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A B S T R A C T   

The stability of oat-based drinks (OBD) is governed by its physicochemical properties. The measurement of these 
properties is often lengthy, laborious, and most often change the food matrix and introduce bias. Meanwhile, 
spectroscopic methods provide an in-situ rapid measurement of these properties. This study explored the use of 
several spectroscopic methods in combination with multivariate data analysis to describe the physicochemical 
stability of OBD. Samples of OBD with various properties and separation types were prepared from wholemeal 
oat and oat bran, with and without β-glucanase to simulate the presence and absence of the β-glucan network, 
and subjected to neutral and acidic pH. FTIR and NIR spectra gave the chemical fingerprint of the product. The 
first principal components from a PCA for FTIR and NIR both corresponded to the carbohydrates variation in the 
products (60.73% and 91.31% explained variance, respectively). In addition, in the overview PCA, the NIR 
spectra also correlates with the product’s thickness in PC 1 (38.81% explained variance). LF-NMR T2 values of 
the fresh samples were able to describe the product’s physical characteristics. T2,1 represented the bulk water 
which defined the product’s thickness (T2,1 thick and thin products 197–505, and 704–1288 ms). In contrast, T2,2 
represented the state of bound water, which could classify the product separation tendency. T2,2 values for stable, 
phase separation, creaming and complex formation are respectively 35–72, 55–78, 82–117, and 153–178 ms. 
Intrinsic fluorescence spectroscopy of the protein region showed that intact β-glucan network increased hy-
drophobic protein extraction. In the absence of β-glucan network, bran products has higher hydrophobic protein 
fraction than wholemeal products. Hydrophobic protein was sensitive to acidification and led to complex 
coacervation separation at pH 4.2 without β-glucan network.   

1. Introduction 

The plant-based drink is a popular product that suffers from physical 
instability. Many factors possibly affect the product’s stability, both 
physical factors such as particle size, zeta potential, or product’s thick-
ness, and chemical factors such as protein structure (Bernat, Cháfer, 
Rodríguez-García, Chiralt, & González-Martínez, 2015; McClements, 
Newman, & McClements, 2019). Oat-based drink (OBD) is not an 
exception and also suffers from instability. Jeske, Zannini, and Arendt 
(2017) showed that commercial OBD, almond-, cashew-, quinoa and 
rice-based drinks have polydisperse particle size distribution, leading to 
a fast separation rate. Commercial products currently use hydrocolloids 
as thickeners to improve product stability. 

OBD is one of the leading products in the plant-based milk category 
due to the presence of β-glucan, a healthy dietary fibre. Besides the 
health effect, β-glucan is also a hydrocolloid that has stabilising 

potential due to the viscosity inducing profile. Many factors such as the 
solubility, concentration, and the molecular weight of β-glucan are 
known to affect the viscosity of β-glucan (Mäkelä, Maina, Vikgren, & 
Sontag-Strohm, 2017). In addition, β-glucan has also been shown to 
interact with protein, which forms complex aggregates (Yang et al., 
2020; Zielke, Lu, Poinsot, & Nilsson, 2018). Casein micelles and 
β-glucan were shown to phase separate due to depletion mechanism 
(Sharafbafi, Tosh, Alexander, & Corredig, 2014). Literature focusing 
specifically on OBD stability is scarce, and the field is quickly developing 
due to great product demand. Hence, there is currently a great need for 
convenient characterisation-methods. 

Characterisation of the physical stability of a beverage is most 
commonly done using laborious and lengthy storage studies or con-
ventional methods that disrupt the food matrix and create bias, such as 
laser diffraction-scattering measurement of particle size distribution and 
zeta potential. The range of methods currently employed to characterise 
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the plant-based beverage system has been discussed previously (Patra, 
Rinnan, & Olsen, 2021). Within the characterisation method, spectros-
copy techniques investigate the interaction of materials with light, 
allowing for fast in-situ measurement of samples. A successful applica-
tion of rapid methods would be highly beneficial for quick initial 
product quality screening during product development step, as well as 
routine production quality checks. Despite the benefits, spectroscopic 
methods generate multivariate data that sometimes cannot be inter-
preted straightforwardly, but chemometric techniques allow for mean-
ingful interpretation of such data. The spectroscopic methods of interest 
for stability measurements investigated, in this study, are FTIR (Fourier 
Transform Infra-Red or Mid Infra-Red), NIR (Near Infra-Red), Fluores-
cence Spectroscopy and LF-NMR (Low Field Nuclear Magnetic 
Resonance). 

FTIR and NIR are vibrational spectroscopy methods used to generate 
chemical fingerprinting of food matters. In regards to the stability of 
beverages, FTIR spectra consist of regions such as the fingerprinting 
region (1200-900 cm− 1) typically used for carbohydrates detection, 
amide I region (1700-1600 cm− 1) for secondary protein structure 
detection, and fatty acid peaks (2960, 2929, and 1740 cm− 1) (Patra 
et al., 2021). A shift in oat protein secondary structure to a more flexible 
α-helix after a deamidation process was correlated to an increase in 
emulsion stability of oat protein (Jiang et al., 2015). FTIR is superior for 
mapping the chemical variation within the samples, but the technique 
lacks information on the crucial physical factors. NIR waves penetrate 
deeper than FTIR waves but generate overlapping peaks of bonds con-
taining C, H, O, and N. It is not possible to assign peaks in NIR spectra to 
a specific component, in contrast to FTIR spectra. But, the spectra have 
also been known to contain physical information such as particle size, 
firmness, water holding capacity, and others (Porep, Kammerer, & 
Carle, 2015), and NIR compliments FTIR well. Regardless, NIR usage for 
routine checks needs to factor in model maintenance cost. The NIR 
calibration model performance was been shown to decline due to 
product variation, instrumentation, and environmental factors (Qiao, 
Mu, Lu, & Tang, 2021). 

Fluorescence spectroscopy studies the fluorescence phenomena 
exhibited by fluorophores. In food matters, tryptophan is a hydrophobic 
amino acid, which serves as an intrinsic fluorophore probe, and is found 
in most proteins. The fluorescence signal is sensitive to the environment, 
which is used to investigate the protein structure and most often can be 
translated to food structures (Shaikh & O’Donnell, 2017). Oat protein is 
highly thermally stable (denaturation temperature of 110 ◦C of oat 
globulin), which cause it to have low functionality (Spaen & Silva, 
2021). An increase in the hydrophilic protein faction might indicate 
greater product stability. Nonetheless, OBD is an opaque beverage that 
suffers from inner filter effects that typically necessitate undesirable 
dilution and front face geometry for a better quality of fluorescence 
signal. Besides inner filter effects, the signal might also suffer from 
quenching, either intra or intermolecular (Christensen, Nørgaard, Bro, & 
Engelsen, 2006). 

Low Field NMR studies the profile of intrinsic nuclei with magnetic 
moment such as 1H nuclei in food under a low magnetic field. For food 
applications, the technique has been used to describe the variability of 
water mobility inside food, giving insight into the food structure. As an 
example, Salomonsen, Sejersen, Viereck, Ipsen, and Engelsen (2007) 
investigated the water holding capacity of pectin in an acidified milk 
system. While Mortensen, Thybo, Bertram, Andersen, and Engelsen 
(2005) used it to monitor the structural changes of potatoes during 
cooking. OBD consist of predominantly (around 90%) water, and the 
separation process likely involved water movement within the separated 
phase. Hence, the fresh sample’s mobility might shed information on the 
product structure and potentially predict the separation phenomena 
after storage. Nevertheless, an informed guess is needed to assign each 
extracted component, and prior knowledge of the product characteris-
tics is necessary for proper interpretation of the components. It is much 
more difficult, especially in a complex food matrix such as OBD. 

This study aims to use the spectroscopic methods mentioned above to 
describe the physical stability of OBD. A range of OBD with various 
separation types has been made and characterised in a prior study 
(Patra, Axel, Rinnan, & Olsen, 2022). This study used these OBDs to 
explore the capabilities and plausible insight gathered by the multi-
variate rapid methods. An emphasis would be put on commonly used 
chemometrics methods for each dataset, such as discrete exponential 
fitting compared to double slicing and PARAFAC (Andrade, Micklander, 
Farhat, Bro, & Engelsen, 2007; Pedersen, Bro, & Engelsen, 2002) for 
LF-NMR dataset. The results from the analysis of the spectroscopic data 
were compared with the prior existing physicochemical characterisation 
of the product, such as separation type after storage test, product’s 
thickness (based on flow consistency index), particle size, and the pro-
tein content. 

2. Material and methods 

2.1. Experimental design 

A wide range of OBD was prepared using a 23 full factorial design 
(Fig. 1), including a centre point, with the following design parameters: 
oat source, amount of β-glucanase, and pH. Throughout the manuscript, 
the products were named with two or three-part system when appro-
priate. The first part corresponds to oat source (W: wholemeal, M: mix 
(1:1 wholemeal bran ratio), and B: bran), the second part represents the 
level of β-glucanase added (B0: without β-glucanase, B50: 0.04% w/w 
flour, and B100: 0.08% w/w flour), and the third part as the pH level 
(4.2, 5.3, and 6.4). The oat (Rubin Mühle GmbH, Germany) was 
hydrolysed using α-amylase (Thermamyl classic, Novozymes, 
Denmark), and varied level of β-glucanase (Beerzym BGHK4, Erbslöh 
Geisenheim GmbH, Germany). The hydration until the cooling steps 
were performed in a mashing bath (Lochner Labor and Technik GmbH, 
Germany) consisting of 8 cups (350 mL batch per cup). The product was 
then centrifuged and underwent dry matter analysis (MA160 Sartorius 
AG, Germany, at 105 ◦C, 1 g) and pH adjustment (with 4M HCl and 4M 
NaOH) before pasteurisation in a water bath. The physicochemical 
characterisation of the product was performed in advance and was not 
the focus of this study. However, the summary of the proximate content 
of the products is given in Table 1. The details of prior characterisation 
methods are available in the prior publication (Patra et al., 2022), and 
relevant methods are summarised throughout the manuscript as neces-
sary. The products and measurements were made in triplicates. FTIR and 
NIR measurements used frozen samples thawed overnight at 5 ◦C, and 
the LF-NMR and fluorescence measurements used fresh samples. All 
samples were stored at room temperature for 3 h before measurements. 

2.2. Data analysis and statistics 

The data analysis was performed in Matlab 2018b (The MathWorks 
Inc., USA). Analysis of Variance (ANOVA) was performed using the 
statistic toolbox in Matlab. Data pre-processing and principal compo-
nent analysis (PCA) was performed using PLS toolbox 8.2 (EigenVector 
Research Inc, USA) unless otherwise stated. All the measurement rep-
licates are averaged for the PCA shown in the spectroscopic overview, 
and the data were concatenated and autoscaled before PCA analysis. 

2.3. FTIR 

1 mL sample was measured with ABB Bomem MB100 FTIR Spec-
trophotometer (ABB Ltd, Zurich, Switzerland) attached to an ATR 
(Attenuated Total Reflectance) probe (12 bounce Zn–Se Crystal, 45◦

angle of incidence, Spectra-tech), wavenumber range of 900–3000 
cm− 1. The spectra were standardised against Milli-Q® water (Merck, 
Darmstadt, Germany). All the measurements were performed at a res-
olution of 4 cm− 1 and 64 scans. The resulting spectra were pre-processed 
using baseline correction (automated weighted least squares, with a 2nd 
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order polynomial fit) and mean centred. Spectra with wavenumber 
ranging from 2800 to 3000 cm− 1 and 900–1760 were selected for PCA 
cross-validated with Venetian blind (9 data splits, 3 samples per blind). 

2.4. NIR 

10 mL sample was transferred to a 20 mL glass vial. The measure-
ments were performed in triplicates for each sample in diffuse reflec-
tance set up with ABB Bomem FTLA2000-160 NIR spectrophotometer 
(ABB, Ltd, Zurich, Switzerland) attached to a rotating vial holder. The 
spectra were standardised against a polytetrafluorethylene (PTFE) 
diffuse reflectance standard and measured at a resolution of 16 cm− 1, in 
the wavenumber range of 10700–4000 cm− 1, 128 scans, and the gain 
was set at high E. The resulting spectra were pre-processed using 
smoothing (Savitsky-Golay zero-order with a window’s size of 15), 
baseline correction (automated weighted least squares with a 2nd order 
polynomial fitting), and mean centred. 

2.5. LF-NMR 

5 mL of the product was poured into AR-GLAS® tubes (0.6 mm 
diameter), and LF-NMR measurement was performed using 20.75 MHz 
Maran benchtop pulsed 1H NMR analyser (Resonance Instruments Inc., 
UK) at 20 ◦C. The transverse relaxation time constant (T2) were 
measured using a CPMG pulse sequence with a 4 s relaxation delay, 
12000 number of echoes, 16 number of scans, 5 in gain, and τ set to 400 
μs  Before further modelling, the data was pre-processed with the 
following sequence: every 2nd data point was removed, smoothened 
with Savitzky-Golay (data window used was 3), normalised to the 
highest value, and manual offset reduction using subtraction with the 
average of last 500 data-points (the baseline). 

Two methods were used to model the T2 values, discrete exponential 
fitting and double slicing. Discrete exponential fitting decomposes each 
relaxation curve into several components, which describe the typical 
exponential decay equation (Equation (1)) (Pedersen et al., 2002). 

X(t)=
∑N

n=1
Mne−

t
T2n + e (1)  

where X is a single relaxation curve which is a function of time t, N is the 
number of components, M is the relative proton concentration of a 
specific component n, T2n is the respective relaxation time constant, and 
e is the residual error. Double slicing transforms each one-dimensional 
relaxation curve into a three-dimensional tensor. Andrade et al. 
(2007) described the process as ‘cutting data into a number of over-
lapping slices, repeated twice’. The tensor is further decomposed using 
Parallel Factor Analysis (PARAFAC), and the exponential loading can 
subsequently be fitted with equation (1) as a mono-exponential. The 
model error is calculated using equation (2). 

MSE =

∑K
k=1

∑J
j=1

(
Xjk,reference − Xjk,estimated

)2

K
(2)  

where MSE is the mean square error, J is the number of data points per 

Fig. 1. The design of the experiment of OBD (A) and the processing steps of OBD (B) 
* The β-glucanase level B0, B50, and B100 correspond to the enzyme concentration of 0, 0.04, and 0.08% w/w flour. ** The oat source used was W (wholemeal), M 
(Mix 1:1: wholemeal to bran ratio), and B (Bran). *** The hydrolysis was done using 0.15% [g/g four] of α-amylase and varied concentration of β-glucanase. **** The 
product was stored at 5 ◦C overnight before fresh sample measurement or frozen at − 20 ◦C. 

Table 1 
The chemical composition of the products (Patra et al. (2022))a.  

Product 
Type 

Protein [% w/ 
w dry] 

Fat [% w/ 
w dry] 

Carbohydrates [% w/ 
w dry] 

Ash [% w/ 
w dry] 

W_B0 10.3 ± 0.1 a 6.8 ± 0.4 b 81.6 ± 0.8 b 1.2 ± 0.2 b 

B_B0 13.7 ± 0.6 b 11.4 ± 0.4 
a 

72.8 ± 0.4 c 2.1 ± 0.2 a 

M_B50 3.7 ± 1.0 c,d 8.8 ± 1.5 b 86.1 ± 2.1 a,b 1.3 ± 0.2 b 

W_B100 1.5 ± 0.1 d 6.3 ± 0.9 b 91.0 ± 0.6 a 1.1 ± 0.2 b 

B_B0 4.9 ± 1.1 c 9.8 ± 3.3 
a,b 

83.7 ± 4.1 b 1.5 ± 0.3 
a,b  

a the chemical compositions were measured using the dumas method (pro-
tein), rapid LF-NMR fat analyser (fat), infrared moisture analyser (water), 
combustion at 525 ◦C for 20 h (ash), and by difference (carbohydrates). The 
chemical composition was derived from the product at pH 6.4 and 5.3 (for the 
centre point) because the pH adjustment was not expected to change the 
chemical composition. The details of each method can be found in Patra et al. 
(2022). 
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curve, X is intensities at each data point j of each measured (reference) k 
values, and estimated values from resulting T2 and proton concentration 
from the model, and K is the total number of measurement points per 
sample. The fitting was performed using the Low-Field NMR toolbox for 
Matlab version 3.0.1 available at www.models.life.ku.dk/lfnmr. The 
PARAFAC decomposition was performed using the N-way toolbox for 
Matlab version 3.30 available at www.models.life.ku.dk/nwaytoolbox. 

2.6. Fluorescence spectroscopy 

The product was brought to 20 ◦C using a water bath and diluted 0x, 
10x, and 100x with 10 mM sodium phosphate buffer at the respective 
sample’s pH. 3.5 mL of sample was poured into a 1 cm squared cuvette 
for measurements using front-face geometry (45◦ angle and 35.9◦

inclination). The samples were measured once with FS920 Edinburgh 
Instruments fluorescence spectrophotometer (Livingston, Scotland, UK) 
with Xe900 lamp as light source, single-photon counting detector (Red 
sensitive photomultiplier, S900), and two Czerny-Turner mono-
chromators (TMS300, one at the excitation and one for the emission). 
The temperature during measurement was maintained at 20 ◦C with an 
external temperature control unit (FL300 Recirculating Cooler, Julabo 
GmbH, Seelbach, Germany) attached to the cuvette holder. Excitation 
and Emission matrix (EEM) was recorded within the tryptophan region 
with excitation wavelengths 250–320 nm (5 nm step) and emission 
wavelengths 260–420 nm (1 nm step), dwell time of 0.3 s, excitation 
bandwidth of 3 nm and emission bandwidth of 2.5 nm, and the iris was 
set at 100. The Rayleigh scattering was removed by setting the data ±10 

nm away from the theoretical scattering line to missing values, and the 
values below the Rayleigh scattering line to zero (Thygesen, Rinnan, 
Barsberg, & Møller, 2004), before PARAFAC decomposition. The PAR-
AFAC decomposition was performed as mentioned in section 2.5. 

3. Results and discussions 

3.1. Spectroscopy results overview 

For clarity purposes, a general overview of all the spectroscopic data 
with the physicochemical characterisation is given. We construct the 
overview using a PCA for each spectroscopic technique, extracting four, 
three, two and three components for the methods IR, NIR, LF-NMR and 
fluorescence, respectively. We subsequently merged all the scores from 
these PCAs with the physicochemical measurements and autoscaled 
each column. This overview of the results is given in Fig. 2, and the 
details for each spectroscopy method is elaborated in a later section. 
Three principal components (PC) of the overview PCA totalling 69.48% 
data variability can be used to explain the spectroscopic results. PC 4 
with 8.64% data variability captured a minor trend for the effect of pH, 
but it is not shown due to repeated trends for the spectroscopic result 
already seen in the previous components. Looking into the PCA scores, 
PC 1 (Fig. 2A) explains the variability caused by the varying level of 
β-glucanase towards protein, total carbohydrates, and the product’s 
thickness. In comparison, PC 2 and 3 (Fig. 2C) showed the effect of oat 
sources on the fat, β-glucan and water content. 

The loadings showed the correlations of the resulting spectroscopy 

Fig. 2. The overview of spectroscopy results* compared to prior characterisation. 
* Scores(A: grouped by β-glucanase level, and: grouped by oat source) and loadings (B and D, with the discussed parameters highlighted in red) of PCA. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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method to the physical and chemical properties. Loadings of PC1 
(Fig. 2B) showed that the high protein level in products with intact 
β-glucan is positively correlated with the scores of NIR 1st component 
and fluorescence 2nd and 3rd component (the hydrophobic protein 
fraction). On the opposite axis, the increases in total carbohydrates at 
the product with hydrolysed β-glucan was seen to be positively corre-
lated with FTIR 1st component and with the abundance of the higher 
degree of polymerisation oligosaccharides (DP 7 and DP 8). Not sur-
prisingly, the product’s thickness was seen to be negatively correlated 
with T2,1 and n values. This signifies that the water mobility was 
decreased (small T2,1) with increases in thickness, and the product flow 
behaviour shifted to the shear-thinning tendency (n < 1). The loadings 
of PC 2 and PC 3 (Fig. 2D) elaborated on the β-glucan, water and fat 
profile of the products. As expected, the β-glucan fraction was higher in 
products from mix or oat bran, and FTIR 3rd component and NIR 3rd 
component correlated positively with this trend. Oat bran products were 
also high in fat, and the lack of it can be explained by FTIR 4th 
component. The abundance of water correlates well with the 2nd 
components of NIR and 1st proton concentration, which further con-
firms the representation of bulk water profile with T2,1 values. 

3.2. FTIR 

The FTIR raw data showed changing baseline conditions, which 
prompted the pre-processing steps of baseline correction and mean 
centring before PCA. The resulting PCA of the FTIR spectra can be seen 
in Fig. 3. The principal component 1 (PC 1, 60.73% explained variance) 
(Fig. 3A) showed the variability based on the addition of β-glucanase, 

which correlates with the product’s thickness. The loadings (Fig. 3D) 
indicates that PC 1 mainly described the variability within the finger-
print region (1200-900 cm− 1), with the prominent peaks at 1024 and 
1151 cm− 1, which corresponds to the pyranose structure of the carbo-
hydrates (Zhi et al., 2019). Hydrolysed β-glucan chains by the addition 
of β-glucanase lead to more exposed and thus pronounced signals of β 
-glucan with high PC 1 scores. The loadings of PC 2 (30.57% explained 
variance) and PC 3 (4.11% explained variance) described variability in 
the fat peak (1745 (C=O stretching of triglycerides), 2925 and 2854 
cm− 1 (asymmetric and symmetric CH2 stretching)) (Luinge, Hop, Lutz, 
van Hemert, & de Jong, 1993) and protein peak (amide I, II and III of 
1700–1600, 1570-1510, and 1350-1200 cm− 1). The addition of bran 
shifted most samples score to positive values of PC 2 and PC 3, which 
confirmed the increase in the protein and fat content by adding bran. 

The effect of pH can be described by PC 2 (30.57% explained vari-
ance) vs. PC 4 (1.92% explained variance) (Fig. 3C). The acidification of 
the product pH close to the protein IEP (isoelectric point) presumably 
altered the protein structure. From the loading, PC 2 represented a low 
value at 1635 cm− 1 (β-sheet), while PC 4 had a high value at 1653 cm− 1 

(α-helix) (Kong & Yu, 2007). The scores of products at acidic pH has high 
PC 2 and PC 4 scores, which are transcribed to lower presence of β-sheet, 
and higher presence of α-helix at acidic pH. Ma, Rout, and Mock (2001) 
has also previously reported the same trend in oat globulin extract of 
reduced β-sheet intensity at acidic pH and correlated it with the for-
mation of the aggregated strand. On the contrary, Zhu, et al. (2018) 
demonstrated that an increase in protein solubility and emulsifying 
property was correlated with a decrease in α-helix content and an in-
crease in β-sheet presence in sonicated walnut protein. Hence, the PCA’s 

Fig. 3. The PCA scores (A, B, C)* and loadings (D) of the FTIR spectra 
* A: grouped by β-glucanase level, B: grouped by oat source, C: grouped by product pH. 
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trend might signal a lower protein functionality at the product pH of 4.2 
and higher protein functionality at neutral pH. The PCA result was also 
supported by increased average particle size D[3,2] with acidification, 
0.9 and 1.3 times bigger in wholemeal and bran products regardless of 
β-glucanase added (Patra et al., 2022), which indicated aggregation. 
While the PCA is not specifically supervised to describe the protein re-
gion, it is still a good indication of the trend within the region provided 
in the loading. PC 4 has also been shown in the previous section (Fig. 2) 
of the spectroscopy overview to negatively correlate with the fat con-
tent. The trend can be explained by the PC 4 values hovering around 
0 near fat peaks. 

3.3. NIR 

An increasing light scattering was seen with the raw data at hydro-
lysed β-glucan condition due to the more significant presence of sus-
pended particles. This prompted the smoothing process and classical 
baseline correction and mean centring for NIR spectra. The result of NIR 
spectra PCA is given in (Fig. 4). In contrast to the FTIR, the NIR region 
consists of overlapping signals from multiple overtones and possible 
combinations arising from the molecule’s vibrations. Hence, the signal 
seen was broad, and the signal assignment attempt (Fig. 4D) was an 
approximation of the most possible bond coupling using the NIR spectral 
catalogue (Workman & Weyer, 2012). The strong influence of protein 

and the high peak of carbohydrates became the major separation factor 
in the PCA results. 

PC 1 separated the level of β-glucanases in the sample scores 
(Fig. 4A), which accounted for 91.31% of the data variation. The cor-
responding loading showed that the signals accountable for PC 1 was 
mainly the protein peak at 6993 cm− 1 and the carbohydrates signal at 
around 10600 cm− 1. The scores of PC1 was also shown in the spec-
troscopy overview section (Fig. 2) to correspond with the product pro-
tein content and thickness. Some minor trends were demonstrated by PC 
2 (8.27% explained variance) and PC 3 (0.35% explained variance, not 
shown). PC 2 explained the oat source at the respective thickness/ 
β-glucanase level. The loading of PC 2 showed negative values at car-
bohydrates peak (2nd and 3rd overtone of –CH stretching signal) around 
8000 cm− 1 and 10600 cm− 1, accompanied with high water and protein 
signal at 5223 and 6897 cm− 1. PC 3 showed an opposite trend compared 
to PC 2, especially in the 9000–6000 cm− 1 region. The overview section 
corroborated this negative correlation with PC 2 correlating positively 
with water and negatively with β-glucan, while PC 3 correlated posi-
tively with β-glucan (Fig. 2). 

3.4. LF-NMR T2 values 

The raw relaxation curves suffered from measurement variation due 
to fluctuation in the environment and instrumentation during 

Fig. 4. The PCA scores (A & C) and loading (B) of the NIR Spectra, along with the interpretation table (D)*. 
* The peak assignment was done using NIR spectral catalogue (Workman et al., 2012). 
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measurement (Appendix A) which necessitates the pre-processing steps. 
The resulting pre-processed relaxation curves (Fig. 5A) showed that the 
products with intact β-glucan (B0) relaxed faster than those with 
hydrolysed β-glucan (B100). The curves were subjected to two different 
modelling methods. The comparison between model performances is 
shown in Fig. 5B. Both models show low error values compared to in-
tensity values and thus was quite accurate. In general, the double slicing 
model gave a slightly better performance with a smaller error than the 
discrete exponential fitting model. In addition, the data was also 
modelled using a power slicing method and subsequent PARAFAC 
(Appendix B) (Pedersen et al., 2002). However, a degenerate solution, 
non-exponential decay of loadings, was produced even with only two 
components, which was a clear sign of the data not meeting the PAR-
AFAC requirement of a trilinear dataset; each sample is made up of a 
sum of a set number of decays. This type of error has also been shown 
using a chemical mixture HPLC-DAD dataset by de Juan and Tauler 
(2001), in which PARAFAC shows very different elution profiles with a 
non-trilinear dataset. Variation in the T2 values even between mea-
surements of the same sample type contributed to the data variability 
and non-trilinearity of the dataset. This issue is evaded in double slicing, 
which only considers the variability of data for every single measure-
ment, and the PARAFAC algorithm was able to give robust results. 

The resulting T2 values and proton concentration are given in Fig. 6. 
The T2 values were grouped based on pre-existing storage tests and 
rheology measurements. The products exhibited different stability pro-
files after storage at 20 ◦C for 14 days, such as stable, phase separation, 
creaming, and complex formation. OBD without β-glucanase (whole-
meal, bran: 1.1 and 5.7 Pa s) were highly viscous, while products with 
β-glucanase were thin (3.3–7.3 mPa s). There were two components 
extracted from the relaxation curves. The T2-ranges were quite broad, 
T2,1 of 197–1288 ms, and the T2,2 of 32–185 ms. T2,1 was the major 
fraction with proton concentration >60% (Fig. 6C). Since only two 
components was chosen, the proton concentration of T2,2 was calculated 
as 100%- T2,1 concentration, and hence, the proton concentration of T2,2 
trend is the opposite of T2,1. 

Both oil and water contribute to the CPMG pulse decay (van Duyn-
hoven, Voda, Witek, & Van As, 2010). However, the OBD tested in this 
study contained very little fat ranging from 0.7% to 1.1% w/w, 
compared to water at about 90% w/w (Table 1). Hence, we could as-
sume that the decay mainly comes from water in the form of either free 
or bound water. No strict convention is available to classify the range of 
T2 values as free and bound water. Although, >100 ms is typically 
assigned as free water and <100 ms as bound water. For example, Wu, 
Zhao, Li, Jin, and Wu (2017) showed that in 1% oat β-glucan solution, T2 
values for free water were 800–1600 ms, and bound water was 10–40 

ms. Hansen, van den Berg, and Engelsen (2011) classified a fraction of T2 
values range 400–500 ms as water fraction within a cheese gel. 

The T2,1 explained the thickness of the products. Bulk water seems to 
exist within a gel structure (T2,1 197–505 ms) in products with intact 
β-glucan, and the loss in structure when the β-glucan was cleaved (B100) 
release the free bulk water (T2,1 704–1288 ms). Meanwhile, the state of 
bound water (either by protein or polysaccharide) represented by T2,2 
explained the product stability profile well. Strongly bounded water 
leads to stable products, while loosely bound water leads to unstable 
products, either phase separation or creaming. The complex coacerva-
tion product had the highest T2,2 values and showed that water was 
expelled from particles when aggregation happened with acidification. 
T2,2 values of B_B100 jump from <80 ms at pH 6.4 to >160 ms at pH 4.2, 
followed by aggregation and complex formation. The decrease of bound 
water at pH close to the isoelectric point is expected due to a decrease in 
polarity in general (Zayas, 1997). As an example, Malik and Saini (2018) 
showed this phenomenon in the sunflower protein isolates. 

3.5. Fluorescence spectroscopy: intrinsic protein region 

Many factors might affect the fluorescence signal, such as the inner 
filter effects and the quenching. These factors are especially pronounced 
in the sampling of intact food matters, and a dilution series is often 
performed to have a proportional fluorescence signal with the concen-
tration (Christensen et al., 2006). The effect of dilution towards OBD’s 
fluorescence signal is illustrated in Appendix B. The samples show high 
variability among undiluted samples that was presumably due to 
different quenching or inner filter effects among the replicates. These 
effects are less pronounced in diluted samples, and the signals are pro-
portional with concentration with 10x and 100x dilution. Based on this 
observation, the PARAFAC model was only made using diluted samples. 

The resulting PARAFAC model can be seen in Fig. 7 and Fig. 8. The 
model reached convergence after 14 iterations with 100% core consis-
tency. There were 4 components selected to represent the data. The 4th 
component is most likely from Maillard products with the typical exci-
tation/emission peak at around 360/440 nm (Birlouez-Aragon et al., 
1998). For this reason, the scores for component 4th was not investi-
gated further. Within the studied region, fluorophores of interest are 
tryptophan, tyrosine and phenylalanine with typical excitation/e-
mission in neutral pH of 280/348, 274/303, 257/282 nm (Ghisaidoobe 
& Chung, 2014). The rest of the components emission peaks are above 
320 nm, accompanied by the classical tryptophan excitation peak at 
around 280 nm. Hence, it is likely that these signals originated from 
protein, most probably from tryptophan (Miquel Becker, Christensen, 
Frederiksen, & Haugaard, 2003). 

Fig. 5. The pre-processed relaxation curves (A), and the comparison of error between models (B).  
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The correlation analysis of the components showed no significant 
correlation among them. Thus, it is likely that each component repre-
sents a distinct state of protein within the products. A shift of tryptophan 
emission peak to lower wavelength signifies a higher hydrophobicity 
(Lakowicz, 2006). Therefore, component 1 was assigned as hydrophilic, 

and component 3 as the hydrophobic faction. There was an intermediary 
state (component 2), which was to be expected from natural products 
such as OBD. 

The normalised sample scores are shown in Fig. 8, and the ratio 
between the buried and exposed protein is shown in Fig. 9. Based on the 

Fig. 6. The resulting T2 values(A: grouped by product’s flow consistency index*, B: product’s stability profile**) and proton concentration*** (C) from the double 
slicing model. 
* Flow consistency index was K-value generated by measurement of flow curve with a rheometer at the shear rate of 0–300 s− 1, 
20 ◦C and fitted into a power-law model. The consistency of thick samples was in the range of Pa⋅s and thin samples in mPa⋅s. ** The product’s stability profile was 
the result of a storage test at 20 ◦C for 14 days. *** The proton concentration of component 2 equals 100% - concentration of component 1. 

Fig. 7. The Excitation (A) and Emission Loadings (B) of the PARAFAC model along with the interpretation table of the loadings (C)*. 
* The correlation coefficients for the pairing of components 1–2, 1–3, and 2–3, respectively are 0.88, 0.58, 0.83 with p-values of 0 for all correlations. 
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maximum intensity value of components 1, 2 and 3 of 4.95, 2.97, and 
2.83 (x106), respectively, component 1 was the dominant state, and the 
majority of the protein was in an exposed hydrophilic state. Neverthe-
less, the addition of β-glucanase greatly affected the type of protein 
extracted from the oat. Products without β-glucanase had a higher 
proportion of hydrophobic or buried state expressed by higher scores 
values of both components 2 and 3 regardless of the oat source. Previous 
dumas analysis also showed that B0 products have about 3.5x higher 
protein content than B100 and B50. 

The β-glucan molecular network possibly helped extract the hydro-
phobic protein fraction, leading to an increased total protein in B0 

products. High molecular weight β-glucan has been shown to exhibit 
higher thickness but has lower solubility that might signify greater 
presence of hydrophobic pockets within the network (Kim & White, 
2013). Hence, it is highly likely for the hydrophobic protein to adhere 
better to the β-glucan network presence in B0 samples, as indicated by 
the significantly higher thickness of B0 products. Thus, an increase in the 
protein concentration and the hydrophobic faction in B0 samples was 
observed. 

Meanwhile, the effect of oat source and pH was less direct towards 
the protein hydrophobicity, and an interaction effect was observed 
(Fig. 8B and D). Oat source dominantly affected products with hydro-
lysed β-glucan to have higher buried proportion. The fluorescence signal 
is proportionally linear to the fluorophore concentration, in this case, 
tryptophan. Protein is distributed unevenly in oat groat, with oat bran 
having higher protein content than the starchy endosperm (Mäkinen, 
Sozer, Ercili-Cura, & Poutanen, 2017). However, the tryptophan content 
between the bran and the rest of the oat after bran removal has been 
shown to be comparable (Hahn, Chung, & Baker, 1990). Hence, the 
higher signal observed was likely to be linearly correlated to the higher 
percentage of protein content in the products regardless of the oat source 
used. It was shown that the combination of wholemeal oat and β-glu-
canase helped with the extraction of hydrophilic protein that was 
beneficial for further emulsification or foaming applications. This 
product also has been shown to have high stability profile and is unaf-
fected by acidification. 

pH was shown to predominantly affect the products with intact 
β-glucan. Products with neutral pH showed higher fluorescence intensity 
and the ratio of buried/exposed tryptophan. This was in contrast to the 
expectation of a higher ratio of buried/exposed tryptophan at acidic pH 
close to the protein isoelectric point. The protein isoelectric point of oat 
protein was previously shown to be close to 5 (Brückner-Gühmann, 
Heiden-Hecht, Sözer, & Drusch, 2018). The zeta potential of the prod-
ucts was also the lowest at pH 4.2, averaging around − 1.83 (B0) and 
− 8.81 (B100) mV. The oat source was found to not significantly affect 

Fig. 8. The normalised* sample scores of the PARAFAC model: grouped by β-glucanase level (A and C), oat source (B), and pH (D) (dashed line indicates a separation 
line according to β-glucanase % added: upper region 0%, lower region 50 &100%) * normalisation was done to the highest value of scores for each component. 

Fig. 9. The scores ratio of buried to exposed protein fraction* 
*all variable terms and interactions are significant with p-value < 0.01. 
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the zeta potential (Patra et al., 2022). Hence, the protein was expected to 
have a higher hydrophobicity tendency at acidic pH compared to neutral 
pH. In return, the lower fluorescence signal and ratio might be due to the 
change in the tryptophan quantum yield. Fluorescence intensity is 
affected by the protein concentration and the fluorophores quantum 
yield; the effectivity of fluorophores to convert the excitation energy to 
emission instead of radiationless transition (Murphy, Stedmon, Graeber, 
& Bro, 2013). Low pH has been shown to lower the intensity of tryp-
tophan by increasing the electron transfer rate to the surrounding 
quenchers such as amides or local peptide carbonyl group (Ghisaidoobe 
et al., 2014; White, 1959). 

4. Conclusions 

The stability of OBD is influenced by not only the physical but also 
the chemical variability of the system. The main variability of the OBD 
tested in this paper is caused by the different levels of β-glucanase added, 
which significantly alters the product carbohydrates profile. FTIR and 
NIR were both able to give a chemical fingerprint of the product and 
capture this trend. In addition to the chemical information, the NIR 
spectra were also found to correlate well with the product’s thickness. 
Compared to FTIR, NIR spectra could differentiate all the oat sources, 
while FTIR showed mixed scores of wholemeal and mix samples. Hence, 
NIR has potential to be developed for prediction or sample classification 
due to its ability to detect both chemical and physical variation. How-
ever, long-term use of any NIR model might need to consider routine 
model maintenance since NIR is known to suffer from measurement 
variation due to environmental and instrumentation fluctuation. 

LF-NMR describes the product’s structure which correlated with the 
stability tendency of the OBD tested. Thus, LF-NMR can also be used for 
the prediction of OBD stability. LF-NMR result also confirms that the 
aggregation observed in bran products with hydrolysed β-glucan at 
acidic conditions was due to water repulsion by the particles. The 
intrinsic fluorescence spectroscopy later supported the aggregation 
behaviour. 

Regarding fluorescence spectroscopy measurement, it is imperative 
to standardise the sample’s pH in addition to dilution and front face 
geometry to measure opaque food matters like OBD. The change in 

quantum yield affects the fluorescence signal significantly at different 
product pH. Regardless, the resulting fluorescence signal at pH 6.4 
proved that the higher protein content at the product with intact 
β-glucan from bran was due to the extraction of hydrophobic protein. 
This hydrophobic protein is easily aggregated at acidic conditions, 
which was confirmed with an increase in particle size, and precipitated 
at the lack of β-glucan network. For a future study, it might be beneficial 
to performed an extrinsic fluorescence measurement with a probe such 
as 8-anilino-1-naphthalenesulfonic acid (ANS), to measure the surface 
hydrophobicity. The extrinsic probe signal might further confirm the 
native protein structure within the sample. 

In conclusion, all the spectroscopic method tested described the 
stability of various kinds of OBD systems well. Multivariate data analysis 
ranging from a typical PCA until three-way PARAFAC unravelled the 
underlying trend within the spectra and allowed for sound in-
terpretations of the data. 
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Appendix A. The LF-NMR raw relaxation curves
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Appendix B. An example of non-exponential loadings of power slicing and PARAFAC model (B_B0_6.4 (A) and B_B0_ 4.2 (B))

Appendix C. A subset of fluorescence EEMa of one sample.(DF 0, 1 and 2 corresponds to dilution factor of 0, 10x and 100x). a Excitation 
was plotted at emission of 360 nm, and emission was plotted at excitation of 290 nm
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Bernat, N., Cháfer, M., Rodríguez-García, J., Chiralt, A., & González-Martínez, C. (2015). 
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