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Abstract: Mango and mangosteen are commercially important tropical fruits with a short shelf life.
Fruit processing is one of the alternatives to extend the shelf life of these fruits. Purée is one of the
processed products of fresh fruit. In this research, the quality of mango and mangosteen purée was
analyzed. Titratable acidity (TA) and total soluble solids (TSS) were predicted using non-destructive
near-infrared (NIR) spectroscopy. A partial least squares regression (PLSR) model was developed
based on the NIR spectra with a wavelength ranging from 800 to 2500 nm. The PLSR model returned
a coefficient of determination (r2) and a ratio of prediction to deviation (RPD) of 0.955 and 4.7 for
TSS, and 0.784 and 2.2 for TA, in the mango purée. Similarly, the best model was selected for the
TSS prediction in the mangosteen purée through PLSR, with an r2, a root mean square error of
cross-validation (RMSECV), and RPD of 0.799, 0.3% malic acid, and 2.2, respectively. The results
show the possible application of NIR spectroscopy in the product processing line, although a larger
number of samples with wide variation in future studies are needed as an input to update the model,
in order to obtain a more robust model.

Keywords: mango; mangosteen; purée; near-infrared spectroscopy

1. Introduction

Mango (Mangifera Indica) and mangosteen (Garcinia mangostana) are famous tropical
fruits among the fruits of Southeast Asian countries. Mangosteen is a dark purple to red-
purple fruit, and the edible fruit, aril, is white, soft, and juicy, with a sweet, slightly acidic
taste and a pleasant aroma [1,2]. Edible mango fruits normally have a light-yellow peel,
while the ripe, soft, juicy pulp is darker yellowish with a sweet aroma and taste, although
different varieties differ slightly in these properties. Mango and mangosteen are exported
either fresh or frozen and as processed products from Thailand. These tropical fruits are
perishable and have a short shelf life; however, the shelf life can be extended by using
several food processing techniques such as juice processing, concentrating, and drying,
which could add value to these fruits and create a new market [1]. Mango and mangosteen
purées are modified products from fresh fruits, which have a fine, dense, sticky, uniform
texture. The purée of fruits is often used as a raw material for other processed products
such as drinks, sauces, ice creams, fruit jams, and dried fruits. The quality of purée is
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highly influenced by the genetics of the fruit, storage, cooking parameters, refining, and
grinding intensity [3]. Quantification of active biochemical compounds and determination
of physicochemical property are highly required for the raw materials and the products
of fruits and vegetables. The utilization of fast and accurate tools and techniques for
quality evaluation can be implemented throughout the food value chain, which will further
provide a huge benefit to the natural food industry [4]. Typically, there are two methods to
prepare purée from fresh fruits, i.e., by separating the pulp using a pulper finisher or by
centrifugal machines [5], which often use the centrifugal force from a sieve that separates
the pulp, seed, and peel, or by using a food cutter [6], whereby the pulp and seed have to
be separated before the pulp is fed into the spinning tank with a cutter. Producers of purée
around the globe are very concerned regarding the quality of their products, as it directly
affects consumer demand. A number of different components such as sugars, acids, starch,
pectin, water, and fiber directly or indirectly affect various physical properties such as
texture, pH, water activity, viscosity, density, color, specific heat, thermal conductivity, and
diffusivity, which affect the stability of the fruit product in terms of both chemical reactions
and microbial activity [7,8]. In terms of quality assessment, titratable acidity (TA) and total
soluble solids (TSS) are important parameters. TA measures the total acid concentration in
a food and is determined by the titration of intrinsic acids with a standard base [9]. The
TSS value indicates the sweetness of fresh and processed horticultural food products and is
used in laboratories for research and by the industry to determine marketing standards [10].
These parameters are important for increasing consumer demand in the competitive market.

Analytical techniques for measuring the quality of purée during the production pro-
cess are required for rapid and accurate analysis. Several analytical techniques such as
liquid chromatography using separation techniques such as reverse-phase chromatography,
ion chromatography, ion exclusion chromatography, refractive index detection, and gas
chromatography are commonly used to analyze the quality of and adulteration in fruit
purée and juice [11]. Although the accuracy of these techniques is very good, they are
time-consuming and require intensive sample preparation in some cases [12]. Near-infrared
(NIR) spectroscopy has been used widely for decades as a rapid and accurate alternative
method for qualitative and quantitative analysis of the juice of fruits such as satsuma
mandarins [13], bayberries [14], apples [15], and grapes [16], as well as of purée such as
strawberry, raspberry [17], tomato [18], and apple purée [19].

NIR spectroscopy has been used to investigate the internal quality of mango in terms
of TSS, vitamin C, TA, ripening index, dry matter, firmness, skin color, maturity index
(Im), weight loss, peel color, pH, peel electrolyte leakage, total phenolic compounds, total
flavonoid compounds, antioxidants, total sugar, and reducing sugar content [20–28], and
that of mangosteen in terms of translucent disorder [29,30] and soluble solid content [31,32].

The physicochemical quality of fruit purée can be evaluated using NIR spectroscopy
both on the purée itself and the intact fruit. The NIR spectroscopy of fresh fruit juices
(orange, apple, grapefruit, grape, pear, pineapple, and sugarcane) [33], a mixture of carbo-
hydrates (glucose, sucrose, starch, and cellulose) and organic acids (citric acid and malic
acid) in mango purée [34], antioxidant components in tomato [35,36], purée of clingstone
peaches to TSS, TA, pH, and total phenolic compounds [37] were analyzed. The adulter-
ation of apple purée in strawberry and raspberry purée was studied [17,38,39], and the
use of the NIR spectra of intact fruit for the prediction of purée quality was reported for
apple [19].

Partial least squares regression (PLSR) is a well-known bilinear calibration method
that describes the behavior of the response block (Y, dependent variables) as a function
of the predictor block (X, independent variables) using data compression to reduce a
large number of measured collinear spectral variables to a few orthogonal latent variables
(LVs) that describe the maximum covariance between X variables and Y variables [40].
In this research, mango and mangosteen purée qualities were analyzed with respect to
TSS and TA. A PLSR model was developed based on the spectra acquired using an FT-
NIR spectrometer, accompanied by the reference values of the TSS and TA of mango
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and mangosteen purée. PLSR was chosen in this work, as it is most widely used in
spectral multivariate calibration analysis and is a perfect combination of multiple linear
regression (MLR), canonical correlation analysis (CCA), and principal component analysis
(PCA) [41]. Through linear regression, the following can be concluded: MLR, PCR, and
PLS are actually connected and coherent; there is a gradually developed course of the
linear multivariate calibration; there are weaknesses in the MLR sub-rank inversion; and
there is insufficient use of spectral information. PCR uses PCA to decompose the spectral
array X and performs MLR regression using the score vector, significantly enhancing
the model prediction. Meanwhile, PLSR decomposes the spectra X and concentration Y
simultaneously and strengthens the corresponding calculation relationship between the two
matrices, ensuring that the best calibration model is established [41]. The summarization
of PLSR is similar to that of PCR, which uses the typical features of variable reduction
methods as well as an orthogonal space for the regression, thereby avoiding the problems
derived from collinearity between variables, but the difference from PCR is that PLSR aims
at ensuring that the first few latent variables will contain as much information of predictive
use as possible [42].

To date, there have been no reports on NIR calibration models for the prediction of the
TSS and TA of pure purées of mango and mangosteen. Therefore, the objective of this work
was to develop a rapid essential protocol for evaluation of the TSS and TA of purées of
mango and mangosteen. Both mango and mangosteen are the popular and highly favorite
fruits in Thailand but with very high yields exceeding consumer demand. Hence, further
processing into, for instance, purées, is needed, and NIR spectroscopy can serve as a rapid
and accurate method for qualitative and quantitative analysis of the purée quality.

2. Materials and Methods
2.1. Sample Collection

Mahachanok mango fruits were obtained from Chiangmai Fresh Co., Ltd., Chaing-
mai, Thailand, where the mango trees were grown in Taton Sub-district, Mae Ai District,
Chaingmai Province. The fruits were harvested 115–120 days after having flower blooming
from the orchards in 2019, totaling 100 kg. The obtained mangosteen fruits at the black
maturity level were tree-ripened by the Ta Ma Pla mangosteen community enterprise in Ta
Ma Pla Sub-district, Lung Suan District, Chumphon Province, and harvested 90 days after
flower blooming in 2019, totaling 100 kg. All samples were transported by a fully covered
truck from the orchards to the Factory Classroom, School of Engineering, King Mongkut’s
Institute of Technology Ladkrabang. After that, they were kept in an open area with good
ventilation, where there was no sunlight or rain. The fruits were ripened naturally.

2.2. Purée Production

The preparation of mango and mangosteen purée started by selecting the fruits, which
weighed 500–1000 g each, and then cleaning and peeling them. To produce mango purée,
the pulps were separated from the seed and blended using the food cutter method with a
fruit blender (JTC, model M-800A, Taipei, Taiwan) at a high speed (High) for 25 s. For the
mangosteen purée, the pulp finisher method was used, using a fruit juice maker (PHILIPS,
model HR1922, Shanghai, China) at a spinning speed level 2 until all of the pulp was
separated from the seeds. Figure 1 shows the mango purée (a) and mangosteen purée (b).

The purée was kept in a 100 mL, light-brown glass bottle. Each sample was placed
into 2 bottles that were capped with a rubber stopper and screw cap. The bottles were kept
at −20 ◦C for 7 days until they were inspected for quality. Before the NIR scanning of the
samples, the bottles were taken out for thawing for 3 to 4 h in order to reach a constant
normal temperature (25 ◦C). In total, 88 sample bottles of mangosteen purée and 96 sample
bottles of mango purée were used for this experiment.
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Figure 1. Mango purée (a) and mangosteen purée (b).

2.3. Spectra Acquisition

The spectra of the purée were acquired using a Fourier transform (FT) NIR spectrome-
ter (MPA Bruker, Etelingen, Germany). The scanning range used was 12,500–4000 cm−1

(800–2500 nm), with a resolution of 16 cm−1. One average spectrum was obtained from an
average of 32 scans. Background scanning was carried out by using a reference material
made of gold before every single scan. The purée was transferred to a glass vial with a
22 mm diameter and 48 mm height, as a measurement cell. Since glass is fairly transparent
in the NIR region, no significant radiation loss from the vial itself that can decrease the
signal-to-noise ratio was expected, and the vial used had a flat bottom, meaning that the
overall signal-to-noise ratio was not degraded [43]. The purée was then covered with a
transfection plate made from stainless steel, which provided a full optical path length of
2 mm, and was scanned.

2.4. Total Soluble Solid and Titratable Acidity Measurement

TSS of the mango and mangosteen purée was measured directly using a digital
refractometer (Pal 1, Atago, Tokyo, Japan). Purée samples were dropped directly into
the refractometer for the TSS measurement, and the refractometer was calibrated and
cleaned after each measurement using distilled water. For the TA content measurement,
5 g of purée was weighed and diluted with 25 mL distilled water. The purée solution was
then titrated with sodium hydroxide titrant (0.1 M NaOH) to the equivalence point of the
neutralization curve or to a predefined absolute pH endpoint using an auto-titrator (Mettler
Toledo, Titrator T50, Greifensee, Switzerland). TSS was measured in %Brix, and TA was
measured in % malic acid.

2.5. Repeatability, Reproducibility, and Maximum Coefficient of Determination (R2
max)

In order to check the reliability of the scanning and reference laboratory method,
a precision test was conducted by measuring the repeatability and reproducibility. The
reproducibility of the NIR spectra, which indicates the consistency of the spectrometer and
the homogeneity of the sample, can be assessed by scanning the same sample and reloading
the sample 10 times for a certain number of samples [44]. Then, absorbance values of
any wavenumber can be selected, but in this work, the three selected wavenumbers of
8330 (970), 6900 (1450), and 5154 cm−1 (1940 nm), which are the vibration bands of water
for each spectrum, were used to determine the standard deviation values of the respective
absorbances to indicate the repeatability and reproducibility [45,46].

Similarly, the repeatability of the reference method (Rep) can be defined as the standard
deviation of the difference between the repeat measurements of the same sample for a
certain number of samples and the total number of samples, which is normally called
the standard error of laboratory (SEL). In this experiment, the repeatability quantifies the
precision of the reference laboratory analysis for measuring the TA and TSS of the mango
and mangosteen purée. The maximum coefficient of determination (R2

max) was calculated to
determine the maximum explained variance, which was calculated using the unexplained
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variance of the reference laboratory error, where there was no error from the NIR scanning,
from sample presentation to NIR. R2

max was calculated using the following equation [47]:

R2
max =

SD2
y−Rep2

SD2
y

(1)

where SDy is the standard deviation of the data of the reference value of the purée sample,
and Rep is the repeatability of the reference method. The repeatability of the reference
method can indicate whether the reference method should be used or not, and it can also
determine if the method should be corrected to reduce the error. R2

max indicates whether
the model can be developed by using the data from the reference method or not. The
coefficient of determination (R2) of the regression model will be equal to R2

max only when
there is an error in the reference test and there is no error in the NIR spectra acquisition.
Using the value of Rep and R2

max, a decision can be made as to whether the model should
be developed.

2.6. Data Analysis and Modeling

The model was optimized using OPUS software, version 7.0.129 (Bruker OptikGmbH,
Baden-Württemberg, Germany) for PLSR using the cross-validation technique. OPUS offers
an optimization option in the calibration process, where it recommends the best combi-
nation of wavelength and mathematical pretreatment [44]. Three optimization methods
are available for PLSR using OPUS, i.e., NIR, General A, and General B. The optimization
process in OPUS was explained through direct communication by Sirinnapa Saranwong,
Bruker Optics, Germany, as follows. The full wavenumber range is divided into three
sub-wavenumbers, namely, 1, 2, and 3. In General A mode (Gen A), the modeling starts
to remove each one: 1 + 2 + 3 (full), 2 + 3 (1 is removed), 1 + 3 (2 is removed), 1 + 2 (3
is removed), 2 (1 and 3 are removed), and 1 (2 and 3 are removed). In General B mode
(Gen B), the optimization starts from the individual sub-wavenumber, and then, new
sub-wavenumbers are added, and some wavenumbers are repeated: 1, 2, 3, 1 + 2, 2 + 3,
2, 1, 1 + 2 + 3, 2 + 3, 1 + 3, and 1 + 2. In NIR mode, the method is similar to, but not the
same as, that of General B mode: 1, 2, 1 + 2, 3, 1 + 3, 2 + 3, 1 + 2 + 3, 1, and 2. If any
combination returns the lowest root mean square error of estimation (RMSEE), that region
is divided into two sub-wavenumbers again. For example, if the condition of 1 + 2 + 3 is
the best result, it would be divided into two regions and examined again. The most robust
calibrations are obtained by the combination of the optimum wavelength selection and
mathematical pretreatment that provides the lowest error [44]. Spectra with no prepro-
cessing and those with preprocessing through constant straight-line subtraction, vector
normalization, min–max normalization, multiplicative scatter correction (MSC), the first
derivative, the second derivative, and combination pretreatments, such as first derivative
+ straight-line subtraction, first derivative + vector normalization, and first derivative +
MSC, were used for the development of the PLSR model. The optimum model was selected
based on statistical parameters such as the number of latent variables (LVs), coefficient of
determination of calibration and prediction by cross-validation (R2 for calibration and r2

for prediction by cross-validation), root mean square error of calibration and prediction by
cross-validation (RMSEC for calibration and RMSECV for prediction by cross-validation),
bias, and the ratio of prediction to deviation (RPD).

3. Results and Discussion
3.1. Spectral Characteristics

Figure 2 shows the average raw spectra of the mangosteen and mango purée. The
average spectrum showed some obvious peaks at 10,360, 8380, 6942, 5565, and 5207 cm−1

(965, 1193, 1441, 1798, and 1920 nm). In the average spectrum, the water peaks with
maxima at 10,360 cm−1 (typically around 10,300 cm−1, 970 nm), 8380 cm−1 (typically
around 8330 cm−1, 1200 nm), 6942 cm−1 (typically around 6900 cm−1, 1450 nm), and
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5207 cm−1 (typically around 5154 cm−1, 1940 nm) seem to be shifted slightly toward higher
wavenumbers (lower wavelengths). The absorption of these wavelengths is due to the first,
second, and third overtone vibrations of O-H of the water molecules in the purée. Similarly,
the absorption at 5565 cm−1 (around 1780 nm) corresponds to the first overtone of the C-H
stretching of cellulose.

Agriculture 2022, 12, x FOR PEER REVIEW  6  of  18 
 

 

prediction by  cross‐validation  (RMSEC  for  calibration and RMSECV  for prediction by 

cross‐validation), bias, and the ratio of prediction to deviation (RPD). 

3. Results and Discussions 

3.1. Spectral Characteristics 

Figure 2 shows the average raw spectra of the mangosteen and mango purée. The 

average spectrum showed some obvious peaks at 10,360, 8380, 6942, 5565, and 5207 cm−1 

(965, 1193, 1441, 1798, and 1920 nm). In the average spectrum, the water peaks with max‐

ima at 10,360 cm−1 (typically around 10,300 cm−1, 970 nm), 8380 cm−1 (typically around 8330 

cm−1, 1200 nm), 6942 cm−1 (typically around 6900 cm−1, 1450 nm), and 5207 cm−1 (typically 

around  5154  cm−1,  1940  nm)  seem  to  be  shifted  slightly  toward  higher wavenumbers 

(lower wavelengths). The absorption of these wavelengths is due to the first, second, and 

third overtone vibrations of O‐H of the water molecules in the purée. Similarly, the ab‐

sorption  at  5565  cm−1  (around  1780  nm)  corresponds  to  the  first  overtone  of  the C‐H 

stretching of cellulose. 

 

Figure 2. The average raw spectra of mango and mangosteen purée. 

3.2. Overall Precision Test 

The results of the overall precision test are presented in Table 1. The scanning repeat‐

ability values of both the mango and mangosteen purée were 0.0095 and 0.0066, which 

were lower than the reproducibility values of 0.0237 and 0.0160. In scanning, the repeata‐

bility is usually lower than the reproducibility [44]. The reproducibility of the mangosteen 

purée was lower than that of the mango purée,  indicating that the mangosteen purée’s 

texture was more homogeneous. Similarly, the Rmax
2   for the measurement of the TA and 

TSS of the mango purée was 0.97 and 0.99, which indicates that the error for the reference 

method for TA and TSS measurement was 3% and 1%. The Rmax
2   values for the measure‐

ment of the TA and TSS of the mangosteen purée were 0.70 and 0.94, which indicate that 

the error for the reference method for TA and TSS measurement was 30% and 6%. Table 

1 shows the SDy and Rep of the reference test. The SDy and Rep of TA% in the mangosteen 

purée were low, due to the low  SDy
2   − Rep2, which directly influenced the Rmax

2   in this 

case. It  is possible to  increase the Rmax
2   by  increasing the range of TA%  in mangosteen 

purée. The results from the precision test show that the NIR model can be developed for 

the TSS and TA in mango purée and the TSS in mangosteen purée. In a previous study, 

the repeatability of the measurement of TSS in mango juice squeezed from the pulp was 

similar to that of the purée, with 0.1 %Brix [48]. 

Figure 2. The average raw spectra of mango and mangosteen purée.

3.2. Overall Precision Test

The results of the overall precision test are presented in Table 1. The scanning repeata-
bility values of both the mango and mangosteen purée were 0.0095 and 0.0066, which were
lower than the reproducibility values of 0.0237 and 0.0160. In scanning, the repeatability is
usually lower than the reproducibility [44]. The reproducibility of the mangosteen purée
was lower than that of the mango purée, indicating that the mangosteen purée’s texture
was more homogeneous. Similarly, the R2

max for the measurement of the TA and TSS of the
mango purée was 0.97 and 0.99, which indicates that the error for the reference method
for TA and TSS measurement was 3% and 1%. The R2

max values for the measurement of
the TA and TSS of the mangosteen purée were 0.70 and 0.94, which indicate that the error
for the reference method for TA and TSS measurement was 30% and 6%. Table 1 shows
the SDy and Rep of the reference test. The SDy and Rep of TA% in the mangosteen purée
were low, due to the low SD2

y − Rep2, which directly influenced the R2
max in this case. It is

possible to increase the R2
max by increasing the range of TA% in mangosteen purée. The

results from the precision test show that the NIR model can be developed for the TSS and
TA in mango purée and the TSS in mangosteen purée. In a previous study, the repeatability
of the measurement of TSS in mango juice squeezed from the pulp was similar to that of
the purée, with 0.1 %Brix [48].

Table 1. Repeatability and reproducibility of scanning by FT-NIR, and R2
max of the reference test.

Purée Sample
Scanning

Reference Laboratory

TA (%) TSS (% Brix)

Repeatability Reproducibility Repeatability R2
max Repeatability R2

max

Mango 0.0095 0.0237 0.008 0.97 0.1 0.99
Mangosteen 0.0066 0.0160 0.001 0.70 0.2 0.94
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3.3. Statistical Analysis

The statistical data of the TSS and TA in the mango and mangosteen purée used in
the model development are shown in Table 2. In the case of the mango purée, the TSS
and TA ranged from about 14.2 to 23.2 %Brix and 0.023 to 0.668%, respectively. The TSS
and TA of Nam dok mai si thong’ mangoes in different ripening stages in a previous
experiment ranged from 7.93 to 8.96 %Brix and from 0.94 to 0.06%, respectively [28]. The
difference is due to the fact that the mango fruits used in our experiment were in the stage
of complete ripening. In a previous cold chain study, harvested Nam dok mai si thong’
mangoes that were submerged in warm water (46 ◦C) until the middle of the fruit reached
the same temperature and kept in a cold room of 20 ◦C for 7 days, had TSS and TA values
of 8.44–17.83 %Brix and 0.73–1.30 g/L, respectively, from day 0 to 7 [49]. The difference is
due to the fact that the storage temperature condition was obviously different even though
the fruits were harvested at the ripening stage on a commercial harvesting date.

Table 2. Statistical parameters of the mango and mangosteen purée used for model development.

Sample N
TSS (%Brix) TA (%)

Min Max Mean SD Min Max Mean SD

Mango 96 14.2 23.2 18.5 2.2 0.023 0.668 0.187 0.104
Mangosteen 88 13.3 16.4 14.8 0.8 0.374 0.573 0.493 0.048

Note: N, number of samples; Min, minimum; Max, maximum; SD, standard deviation.

The range of TSS was 13.3–16.4 %Brix, and that of TA was 0.37–0.57%, for the mangos-
teen purée. The ranges of TSS and TA in the mangosteen purée were narrow compared to
those of the mango purée. These very narrow ranges and very low standard deviations of
the TSS and TA of the mangosteen purée led to the low performance of the NIR models. In
a previous study, mangosteen fruits were harvested in Chantaburi Province in the east of
Thailand at six different maturity stages, and the measurements performed when the fruits
of each maturity stage reached stage 6 showed TSS and TA values of 17.2–17.9 %Brix and
0.74–0.81%, respectively [50]. These ranges are different from those values found in our
experimental samples due to the different seasons and locations.

3.4. Performance of PLSR Model

The results of the PLSR models for the TSS and TA predictions in the mango and
mangosteen purée are shown in Tables 3–6, respectively. All PLSR models for predict-
ing the TSS of the mango purée had a high performance, as shown in Table 3. The best
model performance was found for Gen B mode in the spectral ranges of 8046–7151.2 and
6264–5369.2 cm−1 (1242–1398 and 1596–1863 nm), with min–max normalization pretreat-
ment. The best prediction result of the TSS in the mango purée produced an r2 of 0.955,
RMSECV of 0.5 %Brix, RPD of 4.7, and bias of −0.01 %Brix. For the TA prediction in
the mango purée (Table 4), the suitable wavelengths for PLSR model development were
12,489.5–8925.5 and 8046–5369.2 cm−1 (800–1120 and 1242–1863 nm), with multiplica-
tive scatter correction pretreatment. The best model from Gen A presented an r2 of 0.817,
RMESCV of 0.048%, RPD of 2.2, and bias of 0.001% in predicting the TA of the mango purée.

The best model for the TSS prediction in the mangosteen purée was obtained from
the optimization method of the NIR mode (Table 5). The PLSR model was developed with
spectral ranges of 9403.8–6094.3 and 4605.4–4242.9 cm−1 (1063–1640 nm and 2172–2357 nm)
without any preprocessing techniques required. The values of r2, RMSECV, RPD, and
bias from the best model for the TSS prediction were 0.799, 0.3, 2.2, and 0.0, respectively.
As shown in Table 6, all PLSR models demonstrated a low performance with a low r2,
high RMSECV, and low RPD in predicting the TA in the mangosteen purée. These results
indicate that the PLSR model for the TA prediction in the mangosteen purée was not
applicable.
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Table 3. PLSR models for mango purée TSS prediction.

Model
Spectral Range

(cm−1) Pretreatment LVs
Calibration Prediction

R2 RMSEC
(%Brix) r2 RMSECV

(%Brix) RPD Bias

NIR 9403.8–7498.3
6102–5446.3

Frist derivative +
Vector Normalization

(17 pts)
5 0.964 0.4 0.939 0.5 4.0 −0.01

Gen A 8933.2–7151.2
6264–5369.2

Vector
Normalization 8 0.972 0.4 0.953 0.5 4.7 −0.01

Gen B 8046–7151.2
6264–5369.2

Min–Max
Normalization 7 0.965 0.4 0.955 0.5 4.7 −0.01

Table 4. PLSR models for mango purée TA prediction.

Model
Spectral Range

(cm−1) Pretreatment LVs
Calibration Prediction

R2 RMSEC
(%) r2 RMSECV

(%) RPD Bias

NIR 9403.8–7498.3
6102–5446.3

Vector
Normalization 7 0.911 0.032 0.780 0.048 2.1 0.001

Gen A 12,489.5–8925.5
8046–5369.2

Multiplicative Scatter
Correction 4 0.824 0.045 0.817 0.048 2.2 0.001

Gen B
11,602.3–10,707.5

9828–7151.2
6264–5369.2

Vector
Normalization 9 0.976 0.017 0.803 0.046 2.3 0.000

Table 5. PLSR models for mangosteen purée TSS prediction.

Model
Spectral Range

(cm−1) Pretreatment LVs
Calibration Prediction

R2 RMSEC
(%) r2 RMSECV

(%) RPD Bias

NIR 9403.8–6094.3
4605.4–4242.9 No Preprocessing 7 0.875 0.284 0.799 0.3 2.2 0.0

Gen A 11,602.3–10,707.5
8940.9–5369.2

Vector
Normalization 10 0.954 0.178 0.746 0.4 2.0 0.0

Gen B
10,715.2–9820.3
8940.9–7151.2
6264–5369.2

Vector
Normalization 8 0.941 0.169 0.793 0.3 2.2 0.0

Table 6. PLSR models for mangosteen purée TA prediction.

Model
Spectral Range

(cm−1) Pretreatment LVs
Calibration Prediction

R2 RMSEC
(%Brix) r2 RMSECV

(%Brix) RPD Bias

NIR 9403.8–6094.3
4605.4–4242.9

Frist derivative +
Straight-line

Subtraction (17 pts)
9 0.662 0.03 0.273 0.048 1.2 −0.001

Gen A
12,489.5–11,602.3
10,715.2–8925.5

5376.9–4482

Constant Offset
Elimination 1 0.153 0.05 0.111 0.048 1.2 0.000

Gen B 9828–7151.2 Vector
Normalization 7 0.723 0.03 0.248 0.046 1.2 0.000

Until now, there have been no reports on NIR calibration models for the prediction
of the TSS and TA of pure purées of mango and mangosteen. Theanjumpol et al. [34]
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investigated the characteristic absorption bands for the mixture of carbohydrates (glucose,
sucrose, starch, and cellulose) and organic acids (citric acid and malic acid) in mango
purée using NIR spectra in the absorption band of 550 to 1100 nm. A PLS model was
developed, providing an r2 of 0.99 and standard error of prediction (SEP) of 0.42%, 0.37%,
0.23%, 0.19%, 0.34%, and 0.26% for glucose, sucrose, starch, cellulose, citric acid, and
malic acid, respectively, where the model’s performance was better than ours for TSS and
TA. This might be because our models were used for predicting the mixed constituents
dispersion, but those of Theanjumpol et al. were used for predicting the specific constituent
of mango purée. Amodio et al. [37] evaluated the application of the FT-NIR technique
(12,500–4000 cm−1) to the purée of clingstone peaches in a glass Petri dish, and a single
spectrum was acquired to predict soluble solids (SSC), titratable acidity (TA), pH, and
total phenolic compounds. The best results were observed for soluble solids, with a
coefficient of determination of 0.841 and an RMSECV of 0.454 %Brix, while lower accuracy
was found for flesh phenols, followed by acidity and pH, with an R2 of 0.529, 0.441, and
0.332, respectively. Szuvandzsiev et al. [35] and Cozzolino [36] reported the estimation
of antioxidant components in tomato by combining visible (VIS) and NIR spectroscopy
(500 and 1000 nm). The spectra were directly acquired from the fruit purée of five different
tomato varieties using a handheld spectrometer, and PLS models were developed in order
to predict soluble solids, lycopene, and polyphenols, in which an R2 and RMSECV of 0.77
and 0.55 %Brix, 0.75 and 1.99%, and 0.72 and 7.63% were obtained, respectively, which
were not better than those of Theanjumpol et al. [34].

However, the adulteration of apple purée in strawberry and raspberry purée, not the
constituents, was studied by Contal et al. [17] using raw intact fruit (not purée) spectra in
the range of 400–2500 nm combined with SIMCA, providing a fair to very good accuracy
of 79.07–94.77%, and with PLSR, providing a correlation coefficient (r) of 0.98–0.99 for
determining adulteration levels. Downey and Kelly [38] used a standard normal variate
(SNV) and the Savizky–Golay second derivative in the range of 400–2498 nm combined
with SIMCA, providing a 75.1–95.1% accuracy and with PLSR, providing an r of cross-
validation of 0.90 [39]. Besides the use of the spectra of intact fruit for the prediction of
purée quality, Lan et al. [19] developed PLS models, in which a good ability to estimate
purée characteristics from spectra acquired from corresponding apples, such as viscosity
(R2 > 0.82), cell wall content (R2 > 0.81), dry matter (R2 > 0.83), soluble solid content
(R2 > 0.80), and TA (R2 > 0.80), was obtained, confirming that the physicochemical quality
of fruit purée can be evaluated using NIR spectroscopy both on the purée itself and the
intact fruit.

Better predicted models of TSS could be obtained from thin, less opaque fresh fruit
juices such as orange, apple, grapefruit, grape, pear, pineapple, and sugarcane than the
purée due to no obstruction of fiber-related matter in the juice. This is confirmed by the
NIR transmittance juice spectra of orange, apple, grapefruit, grape, pear, pineapple, and
sugarcane in the range from 1000 to 2500 nm, with absorbance at 2270 nm, which was
found to be a dominant factor in estimating %Brix values in the fruit juices. With the single-
wavelength (2270 nm) universal calibration equation, an r2 of 0.982, SEC = 0.518 %Brix,
SEP = 0.621 %Brix, and bias = 0.025 %Brix were found for the fresh fruit juices, and the
results were validated using fresh juices of cantaloupe, papaya, and peach, enhancing the
applicability to other fruit juices and confirming the reliability of the universal calibration
equation [33].

The results of the statistical analysis of the observed and predicted values from the
PLSR model for the TA prediction in mangosteen purée are provided in Table 7. The results
from the t test showed a p value of 0.823, which is greater than 0.05; thus, the means of
the observed TA by the reference lab method and the predicted TA from the NIR spectra
were not significantly different, with a confidence interval of 95%. The results here show
that the predicted values and observed values were close, and the RMSECV was low, at
0.0408% (Table 6); therefore, it is possible that the model performance can be improved by
increasing the range of TA% and by adding more samples in the model.
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Table 7. Result of t test: paired sample test for observed and predicted TA% in mangosteen purée.

Mean (%) Variance (%) Pearson
Correlation

p-Value
(Two-Tailed)

Observed TA% 0.495 0.002
0.588 0.823Predicted TA% 0.499 0.002

Scatter plots of the PLSR model of the TSS of the mango and mangosteen purée and
TA of the mango purée from the cross-validation are shown in Figure 3. The values of
the slope of these plots ranged from 0.9986 to 1, indicating the extremely high potential
effectiveness of the calibration, where the rate of change in the measured constituents (TSS
and TA) is a function of the rate of change in the predicted constituents [44]. Williams et al.
found that if the slope is within 0.05 of 1.00, slope adjustment will not improve the data
very much, but in practical terms, if the slope differs from 1.00, e.g., by ±0.85 to ±1.15
or by an even greater deviation, this means that the calibration will be affected by slope
correction; however, slope correction is not recommended [44]. Figure 3 shows a slope
of 0.9986 to 1, and an offset (intercept) of the plots of 0.00 (%Brix or % for TSS and TA,
respectively), indicating the extremely high potential effectiveness of the calibration.
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The results from the PLSR model were better for the TSS prediction of the mango
and mangosteen purée, with a high r2 and low RMSECV. The model developed for the
TA prediction of the mangosteen purée was not acceptable. The reason for the poor
performance of the model is the narrow range of TA for the calibration set. The model
could be better if more samples were to be added and if the range of TA could be increased.
The mango purée PLSR model for the TSS prediction could be used for most applications,
including quality assurance [44]. The PLSR models for the prediction of TA in the mango
purée and TSS in the mangosteen purée are acceptable for screening and some other
approximate calibrations [44]. The selection of the wavelength range could be an important
factor to develop a more robust model for predicting the TSS and TA of mango and
mangosteen purée.

3.5. Regression Coefficient and X-Loading

Figures 4–9 show the regression coefficient and X-loading plots of the best model
obtained by PLSR. High positive or negative values of the regression coefficient and X-
loading weight show the vibration of the band at a particular wavenumber/wavelength
that has an influence on the TSS and TA prediction. As most of the variance is explained by
the first three LVs, the X-loading plot shows LV1, LV2, and LV3 of the optimum PLSR model.
Tables 8–13 show the absorption bands with high regression coefficients and X-loading
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weights in the model of the TSS and TA of the mango purée and TSS of the mangosteen
purée.

Agriculture 2022, 12, x FOR PEER REVIEW  11  of  18 
 

 

loading weight show the vibration of the band at a particular wavenumber/wavelength 

that has an influence on the TSS and TA prediction. As most of the variance is explained 

by the first three LVs, the X‐loading plot shows LV1, LV2, and LV3 of the optimum PLSR 

model. Tables 8–13 show the absorption bands with high regression coefficients and X‐

loading weights in the model of the TSS and TA of the mango purée and TSS of the man‐

gosteen purée. 

 

Figure 4. Regression coefficient plot of the PLSR model for TSS prediction in mango purée. 

 

Figure 5. X‐loading plot of the PLSR model for TSS prediction in mango purée. 

Figure 4. Regression coefficient plot of the PLSR model for TSS prediction in mango purée.

Agriculture 2022, 12, x FOR PEER REVIEW  11  of  18 
 

 

loading weight show the vibration of the band at a particular wavenumber/wavelength 

that has an influence on the TSS and TA prediction. As most of the variance is explained 

by the first three LVs, the X‐loading plot shows LV1, LV2, and LV3 of the optimum PLSR 

model. Tables 8–13 show the absorption bands with high regression coefficients and X‐

loading weights in the model of the TSS and TA of the mango purée and TSS of the man‐

gosteen purée. 

 

Figure 4. Regression coefficient plot of the PLSR model for TSS prediction in mango purée. 

 

Figure 5. X‐loading plot of the PLSR model for TSS prediction in mango purée. Figure 5. X-loading plot of the PLSR model for TSS prediction in mango purée.



Agriculture 2022, 12, 2060 12 of 18Agriculture 2022, 12, x FOR PEER REVIEW  12  of  18 
 

 

 

Figure 6. Regression coefficient plot of the PLSR model for TA prediction in mango purée. 

 

Figure 7. X‐loading plot of the PLSR model for TA prediction in mango purée. 

Figure 6. Regression coefficient plot of the PLSR model for TA prediction in mango purée.

Agriculture 2022, 12, x FOR PEER REVIEW  12  of  18 
 

 

 

Figure 6. Regression coefficient plot of the PLSR model for TA prediction in mango purée. 

 

Figure 7. X‐loading plot of the PLSR model for TA prediction in mango purée. Figure 7. X-loading plot of the PLSR model for TA prediction in mango purée.



Agriculture 2022, 12, 2060 13 of 18Agriculture 2022, 12, x FOR PEER REVIEW  13  of  18 
 

 

 

Figure 8. Regression coefficient plot of the PLSR model for TSS in mangosteen purée. 

 

Figure 9. X‐loading plot of the PLSR model for TSS in mangosteen purée. 

Table 8. The bands with a high regression coefficient of the PLSR model for TSS in mango purée. 

Wavenumber 

(cm−1) 

Wavelength 

(nm) 

Referred Wavelength 

(nm) 

Bond Vibration/Functional Group 

(Structure) 
Ref. 

7336  1363  1360  2 × C‐H str. + C‐H def. (CH3)  [51] 

7189  1391  1395  2 × C‐H str. + C‐H def. (CH2)  [51] 

6264  1596  1580  O‐H str. first overtone (starch/glucose)  [51] 

5978  1673  1685  C‐H str. first overtone (aromatics)  [51] 

5700  1754  1765  C‐H str. first overtone (CH2)  [51] 

5384  1857  1900  O‐H str. + 2 × C‐O str. (starch)  [51] 

Figure 8. Regression coefficient plot of the PLSR model for TSS in mangosteen purée.

Agriculture 2022, 12, x FOR PEER REVIEW  13  of  18 
 

 

 

Figure 8. Regression coefficient plot of the PLSR model for TSS in mangosteen purée. 

 

Figure 9. X‐loading plot of the PLSR model for TSS in mangosteen purée. 

Table 8. The bands with a high regression coefficient of the PLSR model for TSS in mango purée. 

Wavenumber 

(cm−1) 

Wavelength 

(nm) 

Referred Wavelength 

(nm) 

Bond Vibration/Functional Group 

(Structure) 
Ref. 

7336  1363  1360  2 × C‐H str. + C‐H def. (CH3)  [51] 

7189  1391  1395  2 × C‐H str. + C‐H def. (CH2)  [51] 

6264  1596  1580  O‐H str. first overtone (starch/glucose)  [51] 

5978  1673  1685  C‐H str. first overtone (aromatics)  [51] 

5700  1754  1765  C‐H str. first overtone (CH2)  [51] 

5384  1857  1900  O‐H str. + 2 × C‐O str. (starch)  [51] 

Figure 9. X-loading plot of the PLSR model for TSS in mangosteen purée.

In Figure 4, for the TSS prediction in the mango purée, high-regression coefficient
peaks can be seen at 7336, 7189, 7151, 6264, 5978, 5700, and 5392 cm−1 (1362, 1391, 1395, 1596,
1673, 1754, and 1857 nm), which might correspond to the bond vibration of CH3 (1360 nm),
CH2, (1395 and 1765 nm), starch (1900 nm), glucose (1580 nm), and aromatics (1685 nm) [51].
Similarly, from the X-loading weight (Figure 5), it was found that the vibration band of
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cellulose at 5960–5438 cm−1 (1685–1820 nm; Table 9) showed an important contribution to
the TSS prediction of the mango purée.

Table 8. The bands with a high regression coefficient of the PLSR model for TSS in mango purée.

Wavenumber
(cm−1)

Wavelength
(nm)

Referred Wavelength
(nm)

Bond Vibration/Functional Group
(Structure) Ref.

7336 1363 1360 2 × C-H str. + C-H def. (CH3) [51]
7189 1391 1395 2 × C-H str. + C-H def. (CH2) [51]
6264 1596 1580 O-H str. first overtone (starch/glucose) [51]
5978 1673 1685 C-H str. first overtone (aromatics) [51]
5700 1754 1765 C-H str. first overtone (CH2) [51]
5384 1857 1900 O-H str. + 2 × C-O str. (starch) [51]

Table 9. The bands with a high X-loading weight of the PLSR model for TSS in mango purée.

Wavenumber
(cm−1)

Wavelength
(nm)

Referred Wavelength
(nm) LVs Bond Vibration/Functional Group

(Structure) Ref.

7436 1345 1360 2 2 × C-H str. + C-H def. (CH3) [51]
7328 1365 1360 2 2 × C-H str. + C-H def. (CH3) [51]
7344 1362 1360 1, 3 2 × C-H str. + C-H def. (CH3) [51]
7197 1389 1395 2 2 × C-H str. + C-H def. (CH2) [51]
6264 1596 1580 1, 2, 3 O-H str. first overtone (starch, glucose) [51]
5963 1677 1685 3, 2 C-H str. first overtone (aromatics) [51]
5469 1828 1820 2 O-H str. + 2 × C=O str. (cellulose) [51]
5438 1839 1820 3 O-H str. + 2 × C=O str. (cellulose) [51]

According to Theron and Lues (2007), an organic acid is an organic compound with
acidic properties that contains carbon, as with all organic compounds [52]. The most
common organic acids such as malic acid, citric acid, acetic acid, and formic acid are the
carboxylic acids whose Tas are associated with their carboxyl group, –COOH. In Figure 6,
for the TA prediction in mango purée, important wavelengths were the vibration band of
O-H stretching due to carboxyl acid at 8925 cm−1 (1127 nm) [27], the C-H combination
of CH3 at 7344 cm−1 (1360 nm), and C=O from saturated and unsaturated carboxyl acid
at 6966 cm−1 (1437 nm) [53]. The peaks that appear at about 5562 and 5438 cm−1 (1780
and 1850 nm) were due to the combination of the C-H stretching + C-H bending of formic
acid and the acid chloride second overtone [54]. Other dominant peaks were seen in
the X-loading plot (Figure 7) at the wavelengths of 1220, 1315, 1410, 1500, and 1580 nm,
which might be monomeric carboxylic acids observed in the gaseous state associated with
combinations between the first overtone of the OH stretch and a COH bending mode
(1220 nm), and the O-H str. first overtone and OCO bending (1315 nm) [54]. Similarly,
bands associated with the O-H str. first overtone of ROH (1410 nm), O-H str. first overtone
of starch (1500 nm), and O-H combination of starch and glucose (1580 nm) [51] were
confirmed. Figures 6 and 7 show that the wavelength range from 8000 to 5300 cm−1

(1449–1887 nm) had a significant effect on the TA prediction, compared to the range from
12,000 to 8000 cm−1. According to Oliveira et al. (2014), the regression coefficients obtained
for the NIR spectra of citric acid and malic acid showed strong peaks between 1100 and
1600 nm (9100–6250 cm−1) [55], and according to Xie et al. [56], this spectral region is the
most important for the prediction of organic acids [56].
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Table 10. The bands with a high-regression coefficient of the PLSR model for TA in mango purée.

Wavenumber
(cm−1)

Wavelength
(nm)

Referred Wavelength
(nm)

Bond Vibration/Functional Group
(Structure) Ref.

8925 1120 1127 O-H from carboxyl acid [53]
7344 1362 1360 2 × C-H str. + C-H def. (CH3) [51]

6966 1436 1437 C=O from saturated and unsaturated
carboxyl acid [53]

6750 1481 1480 O-H str. first overtone (glucose) [51]
6302 1587 1607 C-O from COOH [53]
5562 1798 1780 C-H combination of formic acid [54]
5438 1839 1850 Acid chloride [54]

Most of the important wavelengths in the PLSR model for the TSS prediction in
the mangosteen purée were due to the combinations and overtones of bands associated
with CH2 (7174 cm−1 (1395 nm), 7043 cm−1 (1420 nm), and 6171 cm−1 (1620 nm)), starch
(6572 cm−1 (1522 nm) and 4397 cm−1 (2276 nm)), and cellulose (4242 cm−1 (2352 nm))
(Figure 8). Similarly, in the X-loading weight plot (Figure 9), peaks related to water at
1450 nm, starch and glucose at 1580 nm, and carbohydrate at 2200 nm [44] were seen, which
were the important peaks for the TSS prediction in the mangosteen purée.

Table 11. The bands with a high X-loading weight of the PLSR model for TA in mango purée.

Wavenumber
(cm−1)

Wavelength
(nm)

Referred Wavelength
(nm) LVs Bond Vibration/Functional Group

(Structure) Ref.

8925 1120 1127 1, 2, 3 O-H from carboxyl acid [53]
8046 1243 1220 1 O-H str. first overtone [54]
7560 1323 1315 3 O-H str. first overtone [54]
7344 1362 1360 3 2 × C-H str. + C-H def. (CH3) [51]
7104 1408 1410 1, 2, 3 O-H str. first overtone (ROH) [51]

6966 1436 1437 1, 2, 3 C=O from saturated and unsaturated
carboxyl acid [53]

6665 1500 1500 2, 3 O-H str. first overtone (starch) [44]
6481 1543 1540 1 O-H str. first overtone (starch) [51]

6318 1583 1580 3 O-H str. first overtone (starch
and glucose) [51]

5559 1799 1780 2 C-H combination of formic acid [54]
5438 1839 1850 2 Acid chloride [54]

Table 12. The bands with a high-regression coefficient of the PLSR model for TSS in mangosteen
purée.

Wavenumber
(cm−1)

Wavelength
(nm)

Referred Wavelength
(nm)

Bond Vibration/Functional Group
(Structure) Ref.

7174 1394 1395 2 × C-H str. + C-H def (CH2) [51]
7043 1420 1415 C-H str. first overtone (CH2) [51]
6572 1522 1528 O-H str. first overtone (starch) [51]
6171 1620 1620 C-H str. first overtone (CH2) [51]
4605 2172 2170 C-H combination (alkenes) [51]
4397 2274 2276 O-H str. + C-C str. (starch) [51]
4242 2357 2352 C-H def. second overtone (cellulose) [51]
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Table 13. The bands with a high X-loading weight of the PLSR model for TSS in mangosteen purée.

Wavenumber
(cm−1)

Wavelength
(nm)

Referred Wavelength
(nm) LVs Bond Vibration/Functional Group

(Structure) Ref.

7189 1391 1395 2 2 × C-H str. + C-H def. (CH2) [51]
6858 1458 1450 1, 2, 3 O-H str. first overtone (H2O) [51]
6603 1514 1520 2 O-H str. first overtone (CONH3) [51]
6372 1569 1580 3 O-H str. first overtone (starch and glucose) [51]
4605 2172 2170 1, 2 C-H combination (alkenes) [51]
4497 2224 2200 3 C-H str. + C-O str. (carbohydrate) [44]

4. Conclusions

The application of FT-NIR spectroscopy to predict the total soluble solids (TSS) and
titratable acidity (TA, in % malic acid) in mango and mangosteen purée was presented in
this research, and the rapid essential protocol starting from mango and mangosteen fruit
sample collection, purée preparation, purée sampling and NIR purée spectrum acquisition
and to NIR spectroscopy calibration methodology and validation was established. The
PLSR model yielded an r2 and RPD of 0.955 and 4.7 for TSS, and 0.817 and 2.2 for TA, in the
mango purée. Similarly, the PLSR model for the prediction of TSS in the mangosteen purée
obtained an r2 and RPD of 0.799 and 2.2. The statistical results show that the PLSR model
for the TA% prediction in mangosteen purée must be updated by adding more samples and
by increasing the standard deviation of the samples. Since the standard deviation for TA
was very low, the PLSR model was not applicable for the TA prediction in the mangosteen
purée. Furthermore, in this research, more samples could have been added to perform
the test set validation for the PLSR model development. A more robust model can be
developed in the future by increasing the range of the prediction parameters that directly
affect the performance of the overall model.
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