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The objective of this work is the identification of cheese maturation time using attenuated 
total reflection Fourier transform spectroscopy (FTIR-ATR) data and analytical measurements 
associated with chemometrics techniques. Minas artisanal cheeses were collected from 8 producers 
matured at times 1, 7, 14, 21, 28, 45 and 60 days, fractioned in rind and crumb for moisture, 
water activity (aw), dry in fat extract, pH, acidity, ashes, protein, extent and depth of proteolysis, 
color and identification of functional groups in FTIR-ATR. Principal component analysis (PCA), 
multiple linear regression (MLR) and partial least squares (PLS) techniques were performed on 
the dataset. PCA was used to assess differences and similarities of the samples. The best results 
to predict the maturation time were using MLR for analytical measurements in the portion of 
the crumb, with coefficient of determination (R2) = 0.92, root mean square error of validation 
(RMSEV) = 5.4 days and PLS for FTIR-ATR with R2 = 0.92, RMSEV = 5.3 days. The results 
indicated that the FTIR-ATR was adequate to predict maturation times. Although, it does not 
eliminate the need for more detailed chemical analysis.
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Introduction

Minas artisanal cheese is a typical Brazilian product. 
Its varieties are named according to their geographical 
origin (Serro, Canastra, Serra do Salitre, Araxá, Campo das 
Vertentes, Cerrado and Triângulo Mineiro). It is a product 
obtained from raw milk and “dripping”, which is the whey 
of the fermented cheese originated from the production 
of the previous day, to be used in the fermentation of the 
production of the day.1,2

As it is a handcrafted product, it has in its elaboration 
a great load of historical and cultural tradition, having 
importance in the economic aspect, since many family 
producers have in the artisanal cheese of Brazil their 
main source of income. This type of cheese has stood 
out nationally and internationally due to its high quality 
and distinctive flavors, becoming a major dairy product, 
produced in many countries in Europe and the Americas, 
and by winning important medals in the latest worldwide 
cheese competitions in France.3

Recognition of the quality of Brazilian artisan cheese 
has motivated efforts to ensure its safety and quality, and 
one of the ways to guarantee this quality both in taste and 
microbiological safety is the requirement under Brazilian 
law of the 60-day maturation period for cheeses produced 
with raw milk.4,5 In order to reduce the illegal sale of cheese, 
state legislation approved the reduction of maturation time 
to 22 days for some regions of Minas Gerais State, Brazil 
(Araxá, Campos das Vertentes, Canastra and Cerrado), 
denominating half-matured cheeses (matured under 
22 days) and matured cheeses (matured over 22 days).6

However, some producers do not comply with the 
legislation and market the cheese after a shorter maturation 
period (between 3 and 21 days) and name these half-
matured cheeses. This practice may endanger the health of 
consumers due to possible microbiological contamination, 
which makes the identification of cheese maturation time 
important for the quality evaluation of Minas artisanal 
cheese.3,7

During maturation, a series of biochemical and 
microbiological reactions occur, including residual 
lactose metabolism by lactic acid bacteria present in the 
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cheese mass. Lactic acid bacteria are essential for cheese 
safety by synthesizing many antimicrobial compounds, 
including organic acids such as lactic acid, which can 
inhibit the growth of pathogenic bacteria, leading to 
cell death and lysis, contributing to the achievement of 
microbiological stability in the cheese and developing the 
typical characteristics of matured cheese to be marketed.8,9

Works published1,5,10,11 in the last few years show the 
characterization of the microorganisms and the effect of 
maturation on the microbiological features of the artisanal 
Minas cheese, aiming to estimate the maturation time for 
the cheese to be suitable for consumption.

Conventional methodologies for determining cheese 
maturing time use high cost and time-consuming 
techniques, such as electrophoresis and chromatography. 
There is growing interest in rapid techniques that provide 
accurate information on changes in cheese composition 
during the maturation process.12,13

Among the fast techniques, there are spectroscopic 
techniques such as near infrared (NIR), medium infrared 
(MIR) and far infrared (FIR). MIR has been most 
commonly used in the area of food in establishing quality 
parameters by identifying the functional groups assigned 
to food constituents,14 being applied in the identification of 
adulteration in raw milk,15 determination of the chemical 
characteristics of olive oils,16 honey quality assessment17 
and coffee with different sensory characteristics.14 In 
cheese it can be used to determine the maturation time, 
authenticity and prediction of sensory attributes, making 
it a viable and safe alternative in determining various 
parameters.18 Depending on the cheese variety, different 
parameters are obtained as chemical characteristics 
of each compound,18 geographic origin monitoring,19 
determination of its main components (protein, fat, 
lactose)20 and changes during maturation,21 becoming a 
technique of rapid analysis, contributing to the reduction 
of the risk of cheese consumption that may cause damage 
to the health of the population, facilitating the inspection 
process.18,21

The use of multivariate techniques can be applied in 
monitoring the quality or authenticity parameters22 of 
various food products, including dairy products, from 
data generated from a variety of analytical methodologies 
such as chromatography, calorimetry, chemical and 
physicochemical methods and infrared spectroscopy. The 
analytical information present in the infrared spectrum 
involves the generation of a large number of complex, 
highly correlated variables and most of the time across the 
spectrum, which requires the development of classification 
or regression models in multivariate analysis. Regression 
is a technique considered useful in the construction of 

predictive models of changes that occur during cheese 
maturation.20,21,23

Considering the importance and economic value that 
these cheeses represent, the objective of this study was to 
identify the maturation time of Minas artisanal cheeses 
produced in the Serra do Salitre, MG, region using 
analytical data and attenuated total reflection Fourier 
transform spectrometry (FTIR-ATR) associated with 
chemometric techniques.

Experimental

Samples

Samples of Minas artisanal cheeses were obtained from 
rural producers from Serra do Salitre, MG, Brazil. A total 
of 56 samples of cheese from 8 different producers were 
collected. The samples of artisanal cheeses were collected 
in August and September of 2017, the dry season of the 
region. The samples belonged to the same manufacturing 
batch of each producer and were collected on the day of 
manufacture (day 1) and then matured at room temperature 
(ca. 20-26 °C) in the cheese shops themselves at days 7, 
14, 21, 28, 45 and 60. At the end of each maturation 
period the cheeses were collected, aseptically packaged, 
transported under refrigeration (ca. 7 °C) to the laboratory 
and fractionated in rind and crumb.

Subsequently 12 samples of Minas artisanal cheeses 
were purchased from the retail trade with maturation times 
informed on the packaging or by the seller at the time of 
purchase. The samples were conditioned and transported 
under refrigeration (ca. 7 °C) to the laboratory, fractionated 
in rind and crumb to be analyzed.

Acquisition of the spectra of the rind and crumb fractions 
of Minas artisanal cheese

The rind and crumb fractions of the cheese (0.5 g) 
were analyzed on an attenuated total reflection Fourier 
transform spectrometer (FTIR-ATR), on the equipment 
model Cary 630 Agilent (Technology Inc., Santa Clara, 
USA), equipped with attenuated total reflectance (ATR) 
with diamond crystal cell and deuterated triglycine sulfate 
detector (DTGS). The ATR diamond has a sampling 
surface of 1 mm diameter and 200 μm active area and 
provides approximately 2 μm deep of infrared energy 
penetration at 1700 cm−1. The spectra were obtained in 
the mid-infrared region, 4000 to 600 cm−1, in absorbance 
mode with 4 cm−1 resolution and 64 scans. The software for 
spectra acquisition was the Agilent MicroLab PC software. 
Before each collection, a background spectrum reading 
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was performed and for each sample two repetitions were 
performed. The spectral regions and the main functional 
groups of the cheese analyzed in FTIR-ATR were identified 
according to the literature.12,24,25

Analytical measurements of rind and crumb fractions

The following analyzes were carried out on the cheese 
fractions: titratable acidity, percentages of moisture, 
ash, fat in the dry extract and total nitrogen by the 
Kjeldahl method.26 The pH was measured with a digital 
pH meter (QUIMIS model), calibrated with pH 4.0 and 
7.0 solutions. Measurements of instrumental color were 
performed on the L*, a*, b* system on a Colorquest XE 
colorimeter (HunterLab, Sunset Hills Reston, VA, USA), 
illuminant D65 and 10° observer, using the CIELAB 
system.27 The determination of water activity (aw) was 
performed on an Aqualab Series 4TE electronic water 
activity meter with an accuracy of ± 0.015 and a detection 
range of 0.03 to 1.0 aw.

The percentage of nitrogen soluble in pH 4.6 (NS 
pH 4.6) and nitrogen soluble in 12% trichloroacetic acid 
(TCA, Rio de Janeiro, Brazil, Vetec) (NS TCA), was 
determined by the Kjeldahl method only in the crumb of 
cheese due to proteolysis occurring more intensely in this 
fraction. The proteolysis extension index (PEI) was obtained 
by the relationship between the pH 4.6 soluble nitrogen and 
total nitrogen (TN) contents (PEI = NSpH4.6(%) / TN), 
and the proteolysis depth index (PDI) was obtained by the 
relationship between TCA 12% soluble nitrogen and total 
nitrogen contents (PDI = NSTCA12%(%) / TN), according 
to Wolfschoon and Lima.28

Data processing

The data was set in matrices (m × n), m lines related 
to the time of maturation and n columns related to the 
variables of interest. The variables of interest used were: 
the absorbances associated with the different frequencies 
obtained from FTIR-ATR for rind (matrix A1) and 
crumb (matrix A2) and analytical measurements for rind 
(matrix A3) and crumb (matrix A4). The independent 
variables (analytical measurements) were standardized for 
mean value of 0 and standard deviation of 1, to eliminate 
the differences between units of the studied variables. 
The spectra of the cheese were normalized using the 
multiplicative scatter correction (MSC) method to correct 
the effects of scattering of light. All multivariate analysis 
were performed using the software Statistical Analysis 
System (SAS), Student version.29

Principal component analysis (PCA)

PCA was performed from standardized data and a 
new coordinate system with orthogonal axes was created, 
originating the principal components (PC). This technique 
was used to identify the similarities and dissimilarities 
between the samples and the possible clusters from the 
direct observation of the score graph.

Multiple linear regression (MLR)

Initially, MLR was used to remove outlier samples 
of the data set obtained using FTIR-ATR and analytical 
measurements. Two techniques were used to remove the 
outliers: the Cook’s distance (equation 1) and studentized 
residual. The samples with Cook’s distance ≥ (4/n), where 
n is the number of observations and with deviation of 
studentized residual > 3 were considered outliers and 
discarded. Following, MLR was used to predict the time 
of maturation of the cheeses. Each group was divided in 
two using the Kennard-Stone algorithm,30 the first subgroup 
was calibration with 70% of the data (38 samples) and the 
second was validation with 30% of the data (18 samples). 
The parameters of the regression model were chosen 
using the Backward, Forward and Stepwise optimization 
methods, and the one with the lowest root mean square 
error of calibration (RMSEC) and root mean square 
error of validation (RMSEV), and higher coefficient of 
determination (R2) was selected. The residual predictive 
deviation (RPD) and range error ratio (RER) values were 
used to estimate the predictive capability of the models. 
The RPD was calculated by dividing the standard deviation 
of the reference data (SD) by the RMSEV, according 
to equation 2, while the RER was determined dividing 
the reference of amplitude (ymax − ymin) by RMSEV, 
equation 3.31

 (1)

 (2)

 (3)

Partial least squares regression (PLS)

PLS was performed to predict the time of maturation of 
the analyzed cheeses. This technique can use a good number 
of variables as the information of the whole spectrum or 
its part to create a regression model. In addition to that, 
the method of partial least squares does not consider the 
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variables as non-related. The objective of the PLS was 
the obtention of a regression model to predict the time of 
maturation using spectral data. The same criteria used in 
the MLR analysis were used for PLS to identify and remove 
outliers and to obtain the calibration and validation groups. 
The spectral regions used for the PLS analysis were selected 
by MLR analysis. The R2 and RMSE between the predicted 
and the actual values were calculated for the calibration and 
validation sets according to equations 4 and 5, respectively. 
The quality of the regression models was evaluated based 
on a high R2, RMSEV, low number of latent variables (LV).  
The selection of the number of latent variables in the 
models was carried out according to the method proposed 
in the software. The T2 test was used to compare whether 
two PRESS (predicted residual sum of squares) values 
were significantly different. If there was no significant 
difference, a more parsimonious model was chosen and 
only those with fewer factors were compared with the 
minimum PRESS model. After selecting the number of 
latent variables, the generated PLS model was used to 
predict the cheese’s maturation time. RPD and RER were 
also estimated.

 (4)

 (5)

where n is the number of samples in the test set, yi is the 
experimentally measured reference result for sample i, ŷi are 
the estimated results of the model for the corresponding test 
sample i, and ȳ is the mean of all reference measurement 
results.

Results and Discussion

Spectra characterization

The spectra of the rind and crumb fractions were 
obtained by means of the sample averages at the respective 
maturation times (1, 7, 14, 21, 28, 45 and 60 days) and it 
was possible to identify 15 peaks (maximum absorbances) 
that corresponded to absorption peaks attributed to the 
vibrations of the working groups (Figure 1).

The spectra obtained by FTIR-ATR reflect the chemical 
composition of the analyzed samples. Since cheese can be 
defined as a complex matrix consisting mainly of proteins, 
lipids, carbohydrates and water, modifications of these 
components occur over time and can be identified by FTIR, 
by variations in intensity and most of the peaks obtained 
in the spectrum (Figure 1).

It was observed in the analyzed fractions (rind and 
crumb) the presence of peaks in the regions between 
3500-2800 and 1700-1000 cm−1. Between 3325-3081 cm−1 
it was possible to observe alteration in the peak intensity 
related to hydroxyl groups (OH stretching) elongation, 
while the predominant peaks located at 2918 and 2851 cm−1 
were attributed to the asymmetrical and symmetrical 
stretching vibrations of the fatty acid groups (CH2 and 
CH3). It was also possible to observe continuous increase 
of several peaks (1741 cm−1, stretching symmetrical 
(C=O); 1400 cm−1, angular deformation (CH3); 1314 cm−1, 
angular deformation (CH2); and 1251, 1173, 1101, 
1078 cm−1, stretching asymmetrical/symmetrical (C−O)) 
of acids, esters and aliphatic chains of fatty acids and 
carbohydrates.32,33 According to Cevoli et al.,18 most peaks 
identified in the middle infrared region during cheese 
analysis are identified and attributed to functional groups 

Figure 1. Cheese spectra obtained by Fourier transform infrared spectroscopy associated with total attenuated reflection (FTIR-ATR): (a) rind fraction 
spectrum; (b) crumb fraction spectrum.
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such as CH2/CH3, C−O and C=O related to triacylglycerides 
and ester bonds.

The peaks between 1700 and 1496 cm−1 indicate two 
important regions for the analyzed fractions: amide I 
(1630 cm−1) associated with symmetrical stretching of the 
C=O and C−N functional groups, and amide II (1541 cm−1) 
attributed to the vibration of the N−H angular deformation 
and C−N stretching functional groups.34 Amide-related 
peaks describe the behavior of secondary protein structures, 
which, during maturation, lose polypeptide chains releasing 
peptides and amino acids, resulting in alterations of α-helix, 
β-leaf and β-curve structures.

Amide I is more sensitive to structural changes and is 
most commonly used in secondary structure analysis, because 
it is associated with changes in casein secondary structure, 
protein aggregation and protein/water interaction, the β-leaf 
structure is more stable to these changes, which means that 
the amide I shows the major effects of secondary proteolysis, 

found in higher intensity in the rind fraction and lower in 
the crumb fraction.35,36 According to Karoui et al.,37 amino 
acid side chains (glutamic acid, aspartic acid, glutamine, 
asparagine, lysine, arginine and tyrosine) may contribute 
to the intensity in the amide II region and these intensities 
occur with increasing cheese maturation time, which may 
justify the variation of the amide II signal in the spectrum.

Analytical measurements

The results of the analytical measurements of the 
studied cheeses presented variations in relation to the 
different maturation times (Tables 1 and 2). Due to the 
peculiar characteristics of the rind (external surface exposed 
to the environment) and the crumb (inner part) and the 
different effects that the constituents undergo in these 
fractions, the analyses were performed separately, showing 
similarities in the results found.

Table 1. Means and standard deviation of the analytical measurements of the rind fraction

Maturation time / days

1 7 14 21 28 45 60

Acidity / % 4.2 ± 0.98 6.6 ± 3.1 5.8 ± 1.2 5.5 ± 2.3 7.5 ± 1.7 9.8 ± 2.0 14.8 ± 2.1

pH 6.0 ± 0.31 5.7 ± 0.53 5.6 ± 0.47 5.5 ± 0.4 5.3 ± 0.2 5.2 ± 0.1 5.1 ± 0.2

Protein / % 26.3 ± 1.7 25.9 ± 1.1 35.5 ± 1.7 35.2 ± 1.6 37.4 ± 2.6 39.6 ± 2.8 40.6 ± 2.5

Moisture / % 51.1 ± 2.4 40.0 ± 2.0 27.5 ± 1.7 21.2 ± 1.7 22.7 ± 1.8 13.7 ± 1.4 14.8 ± 2.3

Ashes / % 4.9 ± 0.38 5.2 ± 1.2 4.9 ± 0.86 5.9 ± 1.1 5.8 ± 1.3 5.3 ± 1.8 6.5 ± 1.1

Fat / % 21.0 ± 1.5 26.6 ± 3.0 31.0 ± 2.0 32.8 ± 2.4 34.0 ± 5.5 34.8 ± 3.1 34.9 ± 2.4

L* 84.0 ± 7.4 88.3 ± 5.9 86.4 ± 7.7 90.9 ± 8.4 88.3 ± 9.8 86.9 ± 6.0 91.0 ± 3.3

a* 0.30 ± 0.61 0.96 ± 0.54 0.62 ± 0.61 0.61 ± 0.6 1.1 ± 0.6 0.98 ± 0.7 1.2 ± 0.4

b* 17.1 ± 3.5 20.4 ± 3.6 17.4 ± 4.8 19.4 ± 3.5 20.4 ± 4.6 21.5 ± 3.9 21.2 ± 5.7

aw 0.96 ± 0.01 0.96 ± 0.03 0.92 ± 0.03 0.88 ± 0.03 0.87 ± 0.05 0.81 ± 0.06 0.82 ± 0.04

Acidity: expressed as a percentage of lactic acid; L*: brightness parameter; a* and b*: chromaticity coordinates; aw: water activity.

Table 2. Means and standard deviation analytical measurements of cheese crumb fraction

Maturation time / days

1 7 14 21 28 45 60

Acidity / % 5.5 ± 1.5 6.2 ± 1.9 7.1 ± 1.6 7.2 ± 1.1 8.0 ± 2.1 11.7 ± 1.3 13.8 ± 1.4

pH 5.4 ± 0.1 5.7 ± 0.2 5.4 ± 0.5 5.4 ± 0.3 5.2 ± 0.1 5.1 ± 0.1 5.1 ± 0.2

Protein / % 21.2 ± 2.8 21.3 ± 2.6 23.4 ± 2.8 23.4 ± 1.8 26.3 ± 1.3 26.5 ± 2.8 27.6 ± 2.5

Moisture / % 46.4 ± 3.5 35.4 ± 1.7 34.6 ± 1.5 35.3 ± 1.2 32.6 ± 1.4 30.9 ± 1.8 28.5 ± 3.6

Ashes / % 3.5 ± 0.5 3.8 ± 0.8 4.2 ± 0.8 4.2 ± 0.5 4.4 ± 0.5 4.6 ± 0.5 4.7 ± 0.5

Fat / % 22.8 ± 3.4 30.4 ± 4.3 30.9 ± 4.1 30.9 ± 3.7 30.2 ± 3.7 33.8 ± 4.7 34.1 ± 3.8

PEI / % 12.3 ± 4.9 12.9 ± 4.0 13.1 ± 2.8 11.07 ± 2.7 13.2 ± 3.4 15.6 ± 6.9 28.2 ± 5.3

PDI / % 11.7 ± 2.1 12.4 ± 1.7 11.1 ± 3.2 11.8 ± 3.9 15.5 ± 8.0 15.1 ± 7.0 25.4 ± 2.2

L* 86.3 ± 7.4 86.4 ± 5.9 91.3 ± 7.7 90.9 ± 8.4 88.3 ± 9.8 86.9 ± 6.0 90.8 ± 3.3

a* 1.1 ± 0.3 0.62 ± 0.5 0.71 ± 0.6 0.61 ± 0.6 1.1 ± 0.6 0.98 ± 0.7 1.2 ± 0.4

b* 19.1 ± 3.7 17.4 ± 3.6 19.3 ± 4.8 19.4 ± 3.5 20.4 ± 4.6 21.5 ± 3.9 21.9 ± 5.7

aw 0.97 ± 0.01 0.95 ± 0.02 0.93 ± 0.01 0.92 ± 0.01 0.94 ± 0.01 0.90 ± 0.02 0.89 ± 0.02

Acidity: expressed as a percentage of lactic acid; PEI: proteolysis extension index; PDI: proteolysis depth index; L*: brightness parameter; a* and b*: 
chromaticity coordinates; aw: water activity.
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Over time there was a tendency of increasing acidity 
and reducing pH, moisture and aw parameters of the 
fractions (rind and crumb). Humidity reduction and 
aw may be justified by water loss during maturation, 
leading to the concentration of solids, mainly of fats and 
proteins with increasing maturation time. This increase 
can be noticed in the spectral regions (2900-2860 and 
1400-1101 cm−1) associated with the functional groups 
of fatty acids and esters and the region 1700-1469 cm−1 
to amide I and amide II, these peaks with more intensity 
were expected due to the fat and protein found in the 
analytical measurements.

During proteolysis, the formation of ionic groups 
occurs, which causes the pH reduction of the cheese and 
increase of the acidity, also related to the conversion of 
lactose to lactic acid by the action of bacteria present in the 
yeast, using residual lactose. The increase in the parameters 
of length and depth indexes in the crumb fraction indicates 
protein hydrolysis and proteolysis in cheese.

Principal component analysis

Spatial separation of FTIR-ATR samples was defined by 
two principal components PC1 and PC2, which described 
for the rind fraction 76.09% for PC1 and 19.10% for PC2 of 
the total variance. For the crumb fraction, PC1 represented 
65.80% while PC2 explained 23.55%, totaling 89.35% of 
the total data variance (Figure 2).

The PC1 was the component that best represented 
the data distribution of the matrices A1 and A2 (rind 
and crumble, respectively), which means it was the 
responsible for the separation of the samples for the two 
fractions analyzed. For the rind, PC1 correlated positively 
(p < 0.05) with the wavenumbers present in the regions 

between 2900-2800, 1400-1290, 1280-1160 and 986 cm−1, 
characteristic peaks associated with fats and esters, these 
regions being of major importance and determining the 
changes that occurred in the cheese over the maturation 
times. The PC2 correlated with the 1741 cm−1 wavenumber 
associated with the esters. For the cheese crumb fraction 
the PC1 correlated positively with the wavenumbers in the 
regions 2900-2800, 1590-1430, 1400-1290, 1280-1160 and 
986 cm−1, associated with esters functional groups, and 
PC2 correlated with 1636 and 1101 cm−1, being associated 
with protein and fat esters, respectively, which are the most 
important and necessary to separate the cheese according 
to the maturing time (half-matured and matured).

Samples classified as half-matured (32 samples) were 
separated from those labeled as matured (24 samples) based 
on functional groups associated with fats (CH3 and C−C 
symmetrical stretching) and proteins (C=O stretching and 
N−H angular deformation) correlated with PC1 for rind and 
crumb. During the maturation process, the concentration 
of the dried extract increases as a result of the reduction of 
the moisture content of the cheese, which will increase the 
absorbance of the functional groups representing proteins 
and lipids.

The application of PCA to the analytical data 
(matrix A3) set of each cheese fraction provided important 
information describing the changes in cheese composition 
over time (Tables 1 and 2).

For the cheese rind (Figure 3a), PC1 explained a 
percentage of 54.56% of the data variance, this PC is a 
contrast between water and non-aqueous components 
correlating negatively (p ≤ 0.05) with humidity and aw, 
and positively with protein and fat. Contrary behavior was 
observed for the crumb fraction (matrix A4) (Figure 3b), 
where the 2 PCs together explained 80.73% of the data 

Figure 2. Score plot of Minas artisanal cheese samples for (a) rind and (b) crumb for FTIR-ATR data.
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variance, PC1 being responsible for the separation of the 
samples according to the maturation time.

The reduction in moisture and aw during the cheese 
maturation process occurs because the hydrolysis of 
peptide bonds leads to the formation of polar ionic groups 
(COO− and NH3

+) that bind to ‘free water’ through altering 
hydrogen bonds, altering the state of the water in the 
cheese, in addition, water loss may occur in the ripening 
environment.

During the maturation time, the moisture and aw 
parameters decreased, and the protein and fat constituents 
concentration increased, allowing to conclude that these 
parameters were sufficient to separate the samples into 
half-matured and matured cheeses. In the cheese rind these 
effects were more intense, probably due to the greater 
exposure of this fraction to the ambient conditions.

Multiple linear regression

The MRL was applied to the spectra obtained with the 
purpose of removing the outliers and identifying the spectra 
regions that contributed to the prediction of the maturation 
time. The Forward method had the highest coefficient of 
determination (R2 = 0.87) and lowest RMSEC (8.57 days) 
among the tested methods for matrix A1, FTIR-ATR 
rind fraction, resulting in a model with 12 parameters 
for rind fraction (Figure 4a). The value of validation of 
R2 can be explained by the greater variability of cheese 
rind by being exposed to maturation conditions such as 
light, ambient temperature and realistic humidity. The 
validation generated R2 of 0.76, RMSEV of 9.81 days, 
correlation of 0.87, RPD = 2.04 and RER = 6.01. According 
to Chang et al.,38 the accuracy of the model is satisfactory 
when the RPD is higher than 2. Therefore, the model can 

be considered fair to predict the maturation time. Models 
with RER lower than 3 present little practical utility, models 
with RER between 3 and 10 have limited practical utility 
and models with RER higher than 10 have high practical 
utility,39 which indicates that the model generated by MLR 
for the FTIR-ATR data of the rind presents little practical 
utility. These results can be explained by the rapid balance 
with the environment that the rind achieves in the first 
days of maturation by significantly reducing its humidity, 
therefore increasing the solid content, which difficult the 
occurrence of perceptible changes during long periods of 
maturation, such as proteolysis and lipolysis.

According to the MRL for the rind fraction, the 
wavenumbers 2918 cm−1 corresponding to the vibrations 
of the functional group (CH2 asymmetrical stretching), 
2851 cm−1 associated with CH3 symmetrical stretching, 
1449 (CH3 angular deformation), 1314 and 1078 cm−1 (C−O 
symmetrical stretching) attributed to lipids, 1741 cm–1 (C=O 
stretching) and 1251 cm–1 (C−O asymmetrical stretching) 
of the esters and 1541 cm–1 (N−H angular deformation) of 
amide II were the parameters that most contributed to the 
identification of maturation time (Figure 4a). This behavior 
can be explained because during cheese maturation the 
proteins and triglycerides are hydrolyzed by milk proteases 
and lipases, respectively, resulting in the release of peptides 
and free fatty acids.

For the FTIR-ATR spectra of the crumb fraction, 
matrix A2 data, the Forward method was the best fit for 
the MLR model. For the cheese fraction in the calibration 
step, 11 parameters were part of the model (Figure 4b), 
with R2 of 0.92, RMSEC of 6.7 days, correlation of 0.959. 
The validation of the data presented R2 = 0.82, RMSEV 
of 8.1 days, correlation of 0.90, RPD of 2.4 and RER of 
7.27. The results for the crumble fraction using FTIR-ATR 

Figure 3. Score plot of Minas artisanal cheese samples for (a) rind and (b) crumb for the analytical measurements data.
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presented models with little practical utility to predict the 
studied maturation times.

The crumb fraction spectra showed intensity 
variations at peaks: 2918 (asymmetrical stretching (CH2)), 
2851 (symmetrical stretching (CH3)), 1449 and 1399 
(angular deformation, “scissors” (CH3)), and 1314 cm–1 
(angular deformation, “scissors” (CH2)) which are 
groups associated with aliphatic chains in the fatty acid 
and 1541 cm−1, associated with the vibrations angular 
deformation (N−H) attributed to amide II, and these peaks 
contributed mostly to the formation of the regression model 
to predict the maturation times (Figure 4b).

When MLR was applied to the analytical measure 
data for the fractions of crumb and rind, matrices A3 
and A4, respectively, the Forward method was the best 
fit. The application of the MLR to the data obtained 
from the analytical measurements allowed to obtain 
a mathematical function able to identify the cheese 

maturation time. For the rind fraction in the calibration 
step, a determination coefficient of 0.94, an RMSEC of 
5.5 days and a correlation of 0.97 were obtained, which 
indicate a good accuracy of the cheese maturation time 
prediction model. Of the 9 variables that make up the 
regression model, humidity and acidity were the variables 
that most contributed to the prediction of maturation 
times. Although the data of the analytical measurements 
suggested that the humidity was an important factor in 
the determination of the time of maturation in the MLR 
analysis, the absorbances related to the vibration of water 
in the FTIR-ATR, regions of 3766, 3657 and 1595 cm−1, 
were not considered determinant to the estimation of the 
time of maturation.

Figure 5a displays the correlations between the 
predicted and real maturation times, the R2, RMSEV, 
RPD and RER of the validation step, the results displayed 
indicate the model is limited to predict the maturation time, 

Figure 4. Regression coefficients with the respective wavenumbers that make up the regression model for (a) rind and (b) crumb for FTIR-ATR data.

Figure 5. Regression models showing the correlation of predicted times with actual maturation times of (a) rind and (b) crumb for analytical measurements 
data.
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similar result to the MLR of the FTIR-ATR data for the 
rind fraction, concluding that this method is not suitable 
to predict the maturation time of the cheeses using the 
rind fraction.

The crumb fraction resulted in a good predictive model, 
requiring 7 parameters to predict or identify the maturation 
time. The MLR technique was adequate for the objective 
proposed in this work, presenting a high R2 value of 0.93, 
RMSEC of 5.55 days and correlation of 0.96 in data 
calibration. Figure 5b displays the results of the validation 
step. The results indicate that the crumb fraction is more 
adequate to predict the maturation time.

Partial least squares regression

Two PLS models were obtained, one for the rind 
fraction and one for the crumb. Considering the 
sensitivity of the FTIR-ATR analytical technique, good 
results were obtained for the analyzed fractions. The 
determination coefficients for data calibration were 0.81 
and 0.90 for rind and crumb, respectively, indicating 
good accuracy of the prediction models. It took 5 and 
4 latent variables for rind and crumb, respectively, 
to explain the data variation. The smaller number of 
significant latent variables makes the model more robust 
to predict values with a low associated error (RMSE), in 
which for the rind the RMSEC was 8.6 days and for the 
crumb 6.6 days. The results for the crumb fraction were 
confirmed by the good correlation between the predicted 
and observed values (Figure 6b). The most important 
variables in the prediction of maturation times were the 
peaks present in the regions of amide I: 1697-1677 cm−1 
(stretching (C=O)), 1358-1310 cm−1 (angular deformation 
“scissors” (CH2)) and 1237-1177 cm−1 (symmetrical 
stretching (C−O)), corresponding to esters and lipids of 

the shell fraction. For the crumb, 1628-1564 cm−1 regions 
associated with amide I and amide II, and 1374-1311 cm−1 
(angular deformation scissors (CH2)) and 1184-1135 cm−1 
(symmetrical stretching (C−O)) regions associated with 
esters and lipids, confirmed that protein and lipid variables 
change during cheese maturation and may differentiate 
them according to the maturation time.

Scatter plots (Figure 6) illustrate the correlation between 
actual maturation times and those predicted by the model 
of the analyzed fractions. Overall, FTIR-ATR performance 
can be considered superior in determining maturation times 
by obtaining fast data and without sample preparation, 
because the results of this technique were similar to the 
results obtained by the analytical measurements for the 
crumb fraction. Thus, this technique can be pointed as the 
most suitable for the investigation of the maturation time 
of the studied cheeses.

Commercial samples

Commercial samples were screened by applying PCA 
applied to FTIR-ATR data and analytical measurements to 
see if they behaved like half-matured or matured cheeses 
(Figure 7).

In a first observation it was possible to identify that the 
majority of the samples behaved like half-matured cheeses 
for the data obtained for the two fractions.

From these observations, it was possible to identify 
the maturation times of these samples, testing the general 
capacity of the models validated for FTIR-ATR data. 
Based on figures of merit, RMSEV, R2, RER and RPD, 
PLS was the most adequate method to verify the validation 
of the commercial samples for the crumb fraction using 
FTIR-ATR data. Among the commercial samples of cheese 
analyzed, 58% presented different time of maturation of the 

Figure 6. Predicted and actual values of cheese maturation time for validation data for PLS regression of (a) rind and (b) crumb for FTIR-ATR data.
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time displayed on the package and 42% had declared values 
below the RMSEV (5.3 days). The commercialization of 
these cheeses obtained from raw milk with maturation times 
lower than the necessary for the reactions to inactivate the 
pathogenic microorganisms can risk the consumer’s health. 
The methodology developed in this work presents great 
potential of application, for it can estimate rapidly the time 
of maturation of the cheeses, it can serve as a triage analysis 
to allow the inspection of a larger number of products. In 
the cases of inconsistencies between the values declared 
and estimated by this method, conventional techniques can 
be applied to confirm the results, improving the security 
to the consumer. However, it is important to consider 
the limitations of the calibration methods (few samples, 
relatively high prevision error, etc.), for that reason the 
authors inform that the methods developed in this work 
will be kept active and updated to assure its efficiency for 
future needs of analysis as new samples of cheese become 
available.

Conclusions

The study indicates viability and efficiency of the 
use of FTIR-ATR associated with chemometrics in the 
prediction of the maturation of Minas artisanal cheeses. 
The predictive model obtained by PLS was able to predict 
the time of maturation of commercial samples using 
the crumb fraction of the cheeses, indicating that this 
technique can be used as a rapid triage analysis to predict 
the time of maturation of the cheeses for large numbers 
of samples to verify.

This study confirms the technical adequation of the 
FTIR-ATR technique to predict the maturation of the 
cheeses. Although it does not eliminate the necessity of 
more detailed chemical analysis, it can help on the selection 
of samples that present discrepancies between the labeled 
and model time. Furthermore, the developed models will 
be kept active and updated to ensure the reliability of these 
results.

Figure 7. Score plot of Minas artisanal cheese samples and commercial samples for (a) rind and (b) crumb, using FTIR-ATR and (c) rind and (d) crumb 
data from analytical measurements.
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