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Abstract

Fourier transform infrared (FTIR) authentication coupled with chemometric evaluation is widely used in qualitative and
quantitative analysis of food and agricultural products. This study aimed to characterize coconut testa flour (CTF) of five dif-
ferent Sri Lankan cultivars and to develop statistical models between FTIR data and parameters of CTF, wheat flour (WF) and
their admixtures. Flour samples were subjected to FTIR analysis within the range of 4000—500 cm~" and proximate data were
recorded. Principal component analysis (PCA) was applied for FTIR data and models were developed using both univariate
and partial-least-squares (PLS) regression to predict fat, protein, carbohydrates, moisture and level of admixture from FTIR
spectra. Results showed that the spectral bands of both CTF and WF were indicative of organic functional groups associated
with fat (~ 1745 cm™!), protein (~ 1655, ~1550 cm™!), carbohydrates (~ 3300, ~ 1065 cm™!) and moisture (~3300 cm™).
Spectral studies on the admixtures confirmed that proportional differences of the biomolecules had a direct influence on
the variations occurring in the spectral bands. Application of PCA resulted in a clear discrimination among flour samples
with a total variance of 97%. PLS regression showed more precise results than univariate regression. The precision of the
developed PLS-regression predictive models was found to increase with the number of selected relevant spectral points and
these models resulted in a good R? value and low RMSEC and RMSEP values. The results of this study would be helpful
for further chemical studies on authentication, product development and nutrition of CTF and WF.
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Introduction

Coconut (Cocos nuciefera L.) is one of the major planta-
tion crops of several countries in the Asia—Pacific region.
Flesh of coconut fruit is the most important part that gives
several edible products that are of high nutritional value.
During the industrial processing of the coconut flesh into
products, the brown color outer layer is removed as a way
to prevent unappealing brown color on finished-products.
The removed outer layer of the flesh traditionally known
as testa is an underutilized byproduct, which is about 18%
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(w/w) of the coconut flesh. A number of investigations
conducted in the recent past suggested its potential use as
a raw material for bioactive natural products [1-5]. Coco-
nut testa flour (CTF) obtained by crushing the defatted
residue of testa can be a raw material for functional food
preparation. A preliminary study on the composition of
CTF by Marasinghe et al. [6] indicated that it had ~59.24%
carbohydrates, ~32.22% protein and ~23.49% fat. Being
a non-cereal flour, CTF would differ in composition from
all-purpose wheat flour (WF) that is used as staple food in
many countries. A comparative study between CTF and
WF showed that CTF had ~24% of protein and ~ 10% of
fat, while WF had ~ 12% of protein and ~2% of fat [7].
Despite this, several other studies carried out to evaluate
the composition of different types of WF indicated that
there were variations based on cultivar differences [8—10].
Particularly, the studies by Majzoobi et al. [8]. and Sujka
et al. [11], clearly explicated the possible compositional
variations among different wheat cultivars. The results of
the WF composition obtained by Zucco et al. [9] were
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similar to those reported by Marikkar et al. [7]. From the
product development perspective, supplementing WF with
CTF is a feasible way for novel products by considering
the changing proportions of fat, protein, carbohydrate etc.
This warrants analysis and authentication of WF, CTF
and their admixtures by spectroscopic techniques such as
FTIR.

FTIR is a convenient and rapid analytical tool that is used
for authentication of various agricultural and food products
[12]. It is reckoned as an excellent method for quantitative
analysis of foods as the intensity variations of the spectral
bands are tightly associated with the concentration of a par-
ticular bio-molecule or compound [13]. The multivariate
data analysis is a widely applied tool in FTIR data process-
ing for qualitative and quantitative applications [14] and
amongst, PCA and PLS regression being frequently used in
food related analyses. However, previous investigations on
mid-infra-red spectral characterization of CTF or its con-
stituent biomolecules such as fat, protein, carbohydrate, etc.
is scanty. Although Amir et al. [15] demonstrated the use
of mid FTIR spectroscopy in determining some chemical
parameters of WF, spectroscopic comparison dealing with
CTF, WF and their admixtures were not undertaken. Hence,
this study aims to characterize CTF, WF and their admix-
tures in terms of the bio molecular functional groups present
in them using FTIR spectroscopy and focus on employing
the spectral data in such a way to develop qualitative and
quantitative statistical interpretations. Thereby, it will help
develop a rapid quantitative detection procedure for major
biomolecules present in CTF, WF and their admixtures.

Materials and methods
Materials

Coconuts of 12-month maturity were collected from five
different local cultivars [i.e. Gonthembili (GT), Ranthem-
bili (RT), San Raman (SR), TallxTall (TT), and commercial
hybrid (COM)] maintained at the varietal blocks of Coconut
Research Institute, Lunuwila, Sri Lanka during the period
January 2019 to March 2019. CTF was obtained according
to the method described by Marasinghe et al. [6]. Briefly,
nuts were de-husked, deshelled and the testa were peeled off
followed by disintegration and drying at 70 °C. Cold press
oil extraction was carried out for dried coconut testa of each
cultivar and the remnant was ground into fine particles to
prepare coconut testa flour (CTF). Six samples of commer-
cial wheat flour (WF1, WF2, WF3, WF4, WF5, WF6) were
obtained from Serendib Flour Mills (Pvt) Ltd. WF admix-
tures containing 10%, 25%, 50%, 75% of CTF (w/w) were
prepared by mixing CTF of COM variety and WF1.
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FTIR measurements

FTIR analysis of the flour samples was done adopting to KBr
pallet method where each flour samples were mixed with
KBr (FT-IR grade, >99% trace metals basis, Sigma Aldrich)
at a 1:90 ratio and pressed into a pallet [16]. FTIR spectra
were collected in the mid-infrared region of 4000500 cm™!
by co-adding at 64 scans, resolution of 8 cm™' using an FTIR
Nicolet iS50 spectrometer (Thermo Nicolet, Madison, WI)
equipped with deuterated triglycine sulphate (DTGS) KBr
detector and KBr beam splitter. Spectra were recorded as
absorbance values at each data point in 4 replicates.

Spectral analysis

The manufacturer's software (OMNIC operating system, ver-
sion 7.0 Thermo Nicolet) program was used to pre-process
the raw spectra and to obtain the peak parameters. The raw
spectra were baseline corrected and subjected to scale nor-
malization. The processed spectra were used to collect the
peak height and peak area of the major peaks that appeared
within 4000-1500 cm™".

Analysis of proximate composition

Moisture, crude fat, crude protein and ash contents of coco-
nut testa flour were determined according to standard meth-
ods described in AOAC (2005) manual [17]. The carbohy-
drate content of the flour was calculated by difference [100
— (crude protein + crude fat + ash + moisture)].

Statistical analysis

The proximate data were statistically analyzed by one-
way analysis of variance (ANOVA) using Tukey’s test of
MINITAB (version 17) statistical package at 0.05 prob-
ability level. The predictive models for spectral parameters
(peak area and peak height) of each major peak up to finger-
print region (4000—1500 cm™") with admixture levels and
proximate data were developed using univariate regression
analysis procedure in Minitab at 0.05 of probability level.

Multivariate data analysis

Chemometric analysis of flour samples was performed
using the Unscrambler 9.7 (Camo, USA) software. PCA
was carried out for the spectral data ranged from 4000 to
900 cm~!. The PLS regression analysis was performed
following the method described by Sujka et al. [11].
Thus, different spectral ranges (A; 3700-3000 cm™!,
B; 3000-2800 c¢cm™', C; 1800-1710 cm™!, D;
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1730-1490 cm™!, E; 1490- 1210 cm™", F; 1210-900 cm™")
were used in developing predictive models. The collected
spectra of four replicates of 15 flour samples were ran-
domly grouped into two sets, consisting of 40 and 20
elements, in the way of including at least one replicate
of each sample in 20 element set. The set with 40 ele-
ments was used for calibration and cross-validation while
the remaining other set of 20 elements was used as the
unknown independent samples to test the predictive
models. The model parameters; coefficient of determi-
nation of calibration (R_,?), coefficient of determination
of prediction (Rprez), root mean square errors of calibra-
tion (RMSEC), root mean square errors of prediction
(RMSEP), root mean square errors of cross validation
(RMSECV) were compared to identify the best predic-
tive model.

Results and discussion
Characterization of FTIR spectra

Mid-infrared spectral bands of flour substances depict the
molecular vibrations of organic functional groups associ-
ated with carbohydrates, lipids, proteins, moisture etc. Ana-
lyzing the spectral data of samples as illustrated in Figs. 1
and 2, different regions would provide useful information
about biomolecules present in CTF and WF. The proximate
composition of CTF, WF and their admixture are shown in
Table 1. The spectral layout shown in Fig. 1 compares the
mid-infrared spectral characteristics of CTF obtained from
five local coconut cultivars. By overall, the spectral features
of GT, RT, SR, TT and COM varieties were roughly simi-
lar, but some important variations were noticed in certain
regions due to differences in their proximate compositions.
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Table 1 Proximate composition

Flour type Moisture (%) Crude protein (%) Crude fat (%) Ash (%) Carbohydrate (%)
of coconut testa flour, wheat
flour and admixtures CTF

COM 5.41+087° 24.39+0.86" 7.8240.06° 4.65+049"  58.74+0.88¢
GT 2.91+0.49" 32.36+0.59¢ 6.90+0.03* 526+0.80°  52.83+0.63"
RT 7.41+052° 2839+1.18 10.51+0.05° 523+0.38°  48.10+1.25°
SR 3.1940.19° 26.12+0.64° 11.77+0.27¢  6.51+0.30° 52.56+0.54°
TXT 3.00+0.32"  27.39+0.96° 6.65+0.02" 626+0.14°  56.42+0.56°

WE
WE-1 9.74+1.16™ 12.61+0.27° 0.94+0.01° 0.62+0.14% 76.40 + 1.00°
WE-2 8.54+0.83" 13.69+0.23° 0.77+0.00° 0.67+0.12®  76.59+0.96°
WE-3 10.34+0.11°  14.55+0.08¢ 0.78+0.00° 0.89+0.16°  73.42+0.27°
WEF-4 8.04+0.81* 12.50+0.46" 0.01+0.00* 0.93+0.05*  78.61+0.98°
WE-5 10.98+0.35 11.38+0.55 0.01+0.00* 0.85+0.06®  76.47+0.22°
WE-6 1041 +0.67° 16.01+0.02° 0.01+0.00° 1.85+021°  71.93+0.76

Admixture series
WE-1 974+ 1.16° 12.61+0.27" 0.94+0.01* 0.62+0.14*  76.40+1.00°
CTF 10% 10.93+0.60° 17.18+0.15" 1.76+0.01° 1.59+0.27**  70.01 +2.96¢
CTF 25% 10.30+£0.65° 19.77+0.17° 255+0.01° 236+0.38°  65.12+0.42¢
CTF 50% 9.81+0.52° 21.14+0.04 557+0.02¢ 425+0.62°  59.06+0.56
CTF 75% 9.47+0.40° 21.45+0.04% 6.32+0.02° 5.28+0.88° 58.35+1.13"
CTF 5.41+0.87* 24.39+0.86° 7.82+0.06" 4.65+049°  58.74+0.88"

Each value in the table represents the mean of three replicates. Means that do not share a similar super-
scription letter are significantly different at 95% confidence (x=0.05)

COM commercial hybrid; GT Gon Thembili; RT Ran Thembili; SR San Ramon; 77 TallxTall; WF wheat

flour, CTF coconut testa flour

Region from 4000 to 2000 cm™’

The spectra of CTF in Fig. 1 shows the absorption band
(a) occurring at around 3600 — 3100 cm™! had a signifi-
cant contour where the peak was broad and blunt. In the
analysis of flour samples, this is generally attributed to
stretching vibration of O—H group associated with solu-
ble and non-soluble carbohydrates [15]. Previously, Hosp-
odarova et al. [18] assigned the broad band at 3331 cm™!
to hydroxyl groups present in cellulosic fibre. In another
study, Ibrahim et al. [19] assigned the broad-blunt band in
the region 38763100 cm™! to O—H stretching vibrations
of both p-glucose and p-fructose. The exact frequency of
this band varies from 3303 to 3374 cm™! among different
cultivars. This kind of changing nature have been already
noticed by other researchers who dealt with varietal differ-
ences of WF [15]. Researchers commented that the presence
of moisture and other molecules like alcohols, phenols and
hydro peroxides present in samples might also contribute
to the absorption peaks at~3300 cm™! based on the O-H
stretching vibrations [15, 20]. However, it is reasonable
to assume that the highest contribution to band (a) comes
from O—H stretching vibrations of carbohydrate as the total
carbohydrate contents of these samples far exceeded their
moisture content (Table 1). A spectral comparison among
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the samples namely, WF1 (WF*), CTF of COM cultivar
(CTF*) and their admixtures are shown in Fig. 2. According
to Fig. 2, WF* exhibited a similar O—H stretching vibration
peak corresponding to starch and other carbohydrate com-
ponents at 3372 cm~!. However, the intensity of the peak
corresponding to WF* was comparatively higher than that of
CTF* because of the higher proportion of total carbohydrate
content in WF* (Table 1). According to the spectral overlay
(Fig. 2), all admixtures had this peak but their exact frequen-
cies and intensities were slightly varied due to compositional
differences based on WF*/CTF* mixing ratio (Table 1).
The spectra illustrated in Fig. 1 shows the absorption
bands (b) and (c), which were generally attributed to asym-
metric stretching vibrations of C-H (CH,) and symmetri-
cal stretching vibrations of C-H (CH,), respectively [21].
In fact, CH, groups present in the aliphatic chain of pro-
tein and fatty molecules are commonly responsible for the
appearance of these two peaks (b and c). Previous studies
showed that strong peaks of (b) and (c) appearing in Mid-
IR spectra of most plant oils and animal fats were due to
methyl and methylene groups present in the aliphatic chain
of fatty molecules [22, 23]. According to Fig. 1, all cultivars
displayed the most prominent-sharp peak (b) at 2924 cm™!
and the adjacent peak (c) with comparatively low intensity
at around 2854 ¢cm~!. However, with regard to these two
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peaks (b and c) differences were seen between CTF* and
WEF* as shown in Fig. 2. When compared to CTF*, peak
(c) of WF* at~2852 cm™! was almost absent while peak
(b) resulting at 2930 cm™! appeared as a medium size peak
with low-intensity and sharpness. Interestingly, a similar
feature was previously noticed in the mid-IR spectrum of
spelt wheat flour samples studied by Sujka et al. [11]. This
could be because the fat content of WF* was very low when
compared to that of CTF* as shown in Table 1. It was of an
interest to see the effect of changing proximate composition
of admixtures on the spectral characteristics. According to
the Fig. 2, the peak (c) started to appear at~2856 cm™! in the
10% level of admixture, and there were continual improve-
ments in the sharpness and intensity of these peaks (b and
c) at 25%, 50% and 75% admixture levels, indicating the
increasing proportion of fat in the admixtures (Table 1).

Region from 2000 to 1000 cm™’

The spectra illustrated in Fig. 1 shows the absorption band
(d) with frequency at 1745 cm™!, which is due to the stretch-
ing vibration of carbonyl ester associated with fatty mol-
ecules of CTF. According previous studies, this peak is gen-
erally taken as a reference for fatty molecules in biological
systems as it is the most prominent peak in both plant oils
and animal fats [22, 23]. Some studies even investigated the
correlation of this peak to saponification values of oils and
fats occurring in the nature. The spectral overlay presented
in Fig. 1 shows that the exact frequencies of this peak (d)
displayed by all coconut cultivars were exactly 1745 cm™".
According to Kamara et al. [24], the peaks corresponding
to stretching vibration of carbonyls were hardly seen in
the white and yellow forms of defatted foxtail millet flour,
confirming that fats occur only at trace level in these two
flour types. While studying spelt flour, Sujka et al. [11] also
observed a very weak C=O stretching vibration at the rel-
evant wave number (1745 cm™') due to low-fat content. A
similar observation was evidently seen in the present study.
According to the spectral comparison between WF* and
CTF* as shown in Fig. 2, peak (d) was almost absent in WF
because of the low amount of fat in it (Table 1). Further, the
peak (d) was found to emerge gradually with the increasing
amount of CTF* due to increasing fat content. According to
Fig. 1, peak (d) started to appear at~ 1744 cm™' in the 10%
level of admixture and its sharpness and intensity contin-
ued to improve as noticed at 25%, 50% and 75% admixture
levels.

The spectra illustrated in Fig. 1 shows the absorption
bands (e) and (f), which were generally referred to as amide
band I and amide band II confirming the presence of pro-
teins in flour samples [25]. In a previous study involving
different wheat flour types, an estimated content of 7 to
13% protein was found among different wheat varieties [8].

The prominent peak (e) resulted around 1652-1658 cm™!
was due to the presence of amide band-I attributing to the
C=0 stretching of amides while the adjacent small peak
(f) around 1548-1551 cm™! was ascribed to amide band-II
which has primarily derived from N-H bending (40-60%)
and secondarily from C-N stretching (18-40%) vibration
respectively [15, 25]. The spectral comparison between WF*
and CTF* in Fig. 2 shows the presence of both peaks (e and
f) as these two types of flour are rich in protein (Table 1). In
the spectra of flour admixtures, these two peaks appeared
with some minor variations in their exact frequencies. The
spectra illustrated in Fig. 1 demonstrated that the peaks (g)
appeared around ~ 1450 cm~! was due to bending vibrations
of aliphatic hydrocarbons of CH, and CH; while the peak
(h) appeared around ~ 1375 cm™! were due to the bending
vibrations of aliphatic hydrocarbons of CH; [16, 21, 26].
Previously Coates [27] stated that the occurrence of a strong
methylene/methyl band at 1470 cm™' and a weak methyl
band at 1380 cm™! are indicative of a long-chain linear ali-
phatic structures.

The spectra illustrated in Fig. 1 shows two absorption
peaks around 1236 cm™! (i) and 1159 cm™! (k), which
were previously ascribed to the C-O stretching vibration
of esters [21]. This is further confirmed by Ain Najwa et al.
[28] who also assigned peaks “i” and “k” to C—O stretching
vibration of ester groups associated with fatty molecules.
As shown in Fig. 1, the blunt-broad peak (m) appearing at
1064-1067 cm™! represented the characteristic fingerprint of
carbohydrate molecules such as starch, pectin etc. According
to several previous reports, carbohydrates generally show
their characteristic bands in this region [19, 29]. Previously
Ferro et al. [29] stated that the vibrational peaks correspond-
ing to carbohydrates were found at around 960-1130 cm™!
which is a complex region of the spectra with overlapping
bands due to carbohydrates. A similar situation was seen
previously in the case of spectra recorded for spelt-flour,
which is a sub-species of wheat [11]. According to Fig. 2,
the sharp high-intense peak was found at 1020 cm™! for
WEF* while this peak appeared as a low-intense-weak peak
at 1066 cm™! in the case of CTF*. This could be probably
due to high carbohydrate content of WF* when compared to
CTF* as seen from Table 1. In the spectral overlay of admix-
tures depicted in Fig. 2, the sharpness of the peak (m) was
found to decline gradually with the increasing proportion of
CTF* in the admixtures. This feature has resulted due to the
variations in total carbohydrate contents in the admixture
after mixing with CTF* (Table 1).

Regression analysis with peak parameters
The results of the linear regression analysis carried out using

proximate analysis data with the obtained area and height of
peak maxima are shown in Table 2. The results showed that
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Table 2 Results of linear

) ; . Peak Parameter Regression equation R? SE
regression analysis of proximate
data and FTIR spectral data Protein E H P=-1523+83.80H 0.67 7.77
A P=-10.98+0.9994 A 0.74 0.08
F H P=3.39+133.79H 0.78 9.41
A P=8.202+1.909 A 0.80 0.13
B H P=8.003+29.55H 0.80 1.94
A P=2.87+0.8475 A 0.61 0.09
C H P=13.965+51.09 H 0.78 3.53
A P=14.240+2.133 A 0.80 0.14
Fat D H F=0.408+18.275 H 0.89 0.84
A F=0.521+0.8317 A 0.95 0.03
B H F=-3.364+18.910H 0.91 0.79
A F=-6.899+0.5550 A 0.72 0.05
C H F=0.491+3235H 0.87 1.64
A F=0.612+1.3708 A 0.92 0.05
Carbohydrate A H C=11437-6327H 0.74 4.98
A C=124.48 - 0.1920 A 0.73 0.02
B H C=83.79 - 4733 H 0.84 2.77
A C=91.83-1.349 A 0.63 0.14
C H C=74.037 - 80.01 H 0.78 5.55
A C=73.697 -3.375 A 0.82 0.21
Moisture A H M=1755-1227H 0.34 2.25
A M=18.47 — 0.03386 A 0.28 0.01

P protein%, F fat%; C carbohydrate%; M moisture%; A area of the peak, H height if the peak, R? coefficient

of determination; SE standard error

*All regressions were significance (p=0.00) at 95% confidence level («=0.05)

the protein content has a moderate prediction with the height
and area of peaks; e, f, b, c as the maximum coefficient of
determination (R?) of the regression falls below 0.8 while
the area of peak-c showed the highest R? value (0.8) with
a low standard error-coefficient (SE) of 0.14. However, the
regression between fat content and the area of peak-d was
found to have the highest R? (0.95) value with lower SE
(0.03) followed by the area of peak-c (R?=0.92, SE=0.05)
and height of peak-b (R*=0.91, SE=0.79) when compare
the overall regression results. The regression model between
the carbohydrate content and the area and height of the
selected peaks; a, b, c showed a moderate fit (R2 <0.84) with
the data. Meanwhile, the R? of the regressions of moisture
content was found fall below 0.34 exhibiting the poor fitting
of the data with the developed models. The obtained results
explained that each biomolecule present in the flour samples
could represent several peaks in the spectra. Further, major
biomolecules namely, protein, carbohydrate and fat showed
a considerably good relationship with both peaks b and c.
The linear regression analysis results obtained for the
percentage of admixture with the spectral parameters are
shown in Table 3. According to the data, both height and
peak showed high R? values for the produced regressions.
However, the obtained SE for the regression between the
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Table 3 Results of linear regression analysis of percentage of admix-
ture and FTIR spectral data of CTF

Peak Parameter Regression equation* R? SE
A H AD=-1972+2913 H 0.90 20.5
A AD=-273.14+0.9641 A 0.90 0.07
B H AD=-60.48+293.8 H 0.95 13.8
A AD=-120.75+9.621 A 0.98 0.28
C H AD=-049+4742H 0.96 20.3
A AD=1.59+20.821 A 0.96 0.89
D H AD=-4.66+283.3H 0.93 16.0
A AD=-1.26+12.110 A 0.98 0.40
E H AD=-283.54+766.9 H 0.88 60.1
A AD=-233.0+8.872 A 0.94 0.49
F H AD=-1244+1545H 0.90 40.8
A AD=-98.42+25.787 A 0.98 0.77

AD percentage of admixture, A area of the peak, H height if the peak,
R? coefficient of determination, SE standard error

*All regressions were significance (p=0.00) at 95% confidence level
(x=0.05)

percentage of admixture and the height was noticeably
higher which may affect the precision of the regression.
The regressions of the percentage of CTF showed a strong
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fit with the area of peaks with higher R? and low SE for
all selected peaks; peak-a (R2=O.9, SE=0.07), peak-b
(R?=0.98, SE=0.28), peak-c (R*=0.96, SE=0.89), peak-
d (R?=0.98, SE=0.40), peak-¢ (R?=0.94, SE=0.49) and
peak-f (R?=0.98, SE=0.77).

Multivariate data analysis
PCA

PCA was applied for discrimination of flour samples using
the FTIR spectra within the range of 900-4000 cm~!. PCA
analysis is useful in identifying patterns within data sets
focusing on their alikeness and differences in the form
of a score plot which is defined by PC1 and PC2 that
explain the highest variation and second highest varia-
tion, respectively [30]. The score plot of PCA analysis
in Fig. 3 depicts a good separation along the principal
component 1 (PC1) with an 89% of variance and 8% vari-
ance for principal component 2 (PC2), making up 97%
of total variance. According to Fig. 3, the CTF of all five
cultivars is located on the negative side of PC1 while all
the wheat flour samples are located on the positive side of

PC1. In this, CTF of different coconut cultivars showed
a good separation along PC1 and PC2 emphasizing their
varietal differences. Further, cultivars namely RT, SR
and TT were remained in the left upper quadrant while
COM and GT were left in the lower quadrant. The WF
samples namely W2, W3, W4, W6 were located in the
right upper quadrant while W1 and W5 remained in the
right lower quadrant. However, the separation among WF
was found to be minimal for samples such as W2, W3,
W4 and W6. In the case of admixture samples, both 10%
and 25% CTF* admixtures were found to remain in the
right lower quadrant where 10% CTF* showed minimal
separation from W1 while 25% CTF* located adjoining
to both W1 and 10% CTF* samples. The 75% CTF* and
50% CTF* were positioned in the left lower quadrant and
75% CTF* was found in a position where it was in close
proximity to COM cultivar exhibiting a low variation in
separation. The 50% CTF* admixture, however, was found
far from CTF, W1 and all other admixtures, positioning
very much closer to the origin of PC1. Thereby, the distri-
bution of data in the score plot explained the changes that
take place in spectral attributes in flour admixtures with
the gradual increment of incorporated CTF content. These
gradual variations could be attributed to the changes in
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Fig.3 Score plot of PCA obtained for coconut testa flour, wheat flour and admixtures. COM commercial hybrid; GT Gon Thembili; RT Ran

Thembili; SR San Ramon; 7T TallxTall; Wi-5 wheat flour types
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the intensity of different functional groups peaks that are
accompanied by the compositional changes of the flour
mixtures as shown in Figs. 1, 2 and Tablel.

PLS regression analysis

Table 4 depicts the results of PLS regression carried out
using calculated proximate data and FTIR spectral data.
According to the data, the model P3 was identified as the
best model among the other models developed for protein
content as it exhibited the lowest RMSEC (1.81), RMSECV
(2.11), RMSEP (1.94) with the highest R, (0.92) and R ,..>
(0.90). As for the fat content, F3 model showed the mini-
mum RMSEC (0.76), RMSECYV (0.85), RMSEP (0.90) with
the highest R_,* (0.96) and R,.* (0.95). Among the three
models developed for carbohydrate content, C3 model was
best as it resulted in the lowest RMSEC (1.54), RMSECV
(2.3), RMSEP (1.48) with the highest R ,;* (0.98) and R,,..>
(0.98). The two models developed for the moisture con-
tent showed equal Rc312 values (0.88) and RMSEC (0.96),
however, the M2 model showed a lower RMSECV (1.33),
RMSEP (0.95) and highest R 2(0.91) when compared to
the M1 model.

The PLS models constructed using CTF admixture levels
and FTIR spectral data are shown in Table 5. According to
the results, all models showed higher R_,* and Rpre2 val-
ues which are closer to 1 and low RMSEC, RMSECYV and
RMSEP values. Hence, these all models that were developed
using the selected spectral regions which represent different

pre

biomolecules could be useful in predicting the percentage
of CTF in a WF and CTF admixture. However, consider-
ing the lowest RMSEC, RMSECV and RMSEP values of
the models, P*3 (R.,*=1, R,,.>=0.99, RMSEC =1.96,
RMSECV =3.00, RMSEP =2.53) was noted as the best
model. Therefore, it is fair to say that the changes in spec-
tral regions (B, D and E) that are known to represent protein
molecules may have well represented the compositional
changes of the CTF and WF admixtures.

Overall, the PLS regression models were found to serve
with more precision than the models developed by linear
regression considering a single factor; peak height/peak area
(Tables 2, 3). This fact was further confirmed by Sujka et al.
[11], who reported the results of both classic square regres-
sion and PLS of different flour types. Further, it could be
seen that the precision of the PLS model was also positively
influenced by the number of relevant spectral points used in
developing the model. More specifically, the inclusion of the
spectral ranges of B and E when calibrating the models for
protein, fat and carbohydrate has increased the precision of
the models (Tables 4) exhibiting a certain correlation with
C-H stretching region and some of the minor peaks found
in the fingerprint region (Fig. 1).

Previously, PLS regression has been applied for flours
obtained from different grain types to come up with statisti-
cal models for proximate parameters using FTIR spectral
data, which resulted in precise models for protein, fat and
moisture. In this study of Sujka et al. [11], a wide range of
spectral regions which showed distinctive changes among

Table 4 Statistical parameters

Parameter Model ~ Spectral range R,,> RMSEC RMSECV R 2 RMSEP Factors
of PLS models developed P number
for proximate data and FTIR
spectral data of flour samples Protein Pl D 091 1.9 2.26 087 226 3

P2 B,D 091 1.94 2.32 087 222 4
P3 B,D,E 092 1.8l 2.11 090 1.94 3
Fat Fl C 094 095 0.99 094 099 2
F2 B,C 0.95 0.90 0.95 094 099 2
F3 B,C,E 096 0.76 0.85 095 0.90 2
Carbohydrate  C 1 A 095 227 3.36 0.94 240 6
C2 A F 094 261 3.17 092 262 4
C3 A,B,E,F 098 1.54 2.30 098 148 6
Moisture M1 A 0.88 0.96 1.22 0.88 1.10 5
M2 AE,F 0.88 0.96 1.13 091 095 4

R,/ coefficient of determination of calibration; R ,,* coefficient of determination of prediction; RMSEC

pre

root mean square errors of calibration; RMSEP root mean square errors of prediction; RMSECYV root mean

square errors of cross validation
A: 3700-3000 cm™!

B: 3000-2800 cm ™!

C: 1800-1710 cm™

D: 1730-1490 cm™!

E: 1490-1210 cm™

F: 1210-900 cm™!
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Table 5 Statistical parameters

Parameter Model  Spectral range R.,> RMSEC RMSECV R 2> RMSEP Factors
of PLS models developed for P number
the percentage of admixture and
FTIR spectral data of CTF Protein P*1 D 099 2.80 391 099  4.06 2

P*2 B,D 1 2.44 3.63 099 3.40 2
P*3 B,D.E 1 1.96 3.00 099 253 3
Fat F*1 C 098 527 6.08 098 5.11 2
F*2 B,C 098  5.09 6.04 098 454 2
F*3 B,C.E 099 322 4.40 099 3.08 2
Carbohydrate ~ C*1 A 099 3.82 6.43 091 9.84 4
C*2 AF 099 32 4.66 098 4.58 3
C*3 A,B,E,F 099 2091 3.94 099 341 2
Moisture M*1 A 099 3.82 6.43 091 9.82 4
M#2 A,EF 099 334 4.29 098 4.16 2

R,/ coefficient of determination of calibration; Rp,.e2 coefficient of determination of prediction; RMSEC
root mean square errors of calibration; RMSEP root mean square errors of prediction; RMSECYV root mean

square errors of cross validation
A: 3700-3000 cm™!

B: 30002800 cm™!

C: 1800-1710 cm™

D: 1730-1490 cm™'

E: 1490-1210 cm™!

F: 1210-900 cm™!

grain types was employed in constructing the models. The
success of PLS regression based model development has
been evidently seen in several other studies. For instance,
PLS regression was successfully used in both FT-IR and FT-
NIR spectral analyses of quantitative authentication studies
carried out for Chinese and Korean soybeans [12], corn [31],
lard adulteration in cake formulation [32], ternary mixtures
of red fruit oil, corn oil and soybean oil [22], virgin olive
o0il [13], canola oil and virgin coconut oil mixtures [33], etc.

In PLS regression analysis, the R? is used to elaborate the
accuracy of the developed PLS model while RMSEC and
RMSECV RMSERP are used to interpret its precision [34].
A model with low RMSEC, RMSEP and RMSECYV values
and higher R? value is reckoned as an acceptable model with
high precision and accuracy [11, 14, 22]. Thus, Rpre2 and
RMSEP can employ to determine the predictability of the
developed model where high Rpre2 and low RMSEP values
would indicate high predictability [11, 31, 33]. Selection of
the appropriate number of factors is acting as a key point to
eliminate the possibilities of developing an over-fit or under-
fit model which take place due to the addition of too many
factors and too few factors respectively [11].

Conclusion

This study presented a detailed analysis of the mid-infra-
red spectral bands of CTF of different cultivars and WF as
a way to distinctly differentiate them using carbohydrates,

proteins, and fats as component biomolecules. The spectral
contour of all CTF cultivars was more or less similar to
each other despite some minor differences in their peak
intensities. However, remarkable spectral differences were
noticed between CTF and WF owing to their differences
in their proximate compositions. PCA was successfully
employed in qualitative discrimination of CTF and their
admixtures with a high variance. According to the results
of quantitative analysis, it can be seen that PLS regres-
sion is more applicable for FTIR spectral analysis rather
than univariate regression pertaining to the precision of
the results. PLS regression was served as a great quanti-
tative tool for developing statistically significant models
for different parameters of studied flours. Therefore, the
results of this study convinced that the FTIR coupled with
multivariate analysis could serve as an excellent tool that
can be used in authentication and quantification of CTF
and its admixtures.
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