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Featured Application


A handheld near-infrared spectrometer combined with multivariate analysis enables real-time monitoring of quality parameters of individual ingredients and end-products, which permits production optimization through early corrective actions. The outcome of this research supports short scanning time (as low as 20 s) with fingerprinting capabilities that can be used to detect individual and total sugar contents in ground and intact breakfast cereals.




Abstract


This research demonstrates simultaneous predictions of individual and total sugars in breakfast cereals using a novel, handheld near-infrared (NIR) spectroscopic sensor. This miniaturized, battery-operated unit based on Fourier Transform (FT)-NIR was used to collect spectra from both ground and intact breakfast cereal samples, followed by real-time wireless data transfer to a commercial tablet for chemometric processing. A total of 164 breakfast cereal samples (60 store-bought and 104 provided by a snack food company) were tested. Reference analysis for the individual (sucrose, glucose, and fructose) and total sugar contents used high-performance liquid chromatography (HPLC). Chemometric prediction models were generated using partial least square regression (PLSR) by combining the HPLC reference analysis data and FT-NIR spectra, and associated calibration models were externally validated through an independent data set. These multivariate models showed excellent correlation (Rpre ≥ 0.93) and low standard error of prediction (SEP ≤ 2.4 g/100 g) between the predicted and the measured sugar values. Analysis results from the FT-NIR data, confirmed by the reference techniques, showed that eight store-bought cereal samples out of 60 (13%) were not compliant with the total sugar content declaration. The results suggest that the FT-NIR prototype can provide reliable analysis for the snack food manufacturers for on-site analysis.
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1. Introduction


The global breakfast cereal market was valued at more than USD 37 billion in 2016 and is estimated to reach USD 51 billion value in 2023 [1,2,3]. Breakfast cereals are widely consumed worldwide because they are easay to prepare while also providing essential micronutrients, including folic acid, vitamin C, iron, zinc, fibers, and, potentially, antioxidants and phytoestrogens [4]. On the other hand, the large amount of sugar added to some products can increase the risk of obesity and diabetes [4,5] while reducing the overall nutritional quality of breakfast cereal [6]. According to the FDA, the difference between the laboratory analysis and the amount declared on the nutrition facts panel must be within ±20% range to comply with regulations [7], and many store-bought breakfast cereals are reported to have significantly higher or lower sugar content than the label indicates [8]. Therefore, it is important to monitor and control the product’s sugar content in every production step and at the end-product. Traditionally, sugar content analysis has been carried out using enzymes (invertase) [9], gas chromatography (GC) [10,11], capillary electrophoresis [12], high-performance anion-exchange chromatography coupled with a pulsed amperometric detection (HPAEC-PAD) [13], or high-performance liquid chromatography (HPLC) [14,15]. However, these techniques require lengthy sample preparation procedures and analysis time, use relatively expensive analytical equipment, generate hazardous waste, and produce results with varying accuracy, depending on personnel or operating conditions.



Optical spectroscopy offers an alternative to the aforementioned methods for measuring the nutritional content of cereals. Spectroscopic methods enable simple, fast, high-throughput, and non-destructive analysis with high specificity. Vibrational spectroscopy, specifically mid-infrared (MIR) and near-infrared (NIR) spectroscopy, has demonstrated accurate quantification of a variety of compounds, including sugar, salt, trans-fat, total fat, and moisture content, fatty acid composition, free fatty acids, peroxide value, and p-anisidine value in breakfast cereals, infant cereals, snack foods, cake mixes, bakery products, and potato chips [16,17,18,19,20,21,22,23,24].



In recent years, advancements in optoelectronics and micro-electromechanical systems (MEMS) have enabled the development of miniaturized infrared spectrometers that can be used in the field and/or in-line to meet requirements for continuous quality control and process monitoring in industrial applications [25]. Sensor technologies based on handheld [26,27,28], portable [29,30], pocket-size [31,32] spectrometers have become more mainstream and have the potential to replace bulky benchtop systems. Currently, most handheld spectrometers on the market use silicon-based Charge Coupled Device (CCD) detectors, which provide readily available, low-cost instruments but are constrained to operating between 780 to 1400 nm. However, recent efforts to integrate on-chip MEMS-based Fourier Transform (FT) spectrometers with reliable light sources and extended indium gallium arsenide (InGaAs) photodetector arrays provide reliable performance for NIR signals out to 2600 nm [25]. Si-Ware Systems introduced the first miniaturized FT-NIR instrument utilizing a MEMS-based Michaelson interferometer operating between 1350 and 2560 nm built on a Si chip using lithographic techniques. This longer-wave spectral range offers more valuable spectroscopic signatures (first or second overtones and combination vibrations) and stronger absorptivity that enables a more highly accurate characterization of food quality traits than the shorter-wave spectral range [33,34].



The combination of handheld, ruggedized NIR spectrometer technology with advanced chemometric algorithms enables handheld, accurate, and specific quantification of the nutritional content of food products. Future implementation of cloud computing can help monitor and analyze a large amount of data directly generated from a production line and would allow continuous monitoring of quality parameters and automation. Because sample preparation is minimal to none for vibrational spectroscopy analysis of many food products, it is possible to track quality parameters from ingredients to end-product.



The focus of this paper is to demonstrate the capabilities of a novel FT-NIR system developed at The Ohio State University, Columbus, OH, USA. The prototype unit has a small form factor and can communicate with an Android-based tablet through Bluetooth. The data were analyzed using chemometric methods and compared with reference analytical results to determine sugar content in commercial breakfast cereals, demonstrating the capability and suitability of our handheld sensor technology for industrial applications.




2. Materials and Methods


2.1. Sample Preparation


A total of 164 cereal samples were used in this study. A leading Ohio snack manufacturer provided sucrose-coated cereal samples (n = 104). To include commercial samples in the model, a total of 60 breakfast cereal samples were purchased from several grocery stores in Columbus, Ohio. Each sample was individually ground using a laboratory blender (6646 Oster 12-speed blender, Sunbeam Products, Inc., Boca Raton, FL, USA) at a pulse setting for 45 s to obtain a homogeneous and equal particle size. In addition to the ground samples, the samples purchased from the grocery stores (n = 60) were also tested in an intact state without any sample preparation (grinding) process.




2.2. Reference Analysis


A total of 1 g cereal was mixed with 40 mL of 80% (v/v) ethanol in a 50 mL centrifuge tube and vortexed for 1 min to extract sugars from the cereal samples. Then the samples were placed on a rotating mixer and held at 50 °C for 1 h. Mixed samples were centrifuged at 4 °C at 13,200 rpm for 20 min. After the centrifuge, the supernatant was transferred into a 100 mL round bottom flask, and the ethanol part was removed using a rotary evaporator (Büchi R110, Büchi Labortechnik AG, Flawil, Switzerland) at 40 °C under vacuum. The sugar and other solids were reconstituted from the round bottom flask using HPLC grade water and brought to 25 mL final volume in a volumetric flask. A 5 mL aliquot was passed through a methanol-activated C-18 cartridge to eliminate phenolic compounds. After the phenolics were removed, the sugars were eluted using HPLC grade water and filtered through a 0.45 μm pore size syringe filter into 2 mL glass HPLC vials.



Each sample’s sugar content was determined using HPLC (Shimadzu Scientific Instruments, Inc., Columbia, MD, USA) equipped with a refractive index detector. The sugars were separated on a stainless steel 7.8 mm ID × 300 mm Rezex™ RCM-Monosaccharide Ca+2 column under isocratic conditions at 80 °C using HPLC grade water with a flow rate of 1 mL/min for 20 min. An external standard curve (Fisher Scientific, Fair Lawn, NJ, USA) was used to quantify individual sugars, including sucrose, glucose, and fructose. The total sugar content of the samples was calculated by adding the individual sugar contents. The sugar analysis by HPLC was performed in duplicate.




2.3. Novel FT-NIR Spectral Sensor Prototype


FT-NIR spectral data collection was performed using a novel, handheld sensor based on an FT-NIR spectral sensor (Figure 1a). This sensor prototype comprises a NeoSpectra-Micro development kit (Si-Ware Systems, Cairo, Egypt), battery pack, cooling fan, sample rotation stage, gear motor, and USB port (Figure 1b,c). An Android-based tablet connects via Bluetooth to the FT-NIR sensor unit to control spectroscopic measurements and to transfer and analyze the data. The NeoSpectra-Micro development kit employs a palm-size FT-NIR spectral sensor (Figure 1c) that utilizes a single-chip Michelson interferometer with a monolithic opto-electro-mechanical structure coupled with a single uncooled InGaAs photodetector. The components are intrinsically aligned with lithography on the chip. Ground or intact cereal samples (~10 g) were placed in a glass Petri dish (Duroplan®, DWK Life Sciences GmbH, Mainz, Germany) and placed on the rotating stage to ensure reproducible measurements of the heterogeneous samples via spectral averaging. Spectra were collected over a wavelength range of 1350–2560 nm with 16 nm resolution that was chosen based on full width at half maximum criterion. FT-NIR spectra were collected at room temperature for 20 s, co-adding individual spectral scans to improve the signal-to-noise ratio. Spectra were collected in triplicate for each sample. Collected spectra were directly transferred and stored in the Android tablet. The spectral data were displayed using SpectroMOST Software (Si-Ware Systems, Cairo, Egypt). Background spectra were also collected to eliminate environmental factors using a highly reflective (99%) diffuse reflectance standard (Spectralon®, Labsphere, North Sutton, NH, USA).




2.4. Partial Least Square Regression (PLSR) Analysis


The spectral data obtained by the compact FT-NIR spectral sensor were evaluated using multivariate analysis software (Pirouette® 4.5, Infometrix Inc., Bothell, WA, USA). The spectral data were prepared for analysis via mean-centering, normalization, and taking the 2nd derivative (Savitzky–Golay 35-point window) to enhance the spectral features through baseline shift correction and resolving the variability between replications [17]. The data were randomly divided into two groups: a calibration/training set (80% of the total sample set) and an external validation/test set (the remaining 20%). PLSR analysis was applied to the calibration set to correlate the reference sugar content (individual and total) from the HPLC with their corresponding spectral data to generate the multivariate quantitative models. PLSR analysis develops prediction algorithms by combining the features of both principal component analysis (PCA) and multiple linear regression (MLR) [35]. PLSR aims to predict the dependent variables (sugar content) through the independent variables (spectral data-wavelength) by extracting a number of orthogonal factors or latent variables with the best predictive power from the independent variables [35]. Model performance was assessed by latent variable/factor numbers, standard error of cross-validation (SECV), the correlation coefficient of calibration (RCV), standard error of prediction (SEP), the correlation coefficient of prediction (RPre), and outlier diagnostics.





3. Results and Discussion


3.1. Reference Values for Sugar Content in Breakfast Cereal Samples


The minimum and maximum sugar contents measured by HPLC for all of the breakfast cereal samples (purchased and industry-provided) are listed in Table 1. According to these results, the minimum content of individual and of total sugars were similar for the store-bought and company-provided samples. However, the maximum sugar content, mainly the sucrose and the total sugar, exhibited higher sugar levels in the purchased samples than those provided by industry (Table 1). Both the industry-provided and purchased breakfast cereals showed a broad distribution (large standard deviation) (Table 1). Various other researchers have measured comparable sugar levels in commercial breakfast cereals [6,11,16,36,37,38].



The sugar content listings on the nutrition facts labels of the store-bought cereal samples were compared with our HPLC findings. Eight out of 60 samples (13%) were not in compliance with total sugar content declaration, having significantly (more than ±20% difference) higher total sugar content than the declared values, except one sample with less sugar content than the declaration. For instance, one of those samples reported a total of 10.6 g sugars/100 g of cereal, but our HPLC analysis found 18.2 g total sugars/100 g of cereal, which was 72% higher than the declared value. In a corn-based sample, the manufacturer listed 9.7 g sugars/100 g of cereal; the HPLC data showed 12.7 g/100 g of cereal, which was 31% higher than the declared value. In another sample, even though the manufacturers stated that the product had 0 g of sugar, we found 3.8 g of total sugar in 100 g of cereal. Products that are not in compliance with the declared content are possibly recalled, which can be avoided through the application of reliable and rapid testing that allows real-time decision-making to implement early corrections. Because the cereal production is continuous and cannot be tracked simultaneously using results from traditional techniques, the importance and the necessity of a technique that provides accurate and fast results become apparent.




3.2. Spectral Characterization of the Breakfast Cereal Samples


Examples of NIR spectra obtained from the ground and intact breakfast cereal samples are shown in Figure 2. These spectra show evidence of characteristic absorption bands of various vibrational modes, which are identified based on the prior studies in the literature [39,40,41,42]. The prominent absorption bands in the NIR spectra are centered at 2278, 2091, 1940, 1792, and 1463 nm (Figure 2). In particular, the bands at 2278 nm and 2091 nm correspond to aliphatic C–H bonds of carbohydrates and O–H fundamental vibrations, respectively, which are associated with crystalline sugar, particularly sucrose. The band at 1940 nm corresponds to a combination of O–H bending and stretching, while the bands near 1792 nm and 1463 nm relate to C–H overtone and the first overtone of O–H stretching, respectively.



Figure 2 also compares spectral differences between high sugar (50.3 g/100 g) and low sugar content (3.8 g/100 g) breakfast cereals in both ground and intact forms. The spectral differences between the high sugar content and low sugar content cereals are predominantly located at 2091 and 1940 nm. Absorbance at 2091 nm is greater in high sugar content samples in both ground and intact forms, indicating higher carbohydrate levels associated with the sugars. Absorbance at 1940 nm is greater in the low sugar content sample (Figure 2).



The visual comparison between the ground and intact cereal samples spectra revealed that the intact cereal samples had a higher degree of noise and slightly less intense bands, likely due to greater scattering of light. Even though the spectral band intensity was slightly lower, the differences between high and low total sugar content in intact cereal were still visually detectable (Figure 2).




3.3. Quantification of Individual and Total Sugars by Regression Analysis


PLSR analysis was performed to generate prediction models for both ground and intact samples by combining the spectral data collected using the handheld FT-NIR spectral sensor with the reference analysis results for individual and total sugars from the HPLC. The robustness of the ground and intact cereal models was evaluated by using an external validation set. The generated PLSR models’ performance statistics for total sugar and the individual sugars (sucrose, glucose, fructose) based on the handheld FT-NIR spectral sensor measurements are provided in Table 2. Our analysis used constrained spectral ranges associated with specific signatures of the investigated compounds (sugars) instead of using the whole spectral range during PLSR model development to increase the prediction ability of the models [43].



In most cases, the prediction model performance improved with a higher number of orthogonal latent variables or factors, since each factor explains variance in the model. However, including a redundant number of factors into a model may integrate the random noise or irrelevant components besides the relevant variance and reduce the model performance, which is called overfitting the model. Likewise, employing fewer factors than the optimal number, incorporating less variance than needed, is called underfitting [35]. The optimum number of factors that explain the required variance and give the minimum SECV ranged from 5 to 6. Correlation coefficient (R) of the model measures the strength of the relationship between measured and predicted sugar contents, and +1 indicates total positive linear correlation. SECV provides the possible error between measured and predicted values. All generated models had good performances in terms of high R and low SECV values (Table 2). Furthermore, the PLSR plots (Figure 3a–d) generated for the sucrose and total sugar content in ground and intact breakfast cereals display a good correlation between the measured reference values and predicted sugar content by FT-NIR sensor.



PLSR loading vectors reveal which bands are responsible for explaining the highest variation in the model and assist in understanding which functional groups account for the correlation in the regression model. The marker bands associated with the PLSR loading vectors for the first latent variable (factor) for the sucrose, glucose, fructose, and total sugar content in ground breakfast cereals, shown in Figure 4, indicated that the bands at 2205, 2091, and 1940 nm explained most of the variance in their corresponding PLSR models. The NIR bands located near 2205 nm correspond to C–H combination bands that are common to the various sugars [44]. As mentioned previously, bands centered at 2091 nm is associated with O–H combination stretching and H–O–H deformation of polysaccharides [45,46,47], and the band at 1940 nm corresponds to O–H bending second overtone [20,47].



To evaluate the FT-NIR sensor’s performance for intact breakfast cereals, spectra were collected only from the samples purchased from the grocery stores (n = 20). Prediction models were generated using PLSR analysis, and similar or slightly lower performance was obtained in comparison with the ground samples (Table 2). Usually, the breakfast cereals are manufactured by coating an unsweetened base with a sweetener solution [48]. Because the sugar is located mostly on the surface of the cereal samples, the prediction performance of models was not adversely affected by the light scattering within the unground samples.



The calibration models generated for the individual sugars and total sugar content in ground and intact breakfast cereals were externally validated using an independent sample set that has not been used before (20% of the total ground and intact samples). The performance statistics obtained from the external validation set were similar to the calibration model performance statistics in terms of correlation coefficients and error (Table 2), which confirmed the robustness and predictability of the models. Figure 3a–d demonstrate the external validation set samples’ distribution within the range of calibration set samples.



The calibration and external validation models for individual and total sugar content using the handheld FT-NIR sensor showed similar or superior performance in R and SEP or SECV to previously reported studies using laboratory instruments (Table 3).





4. Conclusions


Our novel FT-NIR spectral sensor, combined with multivariate analysis, enabled rapid (~20 s), accurate, and nondestructive determination of individual and total sugar content in breakfast cereals. Both ground and intact cereal samples were evaluated, and similar prediction performance was observed for both cases, indicating suitability for in-line use during production. The handheld sensor can be used as an in-line assessment tool in the snack food industry to monitor the sugar content during production to provide real-time feedback toward verifying that the product meets nutritional requirements. Finally, we observed that the total sugar contents for eight out of 60 (13%) commercial breakfast cereals on the market were not in compliance with the declared values based on our FT-NIR spectral sensor prototype and reference analysis results.
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Figure 1. The novel handheld Fourier Transform near-infrared (FT-NIR) spectral sensor prototype used to analyze breakfast cereal samples (a), the inner section of the handheld FT-NIR spectral sensor prototype (b), and the NeoSpectra-Micro development kit (c). 
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Figure 2. Raw FT-NIR spectra of ground and intact cereals (high and low in sugar content). 
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Figure 3. Partial least square regression (PLSR) plots for sucrose (a,c) and total sugar (b,d) content in ground and intact breakfast cereal samples. The gray diamonds represent the calibration set samples; the black diamonds represent the external validation set samples. 
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Figure 4. PLSR loading vectors for the first latent variable in the calibration models for sucrose, glucose, fructose, and total sugar content in ground breakfast cereals. 
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Table 1. Individual and total sugar content for industry-provided and purchased breakfast cereal samples measured by high-performance liquid chromatography (HPLC).
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g/100 g Cereal

	
Minimum

	
Maximum

	
Average

	
STDEV *






	
Snack food company

	
Sucrose

	
0.5

	
25.9

	
12.2

	
7.8




	
Glucose

	
1.1

	
3.9

	
2.3

	
0.6




	
Fructose

	
1.5

	
4.2

	
2.8

	
0.7




	
Total

	
3.7

	
32.0

	
17.0

	
8.9




	
Grocery stores

	
Sucrose

	
0.9

	
61.0

	
21.5

	
15.3




	
Glucose

	
0.9

	
3.4

	
2.1

	
0.7




	
Fructose

	
1.3

	
6.7

	
3.6

	
1.3




	
Total

	
3.7

	
67.2

	
27.6

	
16.1








* standard deviation.













 





Table 2. Statistical performance of the prediction models developed using a handheld FT-NIR spectral sensor for predicting individual (sucrose, glucose, and fructose) and total sugar content in ground and intact breakfast cereals.
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Sample

	
Parameter

	
Calibration Model

	
External Validation Model




	
Range a

	
N b

	
Factor

	
SECV c

	
RCV d

	
Range

	
N e

	
SEP f

	
RPre g






	
Ground

	
Sucrose

	
0.5–43.2

	
127

	
5

	
1.93

	
0.98

	
0.5–43.2

	
32

	
2.18

	
0.97




	
Glucose

	
1.2–3.9

	
125

	
6

	
0.14

	
0.94

	
1.2–3.8

	
31

	
0.14

	
0.94




	
Fructose

	
1.1–5.1

	
125

	
6

	
0.25

	
0.95

	
1.1–5.1

	
31

	
0.26

	
0.95




	
Total

	
3.7–51.7

	
127

	
6

	
1.99

	
0.98

	
3.7–51.7

	
32

	
1.95

	
0.98




	
Intact

	
Sucrose

	
0.5–39.2

	
45

	
5

	
2.42

	
0.97

	
0.5–34.9

	
11

	
2.38

	
0.96




	
Glucose

	
1.2–3.8

	
46

	
5

	
0.20

	
0.94

	
1.2–3.8

	
11

	
0.20

	
0.96




	
Fructose

	
2.5–4.8

	
42

	
6

	
0.21

	
0.92

	
2.5–4.7

	
11

	
0.20

	
0.93




	
Total

	
5.4–47.1

	
45

	
5

	
2.48

	
0.96

	
5.7–42.8

	
11

	
2.39

	
0.97








a The unit of the range is g/100 g. b Number of samples used in calibration models. c Standard error of cross-validation. d Correlation coefficient of cross-validation. e Number of samples used in external validation models. f Standard error of prediction. g Correlation coefficient of prediction for external validation. The unit of the SECV and SEP values is g/100 g.













 





Table 3. Overview of studies performed using NIR spectroscopy to measure total or individual sugar content in cereal-based products, snack foods, and cake mixes.
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Product

	
Analyzed Sugar

	
Instrument

	
Range

	
Results

	
Reference






	
Ready-to-eat breakfast cereals

	
Total sugar

	
Benchtop NIR a

	
0.5–52.9%

	
R b = 0.98, Standard error = 2.7%

	
[16]




	
Cereal-based snack foods

	
Sucrose, glucose, and fructose

	
Benchtop FT-NIR c

	
Sucrose: 0.7–25.7 g/100 g

	
Seven factors, R = 0.97, SEP d = 1.47 g/100 g

	
[17]




	
Glucose: 1.48–4.66 g/100 g

	
Six factors, R = 0.95, SEP = 0.36




	
Fructose: 1.78–2.96 g/100 g

	
Eight factors, R = 0.89, SEP = 0.20




	
Infant cereals

	
Sucrose and total sugar

	
Handheld dispersive NIR

	
Sucrose: 0.6–16.7 g/100 g

	
Five factors, R = 0.96, SEP = 1.53 g/100 g

	
[20]




	
Total sugar: 1.4–19.9 g/100 g

	
Four factors, R = 0.96, SECV e = 1.52 g/100 g




	
Dry cake mixes

	
Sucrose

	
Benchtop dispersive NIR

	
Sucrose: 10–40%

	
Prediction accuracy = 5.4%

	
[19]




	
Savory snacks

	
Total sugar

	
Benchtop FT-NIR

	
1.7–8.6 g/100 g

	
Ten Factors, R2 f = 0.94, RMSEC g = 0.49 g/100g

	
[18]








a Near-infrared spectroscopy. b Correlation coefficient. c Fourier Transform near-infrared spectroscopy. d Standard error of prediction. e Standard error of cross-validation. f Coefficient of determination. g the root mean square error of calibration.
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