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A B S T R A C T   

Water mobility was assessed in acidified milk model systems made from casein and whey protein ingredients 
using low-field nuclear magnetic resonance (LF-NMR). Two water pools, less mobile and mobile water, were 
detected during acidification, while three water pools were observed in the resultant stirred acidified milk 
systems during storage, including a free water fraction of expelled serum (i.e., spontaneous syneresis). The 
system with highest content of micro-particulated whey protein (MWP) contained a smaller amount of less 
mobile water at the end of acidification, whereas its stirred acidified gel showed a higher proportion of less 
mobile water. In addition, it also displayed a higher spontaneous syneresis, induced syneresis and instability 
index, and lower water-holding capacity (WHC) with a more open and coarse gel structure compared to other 
systems. The system with highest content of nano-particulated whey protein (NWP) showed a gel structure with 
larger aggregates, and its water mobility was only slightly affected by structural rearrangements after stirring, 
resulting in more mobile water in the stirred acidified gel. Compared to NWP, systems with whey protein 
concentrate (WPC) showed similar spontaneous syneresis and WHC, but lower induced syneresis with a more 
homogeneous and denser gel structure. Quantitative image analysis of confocal laser scanning microscopy 
(CLSM) micrographs showed that values of gel particle size (ξ), inter-pore distance (λ), fractal dimension (Df), 
normalized variation (σ2) and pore ratio (Pa) can be correlated to water mobility.   

1. Introduction 

Physical stability is a major quality parameter of fermented dairy 
products that is difficult to predict. For low fat stirred yogurt, a good 
physical stability is normally evaluated through negligible appearance 
of syneresis and absence of grains (Buldo et al., 2016). Physical stability 
can be enhanced using whey protein ingredients, which has become 
common practice due to their favorable nutritional and functional 
properties, such as high moisture binding capacity (de Wit, 1998; Liu 
et al., 2016a, 2016b; Torres, Janhøj, Mikkelsen, & Ipsen, 2011). 

However, undesirable effects such as grainy texture, excessive firmness, 
and increased whey expulsion can occur as a consequence of 
non-optimal processing (Famelart, Tomazewski, Piot, & Pezennec, 
2004). It is important to understand the properties of added whey pro-
tein ingredients at a fundamental level and thus facilitate selection of 
suitable ingredients with desired functionality for various types of 
products and processing methods. 

Syneresis of yogurt is the phenomenon where an aqueous serum 
layer is formed by being released from the protein gel network, which 
originally entraps serum into its pores during gelation (Dalgleish & 
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Corredig, 2012). Factors influencing syneresis in stirred yogurts are 
related to the milk composition and the culture selected (Hassan, 2008), 
as well as the shearing intensity applied to the gels (Mokoonlall, Nöbel, 
& Hinrichs, 2016), which will result in different pore sizes and micro-
structure of the gel network (Hinrichs, Götz, & Weisser, 2003; Lee & 
Lucey, 2010). During industrial processing of stirred yogurt, a smooth-
ing step is normally applied to disrupt the continuous gel structure into 
microgel particles, which can re-associate during storage. Microgel 
particles were defined as the gel aggregates/clusters present in stirred 
yogurt (Mokoonlall et al., 2016). Studies on water-holding capacity 
(WHC) are commonly performed using induced phase separation. 
Centrifugation is widely applied, where the extent of WHC is determined 
by weighing of the supernatant whey (Buldo et al., 2016; Sodini, Mon-
tella, & Tong, 2005). Centrifugation-based methods are, however, 
inherently biased as conclusions can differ due to variations in the 
applied centrifugation forces, time and temperature used in different 
studies (Hassan, 2008; Sodini, Remeuf, Haddad, & Corrieu, 2004). 

Low-field nuclear magnetic resonance (LF-NMR) can be regarded as 
a powerful, non-destructive alternative for characterizing and quanti-
fying water and fat in complex food matrices. The information about 
different “water pools” and proton populations can be characterized 
based on their different NMR relaxation times (Hansen et al., 2010). 
LF-NMR has been used to study dairy products, e.g., cheese (Chaland, 
Mariette, Marchal, & De Certains, 2000), cream (Bertram, Wiking, 
Nielsen, & Andersen, 2005), and yogurt (Gilbert, Rioux, St-Gelais, & 
Turgeon, 2020a), to characterize processes, such as rennet coagulation 
(Hansen et al., 2010), acidification (Møller et al., 2011; Salomonsen, 
Sejersen, Viereck, Ipsen, & Engelsen, 2007), and syneresis (Gilbert et al., 
2020a; Hinrichs et al., 2004). The observed relaxation time ranges may 
very slightly due to the different mathematical models used to fit mag-
netic resonance decays (Gilbert et al., 2020a). In addition, more than 
one population of water protons have been observed in dairy matrices, 
with a bulk water fraction normally localized at a relaxation time range 
of 100–1000 ms (Le Dean, Mariette, & Marin, 2004). Up to four water 
components have been distinguished in yogurt and defined as solid/-
immobile, weakly mobile, mobile, and very mobile water (Hinrichs 
et al., 2003). The water proton distributions normally depend on the 
methods of signal decomposition applied (Mok, Qi, Chen, & Ruan, 2008; 
Møller et al., 2011). The results of water mobility from 1H-LF-NMR have 
been reported to correlate well with syneresis as measured by centri-
fugation and with gel microstructure in yogurt (Gilbert et al., 2020a). 

Confocal Laser Scanning Microscopy (CLSM) has been used exten-
sively to elucidate the microstructure in dairy products. Image analysis 
applied to CLSM micrographs could help to quantitatively characterize 
the structural changes occurring in the gel microstructure (Torres, 
Amigo Rubio, and Ipsen (2012). Glover et al. (2019) reported that image 
analysis based on stimulated emission depletion (STED) microscopy 
could quantify and describe dairy gel’s microstructure using a number of 
fitted parameters, i.e., length of protein domains, inter pore distance, 
and fractal dimension. In the present study, CLSM micrographs were 
subjected to image analysis in order to extract and quantify information 
and facilitate correlation with results obtained using other methods. 

It is of great importance to understand how added commercial whey 
protein ingredients affect water immobilization and the resulting 
microstructure in dairy products. The aim of the present study was to 
assess and quantify water mobility and microstructure in different 
acidified milk model systems mainly by LF-NMR and CLSM. To our 
knowledge, a combination of LF-NMR and CLSM, together with quan-
titative image analysis, has not previously been applied on acidified milk 
gels. Our goal was to achieve novel understanding on how water 

mobility is connected with microstructure in non-fat acidified milk 
model systems. Furthermore, stress induced phase separation was 
investigated using a LUMiFuge in order to clarify how the varying levels 
of water retention and the gel microstructure obtained with different 
whey protein ingredients affected the physical stability. 

2. Materials and methods 

2.1. Raw materials 

Nano-particulated whey protein (NWP, comprising 80.0% protein, 
5.3% fat, 2.0% lactose), micro-particulated whey protein (MWP, 
comprising 79.0% protein, 6.5% fat, 3.0% lactose), and whey protein 
concentrate (WPC, comprising 77.0% protein, 6.5% fat, 7.5% lactose) 
were provided by Arla Foods Ingredients (Videbæk, Denmark). The in-
gredients’ composition are cited directly from the product sheets of the 
manufacturer. Further details are included in complementary Table 1. 
Commercial skim milk (Com SM) was produced by Arla Foods a.m.b.a 
(Viby, Denmark) and purchased locally. 

Liquid casein concentrate (LCC, approximately 17% casein and 2% 
whey protein) was produced directly from skim milk (0.1% fat) using 
microfiltration (MF). Subsequently, the obtained MF permeate was used 
to produce liquid whey protein concentrate (LWPC with approximately 
7.1% whey protein and 0.8% casein) and native permeate (permeate, no 
protein detected) by use of ultrafiltration (UF). More details about the 
production procedures can be found in Li, Rovers, Jæger, Hougaard, 
et al. (2021). Subsequently, the samples of LCC and LWPC were stored at 
− 80 ◦C, and permeate at − 20 ◦C until use. Prior to use the samples 
underwent a controlled thawing procedure. Briefly, frozen samples were 
moved to a refrigerator and kept at 4 ◦C for 3 d, and then moved to a 
water bath where they were kept at 30 ◦C for 30 min. Full details about 
the thawing procedure for samples are given in Li, Rovers, Jæger, 
Hougaard, et al. (2021). 

2.2. Acidified milk model systems production at laboratory scale 

Milk model systems with 4.2% (w/w) protein content were con-
structed from the three whey protein powders (MWP, NWP, and WPC), 
together with LWPC and LCC in different ratios, using permeate as stock 
solution (see Table 1 for details). Two references (SM and Com SM, see 
Table 1) with 3.7–3.8% (w/w) protein content were also included in the 
investigation. Considering a usual maximum of 1.5% (w/w) NWP added 
to skim milk in industrial yogurt production (information supplied by 
Arla Food Ingredients, Videbæk, Denmark), all the whey protein pow-
ders (MWP, NWP, and WPC) were added to a maximum level of 1.5% 
(w/w) on protein basis in our experimental design. A ratio of casein-to- 
whey protein of around 1:1 was applied in order to better observe the 
effect of both whey protein and caseins, as well as to compare with our 
previous study (Li, Rovers, Jæger, Wijaya, et al., 2021). Further details 
on the protein content of each model system, calculated from the 
included individual raw materials, can be found in complementary 
Table 1. Production of acidified milk model systems was performed in 
duplicate. 

Briefly, mixed samples of 600 mL were initially stirred at 800 rpm for 
30 min at room temperature with a magnetic stirrer (IKA™ RET Basic 
Magnetic Stirrer, Fisher Scientific, Roskilde, Denmark), and subse-
quently stirred at 600 rpm with the same magnetic stirrer overnight at 
5 ◦C. Subsequently samples were subjected to two-stage homogenization 
(20/5 MPa) with a high-pressure homogenizer (Panda plus 1000, GEA 
Niro Soavi, Italy) after a preheat treatment (55 ◦C, 5 min) in a water 

R. Li et al.                                                                                                                                                                                                                                        



Food Hydrocolloids 127 (2022) 107548

3

bath. Following this, the obtained samples went through a heat treat-
ment of 90 ◦C (10 min) in a water bath, and were immediately cooled to 
below 45 ◦C using an ice water bath (10 min). 

Aliquots of 20 mL were filled into 50 mL centrifuge tubes, 1.5% (w/ 
v) of GDL (glucono-δ-lactone; Sigma-Aldrich Co., St Louis, MO, USA) 
was added and samples were manually mixed for 30 s. Subsequently, the 
samples were kept in a water bath at 45 ◦C for the acidification to 
proceed. Meanwhile, a HQ411D Laboratory pH/mV Meter with an 
Intellical™ PHC705 (Hach, Düsseldorf, Germany) electrode was used to 
monitor the pH changes of 3 aliquots (20 mL) from the same sample over 
time until their pH reached 4.6 ± 0.05 (approximately 90 min). A log-
arithmic relation (Equation (1)) was observed between pH and time for 
all the samples (with R2 values ranging from 0.993 to 0.999). 

pH =A*ln(t) + B (1)  

where t represents time in min. The values of A and B varied only slightly 
for the different model systems (complementary Table 2). The main 
difference observed is between the model systems with ~4.2% protein 
and the references (~3.7–3.8%), i.e. comparing the commercial skim 
milk sample (Com SM) and the sample made to mimic skim milk (SM) 
with the other model systems, and is due to the difference in total pro-
tein content (seen in complementary Table 1). 

After having reached pH 4.6, samples were immediately transferred 
to an ice water bath for 10 min and then stirred with vortex mixer (Bibby 
Scientific, Chelmsford, UK) at its maximum power for 5 s. Finally, all 
aliquots (20 mL) of the stirred acidified milk were stored in the refrig-
erator at 5 ◦C for further analysis. 

2.3. NMR measurement and data analysis 

The water mobility during acidification, as well as storage were 
measured using a LF-NMR MQR Spectro-P spectrometer (Oxford In-
struments, Oxfordshire, UK), targeted hydrogen nucleus, with 20 MHz 
(0.47 T) permanent magnet controlled by the Oxford Instruments NMR 
Application Developer software. 

Following heat treatment and addition of 1.5% (w/v) of GDL, 7 mL of 
sample was transferred into NMR glass vials (18 mm outer diameter) 
and LF-NMR spectra were collected approximately every 1.5 min for 90 
min at 45 ◦C. The measurements during acidification were done in two 
batches, with duplicate for each batch. The pH changes of one sample in 
NMR glass vials were checked at the same time using the same pH meter 
as section 2.2 in duplicate. The results obtained were almost identical to 
what was measured in the 20 mL samples (details not shown). 

The second step was to use LF-NMR to monitor the syneresis process 
during storage. For this purpose, 7 ml of each sample was transferred to 
NMR glass vials after heating, and the acidification and stirring steps 
were performed in the NMR vials using the same conditions as outlined 
above. Subsequently, the stirred acidified milk gel in an NMR glass vial 
was analyzed at 5 ◦C after 0, 3, 5, 7, 14 d of storage with 5 replicates for 
each sample (samples were stored at 5 ◦C during the storage time). 

Data were collected using the Carr-Purcel-Meiboom-Gill (CPMG) 
pulse sequence at 45 ◦C and 5 ◦C, for the acidification and storage in-
vestigations, respectively. The temperature was controlled by the NMR 
instrument during the measurements for both acidification and storage 
studies. The parameters of the pulse were set as follow: τ-delay 400 μs, 
recycle delay 8 s, 16 scans averaged, 12 000 echoes and receiver gain 5. 

Table 1 
Experimental design and ingredients used in the non-fat acidified milk model systems.  

Total protein content (% 
w/w) 

No. Model system 
code 

Casein (LCC) (% 
w/w) 

Total whey protein (% 
w/w) 

LWPC (%/total 
protein) 

NWP (% w/ 
w) 

MWP (% w/ 
w) 

WPC (% w/ 
w) 

4 1 N1 2.1 2.1 0.5 1.5 – – 
2 N2 2.1 2.1 1 1  – 
3 M1 2.1 2.1 0.5 – 1.5 – 
4 M2 2.1 2.1 1 – 1 – 
5 NM1 2.1 2.1 0.5 1 0.5 – 
6 NM2 2.1 2.1 0.5 0.5 1  
7 NM3 2.1 2.1 0.5 0.75 0.75  
8 NM4 2.1 2.1 1 0.5 0.5  
9 W1 2.1 2.1 0.5   1.5 
10 W2 2.1 2.1 1 – – 1 

3.5 11 SM 2.8 0.9 0.7 – – – 
3.5 12 Com SM Skim milk, commercial 

Note: Total whey protein content also includes around 0.1% of whey protein from liquid casein concentrate (LCC). LWPC represents liquid whey protein concentrate, 
NWP is nano-particulated whey protein, micro-particulated whey protein is MWP, and WPC is whey protein concentrate. 

Table 2 
The Pearson correlations of the LF-NMR findings versus the CLSM image analysis parameters, induced syneresis and water holding capacity of acidified stirred gels on 
7d.   

λ ξ Df Pa σ2 S238× g WHC3913× g Instability Index32× g Instability Index290× g Instability Index1140× g 

M21 − 0.873a − 0.496 − 0.633b 0.380 0.711a 0.510 − 0.667b 0.658b 0.801a 0.782a 

M22 0.844a 0.436 0.632b − 0.381 − 0.717a − 0.508 0.656b − 0.649b − 0.747a − 0.723a 

M23 − 0.719a − 0.562 − 0.804a 0.715a 0.882a 0.729a − 0.772a 0.843a 0.726a 0.645b 

λ 1 0.635b 0.683b − 0.419 − 0.651b − 0.565 0.719a − 0.656b − 0.726a − 0.708b 

ξ  1 0.468 − 0.412 − 0.527 − 0.529 0.608b − 0.506 − 0.704b − 0.690b 

Df   1 − 0.878a − 0.887a − 0.826a 0.789a − 0.839a − 0.727a − 0.611b 

Pa    1 0.791a 0.774a − 0.649b 0.898a 0.609b 0.623b 

σ2     1 0.831a − 0.852a 0.870a 0.856a 0.765a 

S238× g      1 − 0.960a 0.827a 0.768a 0.688b 

WHC3913× g       1 − 0.802a − 0.848a − 0.809a 

ξ represents gel particle size, λ is inter-pore distance, Df is fractal dimension, σ2 is normalized variation and Pa is pore ratio. 
S238× g means induced syneresis at centrifuge forces of 238× g. 
WHC3913× g means water holding capacity at centrifuge forces of 3900× g. 
Instability Index× g means when samples are centrifuged at x 32×g, 290×g, and 1140×g. 

a Correlation is significant at the 0.01 level. 
b Correlation is significant at the 0.05 level. 
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Relaxation time constants (T2n) and relative abundance (M2n) of proton 
populations were obtained by exponential fitting using an in-house 
MATLAB (R2019a, MathWorks, MA, USA) script according to Equa-
tion (2): 

I(t)=
∑N

n=1
M2n⋅e− t/T2n (2)  

where I(t) corresponds to the echo intensity as a function of LF-NMR 
time, N is number of different population of protons (determined by 
visual inspection of the residuals after model fitting), T2n is transverse 
relaxation time and M2n is the corresponding abundance. We applied a 
matrix-wise parameter estimation where N (common) time-constants 
T2n are fitted for each individual acidified gel trail while the N x t 
abundancies M2n (i.e. each abundance for each different population at 
each given time) were estimated separately for each LF-NMR recording 
in this same acidification trial. We also checked the method of La Place 
transformation as described in Gilbert et al. (2020a), and found very 
similar results (details not shown). 

2.4. Induced syneresis and water-holding capacity (WHC) 

Induced syneresis measurements were conducted using centrifuga-
tion at 238×g at 4 ◦C for 10 min applied to 20 g of each acidified gel 
sample (Gilbert et al., 2020a). WHC was determined according to our 
previous paper (Li, Rovers, Jæger, Wijaya, et al., 2021), i.e. centrifu-
gation at 3913×g at 4 ◦C for 10 min on 20 g samples. For both methods, 
samples of stirred acidified model milk were analyzed after 0, 7 and 14 
d of storage. Measurements were done in triplicate. Induced syneresis in 
% (w/w) was calculated based on the serum mass m separated from the 
gel and the total gel mass, according to Equation (3): 

Induced ⋅ syneresis⋅(%)⋅ = ⋅
m  (serum)

m  (gel)
× 100 (3) 

WHC in % (w/w) was estimated as follows (Equation (4)), as the 
fraction of the original gel mass left after subtraction of the serum 
expelled by centrifugation: 

WHC ⋅ (%) ⋅ = ⋅
(

1 ⋅ − ⋅
m  (serum)

m  (gel)

)

× 100 (4)  

2.5. Stress induced phase separation 

Stress induced phase separation of stirred acidified gels was quan-
tified as the instability index as analyzed by a LUMifuge with the 
PH0020 Stability Analyzer (LUM GmbH, Berlin, Germany). The in-
tensity of transmitted near-infrared (NIR) light across the full length of 
the sample cell as a function of time and position was measured. Samples 
of 400 μL were gently injected into the test cell using micropipettes. The 
measurements were conducted continuously at 4 ◦C for 12 h using 3 
different centrifuge speeds (32×g, 290×g, and 1140×g) for 6.9 h, 2.75 h 
and 2.75 h, respectively. The obtained transmittance profiles were 
analyzed with the SepView software (LUM GmbH, Berlin, Germany) to 
compare phase separation and destabilization phenomena in the sam-
ples. The extracted instability index was used to represent the stability of 
the samples, where the calculation was based on the decreasing of 
particle concentration due to gravity over time. A lower instability index 
represents high stability of the sample, the details can be found in 
Detloff, Sobisch, and Lerche (2013). Each system was measured at least 
in duplicate. 

It should be noted that in centrifugation induced separation (i.e. in 
the LUMIfuge), an uneven force is applied, which makes comparison to 
gravity-based separation difficult and direct translation of the result to 
actual shelf-life of a product needs a performed calibration with gravity- 
based separation (see e.g. Badolato, Aguilar, Schuchmann, Sobisch, & 
Lerche, 2008). This has not been done in the current study, but 

LUMIfuge measurements were conducted in order to compare an 
accelerated stability evaluation with the other applied methods for 
characterizing syneresis. 

2.6. Microstructure and image analysis 

Confocal micrographs were acquired following the methods 
described by Torres et al. (2012). Gel samples were examined using a 
63x water immersion objective (63x/1.2 HCX PL APO CS)/(N.A. 1.2) on 
a Leica TCS SP2 confocal scanning laser microscope (CLSM) (Leica 
Microsystems, Heidelberg, Germany) fitted with an Ar/Kr laser. Staining 
of the stirred acidified gel samples utilized a FITC (fluo-
rescein-5-isothiocyanate) solution in acetone (0.02%, w/w). FITC was 
excited at 488 nm, and the emitted signal was collected from 500 to 547 
nm. The stirred acidified gel from each milk model system was measured 
on 0, 7 and 14 d. For each stirred acidified gel, three slides were pre-
pared and 10 images of 1024 × 1024 pixels were recorded. 

Quantitative image analysis was conducted on the micrographs to 
extract five different parameters. The method applied for determining 
the autocorrelation and power spectrum images has been described in 
detail by Glover et al. (2019). An autocorrelation-based method was 
used to extract the typical length scale of the protein aggregate domain 
in the images, referred to as ξ and a longer order repeating distance in 
the images, λ, which corresponds to the inter-pore distance, having the 
potential to describe the openness of the acidified gel structure. ξ and λ 
were extracted by fitting the model shown in Equation (5) to the radial 
average of the autocorrelation image using MATLAB, as described by 
Glover et al. (2019): 

p(r)=C⋅e
−

(

r
ξ

)β

⋅cos
(

2 π(r − r1)

λ

)

(5)  

where r is the initial radial distance and r1 is the displaced radial 
distance. 

The fractal dimension, Df, indicates packing density of the protein 
aggregates in acidified gel. It was determined from the radial average of 
the power spectrum image of the CLSM recording as described by Glover 
et al. (2019) where the gradient of the linear region of the radical decay, 
β, relates to the fractal dimension through Equation (6): 

Df = 4 −

(
β
2

)

(6) 

The normalized variation, σ2, of each image, was determined using 
Equation (7) (de Bont, van Kempen, & Vreeker, 2002). It can be used to 
indicate the coarseness of the gel structure: 

σ2 =

(
1

N − 1

)
∑N

i=1
(xi − x)2 (7)  

where N is the total number of pixels in the image, xi is the intensity of 
the ith pixel and x is the average pixel intensity in the image (de Bont 
et al., 2002). 

The parameter pore ratio, Pa, shows the proportion of the image that 
is occupied with void space, indicating the denseness of the structure. 
The pore ratio of an image was determined by binarizing the image 
based on Otsu’s method (Otsu, 1979); the pore ratio is found for each 
image using Equation (8): 

Pa =

∑P
i=1αi

N
(8)  

Where α is the number of pixels in each pore, P is the number of pores 
and N is the total number of pixels in the image. 
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2.7. Statistics analysis 

SPSS Statistics 27 (IBM, New York, USA) was used for statistics 
analysis in this study. ANOVA (one-way analysis of variance) was done 
following Tukey’s multiple comparison test based on a statistical sig-
nificance of P < 0.05. Repeated measure ANOVA analysis was also done 
with a statistical significance level of P < 0.05. Pearson’s correlation 
coefficients were adopted to estimate correlations between variables 
from different measurements based on a statistical significance of both P 
< 0.01 and P < 0.05. Principal component analysis (PCA) was carried 
out using OriginPro 2019 (OriginLab Corporation, Massachusetts, USA), 
and all variables were centered and standardized (1/SD). 

3. Results and discussion 

In this section, we will discuss the results on the different model 
systems which are described in detail in Table 1. The difference in model 
systems N1 and N2 is the ratio of LWPC and NWP, in which N1 contains 
more NWP than LWPC, while N2 has equal amounts of NWP and LWPC. 
The samples with MWP and WPC have the same setup, with M1 having 
more MWP than LWPC and W1 having more WPC than LWPC. Similarly, 
in M2 the ratio of LWPC and MWP is equal and so is the ratio of LWPC 
and WPC in W2. Samples denoted NM are mixtures of NWP and MWP, 
and also contain LWPC. The difference between NM1, NM2 and NM3 is 
their ratio between NWP and MWP, with NM1 having more NWP, NM2 

having more MWP, and NM3 having equal amounts of NWP and MWP. 
NM4 also contains equal amounts of NWP and MWP, but contains a 
higher amount of LWPC (1%) than NM3 (0.5%). 

3.1. Water mobility changes of milk model systems during acid gelation 

The changes in water mobility during acidification were monitored 
by LF-NMR at 45 ◦C. Two water proton populations were identified 
corresponding to the transversal relaxation times in the range of 
200–237 ms (T21) and 316–464 ms (T22), respectively. Fig. 1 presents 
the changes of transversal relaxation times (T21 and T22) for all the 
model systems. The references (SM and Com SM) both presented 
significantly higher T21 and T22 than the other designed model systems, 
most likely due to the differences in protein content and composition (Le 
Dean et al., 2004). The systems M1 and NM3 tended to display 

significantly lower T21 than the other systems, even though the differ-
ences were relatively small. Torres, Mutaf, Larsen, and Ipsen (2016) 
studied the gelling behavior of milk matrices with added either WPC or 
MWP using GDL (1.5% w/v) at 44 ◦C. Using a different data analysis 
method, they also found changes in the relaxation T2n as the pH 
approached 4.6, and defined T21 and T22 in the range of 50–200 ms and 
200–300 ms, respectively. The change of T2n was reported to be related 
to interaction of CCP and water, casein aggregation, and the resulting 
gelation (Laligant, Famelart, Paquet, & Brulé, 2003). Compared to the 
data analysis applied by these authors, the difference is that we have 
used the matrix-wise fitting as has been described earlier in the methods 
part. The variation of T2n could be due to the different total protein 
contents or protein composition when comparing our study (total pro-
tein content ~4.2%, including ~2.1% casein and ~2.1% whey protein) 
with the study of Torres et al. (2016) (total protein content 6.5%, 
including approximately 3.6% casein and 2.9% whey protein). In gen-
eral, the relaxation times T2n are related to either the degree of exchange 
between water and proteins, or between water molecules (Peters et al., 
2016). Frequent proton exchange with protein surfaces and reduced 
water molecular motion could both lead to a faster water relaxation 
during milk acidification (Møller et al., 2011). In the present study, T21 
(200–237 ms) mostly corresponds to the water protons of less mobile 
water, reflecting a water fraction engaged in proton exchange with 

Fig. 1. Differences of LF-NMR relaxation time (T21 and T22) during acidifica-
tion for the milk model systems. Each bar shows the mean ± SD (n = 3); values 
within the same color bar and not sharing a common superscript letter are 
significantly different (P < 0.05). 

Fig. 2. Development in the relative proportion of different water populations 
based T2n peaks during acid gelation with different milk model systems as a 
function of pH. 
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protein surfaces (Møller et al., 2011; Torres et al., 2016). T22 (316–464 
ms) corresponds to the mobile water fraction, which can be attributed 
mostly to the water molecules released due to CCP discharge and 
reduced casein (protein) hydration (Torres et al., 2016). 

Fig. 2 presents the corresponding relative water proton populations 
(M21 and M22) as a function of pH for the studied model systems. The LF- 
NMR recordings are logged for known acidification times, but the pH 
value for samples inside the magnet cannot be measured. Equation (1) 
and “ex-situ” gels were used to translate the LF-NMR times into pH- 
values and these are used on the x-axis in Fig. 2. During acidification 
an increase of M22 and a decrease of M21 were seen (mirrored due to the 
constrained population of 100% in a two-component system), reaching 
an asymptotic end of acidification (pH 4.6) for all the model systems 
(Fig. 2). It is thus clearly demonstrated that the water in the systems 
shifted from a less mobile fraction (M21) to a mobile fraction of (M22), 
during the acidification. The study by Torres et al. (2016) also found a 
similar phenomenon of decreasing M21 and increasing M22 during 
acidification in the milk matrix with added whey protein ingredients 
hydrated after 24 h. Both of the control model systems (SM, made to 
mimic skim milk composition, or Com SM obtained from the super-
market) were significantly different from all the other systems in their 
water mobility changes (presented here as a function of pH rather than 
time) and point of inflection (~pH 5.1 versus pH 5.3). The starting point 
for all the other model systems was at around pH 6.5 and approached 
equilibrium below pH 4.9, while the control samples SM and Com SM 
started changing from around pH 5.5 and reached equilibrium at around 
pH 4.8. The final bulk water (M22) of both SM and Com SM at the 
equilibrium point was significantly higher than the systems with added 
higher ratios of NWP (N1, N2 and NM1) and WPC (W1 and W2), the 
significance analysis of shifting rate and equilibrium point of M22 can be 
seen in complementary Table 3. The explanation for this is most likely 
the difference in both the total protein content (~3.7–3.8%) and ratio of 
casein (~2.8%) to whey protein (~0.9%) in these samples compared to 
the model systems. It has been reported that caseinates, whey protein, 
CaCl2 and lactose are all able to influence water proton populations in 
dairy mixtures, where the concentration of caseinates plays the most 
important role in interpreting the variation of relaxation time T2n (Le 
Dean et al., 2004). Before acid gelation, the soluble whey protein ag-
gregates increase with a lower casein to whey protein ratio (Vasbinder, 
Alting, Visschers, & de Kruif, 2003). Following acid gelation, the whey 
protein aggregates may form a secondary protein network, impeding 
casein-casein interactions, and leading to shrinking of the gel network 
(Laiho, Williams, Poelman, Appelqvist, & Logan, 2017; Vasbinder, Van 
Mil, Bot, & De Kruif, 2001). Therefore, a decreased bulk water mobility 
and induced syneresis could be observed owing to a denser gel network 
with more interactions occurring between whey protein aggregates 
(Gilbert, Rioux, St-Gelais, & Turgeon, 2021). In our study, however, the 
differences of water fractions (M21 and M22) can be attributed to both 
the differences of total protein content and casein to whey protein ratio 
between the references (SM and Com SM) and the other model systems, 
as seen Fig. 2. 

The differences in water mobility for the other model systems, which 
all have the same total amount of casein and whey protein, will depend 
on the properties of the different whey protein ingredients. The exis-
tence of whey protein aggregates, either in solution or on the surface of 
the casein micelles, was previously reported to greatly affect gel for-
mation in acid gelation, as they were able to interact with the micelles 
and bridge between the protein particles when pH was approximately 
5.3 (Donato, Alexander, & Dalgleish, 2007). 

The water distribution in model systems containing a higher amount 
of MWP shifted relatively faster towards mobile water populations upon 
decreasing pH than the other systems studied. Especially M1 (1.5% 
MWP), M2 (1% MWP), NM2 (1% MWP) and NM3 (0.75% MWP) showed 
fast shifts when pH decreased (Fig. 2). Meanwhile, the systems M1, NM2 

and NM3 only presented a slightly higher fraction of less mobile water 
(M21) compared to the two controls (SM and Com SM) at the end of 

acidification. Previous studies (Li, Rovers, Jæger, Wijaya, et al., 2021; 
Liu, Buldo, et al., 2016) have suggested that the MWP only to a very 
limited extent interacts with the other proteins present during gel 
structure formation. Besides, MWP may impede casein-casein in-
teractions because of its larger particle size, thus leading to a lower 
capacity for immobilization of water (Torres et al., 2016). The systems 
with added NWP and WPC, especially N1 (1.5% NWP), were the slowest 
in terms of the shifting rate between water populations with decreasing 
pH, but had the highest proportion of less mobile water (M21). This in-
fers that these two ingredients (NWP and WPC) interact with other 

Fig. 3. Development in the relative proportion of different water populations 
based T2n peaks during storage time for stirred acidified milk model systems. 
The bar with white color represents 0 d, light grey is 3 d, and black is 14 d. Each 
bar is the mean ± SD (n = 5); values within the same color bar and not sharing a 
common superscript letter are significantly different (P < 0.05). 
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protein components to participate in formation of the final gel network. 
Our previous study also indicated that milk model systems made with 
NWP and WPC ingredients could improve gel formation and ensure 
higher WHC by interacting with both casein micelles and with them-
selves (Li, Rovers, Jæger, Wijaya, et al., 2021). 

3.2. Water mobility variation of acidified stirred gels during storage 

Fig. 3 presents the changes in the water populations during storage of 
the stirred acidified gels, which were subjected to stirring/smoothing 
after the set gel was formed. Three water populations were detected, 
with different degrees of mobility. The range of T21 from 138 to 181 ms 
was defined as less mobile water (M21), interacting with the protein 
surface. T22 (241–330 ms) was considered mobile water (M22), i.e., 
moving around in the gel network. This fraction has been termed “bulk 
water” in other studies (Gilbert et al., 2020a; Salomonsen et al., 2007). It 
has been reported that this population can be related to syneresis caused 
by structural rearrangements of the protein matrix (e.g. further aggre-
gation, formation of serum channels, tightening of the network) occur-
ring during storage (Torres et al., 2016). The range from T23 (745–1252 
ms) was defined as very mobile water (“free water”, M23) expelled from 
the gel structure (spontaneous syneresis) (Gilbert et al., 2020a). More 
details on the differences of T2n among the stirred acidified gels can be 
seen in the complementary Fig. 1. It is evident that the relaxation times 
observed during acidification, i.e. T21 (200–237) and T22 (316–464 ms), 
decreased when analyzing the stored samples, i.e., T21 (138–181) and 
T22 (241–330 ms). This can be attributed mainly to the differences in 
temperature used (5 versus 45 ◦C). In addition, the trend of T2n during 
storage was similar to the measurements from acidification. The values 
of T21 and T22 of the references (SM and Com SM) were relatively higher 
than those from the other model systems. The total protein content and 
ratio of casein to whey protein could most likely explain this variation. 
Torres et al. (2016) only observed 2 water fractions in the acidified set 
gels after one week of storage at 4 ◦C, where T21 ranged from 66 to 124 
ms and T22 from 192 to 236 ms. In this study, the values of both T21 and 
T22 were also lower than those obtained from the performed acidifica-
tion (44 ◦C) on the milk matrix with added WPC and MWP (after 24 h 
hydration). Gilbert et al. (2021) found that the bulk water population 
(T2ñ100–500 ms) in the gel network was decreased with lower casein to 
whey protein ratio (3.9–1.5) and the bulk water population was also 
related to induced syneresis (similar method as used in our study). 
Differences in the observed range of T2n compared to previously re-
ported investigations could be due to the temperature and ratio of casein 
to whey protein. 

The different events appear correlated with the storage time, where a 
decreasing amount of mobile water (M22) was accompanied by an in-
crease in both less mobile (M21) as well as free water (M23) during 
storage. Previous studies have reported that the gel structure was able to 
reorganize, which resulted in an increase in the gel particle size and a 
reduction in the numbers of gel pores, thus expelling serum from the gel 
network (Lee & Lucey, 2010; Lucey, 2001; Mokoonlall et al., 2016). This 
eventually will result in spontaneous syneresis (Gilbert et al., 2020a; Lee 
& Lucey, 2006). For all samples in the present study, spontaneous syn-
eresis occurred continuously during storage (Fig. 3 C). Concomitantly, 
the water fraction resulting from gel network rearrangements (M22) 
tended to decrease, and migrated to the other water fractions during 
storage. In general, the significant changes of all three water populations 
occurred within 3 d of storage for almost all the samples, whereas only 
slight changes were observed with additional storage time (see com-
plementary Fig. 2). Besides, the proportions of different water pop-
ulations based T2n peaks during storage time (0, 3, 5, 7, 14d) were 
significant at P = 0.05 level for all the stirred acidified milk model 
systems in the repeated measures analysis (see complementary Table 4). 

Moreover, the proportion of less mobile water (M21) in the stirred 
gels was observed to be highest for system M1 (containing 1.5% MWP) 
(Fig. 3A), which is not in line with the data from acidification (Fig. 2 A 

and B). The study by Torres et al. (2016) showed a similar result, where 
yogurt with added MWP had a higher fraction of M21 than yogurt with 
added WPC in the set gels after one week of storage. This discrepancy 
might be explained by relocation of MWP from pores and cavities in the 
gel structure as a consequence of rearrangement of the gel network 
during storage, resulting in higher abundance of restricted water (M21) 
(Torres et al., 2016). However, the gel structure made using MWP was 
very weak in the present study based on the measurements from our 
previous study (Li, Rovers, Jæger, Wijaya, et al., 2021); and the formed 
gel was broken to a higher extent during the stirring process. Thus, a 
large part of the water fraction around the gel network (M22) returned to 
less mobile water (M21). In this way, it is also expected that M1 exhibited 
the highest fraction of water protons representing spontaneous syneresis 
(M23) due to a weak gel network. For systems with MWP, it can be seen 
that the fraction of mobile water (M22) increased when the ratio of 
added LWPC was increased, i.e. comparing sample M1 (0.5% LWPC, 
1.5% MWP) with M2 (1% LWPC, 1% MWP). Besides, the spontaneous 
syneresis (i.e., the fraction of free water, M23) was significantly reduced 
when adding more LWPC, comparing M1 and M2 in Fig. 3 C. The more 
native whey protein of LWPC thus contributed more to the water 
containment, presumably by attaching to the casein micelles during 
milk heat treatment and forming links during gelation (Torres et al., 
2016). The gelation behavior of MWP and LWPC agreed with previous 
studies (Li, Rovers, Jæger, Wijaya, et al., 2021; Liu, Buldo, et al., 2016). 

For the systems with added NWP, N1 (0.5% LWPC, 1.5% NWP) 
exhibit the significantly lowest fraction of less mobile water (M21) and 
the highest fraction of mobile water (M22). Also, its water fractions was 
almost unaffected by both the stirring step and the storage when 
compared to the values directly at the end of acidification process (e.g., 
N1 in Figs. 2 B and 3 B). However, the processes of stirring and storage 
brought significant changes of water mobility for the other milk model 
systems, e.g., the systems with added WPC and the skim milk references 
(SM and Com SM). Addition of NWP has been reported to show larger 
average particle size due to self-aggregation of NWP, and result in a 
stronger gel during gelation because of interaction with both casein 
micelles and itself (Li, Rovers, Jæger, Wijaya, et al., 2021; Liu, Jæger, 
Nielsen, Ray, & Ipsen, 2017). NWP self-aggregation and formation of a 
gel network from NWP aggregates with casein micelle aggregates could 
explain why the system N1 was rather unaffected by stirring and storage. 
Furthermore, it was difficult to conclude if addition of NWP contributed 
more to the proportion M23 compared to LWPC in N1 (0.5% LWPC, 1.5% 
NWP) and N2 (1% LWPC, 1% NWP) as there was no significant differ-
ence between these samples. NWP addition results in a significantly 
lower free water fraction (M23) in the system NM1 (0.5% LWPC, 1% 
NWP, 0.5% MWP) when compared to M1 (0.5% LWPC, 1.5% MWP). 
However, when having both NWP and MWP in the mixture, the situation 
can also be different. Interestingly, the system NM3 (0.75% NWP and 
0.75% MWP) did not follow the trend of the other mixed (NWP and 
MWP) samples, but it actually resembles more an MWP-only system 
with higher added amount of MWP (M1, including 1.5% MWP) in terms 
of the water fractions during storage. A possible explanation might be 
that the combined application of NWP and MWP, in their specific 
amount and ratio (e.g., NM3, 0.75% NWP and 0.75% MWP), will affect 
each other by disrupting gel structure formation and especially affecting 
NWP’s gel properties. 

It should also be noted that the systems with WPC (W1 and W2) 
demonstrated a significantly lower proportion of free water (M23) dur-
ing storage in comparison with the controls (SM and Com SM), but a 
similar M23 with systems N1 and N2 (Fig. 3 B). Mobile water (M22) was 
significantly lower for W1 compared to N1. Based on our previous study 
(Li, Rovers, Jæger, Wijaya, et al., 2021), WPC can be assumed to show 
similar gelation behavior as LWPC and will hence contribute to a denser, 
more interconnected protein network. 
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3.3. Induced syneresis, water-holding capacity and stress induced phase 
separation of acidified stirred gels during storage 

The variation of induced syneresis and WHC is shown in Fig. 4 for all 
the systems following 0, 7, and 14 d of storage. The model systems made 
including WPC (W1 and W2) differed significantly by having the lowest 
induced syneresis of all the ones studied, while exhibiting a significantly 
higher WHC than other stirred acidified gels, except for the systems with 
added NWP (N1 and N2) and even NM4 (1% LWPC, 0.5% NWP, 0.5% 
MWP). It should be noted however, that a centrifugal force of 238×g is 
still unlikely to achieve completely clear serum separation from the 
stirred acidified gel. Compared to the other milk model systems, the 
systems with added NWP (N1 and N2) and WPC (W1 and W2) improved 
the water retention properties with lower induced syneresis and higher 
WHC. Furthermore, the addition of LWPC reduced significantly the 
induced syneresis in the systems with added MWP when comparing M1 

(0.5% LWPC, 1.5% MWP) and M2 (1% LWPC, 1% MWP), which also 
corresponded to the result from spontaneous syneresis observed with LF- 
NMR (M23). The effect of LWPC in the systems with both added NWP and 
MWP was limited in terms of influence on induced syneresis. Besides M1, 
the highest syneresis (but similar to controls (SM& Com SM)) and lowest 
WHC was also seen in system NM3 (Fig. 4). 

The instability index obtained from LUMIfuge measurements was 
assessed in order to be correlated with water retention and the effect of 
different whey protein ingredients on the induced phase separation of 
the stirred acidified gels. Fig. 5 illustrates an increase in the instability 
index for all samples with continuously increasing centrifugal forces 
from 32×g, 290×g, to 1140×g. This corresponds well with the results 
obtained from spontaneous syneresis (M23) (LF-NMR measurements), 
induced syneresis and WHC. The systems with the highest amount of 
MWP, i.e., M1 (0.5% LWPC, 1.5% MWP), resulted in significantly higher 
instability index than all the other systems at centrifugal force 32×g. 
When the centrifugal force was increased to 290×g, the instability index 
of M1 was similar to NM3 (0.5% LWPC, 0.75% NWP, 0.75% MWP) and 
the reference Com SM. The instability index of M1 was increased to be 
similar to M2, NM3 and Com SM when the centrifugal force was 
increased to 1140×g. Similar to the results from induced syneresis, MWP 
appears not to make the yoghurt more unstable compared to the con-
trols. The system of N1 (0.5% LWPC, 1.5% NWP) displayed significantly 
lower instability index compared to N2 (1% LWPC, 1% NWP), probably 
because of the higher amount of NWP. The systems with added WPC (W1 

and W2) showed similar instability indices, and are significantly lower 
than N1 at 32×g, similar at 290×g, but higher at 1140×g. These results 
indicate the protein network for the WPC systems may protect the 
structure from breakage when low centrifugal forces (32×g and 290×g) 
were applied. Addition of higher amount of NWP could lead to reduced 
phase separation, especially when a higher centrifugal force was applied 
(1140×g), probably because of the stronger gel formed by NWP. How-
ever, the LUMifuge should be able to detect real phase separation phe-
nomena at 290×g, and the improvement in the overall physical stability 
of stirred acidified gel was clearly seen for the systems added NWP and 
WPC, when comparing to the controls (SM and Com SM). 

3.4. Gel structure and image analysis of acidified stirred gels during 
storage 

CLSM micrographs and the results from image analysis are presented 
in Figs. 6 and 7. The five different parameters extracted from the mi-
crographs of acidified stirred gel were intended to numerically describe 
the gel structure and to be correlated to the measured water mobility. 

Fig. 4. Changes in the induced syneresis and water holding capacity during 
storage time with different stirred acidified milk model systems. The bar with 
white color represents 0 d, dark grey is 7 d, and black is 14 d. Each error bar is 
the mean ± SD (n = 3); values within the same color bar and not sharing a 
common superscript letter are significantly different (P < 0.05). 

Fig. 5. Instability Index (calculated on the basis of stress indued phase sepa-
ration) of stirred acidified milk model systems with increasing centrifugal 
forces. The bar with white color represents 32×g, dark grey is 290×g, and black 
is 1140×g. Each error bar is the mean ± SD (n = 3); values within the same 
color bar and not sharing a common superscript letter are significantly different 
(P < 0.05). 

R. Li et al.                                                                                                                                                                                                                                        



Food Hydrocolloids 127 (2022) 107548

9

The gel aggregate size (ξ) could help explain the changes of protein 
aggregate length over time. The inter-pore distance (λ) was a dependent 
parameter that predicts an open gel structure. The fractal dimension (Df) 
indicates packing density of protein aggregates, a higher Df can be 
assumed to correlate to a more jagged protein interface which may 
generate higher surface area (Smoczyński & Baranowska, 2014). Surface 
area refers to the size of the interface between the protein aggregates 
and the aqueous systems. Increased surface area may assist in retaining 
more water retention. Normalized variation (σ2) reflects the coarseness 

of the gel structure, and a high σ2 indicates that the gel structure is 
sparsely distributed, i.e., has a more open structure, which will not be 
able to retain water well. The pore ratio (Pa) indicates how dense the 
structure is and how much of the image that is occupied with void 
spaces, which could be linked to a large amount of free water in such a 
sample. 

It can be seen (Figs. 6 and 7) that gels with added MWP exhibit more 
open structures, which can also be seen from the high normalized 
variation (σ2) and pore ratio (Pa) and the low fractal dimension (Df), 

Fig. 6. Representative CLSM images of stirred acidified milk model systems after 7d of refrigerated storage: scale bar is 50 μm.  
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Fig. 7. Fitting parameters from CLSM images of stirred acidified milk model systems during storage. The black square represents 0 d, red round point is 7 d, and blue 
triangle is 14 d. Each error bar is the mean ± SD (n = 10). ξ represents gel particle size, λ is inter-pore distance, Df is fractal dimension, σ2 is normalized variation and 
Pa is pore ratio. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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especially for the systems M1 (1.5% of MWP) and NM3 (0.75% of NWP, 
0.75% of MWP). On the other hand, the same samples exhibited lower 
average inter-pore distance (λ), probably due to their smaller gel 
aggregate size (ξ) as seen in Fig. 7 A and C. 

It should be noted that for all the images of systems with NWP added, 
the presence of large NWP aggregates exhibiting high intensities inevi-
tably will affect the resulting image analysis. A larger gel structure size 
of ξ was seen for NWP induced aggregates, corresponding to our pre-
vious research, which revealed that systems with added NWP showed 
larger average particle sizes measured using laser diffraction, due to 
NWP self-aggregation during acidification (Li, Rovers, Jæger, Wijaya, 
et al., 2021; Liu et al., 2017). Gilbert, Rioux, St-Gelais, and Turgeon 
(2020b) found the measurement of microgel size was similar by both 
laser diffraction (ranging from 0.02 μm to 2 mm) and optical microscopy 
image analysis (15–150 μm). A correspondence was also found between 
microgel sizes measured by laser diffraction and confocal microscopy 
(scale around 10 μm) (Moussier et al., 2019). The addition of NWP to the 
systems made with MWP could result in a lower pore ratio (a reduced Pa) 
and reduced heterogeneity (lower σ2) in their mixed systems (NM1, 
NM2, and NM4). NM3 is the exception, probably because of the specific 
ratio of NWP to MWP, as discussed previously for water mobility (sec-
tion 3.2). 

The system with WPC (W1 and W2) demonstrated the lowest Pa and 
σ2 and highest Df indicative of a densely packed gel structure. The most 
likely explanation is that both the smaller particle sizes and less dena-
tured whey protein content enhanced interactions between caseins and 
whey proteins, creating a dense and homogenous protein network. This 
is confirmed by the fact that the systems with addition of WPC had the 
lowest induced syneresis. 

The Pearson’s correlations (Table 2) show how gel microstructure 
relates to the water mobility, induced syneresis, WHC and instability 
index. The correlation analysis was done on the results after 7d of 
storage. Three parameters extracted from the micrographs, namely 
inter-pore distance (λ), fractal dimension (Df), and normalized variation 
(σ2) correlated to all the water fractions from less mobile water (M21), 
mobile water (M22), free water (M23) as well as with WHC and instability 
indexes with all three applied centrifugal forces. The pore ratio (Pa) 
correlated positively to the free water fraction (M23), induced syneresis, 
and instability indexes. In addition, Table 2 also shows that the gel 
aggregate size (ξ) correlated negatively to WHC and instability indexes 
with centrifuge forces of 290 x and 1140×g. The relationships strongly 
indicate a direct correlation of gel microstructure with either the water 
mobility measured from LF-NMR or syneresis/WHC by the centrifuga-
tion methods, even potentially relating to the properties of physical 
stability in the stirred acidified gels. Gilbert et al. (2020a) also applied 
microscopy image analysis on gel microstructure (measured by 
Dino-Lite Edge Microscope), and compared the parameters with water 
mobility by 1H- LF- NMR. They found that a combination of the pa-
rameters of bulk water population and the area of microgel surfaces 
could be used to indicate the variation of water holding capacity in 
stirred yogurt. They also confirmed that microstructural heterogeneity 
was correlated to the induced syneresis. As an example, the sample M1, it 
is clearly more coarse (high σ2) and has more open structure (high Pa), 
and this correlated negatively with low level of bulk water M22 and 
WHC, but was positively correlated with larger amount of spontaneous 
syneresis (M23) and induced syneresis. Therefore, water mobility 
measured by LF-NMR can also be used to predict the microstructure 
characteristics of acidified gels. 

3.5. PCA analysis 

PCA analysis provided an overview of the correlation of water 
mobility data from LF-NMR, induced syneresis, WHC, microstructure, 
and stress induced phase separation from LUMifuge among the acidified 
stirred milk model gels made with different ratio and types of casein and 
whey protein ingredients. As the PCA analyses for different days were 

similar among the model systems, we are presenting the representative 
analysis on 7d of storage. As seen in Fig. 8, two principal components 
(PC1 and PC2) were selected explaining 83.98% of the total variability, 
where PC1 explained 73.30% of the data variability, and PC2 explained 
10.68%, mostly based on differences in the pore ratio (Pa). Based on all 
the measured parameters, the model systems could be separated into 4 
groups which mostly correspond to the different types of whey protein 
ingredients added (not statistically calculated). The systems with added 
WPC (W1 and W2) are mainly separated from other systems based on the 
fractal dimension (Df), suggesting their acidified gels have more uniform 
structures than the other samples. The two references (SM and ComSM) 
were expected to be grouped together since they have a lower total 
protein content. Besides, they were also separated from the group con-
sisting of M1 (0.5% LWPC, 1.5% MWP) and NM3 (0.5% LWPC, 0.75% 
NWP, 0.75% MWP) which are expected to be together based on all the 
obtained results and which have the lowest Df of all model systems (high 
inhomogeneity). The final group consisted of six model systems 
including N1 (0.5% LWPC, 1.5% NWP), N2 (1% LWPC, 1% NWP), NM1 

(0.5% LWPC, 1% NWP, 0.5% MWP), NM2 (0.5% LWPC, 0.5% NWP, 1% 
MWP), NM4 (1% LWPC, 0.5% NWP, 0.5% MWP) and M2 (1% LWPC, 1% 
MWP), as they were not significantly different from each other. M2 and 
NM2 were surprisingly clustered close to the systems with more added 
NWP. The relationships among all the loadings (vectors) are similar to 
the results from Pearson’s correlations, as seen from the biplot in Fig. 8. 
The instability index centrifuged at 32×g, induced syneresis, WHC, 
normalized variation (σ2) as well as spontaneous syneresis (M23) are 
positively correlated, and all of them are negatively correlated with the 
fractal dimension (Df), more details could be found in the analysis of 
correlation circle in complementary Fig. 3. 

4. Conclusion 

This study illustrated the water behavior in milk model systems 
constructed with different milk protein ingredients (MPIs) using LF- 
NMR and CLSM image analysis of gel microstructure. LF-NMR was 
able to elucidate the water mobility, both in terms of changes during 
acid gelation and occurring in stirred acidified gels during storage. The 
differences in water mobility could be distinguished qualitatively and 
quantitatively for the systems with added MWP, NWP, and WPC. When 

Fig. 8. PCA analysis of stirred acidified milk model systems after 7d of storage 
(the systems are defined in Table 1) ξ represents gel particle size, λ is inter-pore 
distance, Df is fractal dimension, σ2 is normalized variation and Pa is pore ratio; 
S238× g means induced syneresis at centrifuge forces of 238× g, WHC3913× g 
means water holding capacity at centrifuge forces of 3900× g; Instability 
Index× g means when samples are centrifuged at x 32×g, 290×g, and 1140×g. 
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combined with image analysis of gel structure analyzed with CLSM, the 
differences explicitly show how tailored processing and production of 
dried ingredients affect functionality differently when compared to the 
fresh milk equivalents, e.g. LWPC, the native whey protein in this study. 
A clear correlation between water mobility and microstructure was 
evident, both of which related to induced syneresis and WHC measured 
by the classic method of centrifugation. Furthermore, the results from 
the stress induced phase separation of stirred acidified gels correlated 
well with the spontaneous syneresis from LF-NMR measurements and 
induced syneresis. LF-NMR was thus shown to be a promising, non- 
destructive method for the investigation of water behavior in dairy 
matrices, specifically the water mobility variation with different MPIs 
added, and the combination with gel microstructure analysis provides a 
further understanding of the MPIs’ properties. Prediction of spontaneous 
syneresis by LF-NMR has the potential for in-line installation in in-
dustries, e.g., NMR-MOUSE, as the measurement could be achieved on 
the same sample repeatedly without damage. 
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