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1 Introduction
Brazil has one of the largest plant biodiversity with more than 

46.000 known species. Most of the native plants, that produce edible 
products, have been used only in the diet of the population in the 
regions where they naturally occur (Barreira et al., 2021). As a 
large portion of the population has neglected them, these plants 
are known as unconventional food plants (UFP) (Leterme et al., 
2006). However, this scenario has been changing in recent years 
mainly due to consumer demand for healthier foods and by the 
industry, which is always looking for new sources of raw materials, 
as well as climate change, that can reduce the production of 
conventional plants (Lorenzo et al., 2021).

Peach palm (PP) or pupunha fruit (Bactris gasipaes Kunth.) is 
one of the UFP consumed in the Amazonia region (Andrade et al., 
2003) and contains about 90% pulp and 10% seed. The PP pulp 
or its flour is rich in carbohydrates and oil and some studies have 
been implemented characterization of their nutritional values 
(Ferreira & Pena, 2003; Martínez-Girón et al., 2017; Pires et al., 
2019; Santos et al., 2023). The importance of edible oils is linked 
to the fact that they provide energy, essential fatty acids and 
nutrients (Li et al., 2020), added to this, the lipid fraction of 
PP fruit is rich in monounsaturated fatty acids (max. 68.2%), 
which can help reduce total cholesterol (Yuyama et al., 2003) 
and has high concentration of carotenoids with good inhibition 

of oxidative processes (Santos et al., 2015), proving to be a good 
option for human consumption.

Santos et al. (2020) emphasize that the oil from pupunha fruit 
has a good quality, even when compared to the oil from other 
Amazonian fruits, and that it therefore diversifies the dietary 
sources of lipids, because they are sources of ω-3 (linolenic acid), 
6 (linoleic acid), and 9 (oleic acid), and may have antioxidant 
action against some types of cancer, anti-inflammatory effect, 
and reduce some cardiovascular diseases. In addition, the authors 
related that the oil yield of the fruit it’s on average 23.73% and, 
therefore, it’s considered an oleaginous fruit. The production of 
linoleic acid in plants is higher than that of linolenic acid, but both 
are essential because neither can be synthesized in metabolism 
(Calder, 2017). Also, according to the authors, there is strong 
evidence that these fatty acids can partially inhibit many aspects 
of inflammation, oxidative stress and endothelial function. 
So there are daily consumption recommendations suggested 
by Food and Agriculture Organization of the United Nations 
(Burlingame et al., 2009).

Importantly, this plant is cultivated throughout the Amazon 
and has a very high genetic variability that consequently affecting 
variability in lipid content and composition (Santos  et  al., 
2023). Traditionally the lipid content, whether in PP or in other 
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fruits, has been determined by extraction procedures that are 
usually slow and use chemical reagents that produce toxic waste 
(Hempel  et  al., 2014; Herch  et  al., 2014; Santos  et  al., 2020; 
Torres-Vargas et al., 2021; Zanqui et al., 2020). However, the use 
of spectroscopic methods, which do not make use of reagents 
such as Near Infrared (NIR) and Nuclear Magnetic Resonance 
(NMR), have not yet been reported in the literature to determine 
the oil content in PP flours.

NIR spectroscopy is a powerful non-destructive tool for 
quantitative and qualitative analyses and has been widely used 
in food science (Bizzani  et  al., 2017; Malegori  et  al., 2017; 
Oliveira et al., 2014; Silva et al., 2021; Zhou et al., 2023), chemistry 
(Fernandes et al., 2008), medicine (Trenfield et al., 2022), and 
industrial quality control processes (Blanco et al., 2007). TD-
NMR has also been widely applied in food science (Bizzani et al., 
2020; Machado et al., 2022; Qu et al., 2021; Wang et al., 2018) and 
several methods have been recognized by various international 
agencies, like the International Organization for Standardization 
(ISO) and International Union of Pure and Applied Chemistry 
(IUPAC) (Todt  et  al., 2006). Nevertheless, most applications 
of TD-NMR in food science have been developed in the last 
two decades with the introduction of new and more versatile 
hardware and software and new methods for signal acquisition 
and processing (Colnago et al., 2021).

The principal advantages of these methods are sensitivity, 
safety, non-invasiveness, inexpensive running costs, rapid and 
automated sample turnover (Santos et al., 2022; Silva et al., 2022), 
characteristics that, whether on an industrial or a labor scale, 
make the production and analysis of the products occur in an 
extremely optimized. Therefore, this study aimed to evaluate and 
validate fast and non-destructive NIR and TD-NMR methods 
to quantify and characterize the oil content in PP flour collected 
in the Brazilian north amazon forest.

2 Materials and methods
2.1 Selection and preparation of pupunha fruit samples

Peach palm fruits were collected in ideal maturation at Acre 
(09º58’29” S; 67º48’36” W), situated in the Amazon region in the 
north of Brazil, and they were inspected and sanitized in sodium 
hypochlorite solution (100 ppm) for 10 minutes. The fruit was 
pulped and then lyophilized (Liobras, Liotop L101, Brazil). For 
each flour sample ten fruits were used. After lyophilization, the 
samples were crushed and separated (the fine fraction from the 
gross fraction). The fine fraction samples were stored in packages 
for analysis. The coarse fraction, basically composed of fibers, 
was not used in this experiment.

2.2 NMR data acquisition

The TD-NMR analyses were performed in a 0.49 T (19.9 
MHz for 1H) Minispec ND Mq-20 TD-NMR (Bruker, Germany) 
using a 10 mm probe at 25 oC. The TD-NMR signal was 
obtained with using Carr-Purcell-Meiboom-Gill (CPMG) and 
radiofrequency-optimized solid-echo (ROSE) pulse sequences 
(Colnago et al., 2021; Garcia et al., 2019). The CPMG decays 
were obtained with 90º and 180o of 2.4 and 4.8 μs, τ = 1 ms, 1500 
echoes, recycle delay of 2 s and 16 scans. The ROSE sequence 

(Garcia et al., 2019) parameters were tp1 = 10 μs, 90º pulse of 
2.4 μs and echo time of 10 μs, recycle time of 2 s and 16 scans. 
The ROSE signals for rigid plus mobile and liquid components 
were measured at 10 and 50 μs, respectively.

The 1H spectra of extracted oil were acquired in CDCl3 
using a 14.1 T Avance III NMR spectrometer (Bruker, Karlsruhe, 
Germany) using a 5 mm broadband probe. The chemical shift 
in ppm was reference to tetra methyl silane (TMS).

2.3 NIR spectra acquisition

The NIR spectra were obtained on a spectrophotometer 
Spectrum 100N FT-NIR (Perkin-Elmer, Norwalk, CT, USA) 
from an average of 32 scans in a spectral region between 10.000 
and 4.000 cm-1.

2.4 Reference fruit characterization

The oil content in ninety-three samples were determined by 
the Bligh and Dyer method (Bligh & Dyer, 1959). Initially, 1 g of 
sample was soaked in a mixture of 8 mL of chloroform, 16 mL 
methanol and 6.8 mL of distilled water. The solution was gently 
agitated for 30 minutes, with pause every ten minutes to remove 
the gas formed. After that, a further 8 mL of chloroform and 
8 mL of 1.5% sodium sulfate solution were added and stirred 
for 3 minutes. Then, 10 mL of this solution was removed and 
transferred to falcon type test tube with 1 g of sodium sulfate. It 
was shaken for approximately 2 minutes and filtrated. Finally, 5 
mL of the filtered solution was removed and placed in petri dishes, 
previously dried and weight.

The oil content was calculated following Equation 1.

   3.2  1 00DSOil Content x x
M

  
=      

 (1)

Where: DS: dry sample mass (g); M: mass of sample used (g).

The analyses were performed in duplicate due to the low 
quantity of pulp material.

2.5 Multivariate data analysis

All data were processed in MATLAB software, v. R2021a 
(MathWorks, Natick, USA) version 8.9 (Eigenvector Technologies, 
Manson, USA) along with the PLS Toolbox. Before the analysis, 
NIR spectra were preprocessed by the first derivative and 
Savitzky-Golay polynomial filter with a 25-point window and 
mean centered. For the NMR data, mean centering was chosen 
as the only preprocessing method.

Initial multivariate data analysis was performed with Principal 
Component Analysis (PCA). The PCA was used as an exploratory 
analysis to visualize the sample distribution in the multivariate 
space and identify any natural clustering among to the samples.

Supervised classification models using partial least squares 
discriminant analysis (PLS-DA) was built to discriminate samples 
according to their lipid concentration. Initially, PLS-DA models 
were built for the discrimination of PP samples into three classes: 
low (1.8-6.8%), medium (7.0-9.9%) and high (10.6-15.1%) lipid 
concentration. The whole data set was split into training and test 
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content of the PP flour samples (Figure 1) was R2 = 0.86, which 
is lower than generally reported in the literature (Colnago et al., 
2021). An explanation for this lower R2 can be associated with 
the large variation in saturated/unsaturated fatty acid content 
observed in PP sample, that have been reported by several 
authors. Yuyama et al. (2003) analyzed by gas chromatography 
the fatty acid profile of PP oil from fruits collected in Brazilian 
central Amazonia area, and observed high variation in palmitic 
and oleic acids content. Palmitic acid varied from 24 to 42% and 
oleic acid from 43 to 61%. All the other fatty acids (palmitoleic, 
stearic, linoleic and linolenic) were in a much lower concentration. 
Santos et al. (2020) observed 36 and 50% values of palmitic and 
oleic acid in red PP oil, respectively.

In order to check the composition of the fatty acid content 
of the samples, 1H-High resolution (HR) NMR spectra were 
obtained for several samples with high and low oil content. 
HR-NMR has been an alternative to gas chromatography for fast 
determination of fatty acid content, direct on the extracted oil, 
without any chemical reaction (Barison et al., 2010; Santos et al., 
2017) and, based on the spectra, it was observed that samples with 
lower oil have high-saturated fatty acid content and samples with 
higher oil have higher unsaturated fatty acid content. Figure 2 
shows the HR-NMR spectra of the oils extracted from a sample 
with high (red) and low (black) lipid content, with expansions 
of 2, 3, 4 and 8 signals.

As can be seen in Figure 2, the spectra obtained showed a 
typical profile of triacylglycerides (TAG). Peak 1, at approximately 
0.9 ppm, is assigned to the terminal methyl group of fatty acid and 
peak 2 to the fatty acids methylene groups that are not close to 
carboxyl or double bonds carbons. Peak 3 is related to the carbon 
3 methylene groups, while the peaks from 4 to 6 to the methylenes 
groups bonded to unsaturated carbons. Peak 7 can be assigned to 
hydrogens in carbons 1 and 3 of glycerol and peak 8 to hydrogens 
in double bonds carbons and to hydrogen in C2 of glycerol (small 
peak at 5.27 ppm) (Hama & Fitzsimmons-Thoss, 2022).

sets, corresponding to two thirds and one third of the samples, 
respectively. The Kennard-Stone algorithm (Kennard & Stone, 
1969) was applied for the selection of training samples separately 
in each class. The secondary models were built to discriminate the 
samples into two classes: low (1.8- 9.9%) and high (10.6-15.1%) lipid 
concentration. The 93 signals were also systematically separated 
into a training set of 69 samples (30 belonging to low concentration 
and 39 from high concentration) and a test set of 24 samples (11 
belonging to low concentration and 13 from high concentration) 
using the algorithm previously mentioned. The assessment of 
the classification models was done using the classification rates.

The multivariate calibration method was developed based on 
partial least squares (PLS) regression. For the development of the 
PLS models the samples were divided into calibration (75%) and 
validation (25%) sets also applying the Kennard-Stone algorithm 
(Kennard & Stone, 1969). The number of latent variables (LV) 
was selected by using venetian blinds (with 10 splits) cross-
validation. The regression models were evaluated using the Root 
Mean Square Error of Calibration (RMSEC), Root Mean Square 
Error of Cross validation (RMSECV), Root Mean Square Error 
of Prediction (RMSEP) and residual prediction deviation (RPD) 
(Magwaza et al., 2016; Santos et al., 2022; Tahir et al., 2016). The 
random t-test was employed to compare the predictive accuracy 
of models. Randomization tests (or permutation tests, as they 
are sometimes called) is a general distribution-free test for the 
equality of two distributions using paired data (van der Voet, 
1994). A short MATLAB code for applying the randomization 
test is provided in Olivieri (2015).

3 Results and discussion
3.1 Characterization of the oil in peach palm flour

Figure 1 shows the oil content of the lyophilized fine fraction 
of 93 PP flour samples. The oil content varied from 1.8 to 14.1%, 
with the mean, standard deviation (δ) and coefficient of variation 
(CV = (δ/mean) x 100) equal 9.3%, 3.3 and 35.52%, respectively. 
These results indicate large oil content variability in the flours.

This result agrees with Santos et al. (2023) that observed a 
variation from 4.65 to 11.23 g/100 g in PP flour and Carvalho et al. 
(2013) that analyzed the PP flour from the state of Pará (east of 
the amazon forest in Brazil) and obtained about 11.56% of oil. 
This large variation in oil content is certainly due to variation 
in genetics, soils and environmental conditions, as observed by 
Santos et al. (2023) and Barbosa et al. (2020).

A recent review, showed that the oil from the pupunha fruit 
has very interesting properties: it is liquid at room temperature 
and less prone to oxidation when compared to other oils with a 
higher concentration of linoleic acid (Costa et al., 2022).

3.2 TD-NMR analysis

It was first investigated the use of the standard TD-NMR 
method for determination of oil content in dry samples [ISO 
8292 (International Organization for Standardization, 1991)]. 
In this method, the amplitude of the FID at 50 μs, obtained after 
the 90° pulse, is proportional to the oil content and sample mass 
of the dry samples. The determination coefficient (R2), obtained 
by the NMR intensity, that divide respective mass versus the oil 

Figure 1. Distribution of samples in accordance with oil content*, 
in percentage, of the lyophilized fine fraction of 93 PP pulps (flour) 
samples. *High oil concentration zone: > 10% (represented by the 
position of sample 25), intermediate oil content zone: between 8 and 
10% (represented by samples 75 and 93), low oil content zone: < 8% 
(represented by sample 50).
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intensity, related to the signal of solid plus liquid components, 
and the FID signal related only to the liquid component or oil.

Figure 3A shows the ROSE signals for PP flour samples with 
higher (12% blue), intermediate (7%, red) and low (4%, black) 
oil content. The determination coefficient between the ratio of 
the intensities of ROSE signals and the oil content for the 93 
samples (Figure 1) was R2 = 0.7. This value is lower than the one 
obtained by the standard method proposed in the ISO 10565 
(International Organization for Standardization, 1998). This 
low R2 value can also be related to the large fatty acid variation 
in the PP flour oils.

The oil quality in PP flour samples was analyzed by TD-
NMR using the CPMG pulse sequence that yield an exponential 
decaying signal governed by the transverse relaxation time 
T2. CPMG decay has been widely used as a fast and non-
destructive TD-NMR method to determine the fatty acid content 
(Andrade et al., 2011; Santos et al., 2017). The CPMG decays 
of PP flour samples with higher (12% blue), intermediate (7%, 
red) and low (4%, black) oil content are showed in Figure 3B. 

By comparing the HR-NMR spectra of the samples with 
low and high oil content (Figure 2) it is possible verify that the 
main differences are in the peaks 2, 4 and 8. The sample with 
low oil content has stronger signal 2, and weaker signals 4 and 8. 
Conversely, the sample with high oil content showed weaker 
signal 2 and stronger signals 4 and 8. These results indicate that 
the samples with low oil content have higher saturated fatty acids 
content than those with high oil content. These differences in fatty 
profile can explain the lower R2 of the standard NMR method.

Another TD-NMR method to quantify oil content in PP 
flour was tested. The method is based on the ratio between 
the signal of solid and mobile hydrogens in PP pulps and does 
not need the sample mass. This method is based on a probe 
with very low dead time or based on a solid echo (SE) pulse 
sequence that refocuses the dipolar (Horn et al., 2011). Here it 
was used a new solid echo pulse sequence known as RK-ROSE 
(Garcia et al., 2019) which is much more efficient to refocus 
the solid signal than the standard solid echo (SE) sequence. 
In the ROSE sequence it was used the ratio between the echo 

Figure 2. 1H-NMR spectra of PP samples with high (red) and low (black) oil content with zoom for signals 2, 3, 4 and 8.

Figure 3. (A) ROSE and (B) CPMG signals of the 3 PP flour samples, with higher (12%, blue) intermediate (7%, red) and low (4%, black) oil content.
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test set and their arithmetic average, together with the number 
of latent variables (LVs) used in each model. This outcome 
suggests that the optimal PLS-DA model has been built with 
the NIR data it leads the highest average of correct classification 
(81.1%), corresponding to 5 samples of class 1 (over 6), 3 samples 
of class 2 (over 5) and 13 samples of class 3 (over 13) properly 
assigned. The PLS-DA model obtained with TD-NMR (CPMG 
pulse sequence) showed the worst performance, with an average 
of correct classification equal 41.1%, because the CPMG signal 
was not intended to measure the oil content but the variation 
of fatty acid profile.

Since the PLS-DA models obtained with TD-NMR showed 
an average of correct classification (below than 75%), further 
models were built to distinguish PP flour samples in two classes: 
low and high lipid concentration. Looking at the results in Table 2, 
it is evident that those models showed better classification ability 
than those mentioned above. NIR model showed 100.0% of 
samples correctly classified in both classes, confirming to give 
more accurate models than those built with TD-NMR data. 
However, the classification model obtained with the TD-NMR 
(ROSE pulse sequence) data, provided correct classification 
rates of 81.8% and 84.6% for Class 1 and Class 2, respectively.

These results showed that the sample with higher oil content 
has longer decay than the samples with intermediate and low 
oil content. Therefore, it is possible to assume that the sample 
with low oil content has higher saturated fatty acids content than 
the sample with high oil content, as observed in the HR-NMR 
spectrum. The determination coefficient (R2) between the T2 
values and oil content was 0.72 indicating the correlation the 
oil content and fatty acid profile.

3.3 Multivariate analyses

Due to the lowers R2 values obtained with the univariate 
strategies, multivariate models were proposed by using TD-NMR 
(ROSE and CPMG) and NIR data.

Principal component analysis

Prior to the development of classification and quantification 
models, PCA models were constructed with NIR and TD-NMR 
data. The outcomes of the PCA (Figure 4) models reveal a trend 
grouping the samples according to the oil concentration. The 
scores plot of the NIR model (Figure 4A) showed that the second 
component (PC2) is the main responsible for this separation: 
PP samples with high lipids concentrations were placed on the 
positive side of PC2, whereas the samples with medium and 
low concentrations were in the negative side of PC2. On the 
other hand, looking the scores plot of the PCA models obtained 
with the TD-NMR data (Figure 4B-4C) can be observed that 
the samples are differentiated according to their value of PC1: 
In positive scores along the component, includes the samples 
with high oil concentration, while at negative values includes 
the samples with medium and low lipid content.

Classification of PP flour samples

After a preliminary exploratory analysis, PLS-DA models 
were developed for classification purposes. PLS-DA models 
obtained with spectroscopic techniques (NIR and TD-NMR) were 
examined by comparing the percentage of correct predictions.

As previously mentioned, in the first part of the present 
study, PLS-DA was used to distinguish PP flour samples into 
three classes: low, medium and high lipid concentration. Table 1 
shows the results obtained of the correct classification rate for the 

Figure 4. Scores plot of the models developed with (A) NIR spectra, (B) TD-NMR (CPMG pulse sequence) and (C) TD-NMR (ROSE pulse 
sequence).

Table 1. Validation results for the PLS-DA models on NIR, TD-NMR 
(ROSE pulse sequence) and TD-NMR (CPMG pulse sequence) for 
Class 1, 2 and 3.

Technique LV
Correct classification (%)

Class 1 Class 2 Class 3 Average
NIR 3 83.3 60.0 100.0 81.1
TD-NMR (ROSE) 2 66.7 100.0 53.8 73.5
TD-NMR(CPMG) 2 0.0 40.0 83.3 41.1

Table 2. Validation results for the PLS-DA models on NIR, TD-NMR 
(ROSE pulse sequence) and TD-NMR (CPMG pulse sequence) for 
Class 1 and 2.

Technique LV
% Correct classification

Class 1 Class 2 Average
NIR 3 100.0 100.0 100.0
TD-NMR (ROSE) 3 81.8 84.6 83.2
TD-NMR(CPMG) 3 72.7 84.6 78.7
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estimates were satisfactory for the NIR and TD-NMR (ROSE 
pulse sequence) models.

Figure 5 presents the scatter plots showing reference versus 
predicted values by using NIR (Figure 5A), TD-NMR (CPMG) 
(Figure 5B) and TD-NMR (ROSE) (Figure 5C) data. It can be 
observed that the concentrations of all parameters analyzed are 
distributed along the adjusted regression line and the samples of 
the validation set are contained in the same range of calibration 
samples.

4 Conclusion
Therefore, the potential of TD-NMR and NIR techniques to 

quantify oil content in peach palm flour and classify the samples 
according to the oil content was demonstrated. According to 
statistical analysis, the PLS models obtained with NIR and TD-
NMR (ROSE pulse sequence) data are not statistically different 
and the RPD values showed that those models are satisfactory.

The CPMG signal shows that the fatty acid varied in oil of 
peach palm flour been more and less saturated in flours low and 
high oil content, respectively.

Industrially, these noninvasive methodologies, considered 
innovative, represent a higher speed in the analysis of raw materials 
and, consequently, a higher rate of production. Therefore, they 
are extremely advantageous forms of analysis for industrial 
application and represent a great environmental advance. In 
addition, this work also opened perspectives about the quality 
of the fruit, since it was possible to relate the oil content to its 
quality and, therefore, such methodologies can help in the 
choice of the fruit according to the need and quality of the oil.
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3.4 Quantitative determination of lipid concentration

PLS models were developed in order to predict the concentration 
of lipid in the samples. The performances of the models obtained 
are summarized in Table 3. An initial comparison between results 
using NIR and TD-NMR (ROSE and CPMG pulse sequences) 
data suggests that the NIR model was slightly better, due to the 
lower RMSEP. However, the comparison of models should not 
be based only in the RMSE values. A suitable statistical test 
should be applied to assess whether the values are statistically 
different. In this study, we use the randomization test, suggested 
by van der Voet (1994) with a significance level of probability of 
0.05. The result indicates that the RMSEP found by NIR is not 
statistically different from the one by TD-NMR (ROSE pulse 
sequence), since the probability values obtained are higher than 
the critical level of 0.05. Although, the difference between the 
RMSEP values of NIR and TD-NMR (CPMG pulse sequence) 
models was found to be significant (p = 0.02).

The PLS models were also evaluated based on the RPD 
values. According to the literature, good calibration models 
must have RPD values higher than 2.4, while models with RPD 
values between 2.4 and 1.5 are considered acceptable. Models 
with RPD lower than 1.5 are considered unusable (Fan et al., 
2015). Considering the values presented in Table  3, RPD 

Table 3. The calibration and prediction results of PLS models for lipid 
in pulp pupunha.

REGRESSION 
PARAMETERS NIR TD-NMR  

(ROSE)
TD-NMR 
(CPMG)

Number of LV 4 2 2
RMSEC 0.96 1.00 1.39
RMSECV 1.11 1.19 1.54
RMSEP 1.39 1.54 1.88
R2cal 0.92 0.92 0.70
R2val 0.70 0.71 0.58
RPDcal 3.17 2.96 1.72
RDPval 1.97 1.78 1.46
RMSEC: Root Mean Square Error of Calibration; RMSECV: Root Mean Square Error 
of Cross validation; REMSEP: Root Mean Square Error of Prediction; RPD: Residual 
Prediction Deviation; cal: calibration group; val: validation group; R2: determination 
coefficient.

Figure 5. Plot of reference values versus predict values from (A) NIR, (B) TD-NMR (CPMG) and (C) TD-NMR (ROSE).
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