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Abstract

Commercial potato chips offer diverse compositions, while the nutritional label verification of chips batches by official methods is difficult. Thus, alternative technology is required. Nutritional label information is commonly provided as percentages of several nutritional categories. These correspond to data mathematically so-called compositional, for which specific statistical methods have been developed. 
Near-infrared spectroscopy is a rapid and non-destructive technique proven as useful in many different applications in the food industry. However, the need for the specific treatment of the compositional references used with NIRS methods has been considered, so far, in a few recent studies only. The present study proposes the methodology for measuring the nutritional label components of potato chips fat. Compositional calibration models based on visible and near-infrared spectroscopy were fitted by partial least squares. They were used to estimate the composition of saturated, monounsaturated, and polyunsaturated types of fat, as well as their total fat. This study proposes a useful compositional method for measuring the components of the potato chip's nutritional label or its verification.
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1. Introduction

The nutritional composition of tubers of Solanum tuberosum presents little variability, despite being one of the crops with the highest number of cultivars. This is because carbohydrates and water are its essential constituents, with lipids and proteins being of little relevance. Thus, from the nutritional point of view, the most relevant factor in the diversity of fried potato chips in the market is the type of vegetable oil or fat used for frying, which determines the fat composition of the product. Besides, there are different types of potato chips regarding shapes, flavors, and other characteristics, whose nutritional value is little. Interesting is to highlight the industrial frying involves changes in the nutritional features of the products. 
Regarding the above, the nutritional label provides information to consumers. It is compulsory in the European Union since 13 December 2016. The standards of the European Union (CE, 2011) settle the duty to the producers of providing nutritional information as part of the compulsory food information to the consumer. This includes energy value, total fat contents, saturated fatty acids (SFA), carbohydrates, sugars, proteins, and salt. The information on other nutrients, such as monounsaturated fatty acids (MUFA), polyunsaturated fatty acids (PUFA), trans-fatty acids, vitamins, and other healthy compounds, are considered as voluntary by the standard. 
Total fat content and the SFA, PUFA and MUFA types of fat are relevant in potato chips products. Concerning this, the most common information included up to date by the producers is total fat and saturated fat, although some products also provide information on MUFA and PUFA. The unfavorable effects of SFA on cardiovascular health are widely proven, as well as the positive effects of MUFA (Hernáez et al., 2017; Schwingshackl and Hoffmann, 2014). Saturated fatty acids are those without any unsaturation within their chain. MUFA are those FA with a single unsaturation in their carbon chain. Oleic acid (C18:1) and palmitoleic acid (C16:1) are the major MUFA in chips. Oleic acid unsaturation locates after the carbon 9, and it is commonly named (-9. PUFA contains more than one double bond in its backbone. Good human health requires a minimum quantity of these compounds in the diet, such as the essential FA linoleic (C18:2), (-6, and linolenic (C18:3), this last called (-3. Linoleic acid is often present in vegetable oils, which may include also palmitic acid (C16:0), stearic acid (C18:0), and small quantities of other fatty acids as arachidonic (C20:0), and behenic (C22:0). Other possible relevant compounds, like cholesterol, can be also facultative provided. Therefore, the packaging of potato chips must show nutritional information concerning their fat classes. 
However, analyzing all batches of foodstuff by the official methods is difficult. Besides, it is important to verify compliance with the nutritional labeling regulations of the European Union of products imported from external countries. Therefore, rapid technologies for nutritional labeling and, particularly for its verification, are required.
Near-infrared spectroscopy (NIRS) is a fast and non-destructive technique proven useful in many different applications in the food industry. NIRS is respectful of the environment since it does not require solvents or reagents (Cayuela and García, 2017). Routine analysis by NIRS includes a wide range of foods (Flinn, 2005; Norris, 2005).  Besides, research on NIRS methods is extensive. The search in scientific databases by keyword ‘NIR’, and filtering by ‘food’, provides more than six thousand items, including more than three hundred review items. 

Nutritional label information is commonly provided as several categories expressed in percentages. Percentages are the most representative case among the data so-called compositional. These stand for all kinds of multivariate data representing parts of some whole and, thus, carrying only relative information. This implies that values in each part have meaning only about the other parts. The nutritional label components, consisting of mutually exclusive nutritional components and expressed as percentages, correspond to this case. Percentage compositions are a restricted subset of the real space made up of vectors with positive values ​​that add up to 100. This type of subset is called a 'simplex' space. Analysis and modeling of compositional data present some difficulties, such is in correlations, distances, and others that are defined in the geometry of ordinary real space. The direct use of conventional statistical and chemometrics methods with compositional data has been shown to introduce distortions. Some of the most frequent are negative bias in the correlation measures, singularities of the covariance matrix, prediction outside the range of possible values, ​​and change of results for different measurement units. These problems may involve misleading scientific conclusions. Aitchison (1986) introduced a methodology based on the use of logarithmic ratios (LR) between the parts of the composition, which has been developed later. An essential aspect of the LR is that the information of the compositions is contained in relationships between its components. Importantly, LR ensures also that results do not depend on units of measurement. The transformations LR project the compositional data into the real space, where statistical methods, models, and ordinary graphs can be used in logarithmic relationship coordinates (Aitchison, 1986; Pawlowsky-Glahn et al., 2015; Van den Boogaart & Tolosana- Delgado, 2013). 
It has been reported the suitability of NIRS for quality and composition analysis of potato chips by several authors (Suthatta et al., 2017; Pedreschi et al., 2010; Shiroma and Rodríguez-Solona, 2009, among others). Despite this background, using NIRS for the specific purpose of food nutritional labeling is almost absent in the literature.  Besides, the need for specific treatments for the compositional data used in NIRS multivariate calibrations has only been considered in a recent study on olive oil nutritional labeling (Cayuela et al., 2019). The convenience of applying compositional methods of multivariate analysis is missing in studies other than the referred, up to our knowledge. Thus, the need for suitable treatment of compositional data for the build of Vis/NIR predictive calibrations, in general, is a newly emerging approach. This study set up and evaluated a methodology for measuring the fat type components of the nutritional label of potato chips, by using Vis/NIR spectroscopy together with compositional data methodology. 
2.
Material and Methods
2.1. Potato chips products

Samples of potato chips from the different commercial types were used in the study. The robustness of NIRS predictive models for one analyzed feature depends on its statistical range. Therefore, the selection of the potato chips commercial samples had as one of the targets obtaining a diversity of their nutritional composition as wide as possible. Thus, the samples integrated wide diversity, including products from the frying process with several vegetable oils and flavors. 
The performance of the predictive models was assessed by predictive exercises. For this purpose new samples were acquired from different manufacturers than the samples used to calibrate, providing external validation sets. 
 2.2.
Spectra Acquisition
The spectra from the samples were registered with a spectrometer Labspec (Analytical Spectral Devices Inc., Boulder). Labspec has separate detectors for different wavelength ranges. The range 350-1000 nm, including a short interval in the ultraviolet (350nm-380nm) and the visible (400nm-780nm), as well as a part of the near-infrared (NIR) wavelengths (781nm-1000nm), is analyzed by a fixed reflective holographic diode array with a sensitivity of 512 pixels. A holographic fast scanner InGaAs detector cooled at -25 ºC covers the NIR wavelength range of 1000nm-1800 nm. The same detector coupled with a high order blocking filter analyzes the NIR interval 1800nm-2500 nm. The spectrometer has an internal shutter and offsets correction automatically. The scanning speed is 100 ms, and the repeatability is 6.00 10-4 cm-1 mol-1 (standard deviation on the average absorbance, between 350 and 2500 nm, of five measures of a white tile). 
Two alternative methods with 1) fractionated and 2) ground chips products were evaluated. For this purpose, 1) the spectra were registered by reflectance first directly from each sample of potato chip commercial product after fractionating them to slightly homogenize the size and shape of the sample. Later, 2) the replicate samples from each chip product before used were ground into powder by a manual mortar, then registering their spectra. The spectra were registered with two replicates scans from each sample for both alternative methods. 
The registering of spectra was by using a ‘Sample Turn Table’ accessory (Analytical Spectral Devices Inc., Boulder) with standard SMA 905 optical fiber connectors (Figure 1). An averaged spectrum in reflectance mode was registered from each sample held in a quartz Petri dish, whilst turning the 'turntable' device. The configuration of the software was for 10 scans of spectra with a continuous acquisition, and automatic averaging to form a single spectrum from each sample. The registering was controlled by Indico Pro software (Analytical Spectral Devices Inc., Boulder). The resolution of the spectra was 1 nm.  The registering time was less than a minute for each chip product, all steps included. 
Figure 1
2.3.
Reference Analysis
All the reference analyses were carried out for both the samples of the calibration and external validation sets from the chips samples ground. The reference values thereby obtained were the same used for the calibrations with fractionated chips. 
2.3.1. Fat Content

The oil content from each chip product was extracted by the Soxhlet method. Hexane was used as the solvent. For this purpose, paper cartridges were prepared with the powder from each replicate sample ground. Then, they were extracted (5.5 h) in 250 mL Soxhlet extractor units, with cartridge diameter 35 mm and length 75 mm approximately. The hexane remaining in the fat was removed by vacuum extraction on a rotary evaporator. A water bath at 40 ºC and tap water circulating through the refrigerant circuit was used to establish a suitable temperature gradient. The flasks containing each sample were weighed once at room temperature, to gravimetrically determine their fat content. It was expressed as the fat percentage total regarding the commercial product (TF). Then each fat sample was disposed into 4 mL vials, hermetically closed, and stored at 4 ºC until their FA analysis. The FA compositions were analyzed during a week after the fat samples extraction.

2.3.2. Fatty acids composition 

The fatty acids (FA) compositions were analyzed by gas chromatography (GC) according to the IUPAC Standard Method (IUPAC, 1987) as fatty acid methyl esters (FAME). For this purpose 100-130 mg of the sample of fat from the potato chips was dissolved in 2 mL heptane. Then the sample was trans-esterified using 500 (L methanolic potassium hydroxide 2N. The supernatant was collected after decanting. GC analysis was performed with an Agilent 7697A gas chromatograph (Agilent Technologies, Santa Clara). A capillary column (poly (90% biscyanopropyl−10% cyanopropylphenyl) siloxane, 60 mÅ, 0.25 mm (i, and 0.20 μm film thickness) was employed. Flame ionization detector (FID) with automatic split injection was used. The injection volume was 1 μL. Hydrogen at a flow rate of 1 mL min–1 was the carrier gas. The injector and detector were fixed at a temperature of 225°C and 250°C respectively. The oven was programmed at a beginning temperature of 180 °C (10 min), with a rate of increase of 3 °C min–1 up to 220 °C (10 min). Fatty acids were expressed as percentages.

The SFA, MUFA, PUFA, and total unsaturated fatty acids (TUFA) percentages were arithmetically calculated from the analyzed FA values. Thus, SFA was the sum of percentages of the FA caprylic (C8:0), capric or decanoic (C10:0), lauric (C12:0), miristic (C14:0), palmitic (C16:0), stearic (C18:0), arachidic (C20:0), behenic (C22:0), and lignoceric (C23:0). MUFA was the sum of percentages of the FA palmitoleic (C16:1), heptadecenoic (C17:1), oleic (C18:1), and eicosenoic (C20:1). PUFA was the sum of percentages of the FA linoleic (C18:2), and linolenic (C18:3). TUFA was the sum of percentages of MUFA and PUFA. All the reference analysis was carried out at the Instituto de la Grasa (CSIC).

2.4. Data chemometrics pre-treatment


The spectra both of the fractionated chip samples and from their powder were treated by the same procedures.  First, the spectrum replicates of each sample were averaged and the spectral variables were reduced at 8 nm intervals. The reflectance data of the whole spectra were mean normalized. Then they were transformed to absorbance and treated by Savitzsky-Golay first derivative with polynomial order 2 and smoothing point 3. The suitability of these treatments has been previously reported (Cayuela, García, Moreda, & Pérez, 2015). These data pretreatments were carried out with The Unscrambler 9.7 (CAMO Software AS, Norway).
The NIR and Vis/NIR spectral data of the chips products were analyzed by principal component analysis (PCA). The original variables may have some correlation among them, as it is the case with the Vis/NIR wavelengths. These last are called Principal Components (PC) and are established from the original variables. The PCA allows evaluating the coherency of a set of samples according to uncorrelated variables. The two first principal components account usually the highest percentage of the total variability in the original data. They were used to visualize a scatter plot of the nut products samples. The PCA analysis was made with The Unscrambler 9.7 (CAMO Software AS, Norway).
2.5. Compositional modeling 

Fat compositional models were fit for the 3-part composition of the chips products fat by amalgamating the FA into SFA, MUFA, and PUFA. They were analogously represented by two ILR coordinates [image: image1.png]ILRgyy
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 according to the following equations:
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The additional class total unsaturated fatty acids (TUFA), was arithmetically calculated by adding PUFA and MUFA. 
The total fat percentage of the chips products (TF) was treated as a separate 2-part composition according to the following equation:
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Note that it is possible to define alternative ILR representations, but they all are orthogonal rotations of each other and would lead to the same results in terms of the original composition. 

The compositional calibrations were fit by partial least squares (pls) method. For this purpose, the compositional reference data were analyzed and transformed into isometric log-ratio (ilr) coordinates by using CoDa pack 2.02.21 software (Comas-Cufí and Thió-Henestrosa, 2011).  The ilr variables of the calibration sample sets were joined to the spectral database using The Unscrambler 9.6 (Camo, Norway). Then, pls calibrations were fit for each ilr-coordinate using this last software. Spectral variables were selected for the pls calibrations. For this, consecutive cycles eliminating those wavelengths which coefficient of regression with the ilr was closed to 0, were carried out. The number of cycles was as required for optimizing the squared cross-validation coefficient (R2cv), which was used to evaluate the calibrations fit. 
2.6. Evaluation of the compositional models' performance

The pls calibrations from ilr-coordinates were assessed by exercises for predicting the nutritional components on the external validation sets. The validation sets were formed with the samples acquired on the market for this purpose. The predictions of the ilr-coordinates were assessed according to their residual prediction deviation (RPD). As well, the coefficients of correlation between the reference and predicted ilr were considered.
The values of ilr-coordinates provided by the predictions were exported to CoDa pack software. Then, they were inverse-ilr transformed into the corresponding compositional values. The compositional models were assessed in terms of the coefficient of regression (r) between the compositional predictions and the reference analysis values of the external validation sets.
3. Results
3.1. Chips Products Spectra

The ultraviolet (350-380nm) and visible (380-780 nm) parts of the analyzed spectra did not provide relevant wavelengths, despite they show an absorbance maximum at 360-380 nm (see Figure 2) which in part could correspond to aromatic compounds, according to absorbance data described (Taniguch and Lindsey, 2018), perhaps related to compounds produced in the frying process. 
The combination of fundamental vibrations, mainly carbon-hydrogen, provides to near-infrared spectra with various overlapping bands, because of their first and second overtones (Shenk, Workman, & Westerhaus, 2001). At 1900 nm is observed a large peak matching to water. According to Salgó and Gergely (2012), carbohydrates peaks are detected in three wavelength regions: (i) between 1585 and 1595 nm, (ii) from 2270 to 2280 nm, and (iii) from 2325 to 2335 nm. This latter probably relates to the combination of the bond vibration of the C-H stretch and the C-H deformation. Water-soluble carbohydrates such as fructose, glucose, and sucrose show distinct absorption bands around 2275 nm (Chung and Arnold, 2000) due to combinations of O-H stretching and C-C stretching vibrations (Osborne and Fearn, 1986). Fat absorption bands in products from potatoes depend mainly on the type of plant oil, or animal fat, used in their elaboration. The potato chips products included in the present study had a fatty acid composition mainly associated with sunflower oil. Sunflower oil of high oleic acid content was present in some samples, as well as olive oil and a few cases of palm oil. Main near-infrared absorption bands of vegetable oils have been described by Hourant, Baeten, Morales, Meurens, & Aparicio (2000). A broad absorbance band exists around 1220 nm, probably due to second overtones of C–H and CH=CH– stretching vibrations from oil. There is a high-intensity absorbance peak about 2300 nm, caused by a combination of fundamental vibrations from the C-H groups present in FA (Hourant, Baeten, Morales, Meurens, & Aparicio, 2000). The bands above referred were present approximately at the same wavelengths in the potato chips products. The absorbance spectra of the potato chips samples fractionated are shown in Figure 2. 
Figure 2

3.2. Descriptive Statistics

The descriptive statistics of the fat types, of the potato chips samples used in this study, are shown in Table 1. The percentages of total fat in the calibration set ranged between 31.12 and 39.41. Regarding fat composition, SFA ranged from 3.69 to 9.99, MUFA between 9.67 and 56.65, PUFA from 5.61 to 28.14, and TUFA from 26.59 to 75.90. The average percentage content of total unsaturated fat was larger than saturated fat (60.45 vs. 7.24, with PUFA and MUFA the major contributors with close values (30.50 and 29.96, respectively). The highest relative variation was shown by PUFA (SDg [image: image6.png]


 16.28). SFA was by far the smallest component, with mean 7.24 in the calibration set. These statistics match with the fact that a major part of the potato chips samples analyzed used high oleic sunflower or normal sunflower oils in the frying process, according to the indications of their labels.                           
Table 1
3.3. Principal Component Analysis
Once spectra were registered from both methods of preparation, PCA of the spectral data was carried out for potato chips samples 1) fractionated, and 2) ground. The PCA from the spectra of fractioned potato chips shows one segregated sample at the right of the PC1 axis, with a value higher to 1 (Fig. 3a). This sample complies with the criteria of a spectral outlier. The PCA from samples ground provides a dispersion pattern different compared to the previous one (Fig. 3b). The distance of two of the sample ground, located at the upper central part of the PC2 axis, highlight by their distance to the group. These samples could meet the criteria for the spectral outlier.  Despite these facts, differentiated sample groups were present neither in PCA from fractionated neither from potato chips ground.  The variability explained by the first two PCA dimensions were high for both fractionated chips (88% and 7%) and chips ground (87% and 8%). PC1 added to PC2 was in both cases 95% of the total variance. The PCA plots of 1) fractionated and 2) potato chips’ samples ground are shown in Fig. 3a and Fig. 3b. 
Figure 3
3.4. PLS Models on Log-Ratio Coordinates
The compositional PLS models for the fat composition based on the ILR-coordinates [1] and [2] were set up from the 3-part composition formed by SFA, PUFA, and MUFA. The performance statistics of these models for the fractionated and the potato chips ground are shown in Table 2. The ilr-coordinate [image: image7.png]ILRgyy



 (Eq. [1]) represented the balance between SFA and the other two types of FA, while [image: image8.png]ILRgy;



 (Eq. [2]) represented the ration between PUFA and MUFA. According to the R2cv obtained from the ilr-coordinates[image: image9.png]ILRgy,
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, both methods of spectra recording provided a very similar fit. The method with fractionated samples provided slightly better adjustments for these ilr-coordinates. However, it seems logical to expect a better fit with sample ground. The total fat content calibrations on ilr-coordinates showed several outlier samples. Since PCA did not show spectral outliers for these samples, this fact should be related to the reference method. Regarding the better fit with the fractionated sample[image: image11.png]ILR 1z



, it should be due to the removal in this calibration of one more spectral outlier than in samples ground.  
Table 2
3.5. Performance of Compositional Predictions
The calibrations on ilr-coordinates were used to predict the external validation set reserved for this purpose. The predictions of the ILRFA1 and ILRFA2 with potato chips ground gave RPD 1.90 and 3.10, respectively, while the prediction of total fat content gave RPD 1.48. Besides, the alternative method with fractionated potato chips provided predictions with RPD 3.04 and 2.93, and the RPD from the prediction of total fat content was 2.54. Thus, the best results of the ilr-coordinates, according to their RPD statistics, were obtained from fractionated samples. The statistics of these predictions gather in Table 3.

The lower outcomes with sample ground could be due to an effect on the multiplicative scattering of radiation by the particles.  It has been reported that heterogeneous surfaces, such as in a grainy product, and a variable ratio between fat and other components in the sample, can provide differences in light scatter. As a consequence, the evaluated parameters could exhibit unacceptably high standard deviations (Iversen and Palm, 1985). However, tests carried out with multiplicative scatter correction (MSC) pre-treatment of spectra before PLS calibration did not improve the results.
The compositional predictions, constituting the measurement target, were established by the inverse-ilr transformation. Thus, it was carried out from the two ilr predictions, obtaining the corresponding three classes of fat of the potato chips. The ternary diagram in Figure 4 shows these predictions, expressed as percentages. 
Figure 4 
The overall performance of these compositional predictions was shown by the coefficient of regression (r) with the compositional references of the external validation set, shown in Table 3. 
Table 3
AS above indicated the best results of the ilr-coordinates were obtained from fractionated samples. However, the estimation of SFA by inverse-ilr transformation with this mode of spectra acquisition provided coefficient of correlation with the reference values r = 0.37, indicating unsuitable performance. Accordingly, the ( statistic of SFA reference was 1.27, while the estimated SFA showed ( value double (2.54). This unsatisfactory outcome disagrees with the RPD statistics of the ilr-coordinates, which were fair as above referred. This result can be attributed to the fact that SFA is the minor class of FA in the potato chips analyzed. The estimation of the SFA with sample ground showed the lower r within the three FA classes, also. The estimation of PUFA and MUFA is more important than SFA in the analyzed products, for the same reason. The evaluation of the results must take into account this fact.
The predictions of PUFA and MUFA with fractionated samples provided r 0.96 and 0.94 with the references respectively, indicating the satisfactory performance of the method. As well, the predictions of total fat with the same method gave r 0.94. The performance of the ilr models with samples ground, considering the lower interest of SFA, was on the overall worse.

Conclusions

This study presents the methodological basis to measure the classes of fat of fried potato chips for labeling purposes by using Vis-NIRS. The method integrates a suitable treatment of the compositional reference data. The overall performance of the method used was satisfactory for estimating the fat classes (SFA, MUFA, and PUFA) of the potato chips samples analyzed. The outcomes with fractionated potato chips were better than registering spectra from the same samples after ground. 
In conclusion, the results obtained indicated the methodology assessed is an advantageous alternative to verify the classes of fat of the nutritional label of potato chips. This method would require calibration for specific instruments as well as a periodic validation protocol, as it is usually in NIR spectroscopy techniques.
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Figure Captions

Figure 1. Labspec spectrometer and sample turntable accessory (ASD Inc., Boulder).
Figure 2. Absorbance spectra of the potato chips samples fractionated.
Figure 3. Principal Component Analysis of chips samples fractionated (a) and ground (b).
Figure 4. Ternary diagram of the compositional predictions.
