmosphere and presence of antioxidants/scavengers in order to mini-
mize the degradation suffered by some especially labile amino acids (tyrosine, threonine, serine,
methionine, and tryptophan) in such acidic and oxidative medium. Phenol (up to 1%) or sodium
sulfite (0.1%) is a typical protective agent and is effective for nearly all amino acids except for tryp-
tophan and cysteine. The hydrolysis may be carried out in liquid or vapor-phase depending if the
hydrochloric acid is in contact with the sample or only the vapor reaches the sample when heating.
Hydrolysis may be improved by optimizing the temperature and time of incubation.’* After the
hydrolysis time, the excess of hydrochloric acid is evaporated by vacuum.

Alternative reagents for acid hydrolysis are 4 M methanesulfonic acid (115°C for 22-72h
or 160°C for 45 min, under vacuum) and 3 M mercaptoethanesulfonic acid (160°C-170°C for
15-30 min), which have been described to improve tryptophan and methionine recoveries.!-1
These acids possess a high boiling point and thus, only the liquid-phase hydrolysis is possible and
after hydrolysis, the hydrolyzed sample will have to be submitted to pH adjustment before analy-
sis. The use of protective reagents like tryptamine!”'8-20 or thioglycolic acid??? is also advisable
to prevent oxidation.

The alkaline hydrolysis with 4.2M of either NaOH, KOH, LiOH or BaOH, with or without the
addition of 1% (w/v) thiodiglycol for 18 h at 110°C is recommended by some authors,'®23-?7 for a
better tryptophan determination. This would be the method of choice in food samples containing
high sugar concentration.

The hydrolysis of cystine and/or cysteine presents some additional problems due to the reac-
tiveness of their sulfhydryl group. Cyst(e)ine is partially oxidized during acid hydrolysis yield-
ing several adducts: cystine, cysteine, cystein sulfinic acid, and cysteic acid making its analysis
rather difficult. Several procedures have been proposed to analyze cyst(e)ine after acid hydro-
lysis. The simplest method consists in submitting the sample to a performic acid oxidation,
previous to the acid hydrolysis.?®-3* This process transforms the cyst(e)ine to cysteic acid, which
is acid-resistant and will be analyzed together with at least nine amino acids plus methionine
(transformed into methionine sulfone) and lysine with optimized recoveries, as proposed by
Gehrke et al.®® Nevertheless, tyrosine and phenylalanine will be markedly destroyed by this
oxidation procedure.3°

As can be observed in this section, no single set of conditions will yield the accurate determina-
tion of all amino acids. In fact, it is a compromise of conditions that offer the best overall estimation
for the largest number of amino acids. In general, the 22-24 h acid hydrolysis at 110°C (vapor-phase
hydrolysis, preferably), or 2h at 145°C,? with the addition of a protective agent like phenol, yields
acceptable results for the majority of essential amino acids, being enough for the requirements of
any food control laboratory. However, when the analysis of tryptophan and/or cyst(e)ine is neces-
sary, adequate special hydrolysis procedures as those described above should be performed.

8.2.2  SAMPLE PREPARATION FOR FREE ESSENTIAL AMINO ACIDS ANALYSIS

The analysis of free amino acids requires having them in solution. Thus, they must be extracted
from insoluble material and deproteinized to eliminate possible interfering proteins.
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8.2.2.1 Extraction

The extraction consists in the separation of the free amino acids fraction from the insoluble por-
tion of the sample. It is usually achieved by homogenization of the ground sample in an appropri-
ate solvent by using a Stomacher™, Polytron™, Ultra Turrax™ or by means of a simple stirring
in warm solvent. The extraction solvent can be hot water, 0.01-0.10 N hydrochloric acid solution,
or diluted phosphate buffers. In some cases, concentrated strong acid solutions such as 4%—5%
of 5-sulfosalycylic acid, =7 2%—-5% of TCA acid,*** or rich alcohol-containing solution (>75%)
such as ethanol*“-* or methanol** have been successfully used as extraction solvents with the
additional advantage that proteins are not extracted and, then, there is no need for further clean-
ing up of the sample.

Once homogenized, the solution is centrifuged at least at 10,000 g under refrigeration to separate
the supernatant from the nonextracted materials (pellet) and filtered through glass-wool to retain
any fat material remaining on the surface of the supernatant.

8.2.2.2 Deproteinization

The deproteinization process can be achieved through different chemical or physical procedures.
Chemical methods include the use of concentrated strong acids like 3.5% sulfosalicylic (SSA), 0.6 N
perchloric (PCA), 10%—12% trichloroacetic (TCA) acids or organic solvents like methanol, etha-
nol or acetonitrile. Under these conditions, proteins precipitate by denaturation while free amino
acids remain in solution. Physical methods consist in the forced filtration (mainly by centrifugation)
through cut-off membrane filters (1,000, 5,000, 10,000, 30,000Da) that allow free amino acids
through while retaining large compounds. All these methods give a sample solution rich in free
amino acids and free of proteins.

Differences among all these chemical and physical methods are ascribed to several aspects
like the differences in the recovery of amino acids, compatibility with derivatization (pH, pres-
ence of salts,...) or separation methods (interferences in the chromatogram,...), etc. It is impor-
tant to consider that strong acids exert a very low pH in the medium that can interfere with
the precolumn derivatization®® where high pH is necessary to accomplish the majority of the
derivatization reactions. Thus, it is essential either, to completely eliminate this acid by evapo-
ration or extraction or adjust the pH of the sample solution. This is not a problem when the
amino acids have to be analyzed by ion-exchange chromatography and postcolumn derivatiza-
tion; indeed, SSA has been commonly used prior to ion-exchange amino acid analysis because
it gives an appropriate pH for the chromatographic separation,’” and a good choice for other
derivatization procedures is the use of 0.6 N PCA, which is easily neutralized by the addition of
KOH or potassium bicarbonate to form the insoluble potassium perchlorate with no described
interferences.

The use of organic solvents, by mixing two or three volumes of organic solvent with one volume
of extract, has given very good results**-#¥ with amino acid recoveries around 100% for all them*$4°
with the additional advantage of simplicity and cleaning. Even it can be easily concentrated by
evaporation if necessary. Some comparative studies on these deproteinization techniques have been
published.*->!

8.3 ANALYSIS

After sample preparation, target essential amino acids are currently analyzed by chromatographic
(high-performance liquid chromatography (HPLC) or gas liquid chromatography(GLC)) or capil-
lary electrophoresis methods, which are very efficient separation techniques. The choice mainly
depends on the available equipment or personal preferences, because each methodology has its
advantages and drawbacks.
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8.3.1 HIGH-PERFORMANCE LIQUID CHROMATOGRAPHY

HPLC is the most versatile and wide widespread technique to separate amino acids. Before or
after this separation, amino acids are derivatized to allow their separation and/or to enhance their
detection.

8.3.1.1 Derivatization

Derivatization is an usual practice in the amino acid analysis. Some reports comparing amino acid
derivatization methods for the HPLC®#6-52-5* analysis of biological samples have been published.
Pre- or postcolumn derivatization reagents used in the analysis of free amino acids are also useful for
essential amino acids, with some exceptions. Essential amino acids like histidine, lysine, tryptophan,
and cysteine, present some difficulties. The most-used derivatization methods are described below:

Ninhydrin: This reagent is used in postcolumn derivatization after amino acid cation-(CE) chro-
matographic analysis. The reaction takes place in hot (at pH 6) and rends colored derivatives detect-
able at 570 (primary amino acids) and 440 nm (secondary amino acids).

4-Dimethyl-Aminoazobenzene-4’-Sulfonyl Chloride (Dabsyl-Cl, DBS-): This reagent forms stable
(for weeks) derivatives with primary and secondary amino acids, which are detectable in the visible
range presenting a maximum from 448 to 468 nm. The high wavelength of absorption makes the
baseline chromatogram very stable with a large variety of solvents and gradient systems. Detection
limits are in the low picomole range.'® The reaction time is around 15 min at 70°C and takes place
in a basic medium with an excess of reagent. The major disadvantage is that the reaction effi-
ciency is highly matrix dependent and variable for different amino acids, being especially affected
by the presence of high levels of some chloride salts.*® To overcome this problem and obtain an
accurate calibration, standard amino acids solution should be derivatized under similar conditions.
By-products originating from an excess of reagent absorb at the same wavelength and appear in the
chromatogram. Nevertheless, Stocchi et al.!® obtained a good separation of 35 DBS-amino acids and
by-products in a 15cm C18 column packed with 3 um particle size.

Phenylisothiocyanate (PITC): The methodology involves the conversion of primary and second-
ary amino acids to their phenylthiocarbamyl (PTC-) derivatives, which are detectable at ultraviolet
(UV) (254nm). The PTC-amino acids are moderately stable at room temperature for 1 day and
much longer, especially in the dryfreezer. The methodology is well described in the literature.>->
Sample preparation is quite laborious; requires a basic medium (pH = 10.5) with triethylamine and
includes several drying steps, being the last one necessary to eliminate the excess of reagent, which
may cause some damage to the chromatographic column. Derivatization reaction is complete at
20min at room temperature. The chromatographic separation takes around 20 min for hydrolyzed
amino acids and 65 min for physiological amino acids.

The reproducibility of the method is very good, ranging from 2.6% to 5.5% for all amino acids
except for histidine (6.3%) and cystine (10.0%). PTC-cystine shows a poor linearity that makes the
quantitation of free cystine nonfeasible with this method.>* Detection limits are in the high pico-
mole range. The hydrolyzed PITC-amino acids are easily separated with any C18 column, while the
selection of the column is critical to get a good resolved physiological amino acids chromatogram.
Figure 8.2 shows a chromatogram of chicken comb total PTC-amino acids. The high abundance of
hydroxyproline and glycine, and the presence of the two diastereomers of Hyl (Hyl 1 and 2) reveal
the high content of connective tissue (collagen) in comb. Nevertheless, as appreciated in the figure,
essential amino acids, including Tyr, are well-balanced in such product.

The reliability of the method has been tested on food samples® and compared with the tradi-

tional ion-exchange chromatography and postcolumn derivatization.>%-7->°
1-Dimethylamino-Naphtalene-5-Sulfonyl Chloride (Dansyl-Cl): Dansyl-Cl reacts with both pri-
mary and secondary amines to give a highly fluorescent derivative (A, 350, A,, 510 nm). The dansyl-

ated amino acids are stable until 7 days at —4°C,° if protected from light. The sample derivatization
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FIGURE 8.2 Chicken comb hydrolyzed amino acids after derivatization with PITC. IS, internal standard
nor-leucine; Hyl 1 and 2, hydroxylysines 1 and 2.

appears as simple, only needs a basic pH, around 9.5, and a reaction time of 1h at room temperature
(in the dark), or 15min at 60°C or even 2min at 100°C. However, the reaction conditions (pH,
temperature, and excess of reagent) must be carefully fixed to optimize the product yield and to
minimize secondary reactions.’%! Even so, this chemical will commonly form multiple deriva-
tives with histidine, lysine, and tyrosine. Histidine gives a very poor fluorescence response (10%
of the other amino acids), reinforcing the poor reproducibility of its results.* Another problem is
that the excess of reagent (needed to assure a quantitative reaction) is hydrolyzed to dansyl sulfonic
acid, which is highly fluorescent and may interfere into the chromatogram as a huge peak. On the
contrary, this methodology reveals excellent linearity for cystine and also cystine-containing short
chain peptides.>*%2:63 This derivative has been also used to analyze taurine.5*

o-Phthaldialdehyde (OPA): This reagent reacts with primary amino acids in the presence of a
mercaptan cofactor to give a highly fluorescent adduct. The fluorescence is recorded at 455 or
470nm after excitation at 230 or 330 nm, respectively and the reagent itself is not fluorescent.
OPA derivatives can be detected by UV absorption (338 nm) as well. It may be used either for
precolumn- or postcolumn derivatization. The last one used to be coupled with CE HPLC.2!:??
The choice of mercaptan (2-mercaptoethanol, ethanethiol or 3-mercaptopropionic acid) can
affect derivative stability, chromatographic selectivity and fluorescent intensity.2-22:37.61.65.66 The
derivatization is fast (1-3min) and is performed at room temperature in alkaline buffer, pH
9.5-10.5. OPA amino acids are not stable; this problem is overcome by standardizing the time
between sample derivatization and column injection by automation. The major disadvantage
when applied to essential amino acids could be that the yield with lysine and cysteine is low and
variable but the addition of detergents like Brij 35 to the derivatization reagent seems to increase
the fluorescence response of lysine.®’-% Figure 8.3 shows a chromatogram of hydrolyzed chicken
gizzard OPA-amino acids.

Cyst(e)ine forms very weakly fluorescent derivatives and thus the conversion of cysteine and
cystine to cysteic acid by oxidation with performic acid (see Section 8.2.1) or carboxymethyl-
ation” of the sulfhydryl residues with iodoacetic’! or the formation of the mixed disulfide S-2-
carboxyethylthiocysteine from cysteine and cystine, using 3,3’-dithiodipropionic acid’? and
incorporated by Godel et al.” into the automatic sample preparation protocol described by Schuster*’
will be necessary to analyze them. In these methods, cysteine and cystine are quantified together.
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FIGURE 8.3 Chicken gizzard hydrolyzed amino acids after derivatization with OPA. IS, internal standard
nor-valine; Uk, unknown.

6-Aminoquinolyl-N-Hydroxysuccinimidyl Carbamate (AQC): It reacts with primary and secondary
amines from amino acids yielding very stable derivatives (1 week at room temperature) with fluo-
rescent properties (A, 250nm; A,,, 395nm). UV detection (254nm) may also be used. Sensitivity
is in the fmol range. The main advantage of this reagent is that the yield and reproducibility of the
derivatization reaction is scarcely interfered by the presence of salts, detergents, lipids, and other
compounds naturally occurring in meat products. Furthermore, the optimum pH for the reaction is
in a broad range, from 8.2 to 10.0, that facilitates sample preparation. The excess of reagent is con-
sumed during the reaction to form aminoquinoline (AMQ), which is only weakly fluorescent at the
amino acid derivatives detection conditions and does not interfere in the chromatogram. Reaction
time is short, 1 min, but 10min at 55°C would be necessary if tyrosine monoderivative is required,
because both mono and di-derivatives are the initially adducts from tyrosine. Fluorescence of tryp-
tophan derivative is very poor and UV detection at 254 nm may be used to analyze it. In this case,
the AMQ appears as a big peak at the beginning of the chromatogram, and may interfere with the
first eluting peak (see Ref. [74]). The chromatographic separation of these derivatives has been
optimized for the amino acids from hydrolyzed proteins but, the resolution of physiological amino
acids is still incomplete, and needs to be improved,” which is the main drawback of this method.

Cysteic acid and methionine sulfone which are the adducts after performic acid oxidation of
cystine/cysteine and methionine, respectively, are well separated inside the chromatogram™ as
shown in Figure 8.4A. Two chromatograms of hydrolyzed pork liver AQC-amino acids without
(Figure 8.4A) and with (Figure 8.4B) previous performic acid oxidation can be compared. This
oxidative treatment also affects tyrosine.

Some special derivatives are also proposed to determine cyst(e)ine:7-halogenated-4-nitrobenzo-2-
oxa-1,3-diazoles can be used in the quantitative estimation of thiols and amines. For instance, 7-chloro-
4-nitrobenzo-2-oxa-1,3-diazole (NBD-CI) has been used for the analysis of cysteine and cystine in
foods by Akinyele et al.?® This reagent reacts with cyst(e)ine in acidic medium (0.2M sodium acetate/
HCI buffer, pH 2.0) giving a greenish product showing a maximum of absorbance at 410nm. This
method is highly specific for cyst(e)ine, and does not need a posterior chromatographic separation.

5,5’-Dithio-bis-nitrobenzoic acid (DTNB) is used for the precolumn derivatization of sulfydryl
and disulfide amino acids.”
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FIGURE 8.4 Pork liver hydrolyzed AQC-amino acids without (A) and with (B) after performic acid oxida-
tion. IS, internal standard oi-amino butyric acid; CysA, cysteic acid; MeS, methionine sulfone; Uk, unknown;
AQC: 6-aminoquinolyl-N-hydrosysuccinimidyl carbamate.

Fluorescamine, which rends fluorescent derivatives with primary amino acids has been used
in precolumn derivatization of taurine from plasma. The analysis was performed by using an
RP-column and the eluent was monitored at 480 nm (emission) after excitation at 400 nm.”’

8.3.1.2 Separation and Detection

The HPLC separation techniques most used for the analysis of essential amino acids are CE-HPLC
and reversed-phase (RP-HPLC). CE-HPLC is used for the separation of nonderivatized amino acids
which are then postcolumn (ninhydrin or OPA) derivatized, while RP-HPLC is mainly used to
separate precolumn derivatized amino acids (see the above described reagents). Many peaks appear
in an amino acid analysis chromatogram and thus, the choice of the RP column is very important,
especially in the case of free or physiological amino acids. In the case of hydrolyzates, the sample is
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simpler and the use of shorter columns is advisable to reduce the time of analysis. RP has also been
used to separate some underivatized amino acids like Met, which is further detected at 214 nm’® or
the aromatic amino acids Tyr, Phe, and Trp that can be detected at 214 nm but also at 260 or 280 nm.
Indeed, Phe presents a maximum of absorption at 260.0 nm; Tyr at 274.6 and Trp at 280.0nm."! For
the rest of amino acids, the detector used depends on the chosen derivative, and it is worthwhile to
take into account the previous section about derivatization (Section 8.3.1.1), because certain deriva-
tives from some specific amino acids have a poor response. Also, it may be taken into account that
fluorescence is much more sensible than UV detection.

There are several different techniques for the analysis of any amino acid. A good example is
tryptophan, which was analyzed by CE chromatography with postcolumn derivatization with OPA
and fluorescence detection” or byRP-HPLC without derivatization and UV or fluorescence detec-
tion® or even byRP-HPLC previous derivatization.

8.3.2 Gas-LiQuib CHROMATOGRAPHY

GLC technique is in general not recommended for some of the essential amino acids like cysteine,
tryptophane or methionine. Nevertheless, a method of analysis for tryptophan in proteins based
upon the GLC separation of skatole produced by pyrolysis of tryptophan at 850°C was developed by
Danielson and Rogers.?! Sample pretreatment for this method is limited to only sample lyophiliza-
tion to form a dry solid, and hydrolysis is not required.

General GLC methods to analyze amino acids include their previous derivatization to enhance
volatility and thermal stability and thus improve their chromatographic behavior. Main drawback is
the different derivatives and derivatization conditions need to accomplish an only derivative for each
essential amino acid.? Some proposals are the kit offered by Supelco (Sigma-Aldrich, Bellefonte,
PA) which uses N-methyl-N-(z-butyldimethylsilyl)trifluoroacetamide (MTBSTFA) as derivatizing
reagent and a short (20 m) capillary column (they give the conditions to separate 24 amino acids in
8 min) or the method EZ:fast, which is a patent-pending method (Phenomenex, Torrance, CA) to
analyze protein hydrolyzates and physiological amino acids from serum, urine, beer, wine, feeds,
fermentation broths, and foodstuffs. This method includes a derivatization reaction (proprietary) in
which both the amine and carboxyl groups of amino acids are derivatized. Derivatives are stable
for up to one day at room temperature and for several days if refrigerated and are further analyzed
by GC/FID, GC/NPD, GC/MS, and LC/MS. Results (50 amino acids and related compounds) are
obtained in about 15min (sample preparation included) when using the GC method or 24 min by
using the LC method.
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9.1 INTRODUCTION

The specific guidelines for fat (20%—35% of caloric intake) and fatty acids in human nutrition
were reviewed recently (November 2008) by the Food and Agriculture Organization of the United
Nations (FAO) and the World Health Organization (WHO) [1]. Among the recommendations
for fatty acids, reducing the intake of saturated fatty acids (SFA; <10% of caloric intake) and
trans fatty acids (TFA; <1%) and increasing the intake of n-3 polyunsaturated fatty acids (PUFA;
0.5%-2%), especially eicosapentaenoic acid (EPA, 20:5n-3) and docosahexaenoic acid (DHA,
22:6n-3; 0.25-2 g/day), are particularly encouraged.

The fatty acid content and composition of meat and milk, in contrast to those of meat by-
products, have been extensively studied due to its implications for human health. In fact, the
high contents of SFA and TFA and the low levels of n-3 PUFA of some foods from animal
origin may contribute to the imbalance in the fatty acid intake of today’s consumers, which
is prejudicial for human health (see Section 9.4.1). By contrast, some conjugated linoleic acid
(CLA) isomers may have beneficial effects on the prevention and treatment of several chronic
diseases (see Section 9.4.2). However, the major TFA in ruminant-derived foods, vaccenic acid
(VA, 18:1t11), is the precursor of the most prevalent CLA isomer, rumenic acid (cis9,transll
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(c9,t11)), in animal tissues. The information about TFA and CLA isomeric distribution is of
utmost importance since isomer-specific biological effects have been reported.

This chapter provides an overview of the techniques and methodologies available for the analysis
of fatty acids (see Section 9.2.1), including CLA isomers (see Section 9.2.2), in the most relevant
edible animal by-products (brain, heart, kidney, liver, pancreas, thymus, tongue, and tripe, mainly
from beef and pork origin; see Chapter 1 for greater detail). The most common methodologies
used for the analysis of fatty acids in these by-products (gas chromatography [GC], silver ion chro-
matography and spectroscopy) are described. A summary of complementary GC and silver ion
high-performance liquid chromatography (Ag+-HPLC) required for the analysis of individual CLA
isomers, as well as some additional methodologies, is presented. Although CLA isomers are fatty
acids with a conjugated double bond system, they are studied separately in this chapter due to their
specific analytical methodologies and biological effects. TFA and CLA in foods are of rising impor-
tance, and knowledge of the differential biological effects of these individual isomers is increasing.
The particularities of fatty acid analysis for the most relevant edible animal by-products, when
applicable, are considered. Moreover, examples of the application of these methodologies for the
characterization of fatty acid composition in edible by-products are provided.

In Section 9.3, the fatty acid composition (see Section 9.3.1), including CLA isomers (see Section
9.3.2), of the most eaten beef and pork by-products are reviewed from the literature. Since the data
published are very scarce, this information was complemented with an original and comprehensive
characterization of fatty acids in some of the most important meat by-products (brain, heart, kidney,
liver, pancreas, and tongue).

Finally, the nutritional quality of fat from the organ meats most eaten will be discussed and
compared regarding their composition in fatty acids (see Section 9.4.1), including CLA isomers (see
Section 9.4.2). Due to the above mentioned imbalance in the fatty acids of human diet, considerable
attention has been placed on improving the nutritional and health value of fats of animal origin.
Some of the strategies used for this purpose are illustrated here. In ruminant animals, the reduction
of SFA and n-6 PUFA levels as well as the increase of n-3 PUFA and CLA contents, mainly through
the supplementation of their diets with PUFA oils, are major targets in ruminant fats research. In
monogastric animals, the drive has been to increase n-3 PUFA and CLA contents in their fats by
direct diet supplementation with these fatty acids.

9.2 ANALYTICAL METHODOLOGY OF EDIBLE ANIMAL BY-PRODUCTS

9.2.1 Farty Acib COMPOSITION

Animal-derived products are composed of polar lipids, mainly phospholipids from the cell mem-
branes, and neutral lipids, mainly triacylglycerols from adipocytes and cytosolic droplets from other
cells. Phospholipids are richer in PUFA and triacylglycerols richer in SFA and monounsaturated
fatty acids (MUFA). Thus, the fatty acid composition depends largely on the fat level and tissue,
in addition to genetic and nutritional factors [2]. The animal species is a major source of variation
of fatty acid composition, with foods from ruminant animals having in general lower amounts of
PUFA and higher amounts of SFA and TFA due to the biohydrogenation of unsaturated fatty acids
conducted by the rumen microbial ecosystem.

The most used strategy for fatty acid determination of animal-derived foods is the extraction of
lipids with organic solvents, followed by their transesterification and subsequent chromatographic
analysis. As lipids from animal tissues are both polar and nonpolar compounds, a combination of
organic solvents with different polarities is needed. Although some solvents or solvent combinations
have been suggested as extractants for lipids, the best and most used solvent mixture is chloroform/
methanol (2:1 V/V), equilibrated with one fourth of its volume of a saline solution (e.g., 0.88% potas-
sium chloride in water), as proposed by Folch et al. [3]. However, chloroform exhibits some toxicity
if inhaled in large amounts. Methylene dichloride (or dichloromethane) may be a good alternative
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to chloroform with less toxic and oxidizable properties [4]. Usually, the tissue is homogenized in
the presence of both solvents, but better results may be obtained if the tissue is first extracted with
methanol alone before chloroform is added to the mixture. With difficult samples, more than one
extraction may be needed, and with lyophilized tissues, it may be necessary to rehydrate prior to
carrying out the extraction [4]. Moreover, the extractability of lipids from tissues is variable and,
therefore, alternative or modified procedures are sometimes needed.

Extract concentration may be required before esterification or separation of the lipid fractions
by thin-layer chromatography (TLC) and/or solid-phase extraction (SPE); keep the temperature
below 40°C during the concentration under vacuum and store the concentrated extracts at —20°C.
In order to prevent oxidation of PUFA, a synthetic antioxidant, such as butylated hydroxytoluene
(BHT), should be added to the extraction solvents. The most common derivatives used to analyze
fatty acids in offal by-products, either by GC or HPLC, are methyl esters prepared by reaction with
an excess of methanol in the presence of catalytic amounts of acid or base [5,6]. Base-catalyzed
transesterification is very useful in the methylation of O-acyl lipids, although neither free fatty acids
nor N-acyl lipids are usually esterified in these conditions. Moreover, aldehydes are not liberated
from plasmalogens with basic reagents and cholesterol esters are transesterified very slowly. Acidic
catalysts are probably the best esterifying agents since they methylate free fatty acids and O-acyl
lipids very efficiently and are also used to prepare dimethylacetals from aliphatic aldehydes or
plasmalogens [5]. However, acid-catalyzed methylation isomerizes CLA isomers. Therefore, a basic
methylation followed by a mild acid transesterification must be used for the analysis of CLA iso-
mers. However, care should be taken in analyzing fatty acids, such as those that are amide-bound,
like in sphingolipids, as they are transesterified very slowly with these reagents. Sphingolipids are
important components of the lipids in the brain, the cerebrosides being the major brain sphingolipid
(up to 10% total brain lipids) [5,7].

The usual analytical techniques for the determination of total and individual fatty acids include
GC, HPLC, TLC, infrared spectroscopy (IR), 3C nuclear magnetic resonance (NMR) spectros-
copy, attenuated total reflectance (ATR), mass spectrometry (MS), and a combination of hyphenated
techniques.

9.2.1.1 Gas Chromatography

Capillary GC with flame ionization detection (GC-FID) is by far the most used method for the
analysis of fatty acids, as methyl esters (FAME), in meat and meat products, including edible by-
products [8]. Most detailed reports on the chromatographic resolution of animal-derived foods use
meat and milk matrices, but they are generally applicable to meat by-products. Although fatty acids
are generally analyzed as their methyl ester derivatives, occasionally they can also be analyzed by
4.4-dimethyloxazoline (DMOX) or picolinyl derivatives by GC in combination with mass spec-
trometry (GC-MS).

Animal fats usually have around 20 major fatty acids with a chain length from C12 to C22.
However, ruminant-derived fats also show a large number of minor fatty acids (frans, conjugated,
and odd- and branched-chain fatty acids) derived from rumen microbial metabolism. The analysis
of TFA, in particular, is extremely challenging and complex because of the wide range of positional
mono-, di-, and triene isomers. Thus, for ruminant-derived products, it is necessary to use long cap-
illary columns to identify also the minor fatty acids.

The fatty acid profile of beef by-products is usually determined using long highly polar fused sil-
ica capillary columns coated with cyanoalkyl polysiloxane stationary phases. The 100 m CP-Sil 88™
column is most commonly used for trans/cis FAME separation (Figure 9.1), although SP-2380™,
SP-2560™, BPX-70™, and HP-88™ columns have been frequently used [5,9]. However, even with
long polar capillary columns, some fatty acids are not completely separated (e.g., 18:1 and CLA
isomers). The complete resolution of trans 18:1 isomers as well as of trans 16:1, trans 18:2, and trans
18:3 isomers is rather complex. Depending on the analytical conditions, numerous overlaps may
occur leading to either underestimations of trans 18:1 and 18:2 contents [10] or overestimations of
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FIGURE 9.1 GC-FID chromatogram of a total fatty acid methyl ester (FAME) mixture from a typical beef
heart sample, obtained using a CP-Sil 88 capillary column (100m x 0.25mm i.d., 0.25um film thickness)
in the conditions described by Alves and Bessa [57]. The abbreviations mean the following: BHT, butylated
hydroxytoluene, used as an antioxidant additive; CLA, conjugated linoleic acid (18:2¢9,t11 co-elutes with the
18:2t7,c9 and 18:2t8,c10 isomers); DHA, docosahexaenoic acid; DMA, dimethylacetal; EPA, eicosapentaenoic
acid; IS, internal standard.

trans 16:1 levels [11]. In addition, on a CP-Sil 88 18:3 isomers can overlap with 20:0 or 20:1, a find-
ing that does not occur with SP-2340™ columns. The elution times for both #rans and cis 18:1 iso-
mers increase with the position of the double bond along the carbon chain, eluting the frans isomers
before the cis isomers on cyanoalkyl polysiloxane stationary phases. The main overlaps take place
in the 18:1 region, where trans 12 to trans 16 isomers co-elute with the 18:1 isomers of cis configu-
ration. Column overloaded or large amounts of cis isomers affect the resolution and quantification
of trans isomers. Moreover, column temperature affects greatly the cis/trans isomer resolution [12].
To maximize the separation of the TFA, low-temperature isothermical programs have been applied
successfully by several authors [13,14]. Kramer et al. [14] used isothermal temperature at 120°C
to separate the 16:1 isomers, 150°C to 18:1 isomers, 175°C to 20:1 isomers, and 220°C to 22:1 and
24:1 isomers, using a CP-Sil 88 capillary column. However, even when using stepwise isothermal
temperature conditions, the resolution of all 18:1 isomers could not be achieved accurately without
a prior separation of cis and trans isomers by silver ion chromatography. Recently, Kramer et al.
[15] reported that a combination of two separate GC analyses may be successfully used in the deter-
mination of the most geometric and positional isomers of 16:1, 18:1, 20:1, 18:2, and 18:3, without a
prior silver ion separation. Only CLA isomers still required the complementary Ag*-HPLC separa-
tion. Finally, a GC method from the American Oil Chemist Society (AOCS) for measuring TFA in
animal and vegetable fats that meets the current Food and Drug Administration (FDA) regulations
has been reported (AOCS Method Celh-05).

Lipids from monogastric animals, relative to those from ruminant animals, have a much simpler
fatty acid profile (mainly linear even-chain fatty acids) with higher PUFA and lower SFA contents.
GC-FID is also the method of choice for the analysis of fatty acids in pork by-products.
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FIGURE 9.2 GC-FID chromatogram of a total fatty acid methyl ester (FAME) mixture from a typical
pork heart sample, obtained using an OmegaWax 250 capillary column (30m x 0.25mm i.d., 0.25um film
thickness) in the conditions described by Alves and Bessa [57]. The abbreviations mean the following: BHT,
butylated hydroxytoluene, used as an antioxidant additive; CLA, conjugated linoleic acid (18:2¢9,t11 co-elutes
with the 18:2t7,c9 and 18:2t8,c10 isomers); DHA, docosahexaenoic acid; DMA, dimethylacetal; EPA, eicosa-
pentaenoic acid; IS, internal standard.

Several capillary columns have been developed especially for the separation and analysis of
long-chain (>C18) unsaturated fatty acids, such as DB-Wax™, CarboWax™, SupelcoWax™, and
OmegaWax™. Official Methods of analysis for long-chain n-3 PUFA recommend capillary columns
with polyethylene glycol stationary phases, such as SupelcoWax or OmegaWax columns (AOCS
Celi-07 and Celb-89). In pork by-products, good resolution of the major fatty acids can be achieved
with 30m capillary columns (Figure 9.2). These polar polyethylene glycol stationary phases com-
bine the advantage of a relative high resolution capability with those of a relatively high thermal
stability [16], although highly polar cyanoalkyl polysiloxane stationary phases have been also fre-
quently used. The nonadecanoic acid (19:0) and tricosanoic acid (23:0) methyl esters have been
extensively used as internal standards for the analysis of the highly unsaturated n-3 fatty acids EPA,
DHA, and docosapentaenoic acid (22:5n-3) [16]. The chromatographic conditions for long-chain
PUFA analysis usually require high oven temperatures (above 200°C). However, the damage of
DHA by the use of high temperatures in GC analysis was recently reported [17]. It was recom-
mended by the same author that the FID response correction factors for these analytical conditions
should be used for the accurate determination of long-chain n-3 PUFA. Bragagnolo and Rodriguez-
Amaya [18] determined the fatty acid composition in the skin and backfat of suckling and adult pigs
by GC-FID using a 30 m capillary column (DB-Wax, 0.30 mm i.d., 0.25 um film thickness).

Recent developments in GC instrumentation (fast, very fast, and ultrafast GC, with runtimes of
5-10min, a few minutes, and less than 1min, respectively) allow the full exploitation of narrow-
bore capillary columns (fast columns up to 0.05mm of i.d.), which are able to obtain very fast
temperature programming rates [19]. The chromatographs equipped with the ultrafast mode allows
the operator to achieve the determination of FAME with up to a 20-fold speed increase over con-
ventional GC methods with excellent accuracy and precision of both peak areas and retention times.
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The columns for fast GC are shorter and have a much smaller internal diameter than a standard GC
column. For instance, a CarboWax capillary column, 5-10m long (0.1 mm i.d., 0.1 pm film thick-
ness), is suitable for FAME analysis in meat by-products [19]. The transesterification of fatty acids
with methanolic KOH was recently reported as the most suitable process for the ultrafast GC analy-
sis of pork fat [20]. Finally, Destaillats and Cruz-Hernandez [21] reported the separation of complex
FAME matrices (e.g., milk fat and tuna oil) using a short and highly polar BPX-70 (10m x 0.1 mm
i.d., 0.2um film thickness) fast capillary column. The GC parameters were optimized to achieve
the separation of FAME ranging from butyric acid (4:0) to nervonic acid (24:1) with a total runtime
of 4.9 min. From the results obtained so far, it is clear that the use of fast columns will significantly
impact the analysis of lipids.

9.2.1.2 Silver lon Chromatography

The complete analysis of all TFA can only be accomplished by the previous separation of cis
and frans isomers. Silver ion chromatography has been applied in the separation of fatty acids
according to both the number and the configuration of their double bond [5]. Agr+-TLC, Ag*-SPE,
or Ag-HPLC fractionation, followed by analysis of the fraction by GC, allows a complete and
accurate analysis of TFA, especially the mono- and diethylenic isomers [22]. Common TLC sol-
vent systems are hexane:diethyl ether (90:10 V/V), benzene for cis/trans methyl linolenate, and
chloroform:acetone:acetic acid (96:5:0.5 V/V) for cis/trans methyl arachidonate fractionation [5,23].
When samples are analyzed by GC before and after silver ion separation, the amount of TFA can be
determined. The quantification of trans 18:1 isomers may be easily achieved by using the area of the
trans 18:1 isomer eluting before frans 12 in the nonfractionated chromatogram and the total frans
18:1 area in silver ion fractionated chromatogram, as reported by Kramer et al. [24]. Otherwise,
the incorporation of a known amount of methyl penta- or heptadecanoate as an internal standard
to trans and cis 18:1 fractions allows quantification by GC [22]. This procedure was adopted by
the International Union of Pure and Applied Chemistry (IUPAC) for the quantification of TFA in
natural and hydrogenated animal and vegetable oils and fats (IUPAC Method 2.302). Christie [5]
proposed a method where fractions containing both frans monoenes and saturated FAME are col-
lected together, while the proportion of the trans monoenes is calculated by reference to one or all
of the saturated compounds.

Cruz-Hernandez et al. [12] reported a complete methodology using argentation TLC and GC in
the analysis of frans 18:1 isomers in dairy fats. The quantification of the different trans isomers of
18:1, 18:2, and 18:3 and their overestimation have been widely studied by Precht and Molkentin [10]
in milk fat. These authors proposed a GC isothermical at a low temperature (125°C) to achieve the
separation of trans 13 and trans 14 18:1 isomers, as well as trans 11 and trans 12 16:1 isomers [25].

9.2.1.3 Spectroscopy

The measurement of the intensity of a characteristic absorption band, at 966 cm™, under a defined
set of analytical conditions constitutes the basis for the various IR methods used for the deter-
mination of total frans unsaturation in fats [22]. The older standard official methods have been
subjected to modifications in order to improve its detected limitations. Improvements were made at
correcting the various background interferences, calibrations, and reference materials in AOCS and
Association of Analytical Communities (AOAC) International Methods. However, results from IR
are biased, in particular those concerning fat products with little TFA [26].

Advances in equipment technology introduced the Fourier-transform infrared (FT-IR) and near-
infrared (FT-NIR), as well as the ATR-IR spectroscopic instruments. TFA formed during the biohy-
drogenation of ruminant animals were quantified by Ulberth and Henninger [27] in milk fat using
the FT-IR methodology and are only slightly higher than those obtained by the same authors using
the Agt-TLC-GC technique. An ATR-IR method has been widely studied for the determination
of total TFA content in food products [28,29], which has been adopted by AOCS (Official Method
AOCS Cd 14d-99) and AOAC International (Official Method AOAC 2000.10). Recently, Azizian
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and Kramer [30] described a rapid FT-NIR method coupled to chemometric calibration techniques
that allows qualitative and quantitative information of most fatty acids present in oils and fats,
including TFA. None of these spectroscopic methods are directly applied to meat matrices but only
to oils, extracted fats, or FAME mixtures.

9.2.1.4 Other Methods

Few hyphenated techniques have been developed for the analysis of fatty acids. Coupling capillary
GC to FT-IR spectrometers led to some advantages in the determination of frans monounsatu-
rated FAME, particularly the measurement of subnanogram quantities of compound, in contrast
to those required for the standard IR equipment [31]. The online measurement of FT-IR spectra of
compounds eluting from the capillary column allows the lack of interferences, particularly due to
the partial overlap of adjacent frans and cis isomers [23]. Although the GC-FT-IR technique can
provide information about the double bond geometry of fatty acids, it is relatively expensive for
routine analysis [31].

Other common analytical approaches could also be applied for the determination of fatty acids
in fats, particularly the FT-NIR coupled with chemometric calibration procedures, as described by
Azizian and Kramer [30].

Ultra-performance liquid chromatography (UPLC), one of the most significant developments in
separations science in the past decade, is the result of holistic innovation that simultaneously reen-
gineered LC particle technology, column design, injectors, pumps, and detectors. The increased
performance of sub-2um hybrid columns, used in conjunction with the ability to deliver mobile
phase at high pressures with low dispersion, provide significantly more resolution and sensitivity,
while reducing runtimes. The UPLC seems to have a great potential for the analysis of fatty acids.
For instance, it was recently used in the determination of a mixture of 11 fatty acids (e.g., oleic,
linoleic, methyl linoleate, stearic, and palmitic acids) (reviewed recently in [32]). The separation
column was an UPLC bridged ethylsiloxane/silica hybrid (BEH) Phenyl C18™ (10cm x 2.1 mm
i.d., 1.7um particle size) and the mobile phase consisted of acetonitrile—water (3:1 V/V) in the
isocratic mode. The flow rate was of 0.3 mL/min, the column was heated at 40°C, and the run was
completed in 5 min.

9.2.2 ProriLe oF CONJUGATED ISOMERS OF LINOLEIC ACID

Conjugated isomers of linoleic acid, commonly referred to as CLA, are a group of fatty acids,
composed of positional (from carbons 6,8 to 12,14) and geometric (trans,trans, cis/trans-cis,trans
and trans,cis- and cis,cis) isomers of linoleic acid (18:2n-6), containing a conjugated double-bond
system [33]. Twenty four different CLA isomers have been reported as occurring naturally in food,
especially in ruminant fat [12]. The major CLA isomer in ruminant meat (rumenic acid, 18:2¢9,t11),
like the usual second-most prevalent isomer (18:2t7,c9), is mainly produced in the tissues through
A9 desaturation of VA [34]. The origin of all other CLA isomers is the ruminal biohydrogenation
of dietary C18 PUFA [35]. Interest in these compounds has expanded since CLA was found to be
a naturally occurring compound, present in animal-derived foods, and associated with a multitude
of health benefits.

In animal tissues, natural CLA is in esterified form and is present at relatively low levels. Thus, a
pre-concentration step is required, which can be accomplished either by reversed-phase HPLC or by
silver ion chromatography or by improving the efficacy of the process, by using the two techniques
sequentially [5]. In addition, there is no single methylation procedure adequate for CLA analysis in
meat lipids: base-catalyzed methylation transesterifies acyl lipids but not N-acyl or alk-1-enyl acyl
lipids; acid-catalyzed methylation isomerizes cis/trans to trans,trans CLA and produces methoxy
artifacts [12]. Therefore, base- and acid-catalyzed methylations must be used in sequence or sepa-
rated for the derivatization of meat lipids, including those of meat by-products [36]. Finally, recent
reviews on CLA isomer analysis have been reported elsewhere [32,36].
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9.2.2.1 Gas Chromatography

GC-FID, the standard technique in most laboratories for the routine analysis of fatty acids, is the
most widely used methodology for the quantification of total CLA methyl esters. However, this
technique is of limited value for the analysis of individual CLA isomers. The various types of
geometrical isomers give distinct peaks, but within these groups, positional isomers are not fully
resolved. GC with 100m highly polar capillary columns (e.g., CP-Sil 88, SP-2560, HP-88, and
BPX-70 columns) must be used in order to achieve improved separations of CLA methyl esters
[14]. However, some FAME (e.g., 21:0 and 20:2 isomers) elute in the same region as the CLA
isomers even when these highly polar GC columns are used [12]. Moreover, the relative elution
of these FAME differ slightly between columns, even from the same supplier, and depends on
the age of the column [9]. A quantitative GC method for both bioactive c9,t11 and t10,c12 CLA
isomers as nonesterified fatty acids and triacylglycerols (previously fractionated by TLC) was
developed (100 m SP-2380 capillary column, 0.32mm i.d., 0.20 um film thickness) and applied to
liver from hamsters fed a diet supplemented with both CLA isomers [37]. Recently, both c9,t11
and t10,c12 CLA isomers in human plasma have been quantified by fast GC (Rtx-2330™ capillary
column, 40m x 0.18 mm i.d., 0.10 um film thickness) [38]. Some individual (c9,t11, t9,c11, c11,t13,
t10,c12, and t9,t11) and mixtures (from A8,10 to A11,13) of CLA isomers, as free acids or methyl
esters, are commercially available from Matreya Inc. (Pleasant Gap, PA, USA), Nu-Check Prep
(Elysian, MN) or Sigma Inc. (St. Louis, MO). Additional standards of mixtures (trans,trans, cis/
trans, and cis,cis from carbons 7,9 to 12,14) of CLA isomers, as methyl esters, can be prepared
according to the procedures described by Destaillats and Angers [39], Delmonte et al. [40], or
Eulitz et al. [41]. A definitive identification of the interfering FAME requires, instead of GC-FID,
GC-MS using the DMOX derivatives and/or 4-methyl-1,2,4-triazoline-3,5-dione (MTAD) adducts
as invaluable adjuncts [42].

9.2.2.2 Silver lon High-Performance Liquid Chromatography

Ag+-HPLC, which uses columns packed with silver ions (ChromSpher 5 Lipids™), has proved to
be very useful for the separation of geometrical and positional isomers of CLA [43]. The chro-
matographic separation is based on the interaction between the m-electrons of double bonds and
the empty d orbitals on the silver. Improved separations of CLA isomers have been obtained using
three of these argentated columns in series [44]. The mobile phase is n-hexane containing 0.1%
acetonitrile and 0.5% diethyl ether, with specific detection of the conjugated double bonds of CLA
methyl esters at 233 nm. Trans,trans isomers elute first, followed by cis/trans, and then cis, cis, and
within each group most positional isomers are clearly resolved. As an example, Figure 9.3 illustrates
a separation of CLA methyl ester isomers in a typical bovine pancreas sample. However, the sepa-
ration of CLA isomers using Ag*-HPLC still has two major drawbacks: the reproducibility of the
retention times among chromatographic runs and the lack of an appropriate internal standard for
the quantification of CLA isomers.

Therefore, the best strategy for the analysis of the individual CLA isomers in ruminant fats is
the combination of GC, using 100m highly polar capillary columns, and Agt-HPLC, using three
25 cm columns in series [45]. The CLA peaks are quantified by GC analysis of total FAME and the
relative concentrations obtained by Ag*-HPLC are used to calculate the unresolved peaks in the
GC chromatogram. Kraft et al. [46] performed the calculation by comparing the HPLC areas of
c9,t11, t7,c9, and t8,c10 isomer peaks with the peak area of the three co-eluted isomers from the GC
chromatogram. The quantification of the other CLA isomers was assessed from their Agt-HPLC
areas relative to the area of the main isomer c9,tl11. A detailed description of the quantification
process of individual CLA isomers using these two complementary methods was described by
Cruz-Hernandez et al. [36]. Finally, the determination of underivatized individual CLA isomers by
Ag-HPLC, with two columns in tandem, was applied to muscle, adipose tissue, liver, brain, and
pancreas from rats fed a diet enriched with a mixture of ¢9,t11 and t10,c12 CLA isomers [47].
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FIGURE 9.3 Partial Ag--HPLC chromatogram (trans,trans and cis/trans regions) of a total conjugated lin-
oleic acid (CLA) methyl ester mixture from a typical beef pancreas sample, obtained using three ChromSpher
5 Lipids columns (25cm x 4.6 mm i.d., 5 um particle size) in tandem and the conditions described by Alfaia
et al. [66].

9.2.2.3 Other Methods

BC NMR spectroscopy, the most complete single analysis for commercial CLA preparations,
requires a substantial amount of sample and is not likely to be applicable to tissue extracts at natural
levels [48]. Reversed-phase HPLC can also be used for CLA analysis, although it is mainly use-
ful for the analysis of CLA metabolites [49]. However, when combined with the second derivative
of UV absorbance, it is possible to analyze CLA and its metabolites [50]. FT-NIR requires the
extraction of fat from meat and does not distinguish between cis,trans and trans,cis isomers [30].
Finally, chemical ionization tandem mass spectrometry (CI-MS and CI-MS/MS) with acetonitrile
as the reagent of chemical ionization provides a rapid alternative to conventional CLA analysis. This
technique, in combination with GC, enables the rapid and positive identification of the double bond
position and geometry in most CLA isomer methyl esters [51].

9.3 LIPID COMPOSITION OF EDIBLE ANIMAL BY-PRODUCTS

9.3.1 Farty Acib COMPOSITION

Beef liver, tail, ears, and feet have a protein level close to that of lean meat (<5% fat, according to
the Food Advisory Committee criteria [52]), but a large amount of collagen is found in the ears
and feet. The lowest protein level is found in the brain, chitterlings, and fatty tissue (see Chapter 2
for greater detail). Pork tail has the highest fat content and the lowest moisture content of all meat
by-products [53]. There is three to five times more cholesterol (0.26—0.41 g/100 g product) in organ
meats than in lean meat [54], as well as large quantities of phospholipids. Brain has the highest
contents of cholesterol (1.3-2.2 g/100 g) and phospholipids compared to other meat by-products (see
Chapter 5 for greater detail).

Table 9.1 shows the contents of total fatty acids and fatty acid composition of some of the most
eaten beef by-products (brain, heart, kidney, liver, pancreas, and tongue). Since the information
regarding the fatty acid composition of these edible by-products is very scarce in the literature it was
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TABLE 9.1
Fatty Acid Content and Composition of Some Beef By-Products

Brain Heart Kidney Liver Pancreas Tongue
Total fatty acids (g/100 g product) 1.9-6.4 1.0-3.2 0.94-2.1 1.5-2.3 1.9-16 1.1-15
Fatty acid composition (% FA)
10:0 n.d. n.d. n.d. n.d. n.d. n.d.—0.13
12:0 n.d. n.d. n.d. n.d. n.d. n.d.—0.59
14:0 0.41-0.72  0.27-2.1 0.41-1.0 0.18-0.64 0.92-2.0 1.9-3.8
14:1 0.11-0.19  0.22-0.34  0.16-029  0.07-0.35 0.11-0.20  0.65-1.1
15:0 0.11-0.18 0.17-0.49  0.34-0.51 0.15-0.30 0.24-0.62  0.32-045
16:0 14-19 12-19 16-19 7.2-13 21-24 17-28
16:1 isomers 0.33-0.44  0.07-1.8 0.09-1.9 0.06-1.5 0.08-6.8 0.04-5.5
17:0 0.47-0.56  0.40-1.6 0.62-1.1 0.78-1.3 0.55-1.1 0.71-1.0
18:0 20-21 16-19 13-18 31-37 14-24 11-16
18:1c9 22-26 8.2-33 16-26 8.8-18 28-35 34-43
18:1t isomers 0.03-5.6 0.06-3.3 0.09-4.7 0.06-1.8 0.14-2.7 0.11-3.4
18:2n-6 0.42-0.64 12-39 14-24 13-19 7.9-15 3.8-10
18:2¢9,t112 0.03-0.06  0.16-.030 0.31-0.64  0.39-0.75 0.29-0.60  0.37-0.63
18:3n-3 0.10-0.16  0.34-1.1 0.62-1.2 0.30-1.4 0.58-0.95  0.36-0.78
18:4 0.44-0.60 n.d. n.d. 0.05-0.07 n.d. n.d.
20:0 0.18-0.27 0.10-0.20  0.28-0.57  0.05-0.07 0.09-0.16  0.06-0.11
20:1 2.1-35 0.08-0.34  0.31-0.57  0.07-0.30 0.14-0.29  0.13-0.92
20:2n-6 0.09-0.12  0.16-0.28  0.42-0.72  0.19-0.43 0.05-0.08  0.04-0.12
20:3 isomers 0.08-0.24  n.d.-0.13 n.d.—0.31 n.d.-0.12 0.03-0.06  n.d.
20:4n-6 5.0-7.8 3.9-14 11-16 6.0-12 1.8-5.1 1.1-4.6
20:5n-3 n.d. 0.33-0.73  0.34-0.59  0.31-0.52 0.10-0.32  0.06-0.20
22:0 0.53-0.60  0.85-1.7 0.65-1.7 0.38-4.8 0.13-045  0.17-0.69
22:4n-6 4.6-5.2 0.39-0.67  0.60-0.87 1.7-3.4 0.14-0.32  0.19-0.65
22:5n-6 1.8-3.4 0.08-0.20  0.08-0.21 0.41-0.83 0.03-0.08  0.03-0.16
22:5n-3 0.39-5.9 0.67-1.0 1.0-1.5 2440 0.37-0.88  0.19-0.91
22:6n-3 7.4-13 0.12-0.19  0.28-0.56  0.72-1.6 0.05-0.11  0.04-0.17
Partial sums of fatty acids (% FA)
Total saturated fatty acids 36-42 3043 3241 46-52 39-51 36-46
Total monounsaturated fatty acids 26-30 10-35 18-28 10-20 31-40 39-48
Total polyunsaturated fatty acids 24-26 17-55 26-43 19-39 11-22 5.9-18
Total trans fatty acids 5.9-9.6 3.9-5.6 4.8-74 3.0-7.2 49-59 4.9-6.2

2 This CLA isomer co-eluted with minor amounts of the 18:2t7,c9 and 18:2t8,c10 isomers.

The ranges of values (minimum-maximum) shown were obtained from USDA National Nutrient Database for Standard
Reference (Release 22, 2009 [99]) and from our data (unpublished results, n = 9).

n.d., not detected.

complemented with original data obtained by our research group. The methodology used for the
determination of fatty acid composition in organ meats was based on the method of Folch et al. [3].
Briefly, representative samples of the tissues (brain, heart, kidney, liver, pancreas, and tongue) were
lyophilized (—60°C and 2.0 hPa) to constant weight, the lipids were extracted with dichloromethane/
methanol (2:1 V/V), and the solvent was evaporated to dryness. For both FAME and CLA methyl
ester profile analysis, fatty acids and CLA isomers were converted to methyl esters by a combined
transesterification procedure with NaOH in anhydrous methanol (0.5 M), followed by HCl:methanol
(1:1 V/V), at 50°C for 30 and 10 min, respectively, according to Raes et al. [55] and Alfaia et al. [56].
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Fatty acid composition of beef by-products was analyzed by GC-FID (chromatograph HP 6890;
Hewlett—Packard, Avondale, PA) using a fused-silica 100 m capillary column (CP-Sil 88; 0.25 mm
i.d., 0.2um film thickness; Chrompack, Varian Inc., Walnut Creek, CA), as described by Alves
and Bessa [57]. Briefly, the initial oven temperature was 100°C (held for 1 min), then increased by
50°C/min to 150°C (held for 20 min), then increased by 1°C/min to 190°C (held for 5min), and
finally increased by 1°C/min to 200°C (held for 35 min). Ultrapure helium was used as the carrier
gas, at a flow rate of 1 mL/min, and the split ratio was 1:50. The injector and detector temperatures
were maintained at 250°C and 280°C, respectively. The identification of common fatty acids was
accomplished by comparison of sample peak retention times with those of FAME standard mixtures
(Sigma) and by using published chromatograms obtained with similar analytic conditions [15,58].
Structural analyses of some unknown peaks were conducted by the GC-MS/MS technique, using
a Varian Saturn 2200 system (Varian Inc.) equipped with a CP-Sil 88 capillary column (100m x
0.25mm i.d., 0.2 um film thickness). The quantification of total FAME was done using nonadeca-
noic acid as the internal standard. The results for each fatty acid were expressed as a percentage of
the sum of identified fatty acids (total fatty acids).

The fatty acid content and the composition of some of the most eaten pork by-products (brain,
heart, kidney, liver, pancreas, and tongue) are shown in Table 9.2. The data concerning the fatty acid
content and the composition of beef and pork is abundant in the literature and was reviewed elsewhere
[2,59]. In contrast, the information published regarding fatty acid composition of edible pork by-prod-
ucts is very limited, and therefore, it was complemented with original data obtained by our research
group. The methodology used for the lipid extraction and transesterification of pork by-products was
similar to that described above for beef by-products. The fatty acid composition of pork by-products
was analyzed by GC-FID (chromatograph HP 6890, Hewlett-Packard) using a 30m capillary column
(OmegaWax 250; 0.25mm i.d., 0.25 um film thickness; Supelco, Bellefont, CA), as described by Alves
and Bessa [57]. In brief, the initial column temperature of 150°C was held for 11 min, then increased to
210°C at a rate of 3°C/min and maintained for 30 min. Ultrapure helium was used as the carrier gas at
a flow rate of 1.3 mL/min, and the split ratio was 1:50. The injector and detector temperatures were set
at 250°C and 280°C, respectively. The nonadecanoic acid was used as the internal standard. Results
for each FA were expressed as a percentage of the sum of the identified fatty acids (total fatty acids).

The range (minimum-maximum) of contents of total fatty acids for each by-product is similar
for beef and pork (see Tables 9.1 and 9.2). Total fatty acids (g/100 g product) are relatively low (<5%
fat, as in lean meat) in heart (1.0%-3.2% for beef and 1.0%—-3.3% for pork), kidney (0.94%—2.1% for
beef and 1.2%-2.4% for pork), and liver (1.5%-2.3% for beef and 2.4%—4.8% for pork), intermedi-
ate in brain (1.9%—6.4% for beef and 2.0%-5.2% for pork) and vary widely in pancreas (1.9%-16%
for beef and 1.9%-12% for pork) and tongue (1.1%-15% for beef and 4.0%—-16% for pork). Only
brain, pancreas, and tongue may be fatter than lean meat.

It is well established that animal species is the major source of variation in meat fatty acid com-
position. Due to the biohydrogenation of unsaturated fatty acids in the rumen, lipids from monogas-
tric animals, relative to those from ruminant animals, have a much simpler fatty acid profile with
higher percentages of PUFA and lower relative proportions of SFA and TFA. In addition, the level
of fatness also has an effect on the meat fatty acid composition by changing the triacylglycerol/
phospholipid ratio. However, the percentages of SFA, MUFA, and PUFA are similar between the
homologues beef and pork by-products (see Tables 9.1 and 9.2). The lipids of the beef and pork
by-products reviewed are relatively saturated since the SFA 16:0 and 18:0 (and oleic acid, 18:1c9)
predominates (with the exception of heart), which suggest a strong contribution of de novo syn-
thesis of fatty acids in these organs. In addition, the detailed fatty acid composition, including the
percentages of SFA (32%-34% for skin and 34%—41% for backfat), MUFA (48%-52% for skin and
47%—-49% for backfat), and PUFA (17%-18% for skin and 11%-18% for backfat) in suckling and
adult pigs has been described [18].

Arachidonic acid (20:4n-6) is by far the main long-chain PUFA in beef and pork by-products
reviewed, excluding beef brain, in which DHA predominates. The percentages of n-3 PUFA are
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TABLE 9.2
Fatty Acid Content and Composition of Some Pork By-Products

Brain Heart Kidney Liver Pancreas Tongue
Total fatty acids (g/100 g product) 2.0-5.2 1.0-3.3 1.2-24 2448 1.9-12 4.0-16
Fatty acid composition (% FA)
10:0 n.d. n.d. n.d. n.d. n.d. n.d.-0.13
12:0 n.d.—0.01 0.02-0.30 0.02-0.42 0.03-0.17 0.05-0.08  0.06-0.57
14:0 0.35-0.77  0.23-24 0.49-1.7 0.48-1.7 0.94-1.4 1.1-2.0
14:1 n.d. n.d. 0.01-0.02 n.d.-0.01 n.d.-0.01 0.01-0.02
15:0 0.06-0.08  0.03-0.09 0.07-0.12 0.07-0.17 0.06-0.15  0.05-0.09
16:0 18-20 15-18 22-29 16-27 21-30 24-27
16:1 isomers 0.82-2.3 0.15-3.0 0.47-3.8 0.39-2.8 0.31-6.8 0.32-4.0
17:0 0.26-0.31 0.19-0.54 0.30-0.67 0.37-0.72 0.30-0.65  0.33-0.55
17:1c9 0.12-0.15  0.12-0.22 0.06-0.32 0.18-0.59 0.15-0.38  0.33-0.54
18:0 19-23 12-14 14-17 15-27 15-24 11-13
18:1c9 21-28 12-27 17-41 17-34 24-33 39-46
18:2n-6 0.60-1.7 23-35 7.2-17 12-16 8.6-16 7.9-11
18:2¢9,t112 0.01-0.03  0.03-0.08 0.01-0.06 0.05-0.12 0.03-0.08  0.10-0.23
18:3n-3 0.02-2.3 0.37-2.4 0.17-0.42 0.32-1.2 0.36-0.77  0.33-0.50
20:0 0.23-0.31 0.04-0.11 0.15-0.22 0.02-0.05 0.19-0.35  0.11-0.20
20:1 1.2-1.8 0.21-0.55 0.44-0.84 0.22-0.35 0.46-0.75  1.3-1.6
20:2n-6 0.10-0.14  0.59-0.89 0.69-0.92 0.23-0.45 0.25-0.35  0.53-0.64
20:3 isomers 0.04-0.96  0.07-0.99 0.11-1.4 0.03-0.74 0.04-0.41  0.07-0.35
20:4n-6 9.1-11 8.2-20 3.4-19 3.1-17 1.8-4.9 1.1-2.2
20:5n-3 0.07-0.10  0.35-0.49 0.17-0.62 0.07-0.48 0.07-0.20  0.03-0.06
22:1 0.30-0.51 0.02-0.09 0.04-0.10 0.03-0.79 0.01-0.04  0.02-0.08
22:4n-6 42-53 0.88-1.3 0.87-1.8 0.30-1.4 0.13-0.31  0.36-0.65
22:5n-6 22-33 0.18-0.32 0.06-0.15 0.05-0.33 0.02-0.05  0.03-0.07
22:5n-3 0.26-4.3 1.1-1.9 0.53-0.97 0.32-2.4 0.15-0.38  0.15-0.29
22:6n-3 6.6-8.7 0.20-0.56 0.27-1.0 0.10-1.4 0.04-0.11  0.05-0.08
Partial sums of fatty acids (% FA)
Total saturated fatty acids 40-43 29-35 38-46 41-46 39-55 38-42
Total monounsaturated fatty acids 28-32 13-31 19-45 19-40 27-40 44-51
Total polyunsaturated fatty acids 26-29 34-57 1143 17-39 12-22 11-15
Total trans fatty acids 0.01-0.03  0.03-0.08 0.01-0.06 0.05-0.12 0.03-0.08  0.10-0.23

2 This CLA isomer co-eluted with minor amounts of the 18:2t7,c9 and 18:2t8,c10 isomers.

The ranges of values (minimum-maximum) shown were obtained from USDA National Nutrient Database for Standard
Reference (Release 22, 2009 [99]) and from our data (unpublished results, n = 11).

n.d., not detected.

usually very low in beef and pork by-products, with the exception of DHA in brain (7.4%-13%
for beef and 6.6%—-8.7% for pork). In line with this, Cordain et al. [60] reported that brain has the
highest percentages of DHA, relative to other organ meats, in wild ruminant animals (8.9% in elk,
9.6% in deer, and 9.2% in antelope). The docosapentaenoic acid may also be present in brain beef
(0.38%—5.9%) and pork (0.26%—4.3%) at relatively high levels. In contrast to the other fatty acid
classes, the percentages of TFA in the beef by-products vary up to 9.6% of total fatty acids, while
the TFA percentages in pork by-products is only residual (<0.23%). TFA are unsaturated fatty acids
that have at least one double bond in the frans configuration. However, the chemical definition of
FDA is more limited, considering TFA as unsaturated fatty acids that contain one or more isolated
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(i.e., nonconjugated) double bound in the frans configuration [61]. In ruminant fats, the main TFA
are trans octadecenoates (trans 18:1), with VA predominating, although in animals fed diets with
high starch contents, the 18:1t10 may predominate [62,63]. In addition, trans 16:1 and trans PUFA
(18:2 and 18:3) isomers are also usually present.

The methodologies reviewed here may be used, for instance, to assess the content and profile
of TFA and PUFA in meat by-products, especially those from ruminant animals, fed diets supple-
mented with polyunsaturated oils. In addition, these analytical techniques may be of great value
for the determination of the n-3 PUFA profile in meat fats from monogastric animals fed different
diets. It is well established that the content of n-3 fatty acids in meat fat can be readily improved by
increasing the levels of n-3 PUFA in monogastric animal diets through the incorporation of veg-
etable oils [64] and/or oily fish by-products [65].

9.3.2 CoNJUGATED IsOMERs OF LINOLEIC AcID

Total CLA content and its isomeric distribution in some of the most eaten beef and pork by-products
(brain, heart, kidney, liver, pancreas, and tongue) are shown in Tables 9.3 and 9.4, respectively.
Since this information was not available in the literature, the results depicted here were obtained by
our research group. For this, the same extracts used for fatty acid analysis, obtained as described
above in FAME preparation (Section 9.3.1), were also used for the determination of the CLA iso-
meric profile as the CLA methyl esters.

In order to obtain a detailed CLA isomeric distribution, the isomers were individually separated
by triple silver-ion columns in series (ChromSpher 5 Lipids, 25 cm x 4.6 mm i.d., 5 lm particle size;

TABLE 9.3
Conjugated Linoleic Acid Content and Isomeric Distribution of Some Beef By-Products
Brain Heart Kidney Liver Pancreas Tongue
Total CLA (mg/100g producty*  1.1-2.5 2.1-4.3 3.9-8.4 6.7-18 8.7-18 4.8-32
CLA profile (% CLA)
t12,t14 0.57-2.4 0.60-1.7 025-0.88  0.51-1.3 041-12 042071
t11,t13 25-3.2 1.6-4.4 0.87-1.8 1.0-2.8 0.69-3.0  0.44-13
t10,t12 026-055  0.49-1.3 0.13-042  0.13-041 034091  0.24-0.47
9,11 25-39 1424 1.6-3.4 1.5-6.2 1.2-2.9 091-1.4
8,67 0.22-1.1 n.d-0.51 0.14-0.67  0.18-0.52  024-075  0.21-0.56
{719 1.3-2.9 0.51-2.1 1.0-2.2 0.55-2.0 051-1.3  044-13
6,18 n.d-1.6 nd-15 027-0.75  nd-073  nd-086  0.19-0.71
c/t12,14 1.0-1.7 0.49-0.84  029-057  0.19-0.56  0.35-0.65 0.54-1.4
til,cl13 18-23 1.5-4.3 4.0-5.5 0.48-1.0 0.80-2.6  2.1-27
cl1,t13 1.7-2.5 1.6-2.4 0.38-1.1 0.50-1.1 0.64-14 03813
t10,c12° n.d. 0.68-1.7 n.d. 0.13-083  047-13  0.73-2.6
c9,tl1e 60-64 74-85 76-84 82-89 78-87 81-86
t7,¢9 2.9-3.7 3.1-5.5 6.2-10 3.8-6.2 52-8.8 5.6-7.9
Partial sums of isomers (% CLA)
Total trans,trans 9.0-13 5.8-12 4.6-9.4 4.4-12 4.1-10 3.1-6.1
Total cis/trans 87-91 88-94 91-95 88-96 90-96 94-97

2 Total CLA was determined by the combination of GC-FID and Ag*-HPLC techniques, as described in the text.
® In brain and kidney samples, this minor CLA isomer co-eluted with the major ¢9,t11 isomer.

¢ This CLA isomer co-eluted with minor amounts of the t9,c11 isomer.

The ranges of values (minimum-maximum) shown were obtained from our data (Unpublished Results, n = 9).
n.d., not detected.
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TABLE 9.4
Conjugated Linoleic Acid Content and Isomeric Distribution of Some Pork By-Products
Brain Heart Kidney Liver Pancreas Tongue
Total CLA (mg/100 g product)? 0.5-14 0.5-1.0 0.2-1.1 2.1-4.8 0.9-3.5 5.5-21
CLA profile (% CLA)
t12,t14 0.88-2.0 nd.-1.8 0.43-1.7 0.35-0.72 0.36-1.1 0.21-1.5
t11,t13 5.4-9.8 1.1-2.2 1.4-2.7 0.69-1.5 0.87-1.7  0.55-1.5
t10,t12 0.26-0.87 nd.-1.5 0.53-1.2 0.25-1.1 0.68-1.6  0.54-0.7
9,t11 4.5-6.8 2.2-3.7 29-59 2.0-7.6 3.7-6.8 4.2-6.6
t8,t7 nd.-1.9 nd.-3.5 n.d.-1.0 0.41-7.1 0.45-19 0.62-1.8
t7,t9 n.d.-7.1 1.7-5.0 2343 1.0-5.6 1.1-39 0.51-1.5
16,t8 n.d.-3.8 nd.-5.2 1.9-4.9 1.1-3.7 nd-3.0 nd-041
c/t12,14 3.3-74 n.d.—1.8 0.54-2.2 0.52-2.4 0.35-14 0.44-1.4
c/t11,13 8.7-11 1.4-29 1.7-4.3 0.52-1.1 0.92-1.7 3.2-43
t10,c12 0.73-1.7 2.0-6.2 1.6-7.0 1.5-4.0 2.0-8.3 1.3-42
c9,t11° 54-64 67-84 67-81 71-87 72-85 79-86
t7,c9 1.4-2.0 0.76-9.0 1.3-3.1 1.6-4.3 1.6-4.2 0.25-0.47
Fartial sums of isomers (% CLA)
Total trans,trans 18-26 8.8-16 12-18 6.5-23 9.4-15 7.2-12
Total cis/trans 74-82 84-91 82-88 77-94 85-91 88-93

2 Total CLA was determined by the combination of GC-FID and Ag*-HPLC techniques, as described in the text.
b This CLA isomer co-eluted with minor amounts of the t9,c11 isomer.

The ranges of values (minimum-maximum) shown were obtained from our data (Unpublished Results, n = 11).
n.d., not detected.

Chrompack), using an HPLC system (Agilent 1100 Series, Agilent Technologies Inc., Palo Alto,
CA) equipped with an autosampler and a diode array detector adjusted at 233 nm, as described by
Alfaia et al. [66]. In brief, the mobile phase was composed of 0.1% acetonitrile and 0.5% diethyl
ether in n-hexane, maintained at a flow rate of 1 mL/min, and injection volumes of 20 uL. were
used. The identification of CLA isomers was achieved by spectral analysis and by comparison of
their retention times with commercial standards and with data published in the literature [67,68].
Standards of CLA isomers (c9,t11, t10,c12, c11,t13, ¢9,cl1, and t9,t11) were purchased from Matreya
Inc. (Pleasant Gap, PA) or prepared (cis/trans and trans,trans from carbons 7,9 to 12,14) by the pro-
cedure reported by Destaillats and Angers [39]. The amounts of CLA isomers were calculated from
their Ag*-HPLC areas relative to the area of the main isomer c9,t11 identified by GC-FID (which
comprises also the t7,c9 and t8,c10 isomers) as described by Kraft et al. [46]. A detailed description
of the quantification process of individual CLA isomers using these two complementary methods
was reported by Cruz-Hernandez et al. [36]. The total CLA content was calculated as the sum of its
main isomer c9,t11 (plus t7,c9 and t8,c10) determined by GC-FID with the other identified minor
isomers quantified by Ag*-HPLC analysis. The individual CLA isomers were expressed as a per-
centage of the sum of identified trans,trans and cis/trans CLA isomers (% total CLA).

As expected, the range of contents of total CLA is much higher in beef by-products than in pork
by-products (see Tables 9.3 and 9.4). In fact, CLA isomers are produced in the tissues through
A9 desaturation of trans monoenes (c9,t11 and t7,c9), whereas the other isomers derive from the
ruminal biohydrogenation of dietary C18 PUFA [34]. Regarding beef by-products, the range of
values for total CLA (mg/100 g product) are relatively low in brain (1.1-2.5), heart (2.1-4.3), and
kidney (3.9-8.4), and relatively high in liver (6.7-18), pancreas (8.7-18), and tongue (4.8—32). The
same profile of range values for total CLA is presented by the pork by-products analyzed. These
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differences may be explained, at least in part, by the distinct concentration of triacylglycerols in
these organs (see Tables 9.1 and 9.2).

The diet is the major factor affecting the content and profile of CLA in ruminant meats [55,69].
Furthermore, it is also well known that many of the differences in the CLA profile appear to be
related to pasture vs. concentrate feeding. French et al. [70] reported that meat fat from graz-
ing steers has greater CLA contents (10.8 mg/g FAME) than that from animals fed concentrate
(3.7mg/g FAME). Regarding the CLA profile, pasture feeding when compared with concentrate
feeding mainly increases the proportion of the t11,c13 isomer in beef lipids (up to 18.5% total
CLA), with a decrease of the t7,c9 isomer (down to 4.1% total CLA), while increasing the percent-
ages of t11,t13 and t12,t14 isomers [45]. These results suggest that the t11,c13, t12,t14, and t11,t13
CLA isomers are sensitive indicators of grass intake. The c9,t11 is the major CLA isomer in all
beef (60%—-89% total CLA) and pork (54%—87%) by-products analyzed (see Tables 9.3 and 9.4).
The t11,c13 and the c/t11,13 (t11,c13 + cl1,t13) are clearly the second-most prevalent CLA isomers
in beef (18%—-23%) and pork (8.7%—11%) brain, respectively. In general, the t7,c9 and t11,c13, or
t9,t11 are the second- and third-most predominant CLA isomers, respectively, in the remaining
beef by-products analyzed. In contrast, the percentages of the several minor CLA isomers in the
pork by-products analyzed, with the exception of brain, are much more similar. However, since
the content of some cis/trans CLA isomers in pork by-products is residual, their correct identifica-
tion may require further analytic work.

Although the CLA isomeric distribution in ruminant meat is well known [71,72], to our knowl-
edge, no CLA content or isomeric distribution was reported in the literature for any beef or pork
by-product from animals fed a diet unsupplemented with CLA isomers. However, it is increas-
ingly evident that different CLA isomers have distinct physiologic properties and that diet intake
should increase in order to achieve the potential beneficial values. Thus, these methodologies are
essential to evaluate meat by-products for its CLA content, to design experimental diets to increase
the amount of CLA in meat fats, and to determine the CLA profile in these CLA-enriched meat
by-products. For instance, these methodologies may be used to assess the effect of PUFA oil supple-
mentation of ruminant diets, the most straightforward method to modify CLA content and propor-
tion in ruminant meats [55,69], on CLA content and the isomeric profile in ruminant by-products.
These analytical techniques may also be used to evaluate the CLA profile in monogastric animals
fed commercial CLA preparations for enrichment of animal by-products in these fatty acids. For
instance, Martin et al. [73] assessed the fatty acid composition of liver from pigs fed CLA in com-
bination with MUFA by GC-FID using a 60 m SupelcoWax-10™ capillary column. Moreover, the
influence of diet supplementation with CLA isomers (mixture of c9,t11 and t10,c12) on the lipid
weight and fatty acid composition of lipid metabolizing (liver and retroperitoneal adipose) and lipid
sensitive (spleen and heart) tissues of mice have been determined by GC-FID using a 100 m SP-2380
capillary column [74]. Finally, Kramer et al. [75] assessed the distribution of CLA isomers in tissue
(liver, heart, backfat, and omental fat) lipid classes of pigs fed a CLA mixture by GC-FID (100 m
CP-Sil 88 capillary column) and Agr-HPLC (one 25cm ChromSpher 5 Lipids column). Ten and
twelve CLA isomers in the diet and in pig tissue lipids were separated by GC-FID and Ag*-HPLC,
respectively.

9.4 NUTRITIONAL QUALITY OF FAT FROM EDIBLE ANIMAL BY-PRODUCTS

9.4.1 Farty Acipb COMPOSITION

The consumption of dietary fats has long been associated to chronic pathologies, such as obesity,
diabetes, cancer, arthritis, asthma, and cardiovascular diseases (CVD). Although some controversy
still exists in the role of dietary fats in human health, certain fatty acids have demonstrated their
positive or negative effect on several chronic diseases. Thus, the current recommendations of the
FAO/WHO for adult humans include intakes of 20%—-35% of diet energy of total fat, <10% SFA,
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15%-20% MUFA, 6%-11% PUFA, 2.5%-9% n-6 PUFA, 0.5%-2% n-3 PUFA, <1% TFA, and
<300mg/day cholesterol [1]. Moreover, an intake of 0.5-2 g/day EPA plus DHA is recommended
for the prevention of CVD, and possibly, some cancers and degenerative diseases of ageing. It was
also concluded that there is no scientific rationale for the continued recommendation of the specific
ratio of n-6 to n-3 PUFA, or linoleic acid to a-linolenic acid (ALA, 18:3n-3) [1,76] described in the
1994 FAO/WHO report [77].

The 2008 FAO/WHO Expert Consultation [1] concluded that some individual SFA (lauric to
palmitic acids, 12:0-16:0) increase LDL-cholesterol levels when compared with stearic acid (18:0).
In addition, there is convincing evidence that substituting 12:0-16:0 with PUFA reduces LDL-
cholesterol levels, the TC/HDL-cholesterol ratio, and the risk of CVD. This effect can also be
observed, although to a lesser extent, by substituting these SFA with MUFA.

Dietary n-3 PUFA have effects on diverse physiological processes impacting normal health and
chronic diseases, such as the regulation of plasma lipid levels, cardiovascular and immune function,
insulin action, and neuronal development and visual function [78]. In recent years, there has been
much interest in the beneficial effects of the long-chain n-3 PUFA, in particular EPA and DHA. In
addition, it was found that their consumption in most Western populations is suboptimal for protec-
tion against the most prevalent chronic diseases. The principal biological role of ALA seems to be
as a precursor for EPA synthesis [79]. Crucially, it is now evident that the in vivo synthesis of EPA
and DHA from dietary ALA is very limited in adult humans. However, several studies suggest
that high intakes of ALA can beneficially affect a number of CVD risk factors, including LDL-
cholesterol [80]. Thus, more studies are needed in order to determine the potential health benefits
of ALA intake.

Arachidonic acid, a precursor of eicosanoids with potent bioactivities, is usually the main long-
chain PUFA in animal tissues. Although arachidonic acid can be synthesized from linoleic acid,
meat and meat products are the main dietary sources of this fatty acid. In spite of this, there are
a very limited number of studies on arachidonic acid nutrition in adult humans. Even in pregnant
women, there are no studies that specifically show benefit to dietary levels of arachidonic acid apart
from DHA and EPA [81]. However, since dietary arachidonic acid bypasses some of the regulatory
rate-limiting enzymatic steps that control its incorporation into membranes (A6 and A5 desaturase),
it can unbalance the level of long-chain n-3 PUFA in membranes and thus reduce their health ben-
eficial effects [81].

The association between the intake of TFA (4%—-6% of diet energy) with CVD risk has been
indicated in five prospective cohort studies [82,83]. Evidence is accumulating that different trans
18:1 isomers have differential effects on the plasma ratio of LDL-cholesterol/HDL-cholesterol, and
this is an area of active investigation [84]. For instance, there is support that trans 9 and trans 10
18:1 isomers are more powerful in increasing the plasma cholesterol ratio than VA [84]. VA, the
major TFA in most ruminant meats, and the precursor for the tissue c9,t11 CLA isomer in both
animals and man, should be considered as a neutral or beneficial trans isomer [85]. However, the
effects of TFA from ruminant fats and from hydrogenated vegetable oils on metabolic risk param-
eters remain to be established. The opinion of the European Food Safety Authority (EFSA) about
the presence of TFA in foods and their effect on human health was reported in 2004 [82]. Most
health professional organizations and some governments now recommend that the consumption of
foods containing TFA [83] be reduced.

Attending to the imbalance of fatty acids in the typical Western diets, it is widely acknowledged
that the nutritional trend should be to reduce the intakes of SFA, TFA, and n-6 PUFA, and to
increase the intakes of n-3 PUFA, particularly EPA and DHA. A survey of European diets revealed
that 21% of total fat intake comes from meat and meat products [86]. It is believed that the lower
total and n-3 PUFA, as well as the higher SFA and n-6 PUFA of some meats contribute to the
imbalance in the fatty acid intake of today’s consumers [59,87]. As described before, the range
of contents of total fatty acids for each by-product is similar for beef and pork but depends on the
type of meat by-product (relatively low in heart, kidney and liver, intermediate in brain and varies



Fatty Acids 153

widely in pancreas and tongue). In spite of the biohydrogenation of unsaturated fatty acids in the
rumen, the percentages of SFA, MUFA, and PUFA are similar between the homologues beef and
pork by-products. The lipids of the beef and pork by-products reviewed are relatively saturated. The
percentages of n-3 PUFA are relatively low in beef and pork by-products, with the exception of DHA
(and docosapentaenoic acid) in the brain of both species. The contents of n-3 PUFA in meat and
meat products were reviewed by Givens et al. [87]. Animal tissue lipids are important sources of
n-3 PUFA in human diets [85]. Moreover, although the main source of EPA and DHA (and of total
long-chain n-3 PUFA) is fish and seafood, the major sources of docosapentaenoic acid are ruminant
and poultry meats. Finally, for people who do not consume fish, meat and meat products are the only
source of EPA and DHA in the diet.

As expected, the relative proportions of TFA in all beef by-products reviewed are relatively high,
while in pork by-products they are only residual. The TFA contents in meat and meat products were
reviewed by Fritsche and Steinhart [23] and Valsta et al. [88]. The major sources of TFA in human
diet are industrial and ruminant fats. The contribution of TFA from ruminant fat ranges 30%—-80%
of the total TFA, corresponding to 0.3%—0.8% of diet energy [89]. It was estimated that meat and
meat products may contribute from 10% to 30% of TFA (higher in Mediterranean countries than in
other countries) for human diet [90].

From a nutritional point of view, these animal by-products are, in general, relatively rich in SFA,
cholesterol, and TFA (from ruminant origin), and therefore, should be part of a balanced diet only in
small amounts. Beef by-products, relative to the homologues pork by-products, not only have high
contents of TFA (prejudicial) but also high levels of CLA isomers and its endogenous precursor VA
(beneficial). Some meat by-products may be excellent sources of long-chain PUFA. Brain has very
high contents of long-chain n-3 PUFA (mainly DHA but also docosapentaenoic acid), although also
very high levels of cholesterol. Based on these nutritional characteristics, in addition to the possible
accumulation of pesticides, drug residues, and toxic heavy metals, some health organizations (e.g.,
United States Department of Health) recommend that only limited amounts of meat by-products be
eaten [53].

9.4.2 CoNJUGATED IsoMERs OF LINOLEIC AcID

Many experimental studies, using mainly laboratory animals and cell-culture systems, suggest that
some CLA isomers exert potentially positive effects on cancer, CVD, diabetes, body composition,
inflammation, the immune system, and bone health (reviewed by Wahle et al. [33] and Bhattacharya
et al. [91]). The National Academy of Sciences of the United States has recognized CLA as the only
fatty acid that has been shown unequivocally to inhibit carcinogenesis in experimental animals [92].
The mechanism of carcinogenesis modulation by CLA is not completely understood, although it
may be related to its anti-oxidative properties or with the induction of apoptotic cell death and cell
cycle regulation [93]. However, specific physiological effects have been linked to individual CLA
isomers. The t10,c12 isomer may play an important role on lipid metabolism, while the c9,t11 and
the t10,c12 isomers seem to be equally effective in anticarcinogenesis [94]. However, the biological
effects of these CLA isomers in humans remains to be established [93]. Few studies have investi-
gated the health effects in humans of naturally occurring CLA from foods and evidence is weak and
conflicting with respect to any health effects at current levels of intake. CLA research in humans has
focused mainly on the effects of the t10,c12 isomer, which is a minor isomer in foodstuffs, rather
than on the major isomer c9,t11. This is due to the circumstance that commercial CLA preparations
consist of an equal mixture of t10,c12 and c9,t11 isomers. Thus, research to assess the benefits of
CLA isomers for humans will constitute a unique challenge in the coming years.

Although optimal dietary intake in humans are not known, on the basis of the anticancer effects
of CLA in rats, a daily consumption of 0.8-3.0 g of CLA might provide a significant health benefit
to humans [69]. Depending on the country, the estimation so far of average total CLA or c9,t11
isomer consumption ranges between 95 and 440 mg (reviewed by Collomb et al. [95] and Martins
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et al. [71]). However, in some countries (e.g., Australia) consumption of CLA may reach 1.5 g/day
[96]. Regarding this, it is necessary to increase CLA intake in order to achieve its potential benefits
on the prevention and treatment of several pathologies. Since meat and meat products contribute
about 25%-30% of the total human CLA intake in Western populations, the inclusion in the diet
of ruminant-derived foods rich in CLA may be very desirable. As described above, the range of
contents of total CLA is much higher in the beef by-products than in the pork by-products reviewed.
Regarding beef by-products, the range of values for total CLA are relatively low in brain, heart, and
kidney, and relatively high in liver, pancreas, and tongue. A similar profile of range values for total
CLA is presented by the pork by-products analyzed. These differences may be explained, at least
in part, by the level of fatness of these organs. The CLA contents in meat and meat products were
reviewed by Parodi [97] and Schmid et al. [69]. The highest CLA concentrations were found in lamb
(4.3-19.0mg/g lipid), with slightly lower concentrations in beef (1.2—-10.0 mg/g lipid), representing
0.5%—2% of fatty acids. The CLA content of pork, chicken, and meat from horses is usually lower
than 1 mg/g lipid. Furthermore, CLA contents (mg/g fat) vary substantially not only between species
but also from animal to animal and within an animal in different tissues.

Given that individual CLA isomers have different biological activities, the determination of the
CLA isomeric profile in ruminant-derived fat is required. As expected, the bioactive c9,t11 isomer
is the main CLA isomer in all beef and pork by-products, being lower in the brain of both species.
The main CLA isomer in meat and meat products, c9,t11 (~80% total CLA), is mainly associated
with the triacylglycerol lipid fraction, and therefore, is positively correlated with the level of fatness.
The t11,c13 isomer (beef) and c/t11,13 (pork) are clearly the second-most predominant CLA isomers
in brain but not in the remaining meat by-products analyzed, where the t7,c9 CLA isomer is the
second-most prevalent. The biological significance of the preferential deposition of c/t11,13 CLA
isomers in brain is completely unknown. However, a preferential accumulation of the c11,t13 CLA
isomer into the inner mitochondrial membrane of a pig heart and liver has been described before by
Kramer et al. [75]. These authors hypothesized that the c11,t13 CLA isomer may have some biologi-
cal activity because it is a structural analogue of 20:2cl1,t13, a metabolite of c9,t11 CLA isomer,
with similar biological activity to that of CLA isomeric mixtures.

The other bioactive CLA isomer, t10,c12, is only present in residual percentages in the beef and
pork by-products analyzed. Concerning the estimation of average CLA daily intake, the above pro-
posed range should only be achieved through diet supplementation. It is of note that dietary supple-
ments have different CLA isomeric profiles compared to foodstuffs. The main difference concerns
the high percentage of t10,c12 in supplements, which may have adverse effects on human health, as
was suggested by Zee et al. [98].

9.5 CONCLUSIONS

An overview of the analytical techniques and methodologies available for the analysis of fatty acids,
including those necessary for the individual separation CLA isomers in edible animal by-products,
was presented in this chapter. For the detailed analysis of fatty acid composition in ruminant-derived
by-products, which include a large number of minor fatty acids (trans, conjugated, and odd- and
branched-chain fatty acids), a previous silver ion chromatographic cis/trans fractionation followed
by GC analysis with long (100 m) highly polar capillary columns is required. The determination of
the much simpler fatty acid profile in monogastric-derived by-products, mainly composed by linear
even-chain fatty acids, can be performed by the straight GC separation of FAME with short (30 m)
polyethylene glycol capillary columns. Regarding the analysis of total and individual CLA isomers
in animal by-products, a combination of GC-FID and Ag+-HPLC should be used. The CLA peaks
are quantified by the GC analysis of the total FAME and the relative concentrations obtained by
Agt-HPLC (three 25 cm columns in tandem) are used to calculate the unresolved peaks in the GC
chromatogram. The fatty acid composition compiled from the very limited information published
in the literature for some of the most eaten animal by-products (beef and pork brain, heart, kidney,
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liver, pancreas, and tongue) was complemented with original data. Finally, the most used analytical
methodologies were illustrated with possible applications to assess the nutritional quality of fat in
some of the meat relevant by-products.
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10.1 INTRODUCTION

Vitamins are a group of complex organic compounds that are essential to normal functioning
and essential metabolic reactions in the body. Vitamins are not utilized as a source of energy or
as a source of structural tissue components, but rather as cofactors or coenzymes in biochemical
reactions. Vitamins are divided into two categories based on their solubility—those soluble in fat
organic solvents are known as fat-soluble vitamins and those soluble in water are known as water-
soluble vitamins.

Tables 10.1 and 10.2 list the concentrations of fat-soluble vitamins and water-soluble vitamins,
respectively, in selected edible animal by-products according to the U.S. Department of Agriculture
National Nutrient Database [1]. The percentages of the daily value (DV) of the vitamin estimated to
be in 100 g of edible animal by-products are included in Tables 10.1 and 10.2. The DV, established
by the U.S. Food and Drug Administration (FDA), is a nutrient reference value intended to help
consumers understand how foods fit into their overall diets [2]. Foods containing 20% or more of
the DV of nutrients per reference amount are indicated to be “high,” “rich,” or “excellent” sources
of the nutrients. Foods containing 10%—19% of the DV are categorized as “good” sources. Most of
edible animal by-products such as heart, kidneys, liver, and pancreas are good to excellent sources
of most of the B-vitamins as defined by the U.S. FDA [3]. Fat-soluble vitamin A is present in edible
animal by-products in varying amounts, often in concentrations higher than those in other meats.
Considerable amounts of vitamin C are found in kidneys, liver, pancreas, and spleen of animals.
Vitamins D and K contents of only several edible animal by-products have been provided by U.S. FDA.
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TABLE 10.1

Concentrations of Fat-Soluble Vitamins in Selected Edible Animal By-Products?

Food Product
Pork

Brain, raw
Chitterlings, raw
Ears, frozen, raw
Feet, raw
Heart, raw
Jowl, raw
Kidneys, raw
Leaf fat, raw
Liver, raw
Lungs, raw
Pancreas, raw
Spleen, raw
Stomach, raw
Tail, raw
Tongue, raw
Beef
Brain, raw
Heart, raw
Kidneys, raw
Liver, raw
Lungs, raw
Pancreas, raw
Spleen, raw
Suet, raw
Thymus, raw
Tongue, raw
Tripe, raw
Veal
Brain, raw
Heart, raw
Kidneys, raw
Liver, raw
Lungs, raw
Pancreas, raw
Spleen, raw
Thymus, raw
Tongue, raw
Lamb
Brain, raw
Heart, raw
Kidneys, raw
Liver, raw

Vitamin A Vitamin E Vitamin D Vitamin K
1U/100gb % DV¢  mg/100g! % DV 1U/100g® % DV png/100g % DV
0 0 —f — — — — —
0 0 0.18 1 — — 0 0
0 0 — — — — — —
0 0 0.02 <1 — — — —
25 <1 0.63 3 — — — —
3 <1 0.29 2 — — — —
198 4 — — — — — —
0 0 — — — — — —
21,650 433 — — — — — —
0 0 — — — — — —
0 0 — — — — — —
0 0 — — — — — —
0 0 0.04 <1 0 0 0 0
0 0 — — — — — —
0 0 0.29 2 — — — —
147 0.99 4 — — 0 0
0 0.22 1 — — 0 0
1,379 28 0.22 1 45 11 0 0
16,898 338 0.38 2 49 12 3.1 3.9
46 <1 — — — — — —
0 0 — — — — — —
0 0 — — — — — —
0 0 1.50 8 — — 3.6 4.5
0 0 — — — — — —
0 0 — — — — — —
0 0 0.09 <1 0 0 0 0
0 0 - - - - - -
0 0 - - - - - -
308 6 — - - — - -
39,056 781 0.37 2 — — 0.9 1.1
0 0 - - - - - -
0 0 - - - - - -
0 0 - - - - - -
0 0 0.09 <1 — — 0 0
1 <1 — — — — — —
0 0 - - - - - -
0 0 — — — — — —
316 6.3 - - - - - -
24,612 492 - - - - - -
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TABLE 10.1 (continued)
Concentrations of Fat-Soluble Vitamins in Selected Edible Animal By-Products?

Vitamin A Vitamin E Vitamin D Vitamin K
Food Product IU/100g®> % DV¢ mg/100g! % DV  1U/100g°c % DV pg/100g % DV
Lungs, raw 89 2 — — — — _ _
Pancreas, raw 0 0 — — — — — _
Spleen, raw 0 0 —_ — — _ _ _
Tongue, raw 0 0 — — — _ _ _

2 Data obtained from U.S. Department of Agriculture National Nutrient Database for Standard Reference, Release 22 [1].
b International Unit (IU) vitamin A = 0.3 ug of all-trans-retinol or 0.6 Lg of B-carotene.

¢ Percent Daily Value (DV), established by the U.S. Food and Drug Administration [2].

4 As mg o-tocopherol.

¢ TU vitamin D = 0.025 ug cholecalciferol or ergocalciferol.

f No composition data provided by U.S. Department of Agriculture.

Generally, the methodologies used for determining the composition of the various vitamins in
edible animal by-products are the same as those used for other foods. Several high-performance
liquid chromatography (HPLC) methods using various detections [4—8] have been proposed to
determine several vitamins simultaneously. Internal standards are frequently used in the analytical
methods for determination of the vitamins. Several vitamins are lost or interconverted to their iso-
mers in extraction and purification procedures during analyses. Various methods have been used for
the determination of vitamins in foods. In-depth recent reviews of the methodologies for measuring
vitamins are available [9,10].

10.2 FAT-SOLUBLE VITAMINS

10.2.1 ViramiN A AND CAROTENOIDS

Vitamin A is a fat-soluble vitamin that is essential for humans and other vertebrates. Vitamin A as
retinoids, primarily retinyl esters, is abundant in some animal-derived foods, whereas carotenoids
are abundant in plant foods as pigments. Carotenoids cannot be synthesized by the live animals
but are obtained from their feeds. Because vitamin A and carotenoids are fat-soluble, they are
associated with the fat portion of foods. Because most of vitamin A is metabolized and stored
in an animal’s liver, it is highly concentrated in the liver. In foods, retinyl esters and carotenoids
are vulnerable to oxidation. Exposure to air, heat, and storage time also affect the destruction of
vitamin A compounds. Thus, overcooking can cause loss of retinyl esters and provitamin A in
foods. Reversed-phase HPLC followed by ultraviolet (UV) detection for retinoids and carotenoids
is the most common method of analysis. HPLC methodologies are given in AOAC Official Methods
2001.13 and 2005.07 [11]. However, the analysis methods have not been presented yet for determina-
tion of retinoids and in edible animal by-products. During sample preparation and analysis, samples
should be protected from heat, light, and oxidizing substances to avoid destructions and isomeriza-
tions of the retinoids and carotenoids. Antioxidants such as butylated hydroxytoluene (BHT), pyro-
gallol, or ascorbyl palmitate are used to prevent oxidation of retinoids and carotenoids.

Alkali hydrolysis (saponification) is routinely used to extract retinoids and carotenoids from
foods. Saponification removes chlorophylls, unwanted lipids, and other materials, which may inter-
fere with the chromatographic separation. Retinyl esters and carotenoid esters in foods are converted
to retinol and carotenoids during saponification. However, the degradation and isomerization of
retinol and carotenoids may occur during saponification. This is greater with higher concentrations
of alkali and higher temperatures [12]. Hexane, petroleum ether, diethyl ether, dichloromethane, or



TABLE 10.2
Concentrations of Water-Soluble Vitamins in Selected Edible Animal By-Products?

Thiamin Riboflavin Niacin Vitamin B Folate Vitamin B,, Pantothenic Acid Vitamin C
% % % % % % % %
Food Product mg/100g DV® mg/100g DV mg/100g DV mg/100g DV pug/100g DV  pug/100g DV mg/100g DV  mg/100g DV
Pork
Brain, raw 0.155 10 0.275 16 4.275 22 0.190 10 6 2 2.19 37 2.800 28 13.5 23
Chitterlings, 0.020 4 0.091 5 0.215 1 0.014 <1 3 <1 0.82 14 0.227 2 1.1 2
raw
Ears, frozen, 0.080 5 0.110 6 0.780 4 0.020 1 0 0 0.07 <1 0.068 <1 0.0 0
raw
Feet, raw 0.026 2 0.106 6 1.130 6 0.053 3 10 3 0.52 9 0.303 3 0.0 0
Heart, raw 0.613 41 1.185 70 6.765 34 0.390 20 4 1 3.79 63 2.515 25 53 9
Jowl, raw 0.368 25 0.236 14 4.536 23 0.090 5 1 <1 0.82 14 0.250 3 0.0 0
Kidneys, raw 0.340 23 1.697 100 8.207 41 0.440 22 42 11 8.79 147 3.130 31 133 22
Leaf fat, raw 0.106 7 0.065 4 1.249 6 0.030 2 0 0 0.23 4 0.000 0 0.0 0
Liver, raw 0.283 19 3.005 177 15.301 77 0.690 35 212 53 26.00 433 6.650 67 253 42
Lungs, raw 0.085 6 0.430 25 3.345 17 0.100 5 3 <1 2.75 46 0.900 9 12.3 21
Pancreas, raw 0.105 7 0.460 27 3.450 17 0.460 23 3 <1 16.40 273 4.555 46 153 26
Spleen, raw 0.130 9 0.300 18 5.867 29 0.060 3 4 1 3.26 54 1.055 11 28.5 48
Stomach, raw 0.051 3 0.201 12 2.480 12 0.034 3 <1 0.30 5 1.220 12 0.0 0
Tail, raw 0.210 14 0.110 6 2.060 10 0.370 19 5 1 0.88 15 0.673 7 0.0 0
Tongue, raw 0.490 33 0.485 29 5.300 27 0.240 12 4 1 2.84 47 0.641 6 4.4 7
Beef
Brain, raw 0.092 6 0.199 12 3.550 18 0.226 11 3 <1 9.51 159 2.010 20 10.7 18
Heart, raw 0.238 16 0.906 53 7.530 38 0.279 14 3 <1 8.55 143 1.790 18 2.0 3
Kidneys, raw 0.357 24 2.840 167 8.030 40 0.665 33 98 25 27.50 458 3.970 40 9.4 16
Liver, raw 0.189 13 2.755 162 13.175 66 1.083 54 290 73 59.30 988 7.173 72 1.3 2
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Lungs, raw
Pancreas,
raw

Spleen, raw
Suet, raw
Thymus, raw
Tongue, raw

Veal
Brain, raw
Heart, raw
Kidneys, raw
Liver, raw
Lungs, raw
Pancreas,
raw
Spleen, raw
Thymus, raw
Tongue, raw

Lamb
Brain, raw
Heart, raw
Kidneys, raw
Liver, raw
Lungs, raw
Pancreas,
raw
Spleen, raw

Tongue, raw

0.047
0.140

0.050
0.007
0.109
0.125

0.130
0.520
0.320
0.173
0.047
0.134

0.047
0.069
0.170

0.130
0.370
0.620
0.340
0.048
0.030

0.047
0.150

<1

21
12

25
41
23

3
10

0.230
0.445

0.370
0.013
0.345
0.340

0.260
1.000
1.900
2.440
0.231
0.425

0.348
0.188
0.410

0.300
0.990
2.240
3.630
0.237
0.250

0.348
0.380

14
26

22
<1
20
20

15
59
112
144
14
25

11
24

4.000
4.450

8.400
0.259
3.452
4.240

4.300
6.400
6.990
10.550
4.025
4252

7.895
4.770
2.220

3.900
6.140
7.510
16.110
4.214
3.700

7.895
4.650

20
22

42
1
17
21

22
32
35
53
20
21

39
24
11

20
31
38
81
21
19

39
23

0.040
0.200

0.070
0.030
0.160
0.310

0.280
0.430
0.370
0.957
0.110
0.190

0.110
0.035
0.190

0.290
0.390
0.220
0.900
0.110
0.070

0.110
0.180

9

~N o = A (98]

W

21
125

28
230
12
13

4
4

<1

<1
<1

<1
<1

31

<1

<1
<1

58

2 Data obtained from U.S. Department of Agriculture National Nutrient Database for Standard Reference, Release 22 [1].

b Percent Daily Value (DV), established by the U.S. Food and Drug Administration [2].

¢ No composition data provided by U.S. Department of Agriculture.

3.81
14.00

5.68
0.27
2.13
3.79

12.20
13.76
28.20
59.85

3.83
13.83

5.34
3.33
6.10

11.30
10.25
52.41
90.05
3.93
6.00

5.34
7.20

64
233

95

36
63

203
229
470
998

64
231

89
56
102

188
171
874
150

66
100

89
120

1.000
3.900

1.081
0.025
3.026
0.653

2.720
2.780
3.300
6.065

1.230
1.200

0.920
2.630
4.220
6.130

1.000

0.970

11
<1
30

27
28
33
61

26
42
61

10

385
13.7

455
0.0
34.0
3.1

14.0
8.0
5.0
0.7

39.0

16.0

41.0
49.2
5.0

16.0
5.0
11.0
4.0
31.0
18

23.0
6.0

64
23

sulwelA

<91



166 Handbook of Analysis of Edible Animal By-Products

mixtures of these solvents are common extracting solvents. The reverse-phase C,; column is com-
monly used to resolve retinoids and carotenoids in foods. The polymeric C;, column designed at the
U.S. National Institute of Standards and Technology [13] provides high absolute retention and reso-
lution of cis and trans isomers of carotenoids [14]. Acetonitrile- or methanol-based mobile phases
are used by the addition of 1% or 0.1 M ammonium acetate or acetic acid [15]. Maximum absor-
bance is 320-380nm for retinoids and 400-500 nm for carotenoids. Thus, to perform simultaneous
HPLC analysis of retinoids and carotenoids, a photodiode array detector is essential to establish the
identity of the compound in each peak and validate homogeneity.

There are several units used for expressing vitamin A contents in foods. International units (IU)
are defined by the relationship of 1 IU = 0.3 ug of all-trans-retinol or 0.6 g of B-carotene. The
biological activity of vitamin A is quantified by conversion of retinol and provitamin A carotenoids
to retinol equivalents (RE). One RE is defined as 1pg of retinol, 6 ug of B-carotene, or 12ug of
other provitamin A carotenoids. Therefore, 1 RE is equal to 3.33 IU based on retinol. In 2001, the
U.S. Institute of Medicine (IOM) [16] proposed the new vitamin A unit, retinol activity equiva-
lents (RAE). One RAE is equivalent to 1 g of retinol, which is nutritionally equivalent to 12 ug of
B-carotene or 24 g of other provitamin A carotenoids.

10.2.2 VimamiNn D

Vitamin D is a fat-soluble vitamin found in foods and also synthesized in the body after exposure to
UV rays from the sun. Several forms of vitamin D have been described, but the two major physio-
logically relevant ones are vitamin D, and vitamin D, [17]. Vitamin D, (ergocalciferol) is a synthetic
form of vitamin D that is produced by irradiation of plant and yeast steroid ergosterol. Vitamin D,
(cholecalciferol) is the naturally occurring form of vitamin D produced from 7-dehydrocholesterol
when the skin of animals and humans is exposed to sunlight, specifically UV-B radiation. Vitamin
D is biologically inactive and is metabolized to 25-hydroxyvitamin D (25(OH)D) in the liver, which
is the most abundant form of vitamin D in the circulatory system. This circulating metabolite is
hydroxylated again to form its biologically active hormone, 1,25-dihydroxyvitamin D (1,25(0OH),D),
which acts as a hormone in controlling calcium homeostasis and regulating the growth of various
cell types [18]. Most of vitamin D in animal foods is vitamin D; and 25(OH)D;, and liver and kid-
neys among edible animal by-products are good sources of vitamin D (Table 15.1). Therefore, to
estimate vitamin D values in edible animal by-products, analyses of 25(OH)D; should be included.
Food processing, cooking, and storage of foods do not generally affect the concentration of
vitamin D [18]. HPLC methods using an UV absorbance detector are available for the quantita-
tion of vitamin D from most food matrices. Several HPLC methodologies for vitamin D analyses
are provided in published articles [19-24], including AOAC Official Method 995.05, which is the
method for determination of vitamin D in infant formulas and enteral products [11]. Vitamin D
oxidation can occur during the oxidation of fats. Thus, an antioxidant such as pyrogallol or ascorbic
acid is added when analyzing food samples.

Estimation of the low concentrations of vitamin D in edible animal by-products is often dif-
ficult due to interfering substances such as fats, cholesterol, vitamin A, and vitamin E. To remove
fats, saponification and cleanup procedures should be applied. Hot saponification promotes thermal
isomerization of vitamin D with the formation of previtamin D. Hence, several methods [21,25]
have been used for saponification at ambient temperature overnight. After saponification, unsa-
ponified lipids including vitamin D are extracted with diethyl ether:petroleum ether, 1:1 [21-23].
Vitamin A, vitamin E, sterols, and other interfering components in the unsaponified fraction are
removed using a silica solid-phase extraction [20-27]. Both reversed-phase and normal-phase sys-
tems offer efficient resolution of vitamin D, 7-dehydrocholesterol, and hydroxylated metabolites.
However, reversed-phase chromatography (RPC) can separate vitamin D, from vitamin D, [22,28].
Vitamin D shows identical UV absorption spectra with A, at 265 nm, which is sensitive enough for
the detection of vitamin D,, vitamin D;, and their metabolites.
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Vitamin D content in foods is expressed in either IU or pg of vitamin D. One IU of vitamin D is
the activity obtained from 0.025 pg of cholecalciferol in bioassays. The activity of 25(OH)D is five
times more potent than cholecalciferol. Therefore, the biological activity of 1 g of vitamin D is 40
IU, and 1 IU is 0.005 pg of 25(OH)D or 0.025 ug D, or D, [17].

10.2.3 VinamiN E

Vitamin E is the most effective fat-soluble antioxidant known to occur in the human body.
Natural vitamin E exists in eight different forms, four tocopherols (o, B-, Y-, and 8-tocopherols)
and four tocotrienols (ct-, B-, y-, and &-tocotrienols). Vitamin E is found in plant and animal
foods. Edible animal by-products provide small amounts of vitamin E. During processing, losses
of vitamin E can occur quite rapidly. Losses are accelerated by oxygen, light, heat, and various
metals, primarily iron and copper, and by the presence of free radicals in the fat that can initiate
autoxidation.

For vitamin E assay in foods, HPLC methods using fluorescence or UV detection have largely
replaced the colorimetric and polarimetric procedures of AOAC Official Methods 948.26, 971.30,
and 975.45 [11]. Although gas chromatography (GC) methodologies (AOAC Official Methods 988.14
and 989.09) were developed to increase the precision of vitamin E quantification before the advent
of HPLC procedures, HPLC is considered a suitable measurement of the individual tocopherols and
tocotrienols as GC methodologies can be time consuming. HPLC methodologies are provided in
AOAC Official Method 992.03 [11] and other published articles [4,29-31].

Quantification of vitamin E in oils can be directly injected onto a normal-phase liquid chroma-
tography column after dilution with n-hexane or mobile phase [32]. However, alkaline hydrolysis for
edible animal by-products is usually required to release the o.-tocopherol [33]. Hydrolysis results in
cleavage of the ester linkages of lipids in food samples, destroys pigments, and disrupts the sample
matrix, which facilitates vitamin E extraction. Following saponification, the digest is extracted with
ether, petroleum ether, hexane, ethyl acetate in hexane, or other organic solvent mixtures. During
saponification, addition of antioxidants, pyrogallol, ascorbic acid, or BHT in extraction solvents,
and protection from light are required to prevent losses of vitamin E. Both reversed-phase and
normal-phase systems are useful for the resolution of vitamin E. The advantage of normal-phase
HPLC systems is the ability to separate the eight tocopherols and tocotrienols that occur in nature.
Reversed-phase systems cannot resolve the - and y-isomers [34]. However, reversed-phase HPLC
is the preferred system for the determination of o-tocopherol with retinol and carotenoids in foods.
Fluorescence detection provides sensitivity, specificity, and cleaner chromatograms compared to
UV detection [35]. Although the UV absorbance of tocopherols and tocotrienols is relatively weak,
detection at the absorption maximum (292-298 nm) using a variable wavelength detector affords
sufficient sensitivity for most applications [36]. For simultaneous detection of vitamin E with other
fat-soluble vitamins and carotenoids, a multichannel UV detector or a photodiode array detector
may be useful in a single sample assay.

IUs of vitamin E activity (1 mg of o-tocopherol = 1.49 IU) may be used in food composition
tables, but the IU is not commonly used. The vitamin E composition in foods is often expressed as
mg of a-tocopherol equivalents based on the biological activity of the various forms of vitamin E
[37]. However, the U.S. IOM [38] has indicated that the only form of the tocopherols and tocotri-
enols, which has vitamin E activity in humans, is a-tocopherol.

10.2.4 VitamiN K

Vitamin K is a fat-soluble vitamin. Two forms of vitamin K exist in nature: phylloquinone and mena-
quinones. Phylloquinone, known as vitamin K, is synthesized by plants. Menaquinones, known
as vitamin K,, are produced by bacteria and contain a polyisoprenyl side chain at the 3 position
[39]. However, one of menaquinones, menaquinone (MK)-4, is not a major bacterial product, but is
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synthesized by animals from phylloquinone [40,41]. Menadione, vitamin K, is a synthetic form of
vitamin K. Menadione and its derivatives are used as additives in the feed industry. Menadione can
be also converted to MK-4 in animal tissues [40,42]. There are only minute amounts of vitamin K
in most edible animal by-products. Vitamin K is quite stable to oxidation and most food process-
ing and food preparation procedures, while it is unstable to light, alkali, strong acid, and reducing
agents [43].

Current methods to determine vitamin K in foods are HPLC procedures using fluorescence
or electrochemical detection systems. AOAC Official Methods 992.27 and 999.15 [11] for phyllo-
quinone determination in infant formulas and several HPLC methodologies [44—47] determining
simultaneously phylloquinone and menaquinones have been developed. GC procedures have been
described, but are not routinely used due to long retention times and the potential for on-column
degradation from high column temperatures.

When analyzing vitamin K, saponification cannot be applied to remove fats and other compo-
nents because of the instability of vitamin K under alkaline conditions. Vitamin K is extracted
from foods with organic solvents such as ethanol, isopropanol, and acetonitrile, and then purified
by solid-phase extraction with silica cartridges before the resolution of vitamin K by reversed-
phase HPLC. Phylloquinone and menaquinones are detected by UV detection, but lipids and other
interfering compounds remaining in extract solutions make UV detection unworkable for foods
containing high fats. Although vitamin K does not fluoresce, the quinones are reduced to hydro-
quinones by the addition of zinc chloride using a post-column zinc metal reduction column, so that
fluorescence detection provides a highly specific detection system for vitamin K determination in
foods. Electrochemical detection is also used by adding an electrolyte such as sodium acetate or
perchlorate in the mobile phase to support the conductivity. For the determination of phylloqui-
none and menaquinones in animal products, Koivu-Tikkanen et al. [44] extracted the samples with
2-propanol/hexane after adding internal standards. Sample extracts were purified by normal-phase
HPLC and the fraction containing vitamin K was analyzed by reversed-phase HPLC using post-
column reduction and fluorescence detection. The vitamin K composition of foods is commonly
expressed as [Lg of vitamin K.

10.3 WATER-SOLUBLE VITAMINS
10.3.1 THiAmIN (ViITAMIN B,)

Thiamin, known as vitamin B, is one of the B-vitamins. Thiamin exists in interconvertible phos-
phorylated forms in nature: thiamin monophosphate, thiamin pyrophosphate, and thiamin triphos-
phate. Organs of animals are good to excellent sources of thiamin. Thiamin is most stable between
pH 2 and 4, and unstable at alkaline pH [48]. In alkaline solution, thiamin is readily oxidized, even
at room temperature. It is the most heat-labile of the B-vitamins with its decomposition dependent
on pH and exposure time to heat. Also, thiamin is known as the most radiation-sensitive, water-
soluble vitamin [49].

Several different analytical methodologies have been used to determine the thiamin content of
foods. These methodologies include the fluorometric methods of AOAC Official Methods 942.23,
953.17, 957.17, and 986.27 [11], microbiological analyses [50-52], HPLC methods [6,7,53-55], and
GC procedures [56,57].

Extraction procedures for the microbiological, HPLC, and GC analyses generally follow the
thiochrome analysis procedures of AOAC Official Method 942.23 [11]. Because thiamin is stable
under acidic conditions, hot acid hydrolysis with HCI is used to release the thiamin and thiamin
phosphate esters from their associations with proteins, followed by enzyme hydrolysis of the phos-
phorylated thiamin to free thiamin using takadiastase, Mylase 100® (U.S. Biochemical Corp.), or
a-amylase. The use of the same extraction procedure allows both thiamin and riboflavin in foods to
be separated and quantitated by HPLC simultaneously.
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Microbiological analyses depend on the extent of growth of a thiamin-dependent organism such
as Lactobacillus(L.) fermentum and L. viridescens. L. fermentum is susceptible to matrix effects
such as carbohydrates, fats, and some minerals in a growth medium [58], but L. viridescens is more
specific for thiamin and not susceptible to matrix effects. Microbiological assay is still used in food
analysis, but AOAC International [11] does not provide an official method for thiamin determination
using microorganisms.

HPLC methods have been recently developed to allow the rapid, sensitive, and specific analysis of
thiamin and its phosphorylated forms in drugs and biological materials. Thiamin is measured itself
with absorbance detection, usually at 245-254 nm, or with fluorescence detection systems after con-
version to thiochrome. Although absorbance detection has sensitivity for high-thiamin-containing
foods, it may not be appropriate for foods containing small amount of thiamin. Fluorescence detec-
tion is much more sensitive than absorbance detection. Therefore, HPLC with fluorescence detection
has been widely used for the determination of thiamin in foods including animal-derived foods.
Thiamin itself does not fluoresce, so thiamin should be converted to thiochrome using reagents for
alkaline oxidation either by post-column or pre-column derivatization. The maximum fluorescence
of thiochrome is excitation A 365-375 nm and emission A 425-435 nm. Recently, Lebiedzifiska et al.
[7] reported the simultaneous determination of thiamin, vitamins B¢ and B,, in several types of
foods using HPLC method with electrochemical and UV detection. The mobile phase pH should be
kept above 8, because the fluorescence intensity of thiochrome is pH-dependent and reaches a steady
state at a pH above 8 [59]. Milligrams of thiamin are frequently used for expressing the content of
thiamin in foods.

10.3.2 RiBoFLAVIN (VITAMIN B,)

Riboflavin, known as vitamin B,, is a water-soluble vitamin naturally found in foods. Riboflavin acts
as an integral component of two coenzymes: flavin adenine dinucleotide (FAD) and flavin mono-
nucleotide (FMN). Riboflavin occurs naturally in foods as free riboflavin and as the protein-bound
coenzymes, FAD and FMN. Several edible animal by-products including heart, kidneys, liver, and
pancreas are excellent sources of riboflavin. Riboflavin is stable to heat, acidic conditions, and oxida-
tion if light is excluded. Riboflavin is destroyed by exposure to UV and visible light within the range
of 420-560nm. The rate of destruction is accelerated by increasing temperature and pH. Thus, ribo-
flavin is generally stable during heat processing and normal cooking of foods if protected from light.

Several methods have been proposed for the determination of riboflavin in foods, usually involv-
ing the conversion of FAD and FMN to free riboflavin. The fluorometric methods of AOAC Official
Methods 970.65 and 981.15 [11], microbiological assays [60], and HPLC methodologies using fluo-
rescence detection [55,61-63] are used for measuring total riboflavin in foods. HPLC can separate
individual free riboflavin, FAD, and FMN in foods.

To measure total riboflavin contents as free riboflavin in foods using these methods, acid hydro-
lysis with autoclaving is used to release the riboflavin from association with proteins and to convert
FAD and FMN to free riboflavin. However, to complete the conversion of FMN to free riboflavin,
enzyme hydrolysis is required with diastatic enzymes after acid hydrolysis [64]. Combined extrac-
tions for thiamin and riboflavin assays have been usually used for food analysis [6,52,55].

AOAC Official Method 940.33 [11] is an approved microbiological method only for riboflavin
in vitamin preparations. However, microbiological assay applying L. rhamnosis (formerly L. casei)
has been used to determine total riboflavin content in foods. Because lactic acid bacteria utilize
riboflavin and FMN, but not FAD, an acid hydrolysis step is necessary to convert FAD and FMN
to free riboflavin, but enzyme hydrolysis for completing the conversion of FMN to riboflavin is not
required. L. rhamnosis is affected by starch and fatty acids. The matrix effect by starch in the media
is eliminated by acid hydrolysis. Fatty acids stimulate or inhibit the growth of L. rhamnosis. Hence,
for high fat foods, the fat extraction step with petroleum ether or hexane should be conducted before
acid hydrolysis.
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Reversed-phase HPLC with fluorescence detection is frequently utilized for chromatography
of riboflavin assays in foods. Extraction procedures for total riboflavin analyses include acid and
enzyme hydrolysis. Chromatography is capable of separating FMN and free riboflavin, and the con-
centrations of FMN and free riboflavin by HPLC are summed to obtain total riboflavin concentra-
tion, so, in this case, enzyme hydrolysis can be skipped. To quantify individual free riboflavin, FAD,
and FMN in foods, Vifias et al. [63] used an extraction method utilizing acetonitrile without acid
hydrolysis. Solid-phase cleanup procedures are often used prior to injection to remove some of the
interfering materials. UV detection with reversed-phase HPLC has been used for riboflavin analy-
ses in foods at 254 nm [54]; however, fluorescence detection (excitation A: 440—500nm; emission A:
520-530nm) is more sensitive and specific for riboflavin quantitation than UV detection [6,54,55].
Riboflavin content in foods is commonly expressed as mg of riboflavin.

10.3.3 NiacN (VitamiN B)

Niacin is one of the water-soluble B-vitamins known as vitamin B;. The term niacin is the generic
descriptor for nicotinic acid and nicotinamide, which are essential for formation of the coenzymes,
nicotinamide adenine dinucleotide (NAD), and nicotinamide adenine dinucleotide phosphate
(NADP) in the body. Niacin can be biosynthesized from the amino acid, tryptophan. Most animal
organs contain large amounts of niacin. Especially, the liver is an excellent source containing over
50% of niacin DV (Table 15.2). Nicotinic acid is found mainly in plant foods, but animal foods
contain nicotinamide that is bioavailable. In uncooked foods, niacin is present as NAD and NADP,
but these nucleotides may be hydrolyzed to nicotinamide by cooking [65]. Niacin is not affected by
thermal processing, light, oxygen, and pH. It is stable during processing, storage, and cooking of
foods. Thus, acid or alkali hydrolysis can be used for extraction of niacin from food samples.

Niacin in foods can be determined by the colorimetric methods of AOAC Official Methods
961.14 and 975.41 [11] using the Ko6nig reaction in which nicotinic acid and nicotinamide react with
cyanogen bromide and the aromatic amine, sulfanilic acid. Microbiological assays [66], including
AOAC Official Method 985.34 [11], and HPLC methodologies [67-70] are also currently used for
determining niacin in foods.

Because niacin in animal-based foods is present in free forms (nicotinic acid and nicotinamide)
and bound forms (NAD and NADP), hydrolysis procedures are required. Acid hydrolysis with HCI
or H,SO, or alkaline hydrolysis with NaOH or Ca(OH), are used as the initial step in niacin extrac-
tion procedures. Acid hydrolysis liberates nicotinamide from bound forms and hydrolyzes it to nico-
tinic acid; however, nicotinic acid, mainly distributed in cereal products and biologically unavailable
niacin, is not completely liberated from bound forms by acid hydrolysis. Alkaline hydrolysis liber-
ates most bound forms and provides a measure of total niacin in cereal products [71].

Microbiological assay is used for the determination of total niacin using L. plantarum, which
responds to nicotinic acid, nicotinamide, nicotinuric acid, and NAD. However, this method does not
account for tryptophan. To determine total niacin concentration, AOAC Official Methods 944.13
and 985.34 [11] using L. plantarum are provided for vitamin preparations and for ready-to-feed
milk-based infant formulas, respectively. Solve et al. [72] developed an automated microplate
method with L. plantarum, which reduced time expenditure and materials compared to conven-
tional microbiological procedures.

HPLC determination of niacin has generally been carried out with ion-pairing or RPC with
UV detection. Either acid or alkali hydrolysis is used to liberate free niacin from bound forms.
Water or methanol is used to measure only free forms of nicotinic acid and nicotinamide in foods
by HPLC [70,73]. Cleanup procedures like cartridge extractions and column switching are usually
performed to improve selectivity and sensitivity by eliminating interfering materials before HPLC.
Most studies have used UV absorbance detection of nicotinic acid and nicotinamide at 254 or
264 nm. Fluorescence detection (excitation A: 322 nm; emission A: 380nm) may be used to increase
specificity and sensitivity of HPLC. Niacin is not naturally fluorescent, but fluorescent derivatives
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can be formed using cyanogen bromide and p-aminophenol [74]. A post-column UV irradiation in
the presence of hydrogen peroxide and copper (II) ions also induces fluorescence [66,75]. Lombardi-
Boccia et al. [6] determined niacin, thiamin, and riboflavin together by using reversed-phase HPLC
with a photodiode array detector after acid and enzyme hydrolysis.

Niacin content in foods is commonly expressed as mg of niacin equivalents (NE). Sixty milli-
grams of dietary tryptophan is considered equivalent to 1 mg of niacin [76]. Thus, 1 mg NE is equal
to 1 mg of niacin or 60 mg of dietary tryptophan.

10.3.4 VitamiN B

Vitamin By is a water-soluble vitamin. Vitamin B consists of derivatives of 3-hydroxy-2-methylpyr-
idine, i.e., pyridoxal (PL), pyridoxine (PN), pyridoxamine (PM), and their respective 5’-phosphates
(PLP, PNP, and PMP). PLP is a metabolically active B, vitamer. Vitamin B in free and bound
forms is found in a wide variety of foods including edible animal by-products. Some of animal
organs are a good to rich sources of vitamin B;. PLP, bound to the apoenzyme by a Schiff base in
animal tissues, is the major form of vitamin B, in animal tissue, which is bioavailable. PMP is also
found in edible animal by-products. Hence, PL, PLP, PM, and PMP are determined in edible animal
by-products as a result of interconversion of aldehyde and amine forms during processing and storage.
However, PN and PNP, found in plants, are not detected in animal foods. Vitamin By is unstable to
light, both visible and UV. The vitamin is stable in acidic conditions if protected from light. The
stability of vitamin B, toward heat treatment, processing, and storage depends upon the pH of the
media. Losses of the vitamin increase as pH increases. PN is more stable to heat than PL. and PM.

Several different methodologies have been developed to analyze vitamin B in foods. These
include animal growth, microbiological, enzymatic, fluorometric, GC, and HPLC assays [77].
Currently, microbiological assays and HPLC methods are often used in the vitamin B determi-
nation in foods. AOAC International provides both microbiological (Official Methods 961.15 and
985.32) and HPLC (Official Method 2004.07) methods to measure total vitamin B, in ready-to-feed
milk-based infant formula and reconstituted infant formula, respectively [11]. Also, several HPLC
methodologies have been reported for determining total vitamin B, as well as individual B4 deriva-
tives in foods [7,78—80].

Before being analyzed by microbiological, chromatographic, and other methods, food samples
are usually extracted by acid hydrolysis with autoclaving in HC1 or H,SO, to dissociate vitamin B,
from proteins. The phosphate esters of PNP, PLP, and PMP are also hydrolyzed by this procedure. In
the AOAC microbiological methods [11] for measuring total vitamin B, sample foods are autoclaved
with 0.055N HCI for 5h at 121°C. However, the AOAC liquid chromatographic method for total
vitamin B¢ uses enzymatic hydrolysis using acid phosphatase followed by a reaction with glyoxylic
acid in the presence of a Fe?* catalyst to transform PM into PL [11]. For separation of individual By
vitamers, metaphosphoric acid, perchloric acid, trichloroacetic acid, and/or sulfosalicylic acid are
used as deproteinating agents. Phosphorylated forms in foods are preserved by using these agents.

The total vitamin B, composition in foods is usually estimated microbiologically using a turbidi-
metric assay. Saccharomyces uvarum (formerly S. carlsbergenesis) is the commonly used microor-
ganism, which is also used in the AOAC method. Acid hydrolysis is necessary for determining total
vitamin B4 because the microorganism utilizes only nonphosphorylated B, vitamers. S. uvarum
responds unequally to PL, PM, and PN. The growth response of S. uvarum to PL relative to that
to PN is practically equal, but the response of the microorganism to PM is frequently 60%—80%
of that to PL and PN [81]. The problem of differential response of S. uvarum can be overcome by
separating PL, PM, and PN chromatographically and analyzing each form of the vitamin. Cation-
exchange chromatography on Dowex AG 50 W-X8 resin resolves the vitamers in the acid extractant
and allows their individual quantitation [82,83]. Kloechera brevis (formerly K. apiculata) may be
used for vitamin B assay. However, the results in responses of the organism to PL, PM, and PN are
not consistent [77], and K. brevis has not seen wide usage in food analysis.
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Ion-exchange and reversed-phase HPLC with fluorescence detection has been used for quantita-
tive determination of vitamin By in foods. HPLC has the ability to separate and quantitate PL, PM,
PN, and their 5’-phosphate esters, and also vitamin B; metabolites such as 4-pyridoxic acid. HPLC
provides high resolution and high sensitivity to the B, vitamers. To determine total vitamin B, by
quantitating PL, PM, and PN, hydrolysis of the phosphate esters is usually completed with a com-
mercial phosphatase or treatment with H,SO,. For preservation of the phosphorylated vitamers and
metabolites, deproteinizing agents are used. Because of the native fluorescence of PL, PM, PN, and
their 5-phosphorylated derivatives and a relatively low UV detection sensitivity, most of the HPLC
methods have used fluorescence detection. The intensity of fluorescence among the B, vitamers
is pH dependent. The B vitamers are suited to ion-exchange because of their pH-dependent ionic
nature. In reversed-phase HPLC, sample components are separated according to their relative affin-
ity for a nonpolar bounded stationary phase and a polar mobile phase [84]. HPLC with fluorescence
detection has been recommended for quantitative determination of vitamin B4 in foods because
individual vitamers can be determined [85,86], but microbiological assays are still used in total
vitamin B, measurements in foods. Milligrams of vitamin B, are generally used for expressing the
content of vitamin By in foods.

10.3.5 FoLATE

Folate is a generic term for a water-soluble vitamin and includes naturally occurring food folates and
folic acid found in dietary supplements and used in food fortification. Folate can vary in structure by
reduction of the pteridine moiety to dihydrofolic acid and tetrahydrofolic acid (THF). Folate exists
predominantly as polyglutamyl forms of THF, which are biologically active folate coenzymes in the
body. Edible animal by-products provide small amounts of folate, except kidneys and liver. Major
folate vitamers in animal tissues are polyglutamyl forms of THF, 5-methyl-THF, and 10-formyl-
THF [87]. The composition of 5-formyl-THF in animal tissues is low, but heating can increase it by
isomerization of 10-formyl-THF [88]. Folate is sensitive to heat, acids, oxidation, and light. Folate
losses by food processing and storage are variable by food matrices, oxygen availability, heating
times, and forms of folate in foods. Folate is quite stable in dry products if protected from light and
oxygen, but folate losses are large in water. Reducing agents such as ascorbic acid increases folate
retention, while metals like Fe** increase folate losses. Folic acid is generally more stable than natu-
rally occurring folates.

Methodologies for the determination of folates in foods include microbiological assay [89] includ-
ing AOAC Official Method 2004.05 for total folates in cereals and cereal foods [11], HPLC with
UV, fluorescence, or electrochemical detection [90-96], and HPLC or GC with mass spectrometric
(MS) methods [97,98] using stable isotopes. Microbiological assay for total folate determination is
still the most widely used procedure. HPLC methods allow measurement of each form of folates.

The traditional food folate extraction method includes heat treatment to release folate from
its binding proteins and folate conjugase treatment to hydrolyze polyglutamyl folate to di- or
monoglutamyl folate. Insufficient enzymatic deconjugation may result in underestimation of
folate when measured by either microbiological or HPLC methods using single-enzyme diges-
tion. Several studies have reported that treatment of food homogenates with a-amylase, prote-
ase, and folate conjugase (trienzyme extraction) enhances the yield of measurable folate in folate
assays [94-96]. The use of a-amylase and protease allows for a more complete extraction of folate
trapped in carbohydrates or proteins in foods. This trienzyme extraction method has become
widely used in the extraction of folate from food samples. Antioxidants, such as ascorbic acid,
2-mercaptoethanol, and dithiothreitol, should be added to prevent the destruction of labile folates
during heat treatment.

For routine food analysis purposes, microbiological assay with L. rhamnosus (formerly L. casei)
after extraction with folate conjugase is used for the determination of folate. L. rhamnosus has
greater capacity for response to the y-glutamyl folate polymers compared to the other assay
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organisms. Although L. rhamnosus is the commonly used and accepted organism for folate analysis
in foods, its ability to respond on an equimolar basis to metabolically active folates is controversial
[99]. Chicken pancreas conjugase is used to hydrolyze polyglutamates to diglutamyl and monoglu-
tamyl folates, which are used by L. rhamnosus. AOAC Official Method 2004.05 [11] is the micro-
biological method using L. rhamnosus after extracting samples by the trienzyme procedure. The
method can determine turbidity semiautomatically by using 96-well microtiter plates and autoplate
readers [100].

The major advantage of HPLC analysis is the ability to quantify the specific folate forms. Current
HPLC systems for separating folates use either ion-pair or RPC with UV, fluorometric, or electro-
chemical detection. Trienzyme extraction procedures are commonly used for HPLC analysis of
food folates. Because HPLC systems for determining folate are able to detect only monoglutamates,
human or rat plasma conjugase, not chicken pancreas conjugase, is used to deconjugate polyglutamyl
folates to monoglutamyl folates. To remove interfering substances in extracts, purification is rec-
ommended with affinity chromatography using immobilized folate-binding protein or solid-phase
extraction using silica-based strong anion-exchange cartridges. Due to its sensitivity and selectivity,
fluorescence detection is most commonly used, particularly for reduced folate forms. UV detection
is useful in detecting the folic acid found in fortified foods, but not for naturally occurring folates
due to a lack of sensitivity. UV spectra and fluorescence excitation and emission spectra for the dif-
ferent forms of folates have been published by Ball [101]. Electrochemical detection has sensitivity
for 5-methyl-THF; however, it has not been widely used in food analysis. Mass spectrometer with
an HPLC system using stable isotope-labeled analyte standards has been used for folate detection
to improve sensitivity and selectivity.

Folate content of foods is expressed in either mg or pg of naturally occurring folate and fortified
folic acid in the foods or dietary folate equivalents (DFE). Micrograms of DFE are calculated based
on g of food folate plus fortified folic acid multiplied by the factor 1.7 [102].

10.3.6 VitamiN B,,

Vitamin B, is a water-soluble vitamin and a family of compounds called cobalamins, which con-
tain cyanocobalamin, hydroxocobalamin, and the two coenzyme forms 5’-deoxyadenosylcobalamin
(adenosylcobalamin) and methylcobalamin. Cyanocobalamin and hydroxocobalamin are the forms
of vitamin B, used in most dietary supplements, and are converted to adenosylcobalamin and
methylcobalamin in the body. Vitamin B,, found in nature appears to be from synthesis by bacteria
and other microorganisms growing in soil and water. Edible animal by-products are rich sources of
vitamin B,,, with heart, kidneys, livers, pancreas at the top of the list. The most prevalent forms of
vitamin B,, in the foods are adenosylcobalamin, hydroxocobalamin, and metylcobalamin. Vitamin
B,, is generally stable if protected from light. Cobalamins are considered to be stable to thermal pro-
cessing, but large losses of the vitamin occur by leaching into the cooking water. Cyanocobalamin
is the most stable form of vitamin B,,. Strong alkaline and acid conditions, intense visible light, and
oxidizing agents inactivate the vitamin.

The determination of total vitamin B;, may be performed by microbiological assays, includ-
ing AOAC Official Methods 952.30 and 986.23 [11], radioisotope dilution methods [103,104], and
HPLC methods [105,106]. Microbiological assay is most widely used for the determination of total
vitamin B, in foods. Radioassay kits for clinical samples are not useful for analysis of food samples.
Radioisotope dilution methods lack selectivity as the intrinsic factor used for the assay could also
bind other cobalamins or analogues [107]. Currently, these methods are not routinely used for
vitamin B, analysis of foods. The HPLC method lacks the sensitivity to measure vitamin B, in
non-fortified food products.

The extraction procedures of the AOAC microbiological methods [11] are usually utilized
for determining total vitamin Bj, content in foods. Extraction procedures liberate cobalamins
from protein and convert the labile, naturally occurring forms to a single, stable form, which are
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cyanocobalamin or sulfitocobalamin [108]. The extraction is completed by homogenizing the sam-
ple in the extraction solution, autoclaving the sample at 121°C for 10 min. To protect cobalamins in
samples, metabisulfite or ascorbic acid is added to the extracting solutions.

L. delbrueckii subsp. lactis (L. leichmannii) is frequently used for the determination of vitamin
B,, in foods. L. delbrueckii has a similar response to nitritocobalamin, hydroxocobalamin, dicy-
anocobalamin, and sulfitocobalamin. However, adenosylcobalamin produces a greater response,
and methylcobalamin, a lesser growth response. If the sample extracts are exposed to light before
analysis, adenosylcobalamin and methylcobalamin are completely converted to hydroxocobalamin,
so that vitamin B,, activity can be measured accurately [109]. L. delbrueckii responds to deoxy-
ribonucleosides. Treatment of the sample with alkali and heat destroys the vitamin cobalamins,
leaving the deoxyribonucleosides intact; thus, the activity attributable to deoxyribonucleosides can
be determined. Dilution of deoxyriboside concentrations to less than 1 ug/mL of assay solution can
also eliminate the effect [110]. The vitamin B,, concentrations in foods are expressed in mg or ug
of vitamin B,.

10.3.7 PANTOTHENIC ACID

Pantothenic acid, also known as vitamin Bs, occurs primarily bound as part of coenzyme A and
acyl carrier proteins. Pantothenic acid is found in plant- and animal-derived foods because of its
diverse metabolic functions as a structural component of coenzyme A. Organs contain a consid-
erable amount of pantothenic acid. Pantothenic acid is stable to atmospheric oxygen and light,
whereas large losses of the vitamin can occur in the blanching and boiling of foods. The stability of
pantothenic acid is highly pH dependent. The vitamin is stable in slightly acidic solutions at pH 5-7.

Microbiological assay [111] is most commonly used for determining pantothenic acid in foods.
Microbiological assay has been accepted by AOAC (Official Methods 945.74 and 992.07) [11] for
quantification of pantothenic acid in vitamin preparations and milk-based infant formula, respec-
tively. Other methodologies for the determination of the vitamin in foods include radiometric
microbiological assay [112], radioimmunoassay [113,114], enzyme-linked immunosorbent assay
[115] optical biosensor inhibition immunoassay [116], capillary electrophoresis [117], GC-MS using
stable isotope dilution [118], and HPLC methods [119-121]. Methods for the pantothenic acid deter-
mination in foods vary widely in approach, because the methodologies for pantothenic acid
determination in food products remain limited by their low sensitivity and poor selectivity. And, the
applications of the analytic methods have several drawbacks including being time-consuming, use
of radioisotopes and scintillation counting, and sample derivatization procedures.

The microbiological assay is time-consuming and lacks specificity [122], but determination of
pantothenic acid in foods has most frequently been accomplished by this type of assay. The com-
monly used microorganism is L. plantarum. The organism does not respond to phosphopantetheine
or intact forms of coenzyme A. Due to instability of the vitamin in acid and alkaline conditions,
enzyme hydrolysis should be utilized to obtain free pantothenic acid and pantetheine. Intestinal
phosphatase to cleave the phosphate linkage and avian liver peptidase to break the linkage between
mercaptoethylamine and pantothenic acid are used in the enzyme hydrolysis, which is also utilized
in the AOAC microbiological method for milk-based infant formulas [11]. Fatty acids in foods
stimulate the growth of L. plantarum; therefore, a fat extraction step may be necessary before
enzyme hydrolysis in fat-containing foods [111]. The pantothenic acid content of foods is commonly
expressed as mg of pantothenic acid.

10.3.8 BIOTIN

Biotin is a water-soluble B-vitamin, which contains sulfur. The biotin molecule contains three
asymmetric carbon atoms, and therefore eight different isomers are possible. Of these isomers, only
the dextrorotatory (+) d-biotin possesses biotin activity as a coenzyme. Biotin is widely distributed
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in many foods, but its concentrations are relatively low compared to that of other water-soluble
vitamins. Liver contains considerable amounts of biotin. Most of biotin in animal products is in a
protein-bound form. Biotin is generally stable to heat, but is gradually destroyed by UV light. In
strong acidic and alkaline solutions, biotin is unstable to heating. The sulfur atom in biotin is sus-
ceptible to oxidation with formation of biotin sulfoxide and biotin sulfone during food processing,
which leads to loss of biotin activity.

Microbiological assays [123], as well as protein-binding assays [124,125], and a biosensor-based
immunoassay [126] have been developed for the determination of biotin content of foods. HPLC
methods [127-129] have been also used for quantification of biotin and biocytin in foods. Currently,
an AOAC Official Method for biotin determination does not exist [11].

The most widely used method for determination of biotin in foods is a microbiological assay
using Lactobacillus plantarum. The microorganism, which requires biotin for growth and repro-
duction, is incubated with diluted sample extracts. The resulting increased turbidity of the extract is
measured, and correlated with the biotin content of the sample. The microorganism cannot utilize
bound forms of biotin including biocytin, thus acid hydrolysis with autoclaving is required to liber-
ate biotin completely from food samples. Although L. plantarum is more specific for biotin-active
forms than other biotin-requiring organisms, L. plantarum responds to dethiobiotin that spares
biotin and can thus overestimate biotin content [130].

HPLC can separate free biotin, biotin sulfoxides, biotin sulfones, and other biotin analogs.
Extractions with acid have commonly been used for foods to ensure liberation of bound biotin
forms. The biotin molecule does not have enough UV absorbance and native fluorescence; thus
UV and fluorescence detection are not useful. However, avidin can be labeled with a fluorescent
marker and the complex used as a post-column derivatizing agent. The fluorescence of the labeled
protein is enhanced on binding of its specific ligands, biotin, and biocytin. HPLC methods with
avidin-binding detection, formation of fluorescent derivatives, or usage of other detection systems,
including MS and electrochemical detection, are ways to increase the sensitivity of the detection
after HPLC separation. Analytical results are expressed in g of biotin.

10.3.9 Vimamin C

Vitamin C is a water-soluble vitamin and occurs in two forms, the reduced ascorbic acid and
the oxidized dehydroascorbic acid. Ascorbic acid is reversibly oxidized to dehydroascorbic acid.
Further oxidations convert dehydroascorbic acid to the inactive and irreversible compound diketo-
glutamic acid. There are two enantiomeric pairs, L- and D-ascorbic acid and L- and D-isoascorbic
acid. L-Ascorbic acid and D-isoascorbic acid (known as D-araboascorbic acid and erythobic acid)
have the biological activity of vitamin C. D-Isoascorbic acid has 1/20 the activity of L-ascorbic acid
[131]. L-Ascorbic acid and dehydroascorbic acid are naturally occurring forms of vitamin C, but
D-isoascorbic acid is not found in foods. Organs are good to rich sources of vitamin C. Vitamin C is
very susceptible to oxidation during the processing, storage, and cooking of foods, especially under
alkaline conditions. Maximal stability occurs between pH 4 and 6; however, degradation rates are
influenced by oxygen availability, the presence of antioxidants, thermal processing conditions, tran-
sition metal catalysis, oxidizing lipid effects, and the presence of ascorbic acid oxidase [132].
Methodologies for determination of total vitamin C in foods include the titrimetric method using
oxidation-reduction indicators [11], the fluorometric method including derivatization procedures
[11], enzymatic methods [133], and electrochemical procedures [134]. Total vitamin C content is
also usually determined by HPLC using UV, fluorescence, or electrochemical detection [135,136].
Only HPLC procedures simultaneously separate L-ascorbic acid, dehydroascorbic acid, and
D-isoascorbic acid in foods [137-140]. The titrimetric method employed in AOAC Official Methods
967.21 and 985.33 [11] uses 2,6-dichloroindophenol in measuring ascorbic acid, not dehydroascor-
bic acid. This method cannot distinguish between L-ascorbic acid and D-isoascorbic acid; thus,
the titrimetric method cannot be used for processed food products containing D-isoascorbic acid.
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The fluorometric method of AOAC Official Methods 967.22 and 984.26 [11] determines total
vitamin C content in vitamin preparations and foods, respectively, by derivatization of dehydro-
ascorbic acid using the o-phenylenediamine condensation reaction.

Because vitamin C is destroyed easily, extraction procedures should be conducted to stabilize
the vitamin. The choice of extracting solution is dependent on the sample matrix and determination
method, but the solutions should maintain an acidic environment, chelate metals, inactivate ascorbic
acid oxidase, and precipitate proteins and starches [132]. The extracting solution usually is 3%—6%
metaphosphoric acid dissolved in 8% glacial acetic acid or ethylenediaminetetraacetic acid (EDTA).
Metaphosphoric acid prevents metal catalysis and activation of ascorbic acid oxidase, and precipi-
tates proteins. EDTA also chelates metals, and acetic acid precipitates starches in extractants.

HPLC methodologies are widely used for determining ascorbic acid and its degradation prod-
ucts in foods. RPC with and without ion suppression, and ion-pair RPC with C,; columns, and
ion-exchange chromatography are currently employed for the analysis of vitamin C. UV, electro-
chemical, and fluorescence detection are commonly used for quantitation of L-ascorbic acid, dehy-
droascorbic acid, and D-isoascorbic acid in foods. UV detection is not suitable for low-vitamin
C-content foods due to poor sensitivity of dehydroascorbic acid. Dehydroascorbic acid is electro-
chemically inactive; therefore, to measure total vitamin C contents, it is reduced to L-ascorbic acid
before electrochemical detection. Fluorescence detection is accomplished after o-phenylenediamine
derivatization using pre- or post-columns. Both electrochemical and fluorescence detection have
excellent selectivity and sensitivity to vitamin C analysis by HPLC. The vitamin C contents of foods
are commonly expressed as mg of vitamin C.

10.4 SUMMARY

Vitamins are classified as to their solubility in fat organic solvents (fat-soluble vitamins) or water
(water-soluble vitamins). The solubility properties are related to the distribution of vitamins in foods
as well as the analytical methods employed. Fat-soluble vitamins A, D, and E are contained in
edible animal by-products in varying amounts. Most of organs are good to excellent dietary sources
of most of the B-vitamins and vitamin C. Vitamins are generally susceptible to oxidation, heat, pH,
moisture, light, degradative enzymes, and metal trace elements. Thus, processing, storage, prepara-
tion, and cooking methods can affect the concentrations of vitamins in foods.

To liberate vitamins bound in lipid or protein fractions, food samples may need to be hydrolyzed
using acids, alkalines, and/or enzymes, or extracted directly with solvents without hydrolysis. The
extract solutions may require some forms of cleanup before the vitamins are measured to remove
interfering substances and to improve the sensitivity and selectivity of the analytical methods.
Antioxidants such as BHT, pyrogallol, or ascorbic acid, are frequently added in extraction solvents
to prevent oxidation and conversion of vitamins. Most of the vitamins are liable to light, and, there-
fore, food samples must be protected from light during the entire analysis.

Various methodologies, including colorimetric, fluorometric, titrimetric, and spectrophotometric
methods, have been developed and used for determining the vitamins in foods. However, microbio-
logical and HPLC methods are most frequently used in estimating the vitamins in foods, because
these methods have sufficient sensitivity and selectivity to quantitate low concentrations of naturally
occurring vitamins. Microbiological assay can be applied to all the B-vitamins. Lactic acid bacteria
are suitable for determining the B-vitamins turbidimetrically, except for vitamin By, which may
be determined using yeasts. Fat-soluble vitamins and vitamin C are most commonly determined
by HPLC. HPLC methods can also be used for estimating the B-vitamins. HPLC distinguishes
between naturally occurring and added (fortified or enriched) vitamins, and also separates the indi-
vidual forms of vitamins. Some vitamins, having low UV absorbance or fluorescence responses, can
be determined after conversion to fluorescent derivatives using pre- or post-column derivatization.
However, some edible animal by-products such as the kidneys and liver contain large amounts of
fat- and water-soluble vitamins, thus a dilution step may be needed to obtain clear separations.
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Biospecific methods for determining some of the water-soluble vitamins include immunoassays
and protein-binding assays. Newer techniques continue to be developed for quantitating the concen-
trations of the various vitamins in all types of foods, including edible animal by-products.
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