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Abstract: Nowadays, nutritional foods have a great impact on healthy diets. In particular, maca,
oatmeal, broad bean, soybean, and algarrobo are widely used in different ways in the daily diets
of many people due to their nutritional components. However, many of these foods share certain
physical similarities with others of lower quality, making it difficult to identify them with certainty.
Few studies have been conducted to find any differences using practical techniques with minimal
preparation and in short durations. In this work, Principal Component Analysis (PCA) and Near
Infrared Spectroscopy (NIR) were used to classify and distinguish samples based on their chemical
properties. The spectral data were pretreated to further highlight the differences among the samples
determined via PCA. The results indicate that the raw spectral data of all the samples had similar
patterns, and their respective PCA analysis results could not be used to differentiate them. However,
pretreated data differentiated the foods in separate clusters according to score plots. The main

1 associated with

difference was a C-O band that corresponded to a vibration mode at 4644 cm™
protein content. PCA combined with spectral analysis can be used to differentiate and classify foods
using small samples through the chemical properties on their surfaces. This study contributes new

knowledge toward the more precise identification of foods, even if they are combined.

Keywords: PCA; NIR spectroscopy; Peruvian flours; chemometrics; maca

1. Introduction

Grains such as maca (Lepidium meyenii), algarrobo (Prosopis pallida), soybean (Glycine
max L.), oatmeal, and broad bean (Vicia faba) are used as popular dietary supplements in
Peru [1,2]. Maca has been demonstrated to exhibit medical benefits, such as antifatigue,
anti-osteoporosis, spermatogenetic, and energy-increasing properties; algarrobo contains
high amounts of dietary fiber and protein; soybean has been researched due to its positive
benefits, such as its ability to improve bone mass, ameliorate the effects of menopause,
and reduce cholesterol; oatmeal is a basic ingredient in many dietary supplements due
to its amino acid and fiber content; and clinical studies have demonstrated that broad
beans offer benefits in Parkinson’s disease due to levels of L-dopa, addressing a key factor
of neurological health [3-7]. Currently, these products have a high demand in terms of
consumption due to their high energy content and the health benefits they offer; likewise,
these foods tend to have increased prices due to their positive impacts on diets [8]. These
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foods are manufactured and packaged in the agri-food industry, with risks of either natural
contamination or contamination due to bad practices in the production process due to the
diversity of manufactured products. It is also possible to find adulterated products on
the market that do not meet the minimum quality conditions or offer the promoted bene-
fits [8-10]. The materials most used for adulteration are inexpensive compared to products
based on original flour, and in the food market, this situation generates economic and health
problems for consumers [11,12]. On the other hand, some flour-based products have similar
physical characteristics in terms of color, texture, shape, density, and chemical properties,
making them potential candidates for use as inputs in flour adulteration [9,11,13-15].

There are various techniques for the identification of foods through their chemical,
physical, protein, and genetic characteristics, including mass spectrometry (MS), poly-
merase chain reaction (PCR) analysis, high-performance liquid chromatography (HPLC),
and nuclear magnetic resonance spectroscopy (NMRS); these methods have high sensitivity
but require special sample preparation for food characterization [16-21]. For example,
NMRS, when applied to complex mixtures, has some disadvantages in the resulting spec-
trum because many signals can overlap [22]. On the other hand, near-infrared spectroscopy
is a versatile technique due to its speed, lack of destructiveness, and minimal or total lack
of sample preparation requirements [23,24]; however, it still presents some challenges that
must be overcome in order for it to be a widely used technique. Some foods have similar
NIR spectra due to their nature and chemical composition, hampering the ability to differ-
entiate samples directly by means of this technique. One possible option for overcoming
this challenge is principal component analysis (PCA) or Soft Independent Modeling of
Class Analogy (SIMCA). Notably, PCA and SIMCA are unsupervised and supervised classi-
fications, respectively. Supervised classification is used for prediction, while unsupervised
classification is used for analysis and clustering (groups of samples) based on spectral prop-
erties. PCA is used to evaluate the inherent characteristics of a spectral data set as well as
slight differences between spectra [25-27], while SIMCA mainly focuses on the similarities
between samples within a group rather than the differences between the groups [27]. PCA
mainly examines the relationships between variables (wavelength or wavenumber) and
samples. It reduces the dimensions of a data set; that is, the original variables of the data
set are reduced to a few new variables, which are known as principal components (PCs).
The total variation of the analyzed data set is best explained by the PCs, and each principal
component is independent [28]. The first principal component (PC-1) can be used to detect
differences between samples because it represents the largest variation from the original
data set, while the second principal component (PC-2) explains better the variation shown
by the third principal component (PC-3), and so on [29]. Another classification type is
partial least squares discriminant analysis (PLS-DA). This algorithm is used as a model
for discriminative variable selection, restricting attention mainly to predictive modeling.
Theoretically, PLS-DA is a combination of dimensionality reduction and discriminant anal-
ysis in one algorithm. Additionally, the algorithm does not necessarily fit a set of data to
a particular distribution, making it more flexible than other algorithms. Because of this,
this method has countless applications, including food analysis [30-32]. Lasalvia et al.
(2022) used both simulated and experimental vibrational spectra to investigate the ability
of PCA-LDA and PLS-DA to discriminate spectra related to different classes. The results
showed that in terms of accuracy in classifying FTIR spectra, the PCA-LDA model seemed a
little better than the PLS-DA model [33]. In certain cases, an NIR spectrum shows a change
in the baseline and the presence of noise. Spectral preprocessing methods have been used
to solve these problems—to name a few, standard normal variation (SNV), first-derivative
Savitzky—Golay, and detrending methods are used to remove changes in baseline offset,
baseline vertical offset, and baseline deviation in a spectral signal, respectively [34-39].

In one study, a chemometrics analysis was performed to authenticate Andean grain
flours using mid-infrared spectroscopy and discriminate flour samples using protein, fatty
acid, and fat profiles [40]. In another study, Raman spectroscopy in combination with PCA
was used to discriminate cereal flour species; in this study, a PCA loading plot explained
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that changes in starch and protein signals allowed for the discrimination of the samples [41].
Due to the similar physical characteristics of the mentioned foods, they can be easily
confused, and this can be used to create adulterated products with lower quality using
cheap grains [42,43]. In another study, a hyperspectral image technique and multivariate
statistical process control were useful in detecting adulterations of wheat flour in the
presence of different grains [44]. In this context, we proposed to use NIR spectroscopy and
chemometrics to classify each type of grain and flour and attempted to find some variable
that is spectrally different.

2. Materials and Methods
2.1. Samples

The samples consisted of five different flours types, in which four were maca, algar-
robo, broad bean, soybean, and oatmeal. Maca, algarrobo, and broad bean were purchased
from the Hermelinda market in Trujillo, Peru. Moreover, soybean and oatmeal (La Finca,
PR, USA) were purchased from Mayaguez Pueblo Supermarket in Puerto Rico. Then,
samples were stored in plastic polyethylene bags in a desiccator cabinet. The samples did
not undergo any treatment before data acquisition via NIR spectroscopy.

2.2. NIR-FTIR Spectra

The samples were evaluated using Fourier transform near-infrared spectrometer
(Bruker Optics; GmbH Ettlingen, Baden-Wiirttemberg, Germany) in the diffuse reflectance
mode. The absorption spectra for the samples and the background spectrum were recorded
using 32 scans and 32 cm ! resolution. The samples were irradiated using a fiber optic
probe, which was connected to the spectrometer, and examined from 4000 to 12,000 cm .
The fiber optic probe was placed at a height of approximately 1 mm above the sample.

2.3. Spectral Acquisition

A total of 100 g of each flour type was deposited on a small plastic plate. Afterward,
20 different random places were selected in the regions of the small plastic plate that
contained the flour. Then, each place was analyzed using NIR spectroscopy. This was
performed using PCA and PLS-DA in order to observe whether one type of food was
different from the others in terms of spectral shape.

2.4. Spectral Data Analysis

NIR spectral data were analyzed and processed using Unscrambler software, version
10.5 (CAMO, Bedford, MA, USA). Unscrambler software was used to construct the PCA
classification models, which were used to analyze the clustering in the data. In addition, the
different PCA and PLS-DA models were developed by applying pre-treatments, namely,
detrending (2-order), SNV, and Savitzky—Golay first-derivative, and the samples were eval-
uated individually as well as in a combination of these pretreatments in a spectral region.
All PCA and PLS-DA models were analyzed at a 95% confidence level. Meanwhile, Excel
2016 software was used to perform statistical measurements such as determining averages.

3. Results and Discussion
3.1. Spectra Data of Samples That Were Not Pre-Treated

Figure 1 shows the NIR spectra of the soybean, algarrobo, broad bean, maca, and
oatmeal samples without pretreatment. Additionally, each sample was assigned a letter and
a number: Hl—soybean, H2—algarrobo, H3—broad bean, H4—maca, and H5—oatmeal.
The raw data spectra showed a change in the baseline values, and it was observed that a
set of them presented more intense bands probably caused by the grinding conditions.



Appl. Sci. 2023,13, 11534

40f16

—— H1: soybean  ———H2: algarrobo  ——— H3: broad bean H4: maca ——— H&: oatmeal

1.2

=]
o L3

Absorbance (a.u)
(=]
[+7]

o
'S

0
11,972.94 11,186.06 10,383.75 9612.296 B856.272 8115.679 7436.8 6788.78 6079.044 533845 4628714

1.1

H1m: soybean mean
H4m: maca mean ———— H5m:oatmeal mean

Wavenumber (cm)

Figure 1. Raw NIR spectra of samples: soybean grain (H1), algarrobo (H2), broad bean (H3), maca
(H4), and oatmeal (H5).

For a better visualization of the behavior, the averages of the spectra established for
each flour product were obtained. In this case, the soybeans were not in a fine powder form;
this could justify their position in the upper zone of the spectra (see Figure 2). However,
similar effects of a spectrum baseline shift could be reduced by performing detrending
pre-treatment on the data to better visualize the chemical changes between samples. In
Figure 2, the characteristic vibrational modes of soybean (H1 mean) can be identified,
among which it is important to mention the region from 6000 to 5600 cm ! associated with
the C-H functional group, while the N-H and C-O functional groups associated with the
proteins lie in the region of 5000-4500 cm ™! [45].
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Figure 2. Mean raw spectra obtained from soybean mean (H1m), algarrobo mean (H2m), broad bean
mean (H3m), maca mean (H4m), and oatmeal mean (H5m).
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3.2. Spectral Data of Pre-Treated Samples

As can be observed in Figure 2, there exists a clear effect of the scattering baseline due
to the grain size of soybean and oatmeal [46]. Accordingly, it was helpful to carry out a pre-
treatment of the raw data to reduce this effect. Some alternatives are recommended, such as
standard normal variation (SNV) and SNV + detrending (two orders) [24,47]. In Figure 3a,
we can see that the vertical displacements of the baseline of the spectrum were almost
completely corrected, and the differences between the mean spectra of each sample began
to be more noticeable after the SNV pre-treatment was employed. The SNV pre-treatment
managed to reduce the changes in the baseline, but we can still observe an increasing trend
in the slopes of the spectrum bands; this behavior could affect the classification of the sample
groups into their main components in the PCA analysis. Therefore, to reduce the changes
in the slopes of the spectra in Figure 3a, we applied an SNV + detrending (two-order)
pre-treatment. Furthermore, in Figure 3b, the effect of the baseline is visualized; this could
be corrected using the first derivative of Savitzky-Golay. This pre-treatment sequence was
performed on the raw data, as shown in Figure 3a—c. Differences in absorption spectrum
intensities between the samples are best depicted in Figure 3c.

H2m: algarrobo mean H3m: broad bean mean

H5m: ocatmeal mean

a) SNV

Wavenumber (cm?)

Figure 3. Cont.



Appl. Sci. 2023,13, 11534 6 of 16

H1m: soybean mean H2m: algarrobo mean H3m: broad bean mean

H4m: maca mean — H5m: oatmeal mean
1

0.8{ b) SNV + detrending

0.6
— 0.4
=3
£ 02
Q
o M
S 0
s B V“
2-0.2 [l\
e
< .04

-0.6 _

-0.8

-1
11,972.94 11,031.77 10,090.60 9164.854 8269.969 7436.8 6649.919 5755.034 4860.149

Wavenumber (cm)

H3m: broad bean mean

——— H1m: soybean mean = ———H2m: algarrobo mean
H4m: maca mean H5m: oatmeal mean

c) SNV + detrending + 1% derivative 19 smoothing points
S 0.1
L
[i}]
Q
c
m
=
[o]
8
< 0
-0.1

11,972.94 11,031.77 10,090.60 9164.854 8269.969 7436.8 6649.919 5755.034 4860.149
Wavenumber (cm)

Figure 3. Pretreatment of spectra for each sample. (a) SNV, (b) SNV + detrending (2-order), and
(c) SNV + detrending (2-order) + Savitzky-Golay first-derivative with 19 smoothing points.
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3.3. PCA Analysis

PCA is an unsupervised method that reduces variable dimensions into smaller princi-
pal components without losing important data. This method is useful because it identifies
sources of variance, clustering patterns, trends, and outliers [48,49]. Accordingly, PCA was
performed on the raw and pre-treatment data. This was carried out to reveal the effect of
pre-treatment and to identify a product from the point of view of the absorbance spectrum.

Figure 4a depicts a spread of data that does not allow for a clear visual separation of
the groups, although only two principal components explain the variance of all the data.
Moreover, the distance between the groups increased using the SNV pre-treatment, but the
number of PCs increased to account for all the explained variance, as shown in Figure 4b
and Table 1. Then, the initial pre-treatment led to a good separation between the groups
with an increase in the PC [50]. Figure 4c reveals a clear separation of the groups as well as
a slight increase in the variation explained by principal component 1 (PC-1) with SNV +
pre-treatment with detrending.

Table 1. The behavior of cumulative explained variance as a function of pre-treatment type.

Cumulative Explained Variance %

Data Pre-Treatment PC-1 PC-2 PC-3 PC-4 PC-5
Raw data 95.07 99.85 99.96 99.98 99.99

SNV 50.81 87.85 96.66 98.31 99.47

SNV + detrending 58.77 90.52 97.43 98.93 99.63
SNV + detrending + Ist 7851 91.07 98.10 99.08 99.76

derivative 19 smoothing points

Scores

-8 -6 -4 -2 0 2 4 6 8
PC-1 (95%)
m H1:soybean ® H2: algarrobo A H3: broad bean
H4: maca v Hb5: oatmeal

Figure 4. Cont.
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-1
PC-1 (51%)

B H1:soybean ® H2: algarrobo A H3: broad bean
H4: maca v H5: oatmeal
Scores

-3
-3 -2 -1 0 1 2 3
PC-1 (59%)
B H1:soybean ® H2: algarrobo A H3: broad bean
H4: maca v H5: oatmeal
Scores
0.2

02 01 0 0.1 02 03
PC-1 (79%)

B H1: soybean ® H2: algarrobo A H3: broad bean
H4: maca v H5: oatmeal

Figure 4. Pretreatment of spectra for each sample. (a) Raw data, (b) SNV, (c) SNV + detrending
(2-order), and (d) SNV + detrending (2-order) + Savitzky-Golay first-derivative with 19 smooth-
ing points.
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The best pre-treatment method for explaining the variances and differences among
the flour products was SNV + detrending + 1st derivative with 19 smoothing points, as
indicated in Figure 4d. This figure shows the score plot of the five samples, in which
soybean is situated on the right side of the central axis, while the other products are near
the central axis and the left side. Meanwhile, PC-1 depicts changes at 4644 cm~! due
to the increase in C-O bonds in the soybean spectrum, and this result is associated with
protein content (see Figure 5) [51,52]. To emphasize, variables with strong positive or
negative loading plot values are more representative of the associated principal component;
conversely, principal components that have little influence are those that have a loading
plot value around 0 [53]. This would indicate that the main source of variation for PC-1 in
Figure 4d is the C-O vibrational mode. Importantly, Figure 4d shows a difference between
the elements of each cluster for H2-H5 as well as a slight variation for individual samples
of H1. This could suggest some heterogeneity within the same cluster for H2-H5. From
what has been discussed above, it can be concluded that soybeans are different from the
rest. The advantage of creating a PCA classification model with different groups of samples
separated with few PCs in a score plot is that one can explain the differences between
samples through the variables of the different modes of vibration (wavenumber).

Loadings

0.2 1

0.1 1

4644 cm-1

-0.2

11,834.08 10,831.19 9890.02 8995.135 8084.82 7189.936 6217.906 5245.875 4289.275

X-variables (PC-1) (79%)

Figure 5. Loading plot for PC-1 to PCA model with SNV + detrending (2-order) + Savitzky—Golay
first-derivative with 19 smoothing points.

In reference to the data obtained in Table 1, we can see that the cumulative explained
variance changes according to the pre-treatment applied. For example, in the original data,
the first three PCs explain almost 100% of the variation present in the samples, but in the
score plot of Figure 4a, there is an overlap in the samples that is difficult to explain by
means of any difference between them. Figure 3c shows a noticeable difference in the
intensities of the vibrational modes of the samples around 4304-8763 cm~ 1, and this could
explain why PC-1 obtains 78% of the variance present in the data without the presence of
any sample overlap (Figure 4d).

The first four components for the pre-treatment SNV + detrending + 1st derivative with
19 smoothing points explain almost 100% of the variance present in the samples. Likewise,
PC-2, PC-3, and PC-4 contribute 12%, 8%, and 1%, respectively, of the variance explained in
the data. But according to Figure 6a,b, these last PCs generate overlaps between a certain
group of samples for the remaining score plots, which makes it difficult to observe the
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differences between the samples and identify the associated variable. Accordingly, the PCA
model of pre-treatment SNV + detrending (2-order) + Savitzky—Golay first-derivative with
19 smoothing points using PC-1 and PC-2 contained sufficient information to explain the
separation between the samples.

0.1 Scores 004 Scores
“
002 e,
S . Al
Z 0 ve
O Ql' v L} \ ."
£ vy ; 4
-0.02 ™~ o2 e
-0.04
-0.1 N 1 2
0.1 0.1 0.2 01 0 L0 0
PC-2 (12%) PC-2 (12%)
B H1:soybean ® H2: algarrobo A H3: broad bean
B H1:soybean ® H2:algarrobo A H3:broad bean H4: maca v HS5: oatmeal
H4: maca w Hb5: oatmeal
(a) (b)

Figure 6. Score plots of PCA model for pre-treatment with SNV + detrending + 1st derivative with
19 smoothing points: (a) PC-2 vs. PC-3 score plots, and (b) PC-2 vs. PC-4 score plots.

On the other hand, Table 2 describes WI of the samples according to the data obtained
by Stevens et al. in the analysis of physical properties using the Whiteness Index between
the samples of the H1-H4 group using the values of Hunter scale data, the H1, H3, and H4
samples present very close WI values, visually indicating that the colors of their surfaces
are very similar. This is of crucial importance for quality control in the process of mixing
powdered flour products [54].

Table 2. Values of Hunter scale and WI for algarrobo, broad bean, maca, and soybean. Data taken

and adapted from reference [55].

Color
Item Sample L a b WI

1 Algarrobo (H2) 68.92 (0.38) 7.98 (0.17) 33.87 (046)  53.34
Broad bean (H3)  82.26 (0.43) 1.15 (0.09) 20.06 (0.30) 73.20
Yellow maca (H4)  87.35(0.31) 1.93 (0.04) 23.18 (0.23) 73.52

Soybean (H1) 86.99 (0.08) 1.41 (0.08) 23.56 (2.30) 73.05

=W N

3.4. PLS-DA Analysis

However, PLS-DA was also applied to classify the flours, as shown in Figure 7a.
Figure 7a—c indicate that some samples overlap with other samples of different types, and
this behavior made it more difficult to identify which variables allow for differentiation
among the samples. Figure 7d shows the score plot for Factor 1 and Factor 2, explaining
85% of the total variance, and it suggests that soybean flour is different from the other
samples; this is explained in Figure 2, in which the soybean sample displays two bands in
the 4500-5000 cm ! region. Meanwhile, the other samples show one band in this region.
Oatmeal flour displays a remarkable internal variation between them; meanwhile, broad
bean flour shows a slight internal variation. Broad bean and algarrobo flour are similar due
to the fact that the broad bean and algarrobo clusters are closer; this situation is evidenced
in Figure 2. Additionally, the value of the loading plot for LV1 in each PLS-DA model is
low (as indicates Figure 8), which suggests that the variables are not relevant enough to
explain the associated LV.
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Scores

Factor-2 (22%. 22%)

-40 -30 20 10 0 10 20 30 40
Factor-1 (63%, 63%)
B H1:soybean ® H2:algarrobo A H3: broad bean
H4: maca v H5: oatmeal

Figure 7. PLS-DA score plot (LV1 vs. LV2) in the analysis of the spectra (12,000-4000 cm~! range)
for (a) raw data, (b) SNV, (c¢) SNV + detrending (2-order), and (d) SNV + detrending (2-order) +
Stavisky—Golay first-derivative with 19 smoothing points. LV: Latent Variable.
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Figure 8. Cont.
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01 X-loadings

Factor-1

-0.1
11,972.94 9890.02 7930.53 5986.47 4042.41
X-Variables (Factor-1) (67%, 67%)

X-loadings
0.1

d)

Factor-1

-0.1
11,834.08 10,568.90 9380.86 8254.54 7128.22 5986.47 4844.72

X-Variables (Factor-1) (63%, 63%)

Figure 8. Loading plot for PC-1 for the PLS-DA model with (a) raw data, (b) SNV, (c) SNV +
detrending (2-order), and (d) SNV + detrending (2-order) + Savitzky—Golay first-derivative with
19 smoothing points. LV: Latent Variable.

The loading plot for Factor 1 in Figure 8c shows 10 relevant variables (wavenumbers)
in the 10,400-4397 cm~! region that explain 63% of the data retained by Factor 1, and
this indicates that 10 variables could explain the classification and differentiation between
samples. Meanwhile, the loading plot for PC-1 in Figure 5 suggests that one relevant
variable at 4644 cm~! describes the variation between the samples. As mentioned above,
Figure 4c shows better separation of the groups than Figure 7d, and this allowed it to
describe the variables that explain the differences between the samples most accurately.

4. Conclusions

In the present work, chemometrics analysis was performed to classify healthy and
nutritious flour products using NIR spectroscopy. PCA allowed for the discrimination
and identification of more spectral samples, basically via increasing the band to 4644 cm™!
associated with the C-H link. Furthermore, the ability to differentiate soybean from maca,
algarrobo, broad bean, and oatmeal allowed for their identification in a mixture containing
H1-H5 flour. The results suggest a promising route for using NIR spectroscopy and
chemometrics to understand the quality of these Peruvians flours, opening new possibilities
for their use as tools in the quality control of processed flour products.
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