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FTMIR-PLS as a promising method for rapid detection
of adulteration by waste whey in raw milk

Simone Melo Vieira1 & Letícia Maria de Souza2 &

Adriana Silva França1 & Leandro Soares Oliveira1 &

Waldomiro Borges Neto2

Received: 3 February 2015 /Revised: 8 July 2015 /Accepted: 16 July 2015 /
Published online: 18 August 2015
# INRA and Springer-Verlag France 2015

Abstract In this paper, we propose a feasible, sample preparation free and fast
validated methodology for the detection and quantitative analysis of Minas Frescal
cheese waste whey as an adulterant in raw milk using mid-infrared spectroscopy with
Fourier transform (FTMIR) along with the chemometric technique of partial least
squares (PLS). The PLS model was built in accordance with Brazilian and international
guidelines and was analytically validated through the estimate of figures of merit
parameters, in accordance with ASTM E1655-05 standard. This model showing an
effective and feasible method for quality control of raw milk can be adopted for the
quality control by regulatory agencies, as shown by the satisfactory results obtained for
all estimated figures of merit with no systematic errors and low errors, with R=0.99.
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1 Introduction

Cow’s milk is an important component of the human diet because of its high
nutritional value. Its nutritionally balanced composition makes it one of the
most complete food available (Pereira 2014 Michalski and Januel 2006).
However, the dairy market faces problems related to quality and safety of
raw milk (RM) because of adulteration by adding substances with lower
economic and nutritional value often occurs. Recently published studies indicate
that milk is one of the most common foods involved in fraud occurrences
(Aquino et al. 2014 Carvalho et al. 2007).

Minas Frescal cheese waste whey (MFCW) is a waste from Minas Frescal
cheese production whose disposal is an issue of increasing importance (Carvalho
et al. 2013). It is frequently used for performing this type of adulteration, since a
large volume of this effluent is generated (Moore et al. 2012). The detection of
this fraud is still difficult to be performed by the supervisory organizations due
to similar physicochemical characteristics between MFCW and RM.

The analytical methods commonly used to detect this sort of adulteration
correspond to detection of sialic acid, detection of glycomacropeptide (GMP),
electrophoretic methods, immunological assays, and chromatographic techniques
(Carvalho et al. 2007). These traditional analyses require a large volume of
sample, are time-consuming, and demand the use of expensive and toxic
chemical reagents which produce waste that can compromise the environment.
Thus, it is necessary to develop simpler and faster techniques that do not
generate chemical waste to be discarded into the environment and are able to
accurately detect the presence of whey in milk. In this context, Fourier trans-
form infrared spectroscopy (FTIR) has been used as an analytical method
providing fast and satisfactory results and requiring only a small amount of
sample without previous preparation.

Analytical validation is a requirement of ISO Guide standard (NBR ISO/IEC
17025: 2005) so that the methodology can be considered robust and reliable
(Valderrama et al. 2007), and it is a fundamental condition for the PLS model
that can be used by the dairy industry to investigate the quality of milk (DQO-
CGRE-008 2003). The validation of multivariate calibration models is obtained
through the calculation of accuracy, selectivity, sensitivity, analytical sensitivity,
linearity, the standard deviation, and the test of systematic errors; such param-
eters are known as “figures of merit” (Souza et al. 2014). Notably, a validated
methodology involving detection of MFCW in RM had not been previously
proposed.

In this work, we have focused on the development and validation of a PLS
model using FT-MIR data applied to detection and quantification of MFCW in
RM samples over the concentration range 6.0–28.0 % (w/w), estimating the
figures of merit in accordance with international and national guidelines (ASTM
E1655-05 2012; Thompson et al. 2006). The range relating to adulteration was
chosen according to the history of adulteration by MFCW in RM that often
occurs in southeastern Brazil.
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2 Materials and methods

2.1 Sampling and MIR spectroscopic data collection

For sample preparation, we used raw milk from cattle herds from Triangulo Mineiro
region in Southeast Brazil, collected over a 2-week period, and MFCW obtained from
the artisanal Minas Frescal cheese production from Triangulo Mineiro region for
artificial adulteration of RM. A total of 67 RM samples were artificially adulterated
with MFCW over the range 6.0–28.0 % (w/w) and stored in glass vials with a final
volume of 5.0 mL. Samples were mechanically homogenized using PHOENIX AP-56/
8821 mechanical agitator (speed approximately 250 rpm) and kept under refrigeration
at 5.0 °C for a maximum period of 36 h (ISO 707|IDF 50 2008).

MIR spectra were acquired in triplicate using Perkin Elmer Spectrum. Two spec-
trometer equipped with a horizontal attenuated total reflectance accessory of Zn/Se
crystal (HATR-ZnSe), over the region of 4000–600 cm−1, at 4 cm−1 resolution over 16
scans, using 0.5 mL of each sample placed on the HATR-ZnSe crystal to obtain the
spectra. The spectral baselines were corrected using the baseline method for the ranges
2600–1900 and 3750–3100 cm−1 for both data matrices. Immediately before obtaining
the spectra, the samples were mechanically homogenized again, to ensure efficient
mixing between RM and MFCW.

2.2 PLS model building and analytical validation of methodology

In order to obtain the data matrix to build the PLS model, the absorbance values of each
sample in the region between 3750 and 760 cm−1 were used. The data set was mean
centered and the leave-one-out method employed for cross-validation. Matlab 6.1
(Mathworks Inc.) software and PLS Toolbox 3.5 (Eigenvector Research) were used
to derive the PLS models.

PLS model was constructed with a calibration set consisting of 43 samples and test
set consisting of 24 samples. Prediction set was completely independent of calibration
set. The number of samples for calibration and validation sets used to build the PLS
model were determined according to ASTM E1655-05, which indicates that the
minimum number of samples for the calibration set must be equal to 6(k+1) for
mean-centered data (where k is the number of latent variables) and the prediction set
must be equal to 4k (ASTM E1655-05 2012).

The number of latent variables was selected according to the percentage of variance
that was observed in the X (absorbance) and Y (adulterant concentration) blocks on the
joint comparison containing the plot of the root means square error of cross-validation
(RMSECV).

The outlier was detected by comparing the high values of the absolute errors in the
individual samples with the root means square error of calibration (RMSEC) and
evaluating the high leverage values and Q residuals at 95 % confidence (Walczak
and Massart 1998; Valderrama et al. 2009; Silva et al. 2012).

Analytical validation of PLS was performed through the calculation of parameters
denominated figures of merit using net analyte signal (NAS) (Lorber et al. 1997; Ferré
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et al. 1997), in accordance with INMETRO, ISO guides, and ASTM standard for
multivariate quantitative analysis of infrared data (DQO-CGRE-008 2003; ISO/IEC
17025 2005; ASTM E1655-05 2012). NAS was first proposed by Lorber et al. (1997)
and has been widely discussed in the literature (Souza et al. 2014; Ferré et al. 1997) and
defined as the part of the analytical signal uniquely related to the analyte of interest and
orthogonal to the interferences.

The accuracy (Eq. 1) which corresponds to the degree of agreement between the
reference value and the predicted value using the PLS model (Souza et al. 2014) was
determined by calculating the RMSEC, RMSECV, and root means square Error of
Prediction (RMSEP). The elliptical joint confidence region was held for the evaluation
of systematic and random errors (Souza et al. 2014).

Linearity corresponds to the ratio between the MFCW concentration values predict-
ed by PLS model and the real values of MFCW concentration for each sample which is
calculated by Eq. 2. The fit graphs of PLS model were obtained correlating the real
values with the predicted values from the prediction set and using the graph of real
values versus the NAS norms (Souza et al. 2014; Silva et al. 2012; Lorber et al. 1997).

The NAS value was applied to calculation of selectivity, and this parameter was
related to the determination of the amount of the instrumental signal that was used by
the model for the determination of the MFCW, as shown in Eq. 3 (Souza et al. 2014;
Silva et al. 2012).

Equation 4 was used to calculate the sensitivity parameter, defined as the signal
fraction responsible for the increased of one unit of concentration for MFCW (property
of interest in sample) (Lorber et al. 1997; Rocha et al. 2012).

Analytical sensitivity (Eq. 5) corresponded to the ratio between sensitivity and the
estimated standard deviation of instrumental noise (δx), and the inverse of this param-
eter (γ−1) expressed the minimum difference in concentration that can be discernible by
this method, considering the instrumental noise as the only source of error, whatever
the technique employed (Souza et al. 2014; Rocha et al. 2012; Lorber et al. 1997). δx
was obtained using nine replicate spectra of the RM free of addition of MFCW,
following the IUPAC recommendations (Thompson et al. 2006).

The value of “bias” used to investigate the presence of systematic errors in PLS
model was obtained using Eq. 6, calculated from the difference between the mean and
references values, and are the components of error that are not random. The standard
deviation validation value (SDV) characterizes the dispersion of predicted adulteration
values by validation set and was calculated by Eq. 7 (Souza et al. 2014; Silva et al.
2012).

ASTM E1655-05 standard mentions that the investigation of systematic errors
should be performed using a t test (Eq. 8) for validation samples at 95 % confidence
and degrees of freedom equal to the number of prediction samples (ASTM Standard
E1655-05 2012).

3 Results and discussion

The spectral profiles of the samples (Fig. 1) show many similarities in absorbance
bands and little variations, and these variations in absorbance of certain regions are not
directly related to variations in adulterant concentrations, requiring chemometric tools
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that allow the quantification of MFCW in RM. However, the slight increase in
absorption bands were observed at 1620 cm−1 which can be correlated to absorption
of β structures of the proteins present in the β-lactoglobulins which are dispersed in
MFCW.

Fig. 1 MIR spectra of samples of raw milk (RM) adultered with Minas Frescal cheese whey (MFCW)
adulteration levels from 6.0 to 28.0 % (w/w)

Table 1 Figures of merit parameters calculated for the PLS model prediction Minas Frescal cheese whey
(MFCW) in raw milk (RM) samples

Figures of merit Equations Parameter Value

Accuracy RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

∑n
i¼1 yi− ŷið Þ2

n

q

(Eq. 1) RMSEC (% w/w)
RMSECV (% w/w)
RMSEP (% w/w)

0.11

0.16

0.18

Linearity R ¼ ∑n
i−1

ŷi
yi

�

�

�

�

n : (Eq. 2) R 0.99

Selectivity SELi ¼ bnasi
xik k (Eq. 3) (%) 0.01

Sensitivity SêN ¼ 1
bkj jj j (Eq. 4) 0.11

Analytical sensitivity γ ¼ SêN
δx (Eq. 5) 38.67

Inverse of analytical sensitivity 0.38

Systematic error bias ¼ ∑nval
i¼1 yi−ŷið Þ
nval

(Eq. 6) Bias 0.04

Standard deviation 0.18

SDV ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

∑ yi−ŷið Þ−bias½ �2
nval−1

q

(Eq. 7) Degree of freedom 24

tcalc 1.33

tbias ¼ biasj j ffiffiffiffiffi

nval
p

SDV (Eq. 8) tcrit 2.06

In Eqs. 1 and 2, ŷi is the predicted value using the PLS model, yi is the reference value for the sample I, and n
is the number of samples. In Eq. 2, nâsi is the norm of the NAS vector and xi is the norm of each spectrum. In
Eq. 3, b is the vector of final regression coefficients, which can be obtained by any multivariate method
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The equations used to calculate the figures of merit and parameters estimated are
shown in Table 1. The PLS model was built using six latent variables and showed a
good fit between the predicted and measured values, with R=0.998 (Fig. 2).

The ratio between Q residual and leverage values was used to verify the presence of
outliers in the PLS model. We observed that none of the samples was considered an
outlier in the IR region evaluated, with 95 % confidence limits. In addition, no outlier
was detected by high absolute errors of the individual samples upon comparing the
RMSEC value for model.

The results achieved for the figures of merit have confirmed the accuracy and
linearity of the model; PLS model showed low values of RMSEC, RMSECV, and

Fig. 2 PLS model fit for raw milk (RM) samples adulterated by Minas Frescal cheese whey (MFCW)

Fig. 3 The elliptical joint confidence region (EJCR) for the slope and intercept of the regression of predicted
concentration versus the reference values. The ideal result consisting of intercept=0 and slope=1 is shown by
point, whereas the experimental result for PLS model is indicated by asterisk, with a=0.9986 and b=0.0730
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RMSEP and was considered acceptable and efficient for quality control of RM and
detection of MFCW adulteration at range of 6.00–28.00 % (w/w).

The elliptical joint confidence region (EJCR) test was applied to the estimated
intercept (b) and slope (a); these data were compared with the ideal values of b=0
and a=1. In this case, an ordinary least squares fitting of the prepared concentration
values versus the predicted concentration values for model was used. Figure 3 shows
the EJCR for the results of the PLS model, which noted the lack of significant
difference between the values of concentration of artificial adulteration and the PLS
predicted concentration values, and that there was no evidence of bias within the 95 %
confidence level with b=0.0730 and a=0.9986. Therefore, the PLS model was able of
quantifying MFCW in RM.

Linearity parameter was evaluated using errors obtained from the PLS model, as R
value, as shown in Fig. 2. However, the linearity can also be expressed in relation to the
NAS values; the equations in Fig. 4 are particularly useful in routine analysis, where the
analyst can view the PLS model in a univariate way.

PLS model showed no systematic errors by the t test which was applied to assess
whether the bias included in the model is significant. In the PLS model, tcalc<tcritc for
the degree of freedom equal to 24, which corresponds to the number of prediction
samples.

4 Conclusion

This paper proposes an efficient, low-cost, fast, and sample preparation-free method-
ology to determine adulteration by addition of cheese waste whey in raw milk. The PLS
model was built based on the FT-MIR spectroscopy of a representative set of samples
of RM containing 6.0–28.0 % (w/w) MFCW. The method was validated, as shown by
the satisfactory results obtained for all estimated figures of merit with no systematic

Fig. 4 Pseudo-univariate calibration curve. Plot of the norm of the NAS versus reference values for the
calibration and validation samples for raw milk (RM) with Minas Frescal cheese whey (MFCW)
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errors. Moreover, the proposed method presents other advantages, such as simplified
procedure, no need for reagents or solvents, and less generation of chemical waste.
Therefore, this HATR-MIR-PLS methodology demonstrates great potential as an
attractive alternative for the quantification of MFCW in RM and can be adopted as
an efficient method for the quality control of milk by regulatory agencies.
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