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Introduction: Red fruit oil (RFO) is a natural product extracted from Pandanus conoi-

RFO is popularly consumed as herbal medicine. Therefore, the quality of RFO must
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Number: 3894/UNB/KP/2019 Objectives: This study aimed to develop a chemometric analysis applied to H
nuclear magnetic resonance (NMR) and Fourier transform infrared (FTIR) data for
important quality parameter distinction of red fruit oil (RFO), especially regarding the
degree of unsaturation and the amount of free fatty acids (FFA).

Materials and methods: Forty samples consisting of one crude RFO, thirty-three
commercial RFOs, and three oils as blends, including olive oil, virgin coconut oil, and
black seed oil, were analysed by *H NMR and FTIR spectroscopy. After appropriate
preprocessing of the spectra, principal component analysis (PCA) and partial least
squares regression (PLSR) were used for model development.

Results: The essential signals for modelling the degree of unsaturation are the signal
at & = 5.37-5.27 ppm (*H NMR) and the band at 3000-3020 cm~* (FTIR). The FFA
profile represents the signal at § = 2.37-2.20 ppm (*H NMR) and the band at 1680-
1780 cm ™! (FTIR). PCA allows the visualisation grouping on both methods with >
98% total principal component (PC) for the degree of unsaturation and > 88% total
PC for FFA values. In addition, the PLSR model provides an acceptable coefficient of

determination (R?) and errors in calibration, prediction, and cross-validation.

Abbreviations: AH, Agro Herbal Husada; AT, Athaku; BMO, Buah Merah oil Papua; BMP, Buah Merah Papua; BMPro, BMPro Minyak Buah Merah; BMW, Buah Merah Wamena; BSO, black seed
oil (Habattusauda); CH, Cahaya Minyak Buah Merah; DIO, DioDes Minyak Buah Merah; EZA, Essensa Naturale Buah Merah; FFA, free fatty acid; FR, Fira Herbalindo Buah Merah; GR, golden
red; HM, herbal food Buah Merah; HP, Herbal Produk Buah Merah; JW, Jaya Wijaya; KF, KF Minyak Buah Merah; KP, King Pandanus; L, Loh Jinawi; MBM, Minyak Buah Merah; MHJ, Mahesa
Herbal Jogja; OF, oil fit; OR, crude RFO {original RFC), ORCO, crude RFO plus WCO; ORVO, crude RFO plus olive oil, crude RFO plus black seed oil (Habbatusaudal; OVO, olive oil; PCA, principal
component analysis; PCl, PCl Buah Merah; PG, premium gold; Pl, Papua Indonesia Minyak Buah Merah; PLS, partial least square; PR, Pro Jep Buah Merah; PS, Planta Sehat; PT, Papua Tropika
MBM; RD, REDOTEN; RF, Fira Papua; RFO, red fruit oil; RMSEC, root mean square error calibration; RMSEP, root mean square prediction; RMSEV, root mean square error validation; ROP, red
oll Papua; RW, Redwin; SBM, Sari Buah Merah Made; TAG, triacylghycerol; THM, Tani Home Industri Buah Merah; TN, Tamba Sanjiwani Matur; VCO, virgin coconut oil.
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1 | INTRODUCTION

Red fruit oil (RFO) is a natural product extracted from Pandanus conoi-
deus Lam. fruit, a native plant from Papua, Indonesia, and Papua New
Guinea. The oval fruits of this tree are some 40-110cm long, 5-
25 c¢m in diameter, and have a weight of 3-8 kg. This fruit has specific
organoleptic properties: red colour with a slightly chelating neutral
taste. Traditionally, red fruits are used by Papuans as an edible oil to
increase energy and strengthen the immune system. Recent studies
have indicated that RFO is popularly consumed as herbal medicine. It
is used for medicinal purposes, as the literature records some pharma-
cological benefits of RFO, such as inhibiting tumour growth and killing
cancer cells,>? increasing the number of anti-inflammatory and
immune cells,” and antioxidant activity.* RFO contains active compo-
nents such as phenols, carotenoids, tocopherols, and unsaturated
fatty acids. RFO's reported characteristics differ from other
Indonesian vegetable oils, such as coconut and palm eil. RFO contains
monounsaturated fatty acid (MUFA) (60%-70%), saturated fatty acid
(SFA) (10%-20%), and polyunsaturated acid (PUFA) (2%-10%).>¢

The quality of RFO must be assured. One of the oil quality param-
eters used to assess and classify is the degree of unsaturated lipids
and the free fatty acid (FFA) value®” The conventional method for
assessing the degree of unsaturated fatty acids is the determination
of the iodine value (IV) and that for quantification of the amount of
FFA is the acid value [AV). Unfortunately, the classical IV and AV
methods have several drawbacks: they are time-consuming; require
sample pretreatment and a large sample size; involve large amounts of
organic solvents and harmful chemicals; and lack specificity, which
usually depends on a visual endpoint.

To overcome these obstacles, several fast and non-destructive
instrumental methods have been proposed for food analysis of the
complex mixture, that is, high-resolution technigues such as nuclear
magnetic resonance (NMR) and Fourier transform infrared (FTIR)
spectroscopy. These methods can provide qualitative and guantitative
information in one experiment. The NMR and FTIR spectra, for exam-
ple, provide information on the product's composition and guality
characteristics.®?

For quality assurance purpose, chemometrics is applied directly to
the spectral data. These methods are particularly suitable for areas
such as food investigations,'® plant extracts,*! drug and degradation

1212 and oil authentication and characterisation.'*** In the

products,
case of successful classification or diagnosis, multiple variables must
be considered simultaneously. The use of the Principal Component

Analysis (PCA) can accurately visualize the grouping of samples (76%),

Conclusion: Chemometric analysis applied to *H NMR and FTIR spectra of RFO suc-
cessfully grouped and predicted product quality based on the degree of unsaturation

and FFA value categories.

1H NMR, degree of unsaturation, FFA value, FTIR, PCA, PLSR, red fruit oil

and the distinction between classes can be sufficient to characterize
the geographical origin of oil. The exploratory data analysis mainly
consists of PCA, summarising information in large-scale spectrum sets.
Another form of data pattern research is partial least squares regres-
sion (PLSR), which aims to detect and predict similarities between
samples.'®

The present study aimed to build a model for RFO to guarantee
the authenticity of this product using fast and easy-to-automate
methodologies, compare different spectroscopic technigues, and
investigate whether the synergy among them is able to improve the
efficiency of the classification and regression models, especially for

the classification of commercial samples of RFO.

2 | EXPERIMENTAL PROCEDURES

21 | Materials

Hexa deuterium dimethyl sulfoxide (DMSO-d,, 99.9% D), tetramethyl-
silane (TMS), and NMR tube Boro 400-5-7 were purchased from Deu-
tero (Kastellaun, Germany) and deuterated chloroform (CDCl,, $9.8%
D) and dimethyl sulfone (DMSO3), internal standard NMR grade, were
purchased from Merck (Darmstadt, Germany).

2.2 | All samples
A total of 40 different oils were used in this study, of which 33 samples
were commercial RFO products from different factories, purchased
from the local traditional herbal market in Jakarta, Indonesia. One crude
RFO [OR) sample was obtained from solvent extraction,'” three sam-
ples were OR mixed with other oils, and three different samples, includ-
ing olive oil (OVO), coconut oil (VCO), and black seed oil (BSO), were
the standard il for additional RFO products (Table 1).The samples were
grouped into two categories: calibration and prediction.

For producing model blends, binary mixtures of OVO, VCO, and
BSO in OR were prepared by adding BSO, OVO, and VCO to the OR
up to atotal sample amount of 250.0 mg (1:1.5 w/w), respectively.

2.3 | NMR spectroscopy

A total of 833.33 mg oil and 3.33 mg DMS0, were weighed into a
2.0-mL reaction tube. After the addition of a solvent mixture of CDCls
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TABLE 1 List of the investigated samples
No Sample code Type Specification Quantity Replication number code
1 OR Crude RFO Calibration 3 61,62,63
2 ORCO Crude RFO + VCO Calibration 3 64.65.66
3 ORVO Crude RFO + OVO Calibration 3 67,68,69
4 ORSO Crude RFO + B50 Calibration 3 112,113,114
5 ovo Commercial olive oil Calibration 3 70,71,72
6 VCO Commercial virgin coconut oil Calibration B 115116,117
7 BSO Commercial black seed oil Calibration 3 118119,120
8 AT Commercial Calibration 3 456
9 BMO Commercial Calibration 3 789
10 BMP Commercial Calibration 3 10,1112
11 FR Commercial Calibration 3 28,29,30
12 GR Commercial Calibration 3 31,3233
13 w Commercial Calibration 3 40,4142
14 KF Commercial Calibration 3 43,44 45
15 KP Commercial Calibration 3 46,47 48
16 ] Commercial Calibration 3 49.50,51
17 PG Commercial Calibration 3 76,77,78
18 PR Commercial Calibration 3 82,8384
19 RD Commercial Calibration 3 91,9293
20 AH Commercial Prediction test 3 1,23
21 BMPro Commercial Prediction test 3 13,14,15
22 BMW Commercial Prediction test 3 15,1718
23 CH Commercial Prediction test 3 19,2021
24 DIO Commercial Prediction test 3 22,2324
25 EZA Commercial Prediction test 3 25,2627
26 HM Commercial Prediction test 3 34,35,36
27 HP Commercial Prediction test 3 37,38,39
28 MEM Commercial Prediction test 3 52,53,54
29 MHJ Commercial Prediction test 3 55,56,57
30 CF Commercial Prediction test 3 58,5960
31 PCI Commercial Prediction test 3 73,74,75
32 Pl Commercial Prediction test 3 79,8081
33 PS Commercial Prediction test 3 85,86,87
34 PT Commercial Prediction test 3 88,89,90
35 RF Commercial Prediction test 3 94,9596
36 ROP Commercial Prediction test 3 97,98,99
37 RW Commercial Prediction test 3 100,101,102
38 SEM Commercial Prediction test 3 103,104,105
39 THM Commercial Prediction test 3 106,107,108
40 ™ Commercial Prediction test 3 109,110,111

and DMSO-d, (5:1, v/v) containing 0.1% TMS up to 2.0 mL, the tube experiments were carried out at 300 K; spectral width: 30.0 ppm (time
was closed and vortexed, and 600 pL of this solution was placed into domain size: 160 k), relaxation delay: ¢ s, number of scans: 32, acquisi-
a S5-mm-diameter NMR tube (Boro 400-5-7, Deutero, Kastellaun, tion time: 6.81 s, pulse width: 30°, pulse sequence: zg30, no rotation.
Germany). The sample was analysed by NMR spectroscopy (Avance Il The receiver gain was set to 4, and a line broadening factor of 0.3 Hz

400 MHz, Bruker BioSpin GmbH, Rheinstetten, Germany). The was applied for processing.'® Previously, measurements of the full
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spin-lattice relaxation (T1) of the protons in the sample were carried
out according to Holzgrabe'? and Triyasmono et al'® The total acqui-
sition time was 15 min.

The spectra were acquired using TopSpin 3.6.4 (Bruker BioSpin
GmbH, Rheinstetten, Germany); a manual phase and baseline correc-
tions were applied. All offset signals are referenced to the TMS signal
(& = 0.00 ppm). Each sample was measured in triplicate.

24 | FTIR spectroscopy

An FT/IR-6100 spectrometer JASCO Deutschland GmbH, Pfung-
stadt, Germany) equipped with an attenuated total reflectance (ATR)
unit was used to obtain FTIR spectra. An oil droplet was placed on
diamond cell ATR, and the absorbance spectra were recorded. The
samples were scanned at room temperature at a resolution of 4 cm™?!
in a wavenumber range of 4000-600 cm'. The sample and back-
ground spectra were set at an average of over 32 scans. A new back-
ground spectrum was obtained after each measurement. The ATR
was cleaned with isopropanol before a new sample was applied. All

spectra were measured in triplicate and used for statistical analysis.

2.5 | Pre-processing and multivariate data analysis
Data preprocessing of the 'H NMR spectra was carried out using
Amix 3.9.15 (Bruker BioSpin GmbH, Rheinstetten, Germany) to
reduce by bucketing spectral regions of egual width of 0.009 ppm.
After the bucketing spectra were obtained, they were converted into
txt format to build the data matrix (Figures 51-511 in Supplementary
Materials 1). The final range used for PCA and PLS was & = 5.37-
5.27 ppm and & = 2.37-2.20 ppm.

The data preprocessing of FTIR spectra was performed as a base-
line correction. Additionally, the scattering effects were removed by
means of second-order smoothing polynomials through 25 points
(Savitzky-Golay method).2%?! Finally, the resulting spectra were con-
verted into JCAMP format to build a data matrix. The final FTIR spec-
tral range of interest was limited to 2990-3020 cm ' and 1680-
1780 em~.

Unscrambler X 11.0 (CAMO Software AS., Oslo, Norway] was
used for the individual analysis of both spectral methods using PCA
and PLS. First, PCA methods were applied to attain delineated classes
according to the degree of unsaturation and FFA value of commercial
products. In addition, PLS methods were applied to predict the value
of the degree of unsaturation and FFA compaosition of RFO commer-
cial products.

The unsupervised pattern recognition model PCA and supervised
pattern PLS were built on all replicates of all samples, as shown in
Table 1. The calibration models were built using nineteen samples
(in triplicate), including OR, three modified RFOs, three other oils
(BSO, OVO, and WVCO), and 15 commercial RFOs. Furthermore,
21 commercial samples (in triplicate) other than those used as calibra-

tions were used to test their class identities. The leave-one-out cross-

wvalidation procedure was used to verify the calibration and prediction
model. Finally, the total calibration, walidation, and prediction errors
(RMSEC, RMSEV, and RMSEP) for each model sample were

evaluated.**

3 | RESULTS AND DISCUSSION

3.1 | Spectral data for multivariate analysis

For multivariate data analysis, it is mandatory to have a sample prepa-
ration that generates reproducible spectra. Figure 1 shows the results
of bucketing processes demonstrating a good performance for the
alignment of RFO *H NMR spectra.'®2*2%

Because the 'H NMR spectrum contains several thousand points
and is therefore variable, data reduction or clustering is usually used
to reduce the dimension of the data. By bucketing, the spectrum is
divided into spectral regions, or buckets (also called bins), and the total
area in each bucket is calculated to represent the original spectrum.
Finally, to make all spectra comparable, the overall sample concentra-
tion variation must be taken into account, as was the case with the 'H
MMR spectra of the sample. The clustering of spectra of 0.009 ppm
bucket gave satisfactory results, especially the reliability of the chemi-
cal shift, and the signal intensity was the same as the original spectra
for each sample. It is obtained from the sum of the intensities in each
set of buckets so that the area under each signal in the spectral region
is used instead of the individual intensities.>*?* As a result, the chemi-
cal shift variability around the signal and misalignment could be over-
come. Thus, the resulting data matrix variables will slightly vary each

iteration for further chemometric analysis processes.
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FIGURE 1 Reduced *H nuclear magnetic resonance (NMR)
spectra of all samples with an enlarged spectral range of & = 5.37-
5.27 ppmand & = 2.37-2.20 ppm. The spectra are colour-coded
according to the brand [Colour figure can be viewed at
wileyonlinelibrary.com]
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Furthermore, in FTIR spectra, preprocessing procedures also
showed a good performance for alignment without derivative trans-
formation and data loss with constant range wavenumber. With an
interval of 4 cn™* selected, the FTIR spectra sample displays the level
of smoothness of the data obtained during the measurement. The
meaning of 4 cm " is that the spectrum is expected to be obtained at
intervals of approximately 2cm™! to increase signal resolution
(sharper spectra) without losing time.?® This result proved that good
resolution was obtained between the peak band at 1740 cm ™! and
1710 em ™, as well as at 3007 cm™ ! and 2920 cm™?, as can be seen
in Figure 2. All vibrational bands of sample spectra were obtained
clearly at the same wavenumber. Therefore, the resulting data matrix
variable will be reliable.

Generally, the spectra produced by these two processing
methods have a similar profile in all samples. However, differences in
some parts of the intensity on the 'H NMR and absorbance on the
FTIR spectra can be observed, especially in the signals/bands selected
for analysis.

Finally, two different matrices were considered for both data:

1. The *H NMR matrix consists of two segments: the degree of
unsaturation (-CH=CH-) and FFA value (a-CH2) signals. Thus, the final
1H NMR data matrix contains 120 rows (samples) and 13 columns for
the degree of unsaturation and 120 rows (sample) and 18 columns for
FFA values (i.e., relative intensity at different chemical shifts).

2. The FTIR matrix consists of two segments: the degree of unsa-
turation (the C-H stretching band of the double bond) and FFA value

N8 01T 2004 20 08 0 T S 20
Nampbe o)

345 3240 3135 3020 2904 J810 2714 2600 2503 2308 2302 2187 2062 1078 1471 1768 1881 1555 1450 1345 1390 1138 1032 033, 638, 745, 650
Wegvenumber (om-1)

FIGURE 2 Reduced Fourier transform infrared (FTIR) spectra of
all samples with an enlarged spectral range of the band at 1780-
1680 cm ™! and 3020-2990 cm ™. The spectra are colour-coded
according to the brand [Colour figure can be viewed at
wileyonlinelibrary.com]
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(C=0) bands. Therefore, the final FTIR data matrix contains 120 rows
and 33 columns for the degree of unsaturation and 120 rows and
105 columns for FFA values (i.e., absorbance samples at different

wavenumbers).

3.2 | Evaluation of the correlation-selected signal
(-CH=CH-) of the 'H NMR and FTIR spectra

Both spectral data (*H NMR and FTIR) consist of triacylglycerol (TAG)
and FFA signals which these compound are predominantly found in
the intact material analysis®>?’ The set of signals at & = 5.37-
5.27 ppm arises largely from the *H nuclei attached to carbons in the
close neighbourhood of a double bond.?® This signal is related to the
degree of unsaturation bonds in a triglyceride, regardless of whether
these are located within monounsaturated or polyunsaturated chains.
As the FTIR spectra were acquired from precisely the same collection
of samples as the one used in the *H NMR analysis, an avenue exists
for exploring the correlations between the two datasets. In addition,
the C-H stretching band of the double bond in the FTIR spectra
occurs in the range of 3000-3020 cm™ *%? Figure 3 displays a multi-
variate regression showing significant correlations between the H
NMR and FTIR dataset points (all PLS model analyses are presented in
Figure 51 in Supplementary Materials 2).

The relevant *H NMR and FTIR spectral features are -CH=CH-.
Even though the FTIR feature has a low intensity, both spectra show
relatively strong wvariations with differences in each product's
-CH=CH- bond content. According to Parker et al,?® these findings
can be used as additional information: With a strong correlation
between the two spectra, the signal -CH=CH- of NMR and the C-H
stretching band of the double bond in the FTIR can be one of the
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R2Validation 0.885
0w
o
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[
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=
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0 00 0,02 003

FTIR (3007 cm™?)

FIGURE 3 Partial least square (PLS) calibration model for the
relationship between *H nuclear magnetic resonance (NMR) and
Fourier transform infrared (FTIR) spectra of the selected signal
[Colour figure can be viewed at wileyonlinelibrary.com]
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e calibration model for the relationship
E R? Calibration 0.970 between *H nuclear magnetic resonance
=3 R? Validation 0.966 Arang (MMR) and Fourier transform infrared (FTIR)
~ 0.2 Ao an ) X
~ prrs - spectra of the selected signal. (A) Band
E 1710 cm™ % (B) band 1740 cm ™! [Colour
™ figure can be viewed at wileyonlinelibrary.
oo com]
o
p=
=

o

0,2 0,3

(B)
. 0,4 Ve
£ R? Calibration 0.947
2 R2 Validation 0.943
~ o3
~
iy
~
m
~ 0.2z
=<
=
=

0.1

0.1 0.2 0.4 0.5

0.3
FTIR (1740 em)

signals that determines the difference between the respective oil

products, especially regarding the degree of unsaturation.

3.3 | Evaluation of the correlation-selected signal
a-CH; of the *H NMR and C=0 FTIR spectra

It is well known that C=0 at 1710 cm™* can be assigned to -COOH
(acid) and C=0 at 1740 cm~* to -COOR (ester). The two bands are
related to the FFA and TAG system, respectively. Interestingly, a
strong correlation can be formed for the o-CH> signal of the NMR at
& = 2.37-2.20 ppm and the C=0 band resonance of the IR at 1680
to 1780 cm™ L. The multivariate regression analysis states that both
signals have a closed correlation (R? > 0.97 and R? > 0.94) (Figure 4;
all PLS model analyses are presented in Figure 52 and 53 in Supple-
mentary Materials 2).

However, there are different interpretations of the relationship
between the two bands, especially in the OVO, VCO, and OR samples.
The C=0 band at 1710 cm !, with a signal a-CH, at & = 2.37-
2.20 ppm, indicates that the position of OVO and VCO had the lowest
intensity, whereas OR had the highest intensity (Figure 4A). On the
other hand, the C=0 band at 1740 cm ™ indicates that the OVO and
WCO have the highest intensity, while OR has the lowest intensity
(Figure 4B). These results indicate that the TAG OVO and VCO com-
position is more significant than FFA. In contrast, OR shows that the
composition of FFA is higher than TAG. These results confirm that the
C=0 band at 1710 cm 1 is an acid (FFA), while the C=0 band at
1740 cm ™t is an ester (TAG).*

Parker et al ‘s?® have not shown any correlation between the
C=0 band (FTIR) and the a-CH, signal (*H NMR) due to the absence

of a heat map in the Pearson correlation statistic However, our

findings indicate strong correlation between the «-CHs signal on *H
NMR and the C=0 band on FTIR. These results can be obtained
because the two signals in each spectrum have good resolution and a
relatively substantial intensity difference (see Figure 1 and Figure 2).
In addition, these two functional groups are adjacent in the structure
of the constituent FFA and TAG2%?" Therefore, these two signals/
bands are essential in differentiating oil products based on the amount
of FFA.

3.4 | Principal component analysis projection for
the degree of unsaturation profile distinction

The PCA projection is carried out on the matrix data of the *H NMR
and FTIR spectra related to the degree of unsaturation to predict the
RFO product profile. The first PCA was performed on a calibration
matrix of 57 spectra from 19 calibration samples. The presence of
BSO, OVO, and WCO as a comparison and madifier of OR in calibra-
tion modelling illustrates the effect of adding these types of oil to OR
in matrix variables (see Section 2). Finally, the PCA calibration results
are used to project 63 spectra from 21 samples of RFO products (pre-
diction test). Based on the ability of PCA to determine the similarity
between the calibration data model and the prediction data* the
RFO samples will be grouped according to the similarity of the vari-
ables. They will show the projection pattern due to changes in the var-
iables caused by these modifications, which are also helpful for
authentication.

The PCA of 'H NMR data presents the separation of the RFO
products into four main regions (Figure 5; all PCA model analyses are
displayed in Figure 54 in Supplementary Materials 2). Most RFO prod-
ucts are on the positive side of the PC2 and PC1 axes (red circle),
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FIGURE 5 Projected twenty-one red fruit oil (RFO) commerdial products based on principal components PC1 and PC2 with the selected

signal at & = 5.37-5.27 ppm (-CH=CH-) of the 19 H nuclear magnetic resonance (NMR) spectra calibration set (57 spectra) (NMR) and with the
selected band at 3000-3020 cm ! (the C-H stretching band of the double bond) of the 19 Fourier transform infrared (FTIR) spectra calibration
set (57 samples) (FTIR). The replication number code indicates the label point for each sample (see Section 2). Green circle, ORSO-projected
sample group; yellow circle, ORCO-projected sample group; red circle, ORVO-projected sample group. AH, agro herbal Husada; BMO, Buah
Merah oil Papua; BMPro, Minyak Buah Merah; BSO, black seed oil; CH, Cahaya; DIO, DioDes Minyak Buah Merah; FR, Fira Papua; ORCO, crude
RFO plus VCQO; ORSO, crude RFO plus BSO; ORVO, crude RFQ plus OVO; PCl, PCl Buah Merah; PR, pro Jep Buah Merah; ROP, red oil Papua;
SBM, sari Buah Merah; OVO, olive oil; VCO, virgin coconut oil [Colour figure can be viewed at wileyonlinelibrary.com]

including OVO and ORVO. On the most negative side of the PC1 axis,
there are VCO products (outliers/black circle) because it is a type of
oil different from RFO (slight/no double bond), while BSO is located
at the most negative PC2 (green circle), because of the large number
of double bonds. Furthermore, this PCA projection can be used for
RFO, delineating classes based on the closeness of the degree of
unsaturation category.

Accordingly, PCA calibration and projection plots indicate four
products of RFO from the prediction set (ROP, CH, DIO, AH, and
BMPro). Three products from the calibration set (QRCO, BMO, and
FR) are located in the negative PC1 (yellow circle) that are close to
WVCO, indicating a profile very similar to the VCO (especially a high
amount of saturated lipid). In addition, there are four RFO products in
the prediction set, which are similar to one calibration modification
product (ORCO). Therefore, these results indicate that the products
ROP, CH, DIO, and PCl are estimated to contain VCO.

On the other hand, there are two RFO products of the predic-
tion test (HM and 5BM) and two products of the calibration set
(PR and ORSO) located on the negative side of the PC2 axis (green
circle), where the products are projected close to the BSO profile
indicating a lot of double bonds. In addition, there is one RFO prod-
uct (SBM) in the prediction set, similar to one calibration modifica-
tion product [ORSO). These results can denote that the product
(SBM) is projected to contain BSO. Examination of PC1 and PC2
loading of the *H NMR data shows that this separation occurs
because the spectral domain at & = 5.37-5.27 ppm (-CH=CH-) has
different relative intensities; thus, the signal represents an important
limitation of this method.

The treatment of FTIR data appears to have similarities in the pro-

jection of the sample product based on the degree of unsaturation.

However, in the FTIR in Figure 5, the PCA score plot shows a marked
separation in which VCO is located in the most negative PC1 and
BSO is in the most negative PC2, while most of the products are
found in plots PC1, PC2 are positive (all PCA model analyses are pre-
sented in Figure 55 in Supplementary Materials 2). At least, the FTIR
PCA plot results are similar to the 'H NMR. Separation of the same
products with a close profile to VCO can also be detected. For exam-
ple, four products of the prediction test (ROP, CH, DIO, and PCI) are
projected to ORCO (yellow circle), and the separation of products pre-
diction test (SBM) close to the BSO profile is projected to ORSO
(green circle). However, some projected overlapping products and dif-
ferent locations between replications can still be seen. The FTIR data
loading assessment of PC1 and PC2 indicated that an absorption band
at about 3000-3020 cm™?! (the C-H stretching band of the double
bond) was responsible for this separation.

Chemometric analysis for both data sets showed projected differ-
ences in the degree of unsaturation between the RFO products. The
total projection of the two data sets also indicates satisfactory results
by producing 8% total principal component (PC) separation into
three (yellow, red, and green circles) and VCO regions depending on
the degree of unsaturation, as already described. Unfortunately, PCA
projections on FTIR show a more considerable grouping variability; for
example, the distance differences between product replications of
BMPro and PCl in the yellow-circle sample group and of ORSO and
PR in the green-circle sample group. The lower reproducibility
observed in the FTIR results depends on the manual placement of the
sample in the ATR, as has been discussed by Jovic et al.** Therefore,
the triple-clustering projection for FTIR shows unsatisfactory results.
It is important to emphasise that replicate clustering is preferable
when *H NMR is used.
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FIGURE 6 Projected 21 red fruit oil (RFO) commercial products based on principal component PC1 and PC2 with the selected signal at

5 = 2.37-2227 ppm (a-CH3) of the 19 H nuclear magnetic resonance (NMR) spectra calibration set (57 spectra) and with the selected band at
1690-1780 cm ™! (C=0) of the 19 Fourier transform infrared (FTIR) spectra calibration set (57 spectra). The replication number code indicates
the label point for each sample (see Section 2). Green circle, PC-1 positive projected sample group; yellow circle, PC-1 middle projected sample
group; red circle, PC-1 negative projected sample group. AT, Athaku; BSO, black seed oil; JW, Jaya Wijaya; KF, KF Minyak Buah Merah; KP, king

Pandanus; GR, golden red; OR, crude RFO; ORCO, crude RFO plus VCO; ORVO, crude RFO plus OVO; OVO, olive oil; RD, Redoten; RF, Fira
Papua; VCO, virgin coconut oil [Colour figure can be viewed at wileyonlinelibrary.com]

3.5 | Principal component analysis projection for
FFA value profile distinction

Principal component analysis projection predicts the RFO product
profile based on the FFA value. As mentioned above, the presence of
oil other than RFO, including BSO, OVO, and VCO, aims to compare
and modify OR to indicate changes in the sample matrix caused by
the intervention of each oil. A total of 57 spectra from 19 samples
were used as a data calibration matrix for projecting 21 RFO samples
(see Section 2). The PCA data for 'H NMR and FTIR present a separa-
tion of the RFO products into four regions.

On the other hand, the PCA pattern projection from FTIR shows
a pattern similar to NMR (Figure &; all PCA model analyses are pre-
sented in Figures 56 and 57 in Supplementary Materials 2). The
3 RFOs, including OR, AT, and RF (green circle), also lie at the farthest
positive PC1, while the PC2 is positive. Meanwhile, most RFO prod-
ucts are projected along PC2 (negative to positive) in the red circle.
Another similarity was also shown in the projections of VCO (farthest
positive PC2) and OVO (farthest negative PC2) in the red circles.

The modified RFO also has a similar projection to the 'H NMR
data. The projected ORSQO samples were identical with BSO (PC1 and
PC2 were negative) in the red circles. As for the ORCO projection, the
FTIR pattern is better than the 'H NMR pattern (PC1 negative and
PC2 positive) because it is located in the same guadrant plot as the
WCO, while ORSO in the NMR plot score is in the yellow circle. It
means that the FTIR spectral pattern for ORCO can show the effect
of adding VCO to the variable matrix pattern to be used as a reference
for authentication.

Interestingly, the ORVO projections for both PCA patterns also
show a similar location at the midpoint of the plot score (PC1 and

PC2 are positive) in the yellow circle. However, they are not projected

in the same way as OVO (red circle). These results show that the addi-
tion of OVO to OR does not necessarily change the pattern of the
variable matrix that is close to the OVO pattern. Accordingly, the
results illustrate that the difference matrix variables used do not
directly affect the projection pattern. This condition depends on the
FFA amount of both. Furthermore, the FTIR projection pattern on the
selected matrix variable shows a better projection pattern with a full
PC of 98%, while *H NMR can project a full PC of 88%.

3.6 | Principal component analysis for the degree
of unsaturation grouping

In the wisualisation grouping approach, PCA builds three rules
based on the degree of unsaturation content with three different
oil products with RFO as standard, namely BSO, OVO, and VCO.
When an RFO product has a low degree of unsaturation, it will
approach VCO. An RFO product with a high degree of unsaturation
identical to OVO is an original RFO product because, based on the
characterisation results,s'bthe main content of RFO is oleic acid. In
contrast, an RFQO product with a higher degree of unsaturation will
approach the BSO position because it has more unsaturated fatty
acids than OVO. Furthermore, a visualisation grouping PCA model
can be obtained based on the value of the degree of unsaturation
for the entire RFO product?” as previously reported by Triyas-
mono et al.'® Figure 7 shows that both spectral data sets can be
delineated classes into six categores (IV: < 10; 40-60; 60-70; 70-80;
80-90; and > 90).

Both *H NMR and FTIR data presented satisfactory results with
98% total PC and 99% total PC of the classified products, respectively

(all PCA model analyses are presented in Figures S8 and 59 in
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FIGURE 7 Plot scores of all samples (120 spectra) on the main components PC1 and PC2 on the selected signal *H nuclear magnetic

resonance (NMR) spectra and selected band Fourier transform infrared (FTIR) based on the degree of unsaturation category. (point labels are
based on the list of abbreviations) [Colour figure can be viewed at wileyonlinelibrary.com]

Supplementary Materials 2). For FTIR data, there are five types of
classified products that overlap with the others (AH, BMO, FR, THM,
and PR) (Figure 7 FTIR). As for the prediction of 1H NMR, the obser-
vations were excellent because 100% of the samples were classified
correctly. Furthermore, these results show that most products can be
grouped at 70-80 degrees of unsaturation, as well as OVO, which
indicates that most RFO products have a MUFA component. On the
other hand, four products (ROP, CH, DIO, and PCI) and ORCO are
close to VCO, so it is suspected that VCO components were added,
causing a decreased degree of unsaturation; therefore, VCO is
grouped lower than OR (40-60).

In comparison, three products (SBM, PR, and FR) and ORSO are
close to BSO, so it is suspected that BSO was added to the product
component, causing an increased degree of unsaturation. Therefore, it
is grouped as higher than OR (80-90). Based on the fact there is still
miss-grouping in the FTIR data, even though the PCA obtained 99%
of total PC can distinguish different variables. Finally, the best tripli-
cate for *"H NMR data implies a perfect visualisation grouping based

on the RFO product's unsaturation degree.

3.7 |
grouping

Principal component analysis for FFA value

Furthermore, for the grouping approach based on its FFA value, the
PCA model is based on the acid number possessed by each sample
because the amount of FFA depends on the AV of each sample. The
FFA in each product occurs either naturally or due to degradation.
Meanwhile, the presence of BSO, OVO, and VCO independently and
OR modifiers can be used to compare the distribution pattern classifi-
cation due to changes in the variable matrix (see Section 2). Figure 8
depicts the PCA visualisation grouping of all total samples into seven

categories according to acid values based on Triyasmono et al'®

reported (AV: < 10; 20-40; 40-60; 60-70; 70-80, 80-90, and > 90)
for the spectrum of both methods.

The PCA plot score generated from both methods (NMR and
FTIR) showed the same pattern. However, the *H NMR data displayed
a better classification pattern than the FTIR data because the entire
sample could be separated according to their respective categories
without overlap (Figure 8; NMR and all PCA model analyses are pre-
sented in Figure 510 in Supplementary Materials 2). As for the PCA
FTIR data pattern, several sample products are delineated classes into
different categories, including AT, CH, DIO, OF, and RF (Figure 8;
FTIR and all PCA model analyses are presented in Figure 511 in Sup-
plementary Materials 2). These results were obtained because the
FTIR spectrum pattern variance is more significant than *H NMR so
that it can cause a more considerable matrix variable variance.®? Inter-
estingly, OVO and WCO have the same categorisation of the FFA
value at < 10. Both are located on the same PC1 (farthest negative).
Meanwhile, they are different in PC2; OVO PC2 is negative while
WCO PC2 is positive. These results can be caused by the spectral vari-
ance pattern correlated with the chemical bonds of a FFA constituent
of each oil. For OVO, FFA mainly consists of oleic acid. Meanwhile,
WCO's FFA mostly consists of palmitic acid.®>*2

In contrast, BSO plot scores mostly differ from RFO products and
OVO in the degree of unsaturation category but have adjacent plot
scores in the FFA category. This result indicates they may have the
same AV even though their FFA composition is different.®*23% There-
fore, this signal is suitable for classifying and authenticating commer-
cial RFOs based on the AV profile.

On the other hand, De la Mata et al,** employing FTIR and PLS
discriminant analysis (PLS-DA) spectra in the entire band at 3508-
650 cm™ ! (except 2350-1870 em™Y), which was derivatised, demon-
strated that 100% olive oil was identified and differentiated from veg-
etable oil. However, up to 50% for mixed samples resulted in a more

significant prediction error. In comparison, this finding can also
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FIGURE 8

Plot scores of all samples (120 spectra) on the main components PC1 and PC2 on the selected signal *H nuclear magnetic

resonance (NMR) spectra and the selected band Fourier transform infrared (FTIR) spectra based on the free fatty acid (FFA) value category. (point
labels are based on the list of abbreviations) [Colour figure can be viewed at wileyonlinelibrary.com]

wvisualise the grouping of the RFO based on the degree of unsaturation
and the FFA value up to a total PC of 99% with a lower error predic-
tion even using two bands (3000-3020 cm™* and 1680-1780 cm™ Y
and without derivatisation spectra.

Popescu et al®*® used NMR spectra (*H, *3C) combined with PCA,
and were able to produce projections of olive oil that clustered close
together even though they came from different countries of origin,
while walnut oil was in varied plots. Subsequenthy, a mixture of 1%
olive oil and sunflower oil could also be detected, with a total PC vari-
ance between 91% and 92%. However, the authors could show a total
PC variance of up to 98% in visualising the different RFO products
and projecting the presence of adulterants, including OVO, BSO,
and VCO.

In comparison with the **C NMR approach without chemometrics
for the identification of adulterant vegetable oils in essential oils as
described by Truzzi et al,*7 the *H NMR requires a shorter acquisition
time of only 15 min per sample compared with 47 min. One of the
reasons for this condition is that the relaxation times of carbon atoms
are significantly longer (5.6 s) than those of 1H NMR (1.56 s) in the
lipid component, 3¢

Furthermore, the approach without chemometrics in **C NMR
still entails manually calculating the similarity using the square ratio
matrix formula. In comparison, the procedure for chemometrics is rel-
atively simple; the entire bucketing sample spectrum data are directly
imported into Unscrambler X 11.0 (see Section 2.5) for PCA and PLS
analysis. Therefore, the time needed for analysis was relatively short
(approximately 10 min). In addition, by applying chemometrics, groups
can be better visualised, with a confidence level of more than 95%
and with an acceptable error lower than 5% compared with those

without chemometrics: the confidence level obtained was 75%, and

the minimum error achieved was 10% in identifying the presence of
adulterants in essential oil. Nevertheless, *C NMR experiments are a
waorthwhile alternative because they provide significantly more infor-
mation than the time-consuming determination of, for example, IV.
Finally, the results from this work pointed out that NMR-PCA and
FTIR-PCA are suitable and more straightforward as well as quick and
efficient methods for describing classes, differentiating RFO types, or
detecting adulteration, especially adulteration with other types of oil
that have a higher or lower unsaturated degree and FFA values with-

out losing precision.

3.8 | PLS model for prediction of the degree of
unsaturation and FFA value

A PLS model is constructed for each parameter (the degree of unsa-
turation and FFA value). Calibration was performed with leave-one-
out cross-validation. Futhermore, model validation was performed by
modeling test predictions (see Section 2). Table 2 shows the mean
values for each parameter, and the results are presented in terms of
the number of factors used, correlation coefficient (RY), calibration
standard error (SEC), and prediction standard error (SEF). SEC and
SEP are the standard deviations for the difference between the mea-
sured and *H NMR-estimated values for the samples in the calibration
and validation sets, respectively.

The performance results indicate that both parameters show a
good match based on the R? index with RMSEC for each model lower
than SEP.?? Furthermore, at least 92% of the variation of the output
variable can be explained by the *H NMR and FTIR spectra (all PLS

models and predicted analyses are presented in Figures 512-519 in
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TABLE 2 Results of PLS modelling and prediction of the RFO properties based on both methods (*H NMR and FTIR)

Parameter Method Value Factor R?
Calibration
Unsaturated degree 1H NMR 0-90 1 0.972
FTIR 0-90 1 0.919
FFA value H NMR 0-100 2 0.988
FTIR 0-100 2 0.977

Root mean square error (RMSE)

Validation Prediction RMSEC RMSEV RMSEP
0.967 0.915 308 3.29 4.18
0.914 0.834 5.31 5.49 5.50
0.986 0.982 349 3.76 312
0.977 0.948 4.88 515 510

Abbreviations: FFA, free fatty acid; FTIR, Fourier transform infrared; NMR, nuclear magnetic resonance; RMSEC, root mean square error calibration;
RMSEP, root mean square prediction; RMSEV, root mean square error validation.

Supplementary Materials 2). However, *H NMR data give more results
with better reproducibility, indicated by a lower error value for both
parameters.

Therefore, *H NMR replication is more promising and proven to
determine the difference between each RFO product based on the
degree of unsaturation and the FFA value. These findings support sev-

14152728 on the success of 'H NMR spectros-

eral previous reports
copy in analysing fat and oil quality parameters.

In conclusion, the spectra profiled by 'H NMR and FTIR followed
by chemometric analysis contributed to the discriminant of RFO based
explicitly on the degree of unsaturation and the FFA value. Compared
with other traditional technigues, *H NMR and FTIR combined with
chemometrics provide a fast and economical method for RFO charac-
terisation, classification, and authentication. Both methods were suc-
cessful for the projection, grouping, and prediction of the distinction of
the degree of unsaturation and FFA value between OR, commercial
RFO, and modified RFO. However, better results were achieved for *H
NMR data. These results demonstrate that chemometrics is a robust

characterisation, classification, and authentication tool.
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