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Abstract: In this study, the enzyme-induced and acid coagulation of raw milk samples were inves-
tigated, and these two processes were monitored by determining the changes in dielectric and rhe-
ological behavior to see if any correlations can be found between these two properties. For the en-
zyme-induced experiments, 250 cm?® of raw milk sample and industrial chymosin was used, and
during the acid coagulation, industrial thermophile yogurt culture was added to the same amount
of milk. The apparent viscosity was monitored with a vibro viscometer, and the dielectric constant
was measured in a frequency range of 200-2400 MHz with an open-ended dielectric assessment kit
(DAK) connected to a vector network analyzer (VNA). Our experimental findings revealed that
during both enzyme-induced and acid coagulation, two distinct phases can be found in terms of
dielectric and rheological properties, and regardless of the molecular mechanisms behind the ag-
gregation of casein micelles, a strong correlation (with R?-values ranging between 0,967-0,992) can
be found between the extent of apparent viscosity and dielectric constant, suggesting that dielectric
measurements might be adequately used in these dairy processing technologies. These results ver-
ified the applicability of the non-destructive dielectric measurements in dairy technologies.

Keywords: acid coagulation, enzyme-induced coagulation, dielectric properties, clot formation, rhe-
ological properties

1. Introduction

Milk coagulation is a complex process that plays a crucial role in the production of
various dairy products, such as cheese and yogurt. The coagulation of milk is primarily
induced by two mechanisms: enzymatic and acid coagulation. Enzyme-induced coagula-
tion occurs when enzymes, such as rennet or pure chymosin, break down the casein mi-
celles, leading to the formation of a protein network [1]. In contrast, acid coagulation is
triggered by the reduction of milk's pH, which destabilizes the casein micelles and leads
to aggregation and subsequent network formation [2]. Both processes result in a gel-like
structure, which ultimately forms the basis of numerous dairy products.

Understanding the changes in the physical properties of milk during coagulation is
essential for optimizing the manufacturing processes and ensuring the quality and con-
sistency of the final products. Among various physical properties, dielectric and rheolog-
ical properties have been widely investigated to provide insights into the changes in the
protein network structure and the overall behavior of milk during coagulation [3,4]. Die-
lectric properties are related to the electrical characteristics of milk samples and can pro-
vide information on the molecular interactions and the evolution of the protein network
[5]. Rheological properties, on the other hand, pertain to the flow and deformation behav-
ior of milk, which can be used to study the changes in viscosity, elasticity, and gel strength
during the coagulation process [6].
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Milk is a complex colloidal system containing fat globules, protein fractions, carbo-
hydrates, enzymes, vitamins, and inorganic components such as salts. Therefore, the de-
velopment of accurate and rapid detection methods for quantifying the dispersed compo-
nents and their size distribution is of great significance, not only for scientific purposes
but also for practical applications. For example, photon correlation spectroscopy is a suit-
able method for determining the composition of the dispersed phase of colloidal systems,
and it only takes a few minutes [7]. Among non-destructive methods, electronic nose tech-
nology using metal oxide semiconductor gas sensors is a promising approach for estimat-
ing the protein and fat content of milk [8]. In addition, a miniaturized near-infrared (NIR)
spectrometer can be used for on-site contactless analysis of milk components without the
need for any chemical sample preparations. By using automated chemometric methods,
data can be presented within a few seconds [9]. Despite these innovative techniques for
assessing and screening milk, there is still a need to develop non-destructive measurement
methods that are suitable for monitoring the rheological behavior of milk products, for
instance. This would enable the development of in-line and real-time process monitoring
and control systems.

During the analysis of the various behavior materials present when exposed to an
electric or electromagnetic field, we usually determine their dielectric properties. When a
material interacts with an electric or electromagnetic field E, it can cause a charge move-
ment or dipole rearrangement in the material, depending on its composition and structure
[10]. The extent of this is characterized by the so-called electric (dielectric) shift (D), which
being a vector quantity, has magnitude and direction too. The relationship between the
electric field strength and the electric shift is given by the absolute permittivity (¢) of the
materials:

_E
D (1)

Absolute permittivity is a constant that depends on the quality of the material and is
in fact a measure of the extent to which the material "responds" to the electromagnetic field
strength. For homogeneous, isotropic media (i.e., in which the magnitude of the different
physical quantities is the same in all three directions of space), absolute permittivity can
be defined as a linear scalar quantity, whereas for anisotropic materials it can be inter-
preted as a homogeneous linear mapping of vector-vector type, i.e., as a second-order ten-
sor. The dielectric shift D in real materials also depends on the polarizability of the system.
The relationship between the two can be written using the Clausius-Mosotti relation [11]:

D =¢E+P=¢(1+y)E (2)

Since the response of real materials to the electric field E is delayed in time, the die-
lectric shift D is also delayed, which can be understood as a kind of phase shift (5). The
magnitude of the phase and the phase itself can only be expressed in exact terms by com-
plex numbers, so it is useful to express the permittivity of a given medium or material as
a complex function of the frequency of the applied electromagnetic field, where €” is the
complex permittivity:

e = °(f) ()

Just like any other complex functions, the complex permittivity can also be separated
to its real and imaginary part:

e =) -ie"(f);i=v-1 (6)
The real part of the function is called the dielectric constant (¢'), while the complex

part is called the dielectric loss factor (¢"). As can be seen from the equation above, these
two quantities are frequency dependent, i.e., for a given material their values vary as a
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function of frequency. From an electrodynamic point of view, the dielectric constant indi- 90
cates how much of the energy conveyed by the electromagnetic field can be absorbed and 91
stored by the material interacting with it, while the loss factor expresses how much of the = 92
stored electrical energy is converted into other types of energy (such as heat or kinetic 93
energy). 94
The applicability of dielectric measurements in various scientific and industrial fields 95
has long been addressed in the literature, including their implementation in a wide variety =~ 96
of technological processes in the food industry, with a particular focus on dairy processes. 97
In a 2014 study, Zhu et al. investigated the frequency and temperature dependence of the 98
dielectric behavior of raw cow milk and goat milk for the optimization of a microwave 99
heat treatment process. Based on the analysis of dielectric constant, loss factor and pene- 100
tration depth, they concluded that the loss factor decreased with increasing temperature 101
at a frequency of 2.45 GHz, i.e., a more homogeneous temperature profile can be achieved 102
with microwave irradiation at this frequency over a higher temperature range [12]. Ina 103
2018 study, Mufioz et al. investigated the dielectric parameters of distinct types of milk 104
(raw, skimmed and condensed fat-free) when heated to ultra-high temperatures at fre- 105
quencies between 10 and 2450 MHz. The research results showed that the dielectric pa- 106
rameters (&' and €”) of cow's milk at temperature above 100 °C need to be investigated in 107
order to evaluate the sterilization of milk based on dielectric heating [13]. It was found that 108
the dielectric constant (¢') decreased with frequency at all temperatures, but increased with 109
temperature at low frequencies and decreased with temperature at high frequencies. The 110
dielectric loss factor (¢”) decreased with frequency and increased with temperature over 111
almost the entire frequency range. In a 2018 study, the fermentation process of yoghurt 112
was monitored by measuring changes in the dielectric properties of the raw material at 113
frequencies between 10 and 3000 MHz. The results have revealed that the dielectric loss 114
factor of yoghurt showed a positive correlation with fermentation time, with irregular 115
changes only at the end point of fermentation (7 hours). The dielectric constant showed a 116
correlation with the pH and titratable acidity of the yoghurt, but only at a low frequency 117
of 10 MHz [14]. Guo et al. in a recent study investigated the dielectric properties of milk to 118
develop a microwave continuous-flow milk sterilization apparatus and found correlation 119
between the dielectric constant of milk and the covariance of the heating field temperature 120
[15]. 121
Monitoring methods using dielectric measurements enable the development of low- 122
cost, chemical-free, and non-destructive in-process monitoring methods to determine both 123
the rapid detection of microbial degradation processes and the efficiency and optimal time 124
requirements of the coagulation process. Low-power dielectric measurements do not in- 125
terfere with microbial and physicochemical processes in biological materials. Further re- 126
search may also allow dielectric monitoring of these processes through packaging, where 127
the product does not become waste during testing. 128
Some studies have investigated the correlation between dielectric and rheological 129
properties in certain food materials [16-18], however despite the extensive research on milk 130
coagulation, a comparative study of enzyme-induced and acid coagulation using dielectric 131
and rheological measurements is still needed to gain a deeper understanding of the differ- 132
ences between these two coagulation mechanisms and their impact on the physical prop- 133
erties of milk. 134
In this study, we aim to investigate the enzyme-induced and acid coagulation of milk 135
by measuring the dielectric and rheological properties of milk samples during these two 136
processes. By conducting a systematic comparison of the coagulation mechanisms, we 137
seek to explain the differences in the evolution of the protein network structure, the im- 138
pact on the electrical properties of milk, and the changes in rheological behavior. 139

2. Materials and Methods 140

In our research, we investigated the coagulation process of raw milk samples by two 141
different methods: enzyme-induced and acidic coagulation. During both type of 142
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coagulation, the dielectric behavior and the apparent viscosity of the milk samples were 143
simultaneously monitored. The measurements were performed in three parallel repli- 144
cates. 145

The milk sample was originated from a local cattle farming facility. Prior to the ex- 146
periments, the samples were tested for somatic cell count (SCC), which was found to be 147
around 110.000 cells/mL, therefore the possibility of mastitis was ruled out. The initial pH 148
of the sample was 6.50+0.05. For the enzyme-induced coagulation, 250 mL of milk sample 149
was being used, with an addition of MAXIREN 600 (DSM Food Netherlands, chymosin 150
originated from Kluyvermoyces lactis, 600 IMCU/mL) enzyme in a concentration of 4.5 151
ul/100 ml. The enzyme concentration was chosen in accordance with the manufacturer’s 152
standard recommendations. For the acid coagulation process, the same amount of milk 153
was used, with an addition of industrial thermophile yogurt culture (Lactobacillus del- 154
brueckii subsp. and Streptococcus themrophilius). The dosing concentration of the freeze- 155
dried culture in the inoculated milk volume was within the recommended dosing range 156
of 0.03 g/100 ml for industrial technology applications. 157

During the two coagulation processes the inoculated milk samples were kept under 158
a constant 40+1,5 °C temperature — this range falls within the optimal range for both the 159
applied enzyme and the bacterial culture as well. To maintain the inoculation tempera- 160
ture, the sample containers were placed in a water bath (Medline BS-11). 161

The investigation of the dielectric behavior covered the measurement of the dielectric 162
constant (¢’) every 5 minutes in the first 30 minutes of the experiment, and afterwards, 163
every 10 minutes. These parameters were determined by using a DAK (dielectric assess- 164
ment kit) type 3.5 (SPEAG GmBh) with an open-ended dielectric sensor connected to a 165
vector network analyzer (VNA, type ZVL-3, Rhode&Schwarz GmBh) with a 50 Ohm co- 166
axial power supply line at a frequency range of 200-2400 MHz. The values of the dielectric =~ 167
properties as a function of frequency are obtained from the average of 3-3 measurements 168
at 10 different points, and the arithmetic mean of these measurements is used to determine 169
the values of the investigated parameters associated with a given measurement point. 170

The change in viscosity during milk coagulation was monitored using an SV-10 vibro 171
viscometer (A&D Company, Japan). The principle of the measurement is that the two thin 172
metal plates of the instrument are vibrated by electromagnetic forces, which, when im- 173
mersed in the material to be measured, cause a change in vibration. In the case of milk 174
and other colloidal systems, we can measure apparent viscosity, which is always deter- 175
mined by the measurement circumstances. The determination of change in viscosity also 176
took place every 5 minutes in the first phase (0-30 minutes), and 10 minutes afterwards 177
(30-60 minutes). The schematics of the experimental setup can be observed in Figure 1. 178

179
Figure 1. Experimental arrangement (from left to right: dielectric assessment kit, VNA, dielectric 180
sensor submerged in the milk sample, viscometer probe, viscometer unit). 181
3. Results and discussion 182

In the first part of the experiments, we analyzed the dielectric and rheological behav- 183
ior of raw milk samples when undergo enzyme-induced coagulation, and the correlation 184
between the changes in dielectric parameters and apparent viscosity was investigated. 185
Our preliminary results show that the change of dielectric parameters was higher at lower 186
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frequencies, therefore, the dielectric constant was depicted at the frequency of 400 MHz. 187

Figure 2 shows the variation of the investigated characteristics in the function of time. 188
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Figure 2. Change in apparent viscosity (1)) and dielectric constant (&', =400 MHz) versus time during 190
the enzyme-induced coagulation of raw milk 191

Based on the experimental data gathered it can be observed that that the enzyme- 192
induced coagulation of milk follows a similar trend for both the change in apparent vis- 193
cosity and the change in dielectric constant as a function of time. During the initial phase, 194
both viscosity and dielectric constant remain relatively constant, which indicates that the 195
coagulation process is in its initial stages, with the enzyme slowly breaking down the milk 196
proteins and the formation of the protein network just beginning. Starting from 10 197
minutes, both the viscosity and the dielectric constant shows a rapid increase in their val- 198
ues. This suggests that the coagulation process is accelerating, and the protein network is 199
forming at a faster rate. The k-casein protein, which provides stability to the casein mi- 200
celle, is being hydrolyzed by the enzyme, result in the formation of a glucomacropeptide 201
and a para- k-casein fraction released into the whey [19]. This means that the steric repul- 202
sion ceases between the hydrophobic para-casein micelles due to their lack of negative 203
surface charge and they begin to bind together. The increase in viscosity is attributed to 204
the formation of a more substantial and rigid network of proteins, which slows down the 205
flow of the liquid. Similarly, the rapid increase in dielectric constant is due to the for- 206
mation of a more complex and continuous network of proteins which can absorb and store 207
the electromagnetic energy better. In the study of Li et al. concluded that the dielectric 208
parameters of proteins are influenced by their structural changes and the change of the 209
interaction between the proteins and surrounding medium [20]. Around 25 minutes, the 210
dielectric constant reaches its maximum value, while the apparent viscosity marks its 211
highest point at 30 minutes. Afterwards, both become relatively constant, with a slight 212
decrease observable in both of them, which might be due to the syneresis of the clot. This 213
indicates that the coagulation process has reached its completion with the protein network 214
being fully formed, i.e., the point of clot solidification occurs. With this stable state, no 215
observable physicochemical changes take place anymore, which results in no significant 216
changes in the dielectric properties as well (Figure 2). The pH of the sample during the 217
final / stationary phase was measured to be 6.0+0.05. 218
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The alteration or modification of casein micelles can occur, of course, due to other 219
factors or treatment processes too. In a 2021 study Blinov et al. showed that the coagula- 220
tion of casein micelles can happen under the action of Zn* ions originated from organic 221
chelated Zinc compounds [21], while others reported that different pre-treatments meth- 222
ods, such as ultrasonication [22], high pressure and/or thermal treatments [23, 24] can sig- 223
nificantly affect (accelerate the process, or making the aggregates bigger, for example) the 224
aggregation of the micelles. These molecular-level processes can be investigated or moni- 225
tored through different analytical methods, such as photon correlation spectroscopy [21], 226
small deformation rheology [22], gel permeation chromatography or HPLC [23], butitis 227
worth mentioning that sol-gel transformation and coagulation mechanisms can be pre- 228
cisely analyzed by dielectric measurements as well [25]. Since the aggregation process of = 229
casein micelles has not yet been extensively investigated by dielectric measurements, and 230
comparative analysis of rheological and dielectric properties has not been carried out at 231
all, the method we applied is positively worth investigating — especially because of the 232
numerous advantages of dielectric assessment (low costs, non-damaging, requiring no 233
sample preparation, etc.) over the aforementioned analytical methods. 234

To determine the correlation between the changes in viscosity and the dielectric con- 235
stant, we established a logarithmic-transformed linearized function between these two 236
values, i.e., depicted the dielectric behavior in the function of the parameter that describes 237
the change in material structure (viscosity). By this method, we can analyze whether the 238
structural change is also reflected in the change of the dielectric behavior. Since the time- 239
dependent dynamics of the whole process can be split into two distinct phases (10-25 240
minutes, 30-60 minutes), and because there is a slight shift between the maximum point 241
of the dielectric constant and the apparent viscosity (25 mins vs 30 mins), we depicted 242
these phases separately (in the first 10 minutes, no observable difference is shown the 243
values of viscosity, therefore the correlation analysis is not applicable). Figure 32 shows 244
the data obtained for the 10-25 minutes interval, and Figure 3b for the 30-60 minutes in- 245

terval (second phase of coagulation). 246
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Figure 3. Correlation between the apparent viscosity (1) and the dielectric constant (¢”) during 10-
25 minutes (a) and 30-60 minutes (b) of the enzyme-induced coagulation process.

Based upon the values of the coefficient of determination calculated for each phase
of the coagulation process (R? = 0,9655 and 0,922, respectively), it can be stated that there
is a strong correlation between the apparent viscosity of the inoculated milk sample and
its dielectric behavior. On one hand, this indicates that the measurement of the dielectric
constant can be used to predict or verify the point of clot formation, even in industrial
scale. The use of measurement methods based on dielectric properties can be advanta-
geous to the measurement of viscosity in more than one way, e.g. it does not alter or brake
the structure of the investigated material, is easier to automatize, using multiple sensors
is more easily implemented, and the obtained values are basically independent from the
measurement circumstances (except for temperature, of course). On the other hand, these
experimental findings strongly support the idea that the chemical, biochemical and phys-
ical processes which involve the transformation of molecular components can be moni-
tored by measuring the dielectric behavior of the investigated media, since the dielectric
properties — aside from the temperature and the frequency — mostly depend on the phys-
ical and (bio)chemical structure and composition of the materials. Kumar et al. studied
the viscosity and dielectric properties of edible oils and concluded that the strong corre-
lation of viscosity with dielectric loss tangent enable of assessing the quality of oils based
on the analysis of dielectric behavior [26].

In the second part of our experiments, we investigated the acid coagulation of the
raw milk sample originated from the same place. The main distinct difference between
the two processes is that during acid coagulation, the applied microbial strains (Lactoba-
cillus delbrueckii and Streptococcus themrophilius in our case) break down the lactose content
of the sample, converting it into lactic acid, which lowers the pH of the medium. When
the pH reaches the isoelectric point of the casein micelles (pH=4.5-4.6), the net surface
charge becomes zero, and therefore the electrostatic repulsion no longer persists, which
will eventually cause the casein micelles to aggregate [27]. As in the previous series of
experiments, firstly we investigated the dynamics of the apparent viscosity and dielectric
constant of the fermentation process in the function of time.

252
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Figure 4. Change in apparent viscosity (1)) and dielectric constant (&', =400 MHz) versus time during 284
the acid coagulation of raw milk 285

Since the mechanism of this type of aggregation is different on a molecular level com- 286
pared to the enzyme-induced process, the values, and the variation of viscosity over time 287
show observable differences, as can be seen on Figure 4. One of the most prominent dif- 288
ferences can be found in the order of magnitude of values: compared to the enzyme-in- 289
duced samples, the highest level of viscosity exceeds 48 mPa-s, whereas in the case of the 290
former process, the maximum value resides around 460 mPa-s. From a technological point 291
of view this is perfectly reasonable of course; enzyme-induced coagulation is applied dur- 292
ing cheese production, while acid coagulation is used in yogurt manufacturing. Differ- 293
ences however can be found in trends of change as well. In the first phase (0-55 minutes) 294
a slight increase can be detected, which is followed by a steep raise up to the maximum 295
value of viscosity (55-95 minutes). This indicates that during acid coagulation, to reach the 296
point of clot solidification takes considerably more amount of time than that of the en- 297
zyme-induced. 298

The dielectric constant also acts differently compared to the former process. In the 299
first phase, a slight decrease can be observed, which is then followed by a steeper, charac- 300
teristic drop in values. These reflections can be explained by the molecular mechanism 301
that happens during the acid coagulation. In the first 55-60 minutes, bacteria continuously 302
convert lactose into lactic acid, which reduces the electrical susceptibility of the medium, 303
since lactose molecules are easier to polarize than lactic acid. Liu et al. also verified that 304
the presence and concentration of lactose has no effect on the change trends of dielectric 305
constant but affect its value at a given frequency in milk [28]. Higher lactic acid concen- 306
tration manifest in higher dielectric constant in aqueous system [29], but in multicompo- 307
nent systems, such as the milk, the fat and content and the structural changes of protein 308
molecules also determined the dielectric behavior. The increasing presence of lactic acid 309
progressively decreases the pH, and when it falls below pH=5, the destabilization of casein 310
micelles takes place. When the pH ultimately reaches the isoelectric point of casein mi- 311
celles, the aggregation (i.e., the formation of protein network) begins. In our case, the pH 312
of the sample decreased from its initial 6.5+0.05 value down to 4.5+0.03. This type of sol- 313
gel transformation in terms of dielectric behavior is manifested in the fact that, on the one 314
hand, the casein aggregates (and then chains) increasing in size reduce the electrical sus- 315
ceptibility of the basic material matrix due to their molecular structure and stability [30], 316
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i.e. they “respond” to the electromagnetic field strength to a lesser and lesser extent. This 317
leads to a decrease in the rate of energy absorption and energy storage capacity [31], (char- 318
acterized by a decrease in the dielectric constant. On the other hand, as the casein micelles 319
destabilize, the average micelle concentration of the medium decreases, which in turn re- 320
duces the conductivity of the material — the specific conduction loss thus becomes smaller 321
as the process progresses. The charge of the protein’s surface also affects the extent of the 322
dielectric constant, therefore, as the casein micelles have lost their net surface charge prior 323
to the destabilization phase, can also contribute to the decrease of dielectric constant [32]. 324

To determine the connection and correlation between the rheological and dielectric 325
characteristics, we used the same method discussed earlier during the enzyme-induced 326
coagulation, i.e., establishing a logarithmic-transformed linearized function of the values. 327
Since the acid coagulation can also be divided into two clearly distinguishable phases, we 328

plotted these functions separately too (Figure 5a, 5b). 329
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Figure 5. Correlation between the apparent viscosity (1)) and the dielectric constant (¢’) during 0-55 332
minutes (a) and 60-95 minutes (b) of the acid coagulation process. 333
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The obtained R?-values for the first and second phase are 0,976 and 0,967, respec- 334
tively, which indicates that the correlation between the rheological properties and the di- 335
electric behavior — just like in the case of the enzyme-induced coagulation — is straightfor- 336
ward. During the second phase however the slope of the curve is negative as opposed to 337
the enzyme-induced coagulation process, which is due to the fact that in this case the vis- 338
cosity and the dielectric constant acts completely opposite — whilst the former increases 339
rapidly, the latter has a steep decrease in its values. Nonetheless, these observations sug- 340
gests that regardless of the molecular mechanism that induces the clot formation, thereis 341
a clear connection between dielectric behavior and the apparent viscosity of the media, 342
which makes the dielectric-based measurements suitable for the monitoring of both types 343
of processes. 344

4. Conclusions 345

In our work, we investigated the enzyme-induced and acid coagulation of raw milk 346
samples, and these processes are monitored by measuring the changes in apparent viscos- 347
ity, and the dielectric constant of the fermentation media. Our results revealed that both 348
the enzyme-induced and the acid coagulation process can be divided into two distinct 349
phases in terms of dielectric (f=400 MHz) and rheological behavior, however the tenden- 350
cies of these phases differ from each other due to the fundamental molecular differences 351
in the two coagulation mechanisms. In case of the enzyme-induced aggregation, during 352
the first 10 minutes neither the apparent viscosity nor the dielectric constant shows any 353
observable change. After that, in the period of 10-30 minutes, the dielectric constant and 354
the apparent viscosity presents a steep increase and reaches their respective maximum 355
value. This indicates that the point of clot solidification occurs roughly half an hour after 356
the enzyme is added to the system. In case of the acid coagulation, the solidification takes 357
considerably more time, and in the first phase of the process, a slight increase in viscosity, 358
and a slight decrease in the dielectric constant can be observed. Afterwards, around 50-55 359
minutes, when the destabilization phase finishes, a steep increment can be seen in the 360
values of apparent viscosity, and a sharp decrease in the dielectric constant. 361

To determine whether the dielectric behavior and the physicochemical structure (rep- 362
resented by the viscosity) correlate, we constructed linearized functions for the two dis- 363
tinct phases of the investigated coagulation processes, i.e., plotted the 10-based log values 364
of the dielectric constant in the function of log(n). Based on the obtained R2-values (0,9655 365
and 0,9767 for the first and second phase of the enzyme-induced process, and 0,992 and 366
0,9676 for the acid coagulation process) our results suggest that regardless of the molecu- 367
lar mechanisms that induces the coagulation itself, there is a strong correlation between 368
the values of apparent viscosity and the dielectric constant, therefore making the dielectric ~ 369
measurement as a suitable alternative for monitoring technique in dairy processing. 370
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