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ABSTRAK

Tujuan penyelidikan ini adalah menilai profil lemak babi menggunakan W\
kemometriks untuk mendiskriminasikan lemak babi daripada jenis lemak etelah
proses pemanasan dan penentuan biomarker dalam lemak babi. Dalam pe % n ini,
dua jenis persampelan dilakukan. Pertama, sejumlah 270 sampel lem% ripada
lemak perut (BL), lemak belakang (BK) dan lemak bahu (SF) dikumpulkan dari wilayah
utara, selatan dan tengah, Semenanjung Malaysia dan diuji menggun. knik FTIR.
Penilaian secara kemometriks ke atas profil lemak babi dilakukan mefAggunakan PCA
dan dilanjutkan dengan menggunakan teknik Hotelling T2. P an vektor skor
ditemui pada 3PC pertama (99.5% selang keyakinan) da a disahkan oleh
projeksi PCA. Ini menunjukkan profil FTIR bagi lemak babi ah serupa bagi semua
wilayah dan bahagian badan. Kedua, untuk tujuan diskrim ebanyak 60 sampel-
sampel lemak dari babi, ayam, lembu, kambing buhan!_telah disediakan
menggunakan dua belas protokol proses pemanasan (pada‘Sehu 120 ° °C,240°
Cselama 0.5, 1, 2 & 3 jam). Lemak-lemak haiwan dafisumbuhan tanpa nianaq;ghga

termasuk dalam tambahan kajian ini. Selepas pros manasan, Sa clemak
dianalisis menggunakan FTIR, 'H-NMR, "C- G9F n Lv%:MS/MS
Diskriminasi lemak-lemak dilakukan men ik “pehgkelasan
multivariasi (LDA, MDA, QDA & SVMDA) t1vari i\(OSC-PLSR,

PCR & PLSR) pada FTIR dan 'H-NM g lasan)ymultivariasi mendapati
MDA, QDA, dan SVMDA pada 'H- i usané@ng terbaik untuk
pengelasan lemak babi daripada lem % ain. Bagir variasi, keputusan
OSC-PLSR pada FTIR (R?, adj. R?, EP; 0.985, 0.984, 0.049,
0.051 & 0.056) mengatasi prestasi \%san % da H-NMR. Akhir sekali,
pemprofilan lemak babi oleh *C- d LC-M%WMS untuk menentukan
biomarker lemak babi telah dil enggunak. fék &CA Data BC-NMR-PCA
menunjukkan lemak babi dapa b zakan am pada C-2 oleh isomer

1 a 8 62 Manakala data GC-FID-PCA
han boleh dibezakan selepas
degradasi isomer asid | #ans emak babi yang dipanaskan pada
180 °C (pada 0.5, 1 & 2 ja za lebilvketara oleh LC-MS/MS-PCA yang
disumbangkan ol ’% SFA) “daripada kumpulan lipid diasilgliserol
(DAG) dan fosfatidi asi kemometrik didapati berjaya

mendiskrimma n 1 mak lain setelah proses pemanasan dan
biomarker F 1

atif.
4

TAG yang dikaitkan denga
mendapati bahawa le
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ABSTRACT

This research aims to evaluate the profile of lard using the chemometric meWo
discriminate lard from other types of fat after the heating-process and dete N of
biomarkers in lard. In this research, two types of samples were conducte % total
of 270 lard were collected from belly fats (BL), back fats (BK), and s% ts (SF)
from northern, southern, and central regions of Peninsular Malaysia, ich were
measured using FTIR. PCA utilised the chemometrics evaluation on Tﬁles using
PCA and extended Hotelling T?. The scores vectors were found inside Hotelling T?
eclipses at first 3 PCs (99.5% confidence interval) and success validated by PCA
projection. This indicates that the FTIR profile for lard is undif?'w ed for all regions
0 fi

and body parts. Second, for discrimination purposes, a togal o ats, lard, chicken,

beef, mutton, and plant have undergone twelve heating-p rotocols (at 120 °C,

180 °C, 240 °C for 0.5. 1, 2 &3 hrs). In addition, each witholit any héating was

included in this study. After the heating-process, fat samp ere nM;ng FTIR,

'"H-NMR, BC-NMR, GC-FID, and LC-MS/MS. The &lassification was per rm%?sfing
s

g

multivariate classification (LDA, MDA, QDA & ) and multiyari sion
(OSC-PLSR, PCR & PLSR) on FTIR and 'H-N ultivagiate cl siﬁc?’an found
MDA, QDA, and SVMDA on 'H-NMR provi? or classifying lard
from other fats. In the multivariate regression, the resul C-PL Wl FTIR (R?,
adj. R, RMSEC, RMSEV & MSEP; 0.98 W 0.0 .056) was found to
outperform than the OSC-PLSR on 'H- mE1nally g lardC]Q/ 3C-NMR, GC-
FID, and LC-MS/MS combined wit A w to determine the

biomarker of lard. The *C-NMR-PCA data f: ’K%l latd differed against the
chicken fats at C-2 of the TAG i %denoted m] 34. /and & 62.10 resonances.
Meanwhile, the GC-FID-PCA data that animalifats a lant fats can differ after
fatty acids (FAs) degradation o Cls int isbnfers, The lard heated at 180 °C (at

0.5, 1 & 2 hrs.) was found t(& signifi fro@; ers by LC-MS/MS-PCA,
contributed by saturated cid of % diacylglycerol (DAG) and
phosphatidic acids (Ptlipi%classes;jhe pl}'c% of chemometrics was found to
discriminate lard again ats afterthe ing-process successfully, and FAs were
tentatively identified as bi rkels\ (_)

|
\/\ .?:l(jg-/
DA

S
&
>
N



gdlal)
J"JJ-‘('MJJ@W\ UAL.LS\ A.o.aj)a ('J.,br.wab J’J‘A-‘(""‘“U‘Q’L’D-ML;‘ Kz.&.@_’g
M (3.l s 3 ed) Slasl Lady Gl Ades dm Ogalll e 55 b o
J.G.Jéj\ O}Jbéj (SF) ._,b.'&“ Ojﬁ)ﬁ U’A VJ;& 270 &j“‘;‘ chT .C)L‘.az.“ u.» L’,Q&y I3 l(: Aia?::.s‘
IS g (bl B antd o gllg dygadly adlesd) GbU e ma & (BL)NER 0525 (BK)
i i b o ¢ FTIR sl PCA Ul e il ol L)
oMb e sl ¢ Hotelling T2 .PCA , Hotelling B> 43l slaszal, POIIRE

Tk as o i) &9 (99.57, 4 Job) ks PCA
ety Caa cabe OF ) s iy 5 FTIR gbUl

Ll oL\A\j A psd caas (glrs pmd Os>
(0.5,1,2 & 3 hrs w120 °C, 180 °C &

UEIL IS S NOVANVIRE SRSV
FTIR, '"H-NMR, GC-FID, L(‘\
LDA, MDA, ) &ipall siaze AT, ST, T NMR, FTIR L
Jaif (OSC-PLSR, PCR ;A%) g J,,JQ;S(QDA & SVMDA
e TH-NMR_ e 5 C-1 ,&3‘:& & QDA) Ciad il
adj. R* = 0.985) FTIRT jﬁi\ IWIPRPIN 3.6 Y Oeadll e
H L o8 (R® - 9% SEC)%J‘; @SEV 0.051 & MSEP= 0.056

Ji G PCA o, wﬁ,-' i Lo shed & (21 .OSC-PLSR - NMR-
L sl g, J& ; 13CA&MR GC-FID, LC-MS/MS go
- TAG wérj 8 6229 3423 o Lz BC-NMR_PCA bl woiny
. O o .
bl ;&u 7 3 u@ Bilsd) Osall O & el Osas C-2 g
e o50] g\w\fu\vjmmuuu\u& sl GCFID-PCA
Ji\éjyd\(: (0.5, 1&2&?rs)180 °CLC-MS/MS_ e syl oo ey .FAs
: Jeolis o (SFA) anzll aaaddl plaW) gb o aalay OV \gzy T
35S Lol Gy o jgtall ¢ L0sadll old (PA) L sl plaly (DAG)
T e bad & Gge FAs 015 (oendl thens 5o ) dr 51 sl Ao ot oy

" qu 5 4L aleyu
2ol Oeaddl wlis

g e

vi



TABLE OF CONTENTS

CONTENT

AUTHOR DECLARATION \ ii
ACKNOWLEDGEMENTS (ﬁ iii
ABSTRAK iv
ABSTRACT v
cadlall vi
TABLE OF CONTENTS Y' vii
LIST OF TABLES \, xi
LIST OF FIGURES xii
LIST OF APPENDICES Y' xiv
LIST OF UNITS OF MEASUREMENTS ' XV
LIST OF SYMBOLS xvi
LIST OF EQUATIONS \d xvii
LIST OF ABBREVIATIONS - X i

D [ F18
CHAPTER 1: INTRODUCTION
b \,‘Z*

1.4 Scope of the Study

1.5 Objectives of the Study \3
1.6  The Significance of the Study \Y
(] y

CHAPTER 2: LITERATURE RE

2.1 Chemometrics Techniq ) &) 9
2.1.1 Principal Component¥Analysi AN 10
2.1.1.1  Hotel -SqTared ;; %\ 12

2.1.1.2 A Projection [ Q 12

2.1.2 Multivaria%iﬁcatio’ Jﬂ 14
2.1.2.1 4 Linear Di i tA;lggf (LDA) 15

1
1.1  Background of the Study 1
1.2 Statement of the Problem \ X 4
1.3 Research Question 'W é 5
5
7
7

2.1.2. port VectoryMachi SVM) 17

2.1. &Valu 0 ultiva&a&e Classification 18

213 M iate egre ion | (_} 19
2. Principa po %ﬁ Regression (PCR) 20

- qésés (PLS) 21

3 Partial"Least S
%.'3 ',Océlgn S@a Correction Partial Least Squares
(9 (OSC-PLS) 23
.\. .1.3.4 Multivaﬁ'egression Coefficient as Important
23

Feature sessment
a\ 2.1.3.5 Evaluation of Multivariate Regression Analysis 24

.1.4 Data Pre-processing 27
Application of Chemometrics in Lard Profiles for Halal
Authentication 29
2.2.1 FTIR spectroscopy in Authenticity Studies 31
2.22 NMR ('H & 13C) 39

2.2.3 Chromatography (GC-FID, GC-MS, & HPLC) 41

vil



CHAPTER 3: METHODOLOGY
3.1 Experimental Design
3.2 Profiling of Lard from Collected Pig Samples at Northern, Central,

and Southern Malaysia

3.2.1 Chemicals and Materials \ 47
3.2.1.1 Chemicals 3 47

3.2.1.2  Lard Samples 47
3.2.2 Instruments 48
3.2.3 Samples Preparation Q 48
3.2.3.1 Preparation of Lard Samples V 48
3.2.3.2  Extraction of Lard Samples 49
3.2.3.3  Samples Preparation for FTIR Analysis T 49
3.3 Profiling on Pork (Lard), Chicken, Beef, Mutton, an ats rfter
Heating-Process 51
3.3.1 Chemicals and Materials \d 51
3.3.1.1  Chemicals 5 1
33.1.2  FAMEs Standard | _\C} 51
3.3.2 Samples of Lard and Selected Fats 52

3.3.3 Apparatus and Instruments Y. \, \/‘T 52

3.3.4 Sample Preparation of Animals Fats X 54
3.3.4.1 Heating-Process Protéeols é 54
3.3.4.2  Extraction of Fats @in << 55
3.34.3 Sample Preparaw IR Anal O 55

56

3.3.4.4  Sample Preparation 0f' H-NMR sis

3.3.4.5 Sample Prep% of 13C- _s\ 56

3.3.4.6  Sample Prepatati otb - alyéi;). As
Methylati “« Q- 56
3.3.4.7 Sample% tion M/M&Sﬁnalysis 57
3.3.5 Fats Analysis N 58
3351 EIIR i 1 = 58
C sil A 58
58
59
60

60
61

°F. : 61
61
4 62

%.1.5 Ditta of LC-MS/MS 62
42 Chemometrics Te l@ues 62

3.4

\ 3.4.2.1 Kennard-Stone (K-S) Algorithm Selection 64
3.4.2.2 Flowchart of Chemometrics Evaluation 65
PTER 4: RESULTS AND DISCUSSION 62

Profiling of Lard from Collected Pig Samples at Northern, Central,
and Southern Malaysia using FTIR combined with  Principal
Component Analysis (PCA) 62
4.1.1 Introduction 62

viil



4.2

4.3

4.1.2 Data Pre-processing

4.1.3 Principal Component Analysis (PCA)

4.1.4 Hotelling T? Similarity Assessment of MSC-PCA Models
4.1.5 Prediction of Lard by MSC-PCA Projection

Discrimination of Pigs (Lard), Chicken, Beef, Mutton, and Plant Fat
After Heating-Process using FTIR, 'H-NMR, and *C-NMR w&

~N
N O

Xy
‘d

Chemometrics Techniques 84
4.2.1 Introduction 84
4.2.2 Profiling of Lard and Selected Edible Fats After the He%g-
Process. V 85
42.2.1 FTIR 85
4222 'H-NMR Y' 87
4.2.3 Data Pre-processing ' 89
42.3.1 FTIR 89
4232 'H-NMR \d 91
4.2.4 PCA . 2

4241 PCA of FTIR data [ _\C} 92
4242 PCA of '"H-NMR data 97
4.2.5 Multivariate Classification (MVC) 4 \/‘T 99

4.2.5.1 Class Sensitivity i \

4.2.5.2  Class Specificity vac
4.2.5.3 Classification Measur the .

4.2.6 Multivariate Regression (P& é 105
42.6.1 FTIR 105
4262 'H-NMR C@ \1 ,Q\ 107
42.6.3 Compariso n {‘ an@ ! -N&R

Multivari essio q % 108

4.2.7 Correlation Chem\ tures o fter&ﬁxlng-Process by
OSC-PLSR )%J N 110
4.2.7.1 FIIR 110
4272 K S 111

4.2.8 Profiling of "C-NMR ickén fats 114

4.2.9 Data Pre®processin MR tra 115

42.10 PCA@M@ Chicken Fats 117

Evaluation, on Patty s) rd and Selected Fats after

Heatin N ing G %lb LC-MS/MS combined with

Princi omponegnt Analysis ( 121

4.3. romatography wi lame Ionization Detection (GC-

WAV S
1.1 In odd%tion‘z' 121
3.1,

43.12  Fatty A%dgeFAs) Profiling 121
43.13 PCA of GE-FID 123

- S

4.3.2.2  Profiling of Lard and Selected Fats by LC-MS/MS 128
4.3.2.3  Glycerolipids of the PCA by LC-MS/MS (LC-
MS/MS-GL-PCA) 129

\.2 Liquid Chromatography with Tandem Mass Spectrometry (LC-
MS/MS) 128
o 4.3.2.1 Introduction 128

X



4.3.2.4  Glycerophospholipids of the PCA by LC-MS/MS
(LC-MS/MS-GPPL-PCA) 133

CHAPTER 5: CONCLUSION AND RECOMMENDATION

5.1

and Southern in Malaysia using FTIR combined with Princi
Component Analysis (PCA)

\ 7
Profiling of Lard from Collected Pig Samples at Northern, Centril%

137

5.2 Discrimination of Pigs (Lard), Chicken, Beef, Mutton, and Pla
after Heating-Process using FTIR, 'H-NMR, and *C-NMR zith
Chemometrics Techniques 138
5.3 Evaluation on Fatty Acids (FAs) of Lard and Select after
Heating-Process using GC-FID and LC-MS/MS gcombined with
Principal Component Analysis (PCA) ' 140

REFERENCES \do 2
Y

APPENDICES é ' '{') 163
’ b 3



Tables

Table 2.1:
Table 3.1:
Table 3.2:
Table 3.3:
Table 3.4:
Table 4.1:
Table 4.2:
Table 4.3:
Table 4.4:

Table 4.5:

LIST OF TABLES

Application Chemometrics and FTIR on Profiles Lard. ‘ \: 38

Chemicals. 47
Total Pigs Fat of the Body Parts and Regions. T 48
Chemicals. V 51
Heating-Process Protocols. Y. 55
Comparison between Four Different Signifi evels % 77
Multivariate Classification on FTIR and 'H-NMR. 5 \Y'OO
Statistics for Multivariate Regression. ' "{‘) 108

’ X
Wavenumbers Contributed to the LarR \ YE’ 111
Summary of the § by 1H-NMR%NHS. 0\ (gs 113

Table 4.6: X-correlation Loadings PlON

C-FID-PGA. O 125
130
132

134

xi



LIST OF FIGURES
Figures V’
Figure 2.1: Illustration of Boundaries LDA (left) vs QDA (right). %\ 16
Figure 2.2: Basic Idea of the Kernel Function in SVM. A
Figure 3.1: Framework of Lard Profiling. Y' 46
Figure 3.2: Chemometrics Technique for Lard Profiles. V

Figure 3.3: Chemometrics Technique for the Heated Lard

Figure 4.1: Comparison of the Untreated and Pre-proc
Figure 4.2: Comparison of the FTIR-PCA Before an:
Figure 4.3: Determination of Outliers by MSC-P
Figure 4.4: Projection of the Test Set into MSCW \ &
Figure 4.5: Influence Graph Plots F-Resi(ewoteli;é T2 é 80
Figure 4.6: Total Residual Variance OM CA.
| | %) &
Figure 4.7: Comparison of FTIR \& 85
. . o ,
Figure 4.8: The Basic Structur: ) “« Q 87
Figure 4.9: 'H-NMR Spec \ ’ S 88
Figure 4.10: Comparis alis's vs 24 ISS@T IR Spectra. &9
-proce

Figure 4.11: "H-NMR,Spectra \qu

Figure 4.12: Th@hse 3 emaﬁv‘f the FTIR Data. 93
{
Figure 4.13 '(6 ij-Pt vﬁviéﬂfthe FTIR Data. 94

91

Figure 4 &H-y JA of eated and After Pre-processing. 97
Figure &lultivariate Regtresgﬁ; on FTIR data. 105

Fi 4.16: Multivariate Regression on 'H-NMR. 107
@.17: Variables Selection by p-Correlation. 112
&ure 4.18: Stacked individual >*C-NMR Spectra of Lard vs Chicken Fats. 115
Figure 4.19: '*C-NMR Spectra of the Lard & Chicken Fats. 116

xil



Figure 4.20:
Figure 4.21:
Figure 4.22:
Figure 4.23:
Figure 4.24:
Figure 4.25:
Figure 4.26:
Figure 4.27:
Figure 4.28:
Figure 4.29:

Figure 4.30:

BC-NMR Spectra After Baseline Pre-Processing.

I3C-NMR-PCA of the Lard vs Chicken Fats.

Heatmap of *C-NMR-PCA. %

TAG Isomers. A 120
Box Plot of FAs T 121
GC-FID-PCA. \/ 124
Bar Plot Sum of Heat Values. Y- 126
The Profiles of Fats by LC-MS/MS. ' 129
GL-PCA on LC-MS/MS Data of All Fa \d‘ \Y'29
GL-PCA on LC-MS/MS of Lard vs % J | -{') 131

’ X
GPPL-PCA on LC-MS/MS Data OWat S Y\'/ 133
>

xiil



LIST OF APPENDICES

Appendices ?’

Appendix 1: PCA Overview of Untreated FTIR. ‘ : 63
Appendix 2: Loading Plots of FTIR-PCA on Fats. A 164
165

Appendix 3: Important Variables Selection of FTIR-OSC-PLSR.

Appendix 4: Assignment of the Main Resonances in the 'H- NMM 166
Appendix 5: Important Variables Selection of 'H-NMR OSC- ER. 167
Appendix 6: Assignment of the Main Resonances in t R. ' 168

Appendix 7: Estimation of the *C-NMR. - \Y'69
Appendix 8: Standard of FAME Integration. é x bj ' Y.'{‘) 170
Appendix 9: Typical Chromatogram of Lard. Y. \ YE’

é 172

Appendix 10: Most Prominent FAs GC-EID. <§
@) 173

Appendix 11: Scores Plot of GC-FID-P Clusters.
o )
Appendix 12: Lipid Classes of the /MS \& 174
0 ,
Appendix 13: Typical Spectra cerolipids (GE).“ 43' 176

Appendix 14: Typical Spec%yce'o 0S olipg PPL). 177
Appendix 15: List of P%l S. ' 0 179

Xiv



LIST OF UNITS OF MEASUREMENTS



LIST OF SYMBOLS

rrrrrrrr
uuuuu
SPZZEQgE5we

> wnn O

SnC
N EHE 0w
OS2 E3 23w wo



LIST OF EQUATIONS

=
=2

=

0000000000



LIST OF ABBREVIATIONS

1D One-Dimensional T

2D Two-Dimensional \

3D Three-Dimensional %

ANN Artificial Neural Network. A

ANOVA Analysis of Variance

ATR Attenuated Total Reflectance Y'

CI Confidence Interval

CoOwW Correlation Optimized Wa M

CRM Certified Reference terl§ .

DA Discriminant Analysis '

DAG Diacylglycerol

DSG Derivatives Savitzky-Gelay \d,

EA/IRMS Elemental Ar@otope ya's C}T
Spectrometry, =

EVCO Extra Virgin Cocenut Oilg \,Y*

FAME Fatty Acid Esth\

FAMEs Fatty Aeid hyl Este um@Y~
FA F attyw <'§

FAs F w (plural) O

FTIR i

GC
GC x GC-TOF-MS

ass Spectrometry
GC-FID graph&with Flame Ionization

N
GC-MS ;to@y-Mass Spectrometry
GL id

GLC iquid(Chromatography

GPPL /K\ @ pholipid

HCA iera al Cluster Analysis

HPLC \ ¢ ig rformance Liquid Chromatography
IPA % Isgpropyl Alcohol

IR Q’ red

ks ’ b')f *Nearest Neighbours

K

C.}’ Kennard-Stone
"\ Liquid Chromatography with Tandem Mass

MS/MS
\ Spectrometry
DA Linear Discriminant Analysis

MAG Monoacylglycerol

MDA Mahalanobis Discriminant Analysis
MSC Multiplicative Scatter Correction
MSEP Mean Standard Error Prediction

MUFA Monounsaturated Fatty Acids

xviii



MVR
NIR
NMR
OPLS
OPLS-DA

OPLSR
OSC-PLSR

PA
PC
PCs
PCA
PCh
PCR

Multivariate Regression
Near-Infrared Spectroscopic
Nucleus Magnetic Resonance
Orthogonal Partial Least Squares

Orthogonal Partial Least Squares Di cwnt
Analysis

Orthogonal Partial Least Squares Regression
Orthogonal Signal Correction P

a east
Squares Regression
Phosphatidic Acids \/

Principal Component
Principal Components

Principal Compo alysis
Phosphatidylcholine '\d'
Principal Comp t Regresgion \T
Phosphatidyl er ' _{')
PhosphatidylinoSitel g

S

/)

ﬁof Calibration
Roet quar or of Validation
Saf\rate tty A&'s
Support ebt achines

\é Machines Discriminant Analysis

g1 h'r;z'[)ayer Chromatography

methylsilane
1fgin Coconut Oil

X1X



