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A BST R ACT
The aim of this study is to enhance the comprehension of the mechanism of enzymatic gelation in milk by visualizing the 
evolution of its microstructure through transmission electron microscopy. In order to minimize the potential for artifacts dur‑
ing the preparation process and eliminate any possible difficulties in interpreting the resulting images, three distinct methods 
were employed in the research: shading the surface topography with vacuum deposition of heavy metal, negative staining of 
the specimen with a heavy metal solution and replicating a cleavage of a quick-frozen sample. The selection of time intervals 
for sampling the gel during its evolution is determined by the most probable significant modifications in the resulting gel. 
Based on the research, it has been shown that natural milk is a nonequilibrium system from the perspective of statistical ther‑
modynamics. A notable observation is that the glycomacropeptides forming the hair layer on the surface of casein micelles 
are unevenly distributed, leading to the formation of micelle dimers and trimers. It has been determind that during the initial 
stage of enzymatic gelation in milk, clusters of loosely bound micelles are formed in areas with the highest concentration. 
The formation of micelle chains is absent at this stage due to the non-anisometric nature of micelles and the energetic disad‑
vantage of their formation. It has been found that under the influence of enzymatic gelation near the gel point, a hierarchical 
process involving the transformation of the milk’s protein component is activated. The trigger mechanism for this process is 
a cooperative conformational transition in clusters of casein micelles, which initiates a chain of more energy-intensive reac‑
tions in the following sequence: hydro­phobic interactions → hydrogen bridges → electrostatic interactions → calcium bridges. 
The result is the conversion of loosely bound micelle clusters into denser aggregates, predominantly contributing to the 
formation of milk curd. It is worth noting that gelation in milk can be regarded as a process that reduces the free energy of 
the dispersed system. Understanding the correlation between the decrease in the free energy value during gelation and the 
physical properties of the finished cheese and other dairy products continues to be a relevant area of research.
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А ННОТА Ц И Я
Цель этой работы заключается в улучшении понимания механизма ферментативного гелеобразования в молоке за 
счёт визуализация эволюции его микроструктуры с помощью просвечивающей электронной микроскопии. Для сни‑
жения возможности возникновения артефактов препарирования и устранения проблем достоверной интерпретации 
получаемых изображений в  работе были использованы три различных способа подготовки препаратов к  исследо‑
ваниям: оттенение топографии поверхности вакуумным напылением тяжелого металла; негативное окрашивание 
препарата раствором тяжелого металла; репликация скола быстрозамороженного образца. Выбор моментов време‑
ни отбора образцов геля в процессе его эволюции обусловлен наиболее вероятными существенными изменениями 
в образующемся геле. В результате исследований показано, что с точки зрения статистической термодинамики на‑
туральное молоко является неравновесной системой. Отмечено, что волосковый слой казеиномакропептидов на по‑
верхности мицелл казеина распределён неравномерно, что способствует образованию димеров и тримеров мицелл. 
Определено, что в первичной фазе ферментативного гелеобразования в молоке образуются слабосвязанные кластеры 
мицелл в местах их наибольшей концентрации. Образования цепочек мицелл на этом этапе не наблюдается, что объ‑
ясняется отсутствием анизометрии мицелл и энергетической невыгодностью их образования. Установлено, что при 
ферментативном гелеобразовании в молоке вблизи гель-точки запускается иерархический процесс преобразований 
белковой составляющей молока. Спусковым механизмом этого процесса является кооперативный конформационный 
фазовый переход в кластерах мицелл казеина, который вызывает цепочку более энергоёмких реакций в последова‑
тельности: гидрофобные взаимодействия → водородные связи → электростатические взаимодействия → кальциевые 
мостики. Результатом чего является преобразование слабосвязанных кластеров мицелл в более плотные агрегаты, 
преимущественно из которых окончательно формируется молочный сгусток. Отмечено, что в целом гелеобразова‑
ние в молоке можно рассматривать как процесс, снижающий величину свободной энергии, а определение того, как 
уровень снижения величины свободной энергии молока при гелеобразовании связано с  физическими свойствами 
готового сыра и других молочных продуктов остаётся актуальной темой исследований.
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1. Introduction
The central aspect in the technological process of cheese manufac‑

ture, one of main dairy products, resides in the milk gel formation. Nu‑
merous researchers from different countries dedicated their works to 
studying this process and defining optimal methodologies for regulating 
the gelation process in milk.

The process of rennet milk coagulation, according to the prevailing 
current opinion, can be subdivided into two partially overlapping main 
phases: the primary (enzymatic) phase, which involves the hydrolysis of 
κ-casein micelles resulting in the formation of paracasein and the partial 
aggregation of destabilized micelles; and the secondary (non-enzymatic) 
aggregation phase, which encompasses the complete aggregation of mi‑
celles into a cohesive spatial gel structure and its densification.

The enzymatic phase mechanism has been thoroughly explained in 
[1,2], with a quantitative understanding of its interaction with various 
environmental factors. In [3], it is demonstrated that during gelation, 
stronger bonds tend to substitute weaker bonds. This occurs due to the 
denaturation of micelle structures, which exposes new reactive centers 
according to a hierarchical order: hydrophobic interactions → hydrogen 
bonds → electrostatic attraction → calcium bridges. Additionally, the inves‑
tigation highlights the ongoing relevance of determining how individual 
casein micelles contribute to the microstructure of milk curds.

In previous studies [4,5], researchers observed that enzymatic desta‑
bilization of casein micelles leads to their transformation into a “molten 
globule” state, accompanied by micelle swelling, which is visually clear 
through an increase in their size. It signifies the initial stage of subse‑
quent conformational changes.

The initial aggregation of rennet-destabilized casein micelles during the 
enzymatic phase has been confirmed by electron microscopic photographs 
obtained by various researchers [6,7]. Furthermore, it is observed that co‑
operative transitions take place in casein molecules towards the end of the 
enzymatic phase. These transitions are a result of conformational changes 
that substantially alter the properties of casein micelles and their subse‑
quent restructuring [8,7]. It is important to note that while these processes 
occurring with proteins in the gelation phase are often referred to as dena‑
turation, caseins are rheomorphic proteins, meaning that their conforma‑
tion depends on the surrounding environment. Therefore, it is more correct 
to describe the changes as conformational rather than denaturation.

The conformational changes in milk proteins and their kinetics, which 
play a crucial role in determining the characteristics of the final product, 
have been a subject of interest for many researchers [9,10]. However, the 
conformational changes of proteins within casein micelles induced by 
different milk-clotting enzymes and their specific effects on the proper‑
ties of the resulting milk curd are still not sufficiently studied.

The understanding of the state of milk protein system near the gel point, 
specifically the transition mechanism from the primary gelation phase to 
the secondary phase, is still limited and not fully comprehended. At this 
stage, clusters of micelles or their aggregates reach a state where they are 
no longer actively engaged in random motion known as Brownian motion. 
Nevertheless, there must be a mechanism facilitating intensive interactions 
between these clusters, leading to the formation of a common structure.

In the secondary phase of rennet coagulation, which typically takes 
place under conditions of relative rest of the milk, there is continued ag‑
gregation of micelles that have undergone conformational changes. This 
aggregation process ultimately results in the formation and densification 
of a milk curd  [11,12].

The mechanism of micelle aggregation in this phase can be described 
by the von Smoluchowski theory for diffusion-limited aggregation (DLA), 
according to some authors [13,14]. The theory suggests that the rate of 
aggregation is limited by particle diffusion, and it occurs through random 
collision and joining of particles of destabilized micelles [15].

The percolation model of gelation or the fractal model of cluster-clus‑
ter aggregation offer a broad understanding of the process, but they do 
not fully clarify how clusters of micelles from the primary phase interact 
with one another to form a unified spatial structure.

Researchers are increasingly recognizing the secondary gelation 
phase as including two substages: micellar aggregation and densification 
of the milk curd, resulting in the formation of a three-dimensional struc‑
ture. In this context, paper [16] focuses on the primary descriptive models 
of gelation in milk. The findings reveal that the majority of these models 
solely address the micellar aggregation substage, neglecting the densifi‑
cation substage. However, more recent models are applicable to a broader 
range of conditions and accurately distinguish both substages.

Electron microscopy is extensively applied in numerous studies re‑
garding the mechanism and kinetics of milk gel formation. Its usage en‑
ables the visualization of specific moments during these processes and 

enhances our comprehension of gelation mechanism. Different methods 
of electron microscopy, such as transmission, scanning, and high reso‑
lution, are employed in these studies. In an early work [17], dedicated 
to electron microscopy analyses of milk proteins and dairy products, it 
was highlighted that a deeper understanding of how microstructure in‑
fluences the properties of the final product enables the development of 
production processes focused on making high-quality products.

Modern researchers [18] confirm it and emphasize that analyzing the 
microstructure of cheeses at various stages of their production enhances 
the comprehension of manufacturing processes and the connection be‑
tween cheese microstructure, product quality, and functionality. This un‑
derstanding ultimately enables the optimization of production methods.

In [19], researchers examined the impact of high-pressure treatment 
on the microstructure of casein micelles in milk using electron micros‑
copy. The findings revealed three phenomena associated with increasing 
pressure and processing time: the reduction in size of casein micelles, 
deformation and loss of their round shape, and the formation of agglom‑
erated micelle fragments with more intense treatment (higher pressure 
and/or longer duration). This agglomeration resulted in an overall in‑
crease in the average diameter of micelles.

The microstructure of milk curd samples was examined [20] using trans‑
mission and scanning electron microscopy. The results of this study prove 
a notable interaction between coagulation temperature and the coagula‑
tion characteristics of milk protein, which requires certain modifications in 
cheesemaking procedures. It is worth mentioning that reducing the coagu‑
lation temperature significantly alters the microstructure of the milk curd, 
leading to a decreased tendency for syneresis during curd cutting.

Exciting advancements in research methodologies are becoming more 
prevalent, enabling us to get supplementary knowledge regarding the 
intricate transformations that occur within protein microstructures dur‑
ing the manufacture of dairy products. Consequently, to investigate the 
impact of endogenous milk protein additives on the microstructure and 
properties of milk gels, a super-resolution microscopy technique called 
Stimulated Emission Depletion (STED) was used [21].

The effect of temperature on the structure of casein micelles and the 
gelation process in milk was examined through the use of transmission 
electron microscopy and field emission scanning electron microscopy 
(FESEM) in [22]. The findings revealed a clear correlation between the 
temperature, microstructure of casein micelles, and the gelation charac‑
teristics of cow’s milk.

The impact of pH on the microstructure of casein micelles was stud‑
ied in [23] using direct Stochastic Optical Reconstruction Microscopy 
(dSTORM). dSTORM-visualization of casein micelle aggregates at a pH of 
4.5, which was below the isoelectric point of caseins, demonstrated that 
β-casein dispersed throughout the protein network and revealed minus‑
cule pores within the structure at the nanoscale level.

Super-resolution microscopy is a powerful method for analyzing the 
microstructure of complex colloidal systems in conditions that closely re‑
semble their natural state. In a study cited as [24], Coherent Anti-Stokes 
Raman Scattering microscopy (CARS) showed that the use of fluorescent 
dye during the preparation of milk gel does not affect the visualization of 
its microstructure, while offering exceptionally high resolution.

In relation to electron microscopy, diverse techniques are used to 
prepare specimens for research. The researcher’s selection of a particu‑
lar area of interest within the sample also holds significant importance. 
Nevertheless, the process of choosing microscopy methods and preparing 
specimens unavoidably gives rise to preparation artifacts and challenges 
in accurately interpreting the resulting images.

In [25], three techniques were applied to prepare specimens for study‑
ing milk proteins using transmission electron microscopy, aiming to as‑
sess and eliminate preparation artifacts while gaining supplementary in‑
sights. Research findings indicate that utilizing the ultra-fast freeze-chip 
method, as opposed to fixation with glutaraldehyde, enables the visual‑
ization of finer structures within milk’s casein micelles.

Even with the multitude of techniques available for investigating the 
microstructure of milk gel and the diverse specimen preparation meth‑
ods used, it is notable that the majority of studies focus solely on either 
the morphology and microstructure of casein micelles or the microstruc‑
ture of the completed milk curd, encompassing its initial and final states. 
Intermediate states are typically depicted solely through theoretical 
models. A comprehensive depiction of the development of milk gel mi‑
crostructure during enzymatic gelation, substantiated by (electron) mi‑
croscopic images confirming this evolution, is currently missing.

The primary objective of this study is to enhance comprehension of 
the process of enzymatic gelation in milk and to visually depict the evo‑
lution of the microstructure of rennet milk gel through the application 



549

Смыков И. Т.  |  ПИЩЕВЫЕ СИСТЕМЫ  |  Том 6 № 4  |  2023  |  С. 547–553

of transmission electron microscopy and a range of specimen prepara‑
tion methods.

2. Objects and methods
2.1. Materials

The research used the following:
 � milk sourced from AgriVolga LLC, the village of Burmasovo, Uglich 

district, Yaroslavl region, Russia, the Yaroslavskaya cow breed, with 
a raw milk fat content ranging from 4% to 4.2% and protein content 
between 3.4% and 3.7%;

 � milk-clotting enzyme of Chy-max® M 1000 Liquid, manufactured by 
Chr Hansen A/S, based in Hoersholm, Denmark.

2.2. Methods
2.2.1. Milk preparation

The milk underwent pre-treatment, which involved heating to 40±1 °C 
and standardizing it by adjusting the casein/fat ratio to 0.7. The milk 
pasteurization was carried out in a tank at a temperature of 68±1 °C for 
10 minutes, followed by cooling to a temperature of 36±1 °C. Enzymatic 
coagulation was then initiated by adding the enzyme at a ratio of 0.0025–
0.0075% and stirring the milk for 2 minutes. The milk coagulation process 
took place at a temperature of 35±1 °C.

2.2.2. Electron microscopy
Electron microscopic examinations of the microstructure of milk 

components and milk gel were conducted using an EM-410 transmission 
electron microscope (Philips, the Netherlands). To minimize distortions 
caused by the microscope’s electron beam on the sample, investigations 
were performed using the microscope’s electron beam at a minimal cur‑
rent and a voltage of 40 kV.

Three different methods were used for preparing specimens for elec‑
tron microscopy:

I. Shading of surface topography by vacuum deposition of heavy metal (MS)
Milk samples, obtained from a common reservoir at specific time 

intervals after adding rennet, were fixed at room temperature using a 
2% glutaraldehyde solution in 0.1 M Sorenson phosphate buffer with 
a pH of 7.2 for 20 minutes (0.1 ml milk to 1 ml fixative). Subsequently, 
the fixed samples were diluted with distilled water at a ratio of 1:100. 
A 5 µl drop of the diluted, fixed sample was then transferred using a 
pipette onto a 400-mesh copper grid coated with nitrocellulose film 
(parlodium) and held for 2 minutes. Afterward, excess solution was re‑
moved from the grid’s surface with filter paper, and the grid was dried in 
a vacuum chamber at room temperature. To enhance sample contrast, a 
3–5 nm thick layer of platinum (Pt) was deposited on the sample’s sur‑
face at a 24° angle using vacuum metal sputtering in a vacuum chamber 
[26]. The thickness of the applied metal was monitored using a quartz 
sensor. The completed sample, featuring shadows reflecting its surface 
topography due to the metal deposition, was then ready for examina‑
tion in the electron microscope.

II. Negative staining of the preparation with a heavy metal solution (NS)
Samples of milk were collected from a common reservoir at specific 

time intervals after adding the rennet enzyme. All selected specimens 
were fixed at room temperature using a 2% glutaraldehyde solution in 
0.1 M Sorenson phosphate buffer at pH 7.2 for 20 minutes (at a ratio of 
0.1 ml of milk to 1 ml of fixative). Subsequently, the fixed samples were 
diluted with distilled water at a ratio of 1:100.

A 5 µl drop of the fixed sample was pipetted and transferred onto a 
copper grid coated with a nitrocellulose film (parlodium) and held for 2 
minutes to ensure dispersed particles adhered to the film’s surface. To 
enhance contrast, negative staining was employed by pipetting a 2 µl 
drop of a 4% uranyl acetate solution onto the fixed sample on the grid 
and holding for 4 minutes [27,28]. Excess solution was removed with 
filter paper, and the grid was dried in a vacuum chamber at room tem‑
perature. The resulting sample was transferred to an electron micro‑
scope for analysis.

III. Frozen Fracture Replication (FFR)
Gel samples were collected at distinct stages of its formation. The 

samples were carefully taken from the milk gel as minimally deformed 
parallelepipeds and placed into specially prepared tanks measuring about 
2 × 2 × 8 mm made of aluminum foil.

To freeze the samples, a precisely controlled process was employed us‑
ing a polished copper block cooled with liquid nitrogen to a temperature 
of –180 °C. The freezing rate was maintained at no less than –100 °C s‑1 to 
prevent the formation of ice crystals in the sample. Subsequently, the frozen 

sample was placed in a cold vacuum chamber, where it was split crosswise 
at a temperature of –170 °C and held for one minute to remove surface ice.

To obtain a contrasting replica of the prepared cleavage surface of a 
milk gel sample, a 3–5 nm thick layer of platinum (Pt) was applied to the 
sample’s surface at a 24º angle and a temperature of –130 ºC in a vacuum 
chamber using thermal vacuum metal sputtering. Subsequently, to obtain 
a durable replica, a layer of carbon (C) with a thickness of 20–30 nm was 
also applied at a 90º angle. The thickness of the applied material was 
controlled by a quartz sensor.

After the replica was applied to the cold cleaved sample, it was 
promptly removed from the vacuum chamber and separated from the 
sample using a heated sodium hypochlorite (NaOCl) solution and then 
washed with toluene, acetone, and ethanol. Finally, it was rinsed with dis‑
tilled water. The resulting finished replica of the cleavage surface of the 
milk gel sample was placed on a 400-mesh copper grid and transferred to 
an electron microscope for research.

Images of the microstructure of the prepared specimens, captured at 
various magnifications using an electron microscope, were then analyzed. At 
each stage of the study, at least ten obtained images were analyzed, and the 
most representative ones were selected for further examination and analysis.

3. Results and discussion
Electron microscopy provides a means to visually observe changes in 

casein micelles and their interactions during the gelation process in milk. 
This can be achieved using different specimen preparation methods for mi‑
croscopy. However, the selection of research methods and specimen prepa‑
ration techniques for microscopy invariably introduces the possibility of 
preparation artifacts and challenges in interpreting the resulting images.

In this study, the use of three distinct specimen preparation methods 
allowed for a reduction in the influence of preparation artifacts on re‑
search result interpretation. Consequently, it enhanced our understand‑
ing of the intricate mechanism underlying enzymatic gelation in milk.

For microscopy specimen preparation, milk samples were obtained at 
specific time points denoted by letters in Figure 1, which represents the 
gelation kinetics of milk due to enzymatic activity. These time points were 
selected based on previous literature highlighting significant changes in 
the resulting gel during milk gelation.

In Figure 2, the electron microscopy images captured at time point (A) 
depict casein micelles in the original pasteurized milk. Image (a) in this 
figure was generated using heavy metal shading (MS), which effectively 
reveals the micelles as spherical structures of different sizes. This obser‑
vation aligns with the widely accepted notion of their typical shape.

Figure 1. Kinetics of enzymatic gelation in milk
Рисунок 1. Кинетика ферментативного гелеобразования в молоке

Figure 2. Casein micelles in pasteurized milk. 
Methods: (a) — MS, (b) — NS

Рисунок 2. Мицеллы казеина в пастеризованном молоке. 
Методы: (a) — MS, (b) — NS
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The utilization of the negative contrast (NS) technique with uranyl 
acetate in the specimen allowed for the generation of image (b), which 
reveals that the ideal spherical shape of the casein micelles is not ac‑
curate and demonstrates the existence of a specific shell (hydrophilic 
hairbrush), on the micellar surface, that in general is not uniform. In a 
previous study [15], the presence of a casein macropeptide brush on the 
micellar surface was noted, although it was depicted as uniform. This un‑
evenness indicates that different areas of the micelles have various levels 
of hydrophilicity. However, this unevenness specifies that in the original 
milk, as clear from both images, dimers and trimers of micelles, formed 
due to weak hydrophobic interactions, may also be present.

However, both methods of specimen preparation mentioned have a 
notable drawback: they require preliminary chemical treatment and 
strong dilution of the solution. These processes can potentially introduce 
preparation artifacts and prevent an accurate assessment of the micelles’ 
native state and volume distribution in milk. The presence of dimer and 
trimer micelles observed in the images could possibly be attributed to 
such artifacts, thus additional research using a different, non-destructive 
method is required. Figure 3 presents an image that demonstrates the 
distribution of micelles across a microvolume of milk. This image was 
generated using the ultra-fast freezing-fracture method (FFR) for speci‑
men preparation, which enables the preservation of the micelles’ native 
state and volume distribution.

The image presented in Figure 3(a) provides evidence supporting the 
presence of dimers and trimers of casein micelles in milk, as also ob‑
served in Figure 2; perhaps they are weakly bound by hydrophobic inter‑
actions, but they are not regarded as mere preparation artifacts. Though 
there may be debates among researchers regarding the existence of these 
dimers and trimers in natural milk. Figure 3(a), despite its clear simplic‑
ity, necessitates careful analysis and addresses a significant question. 
In the realm of statistical thermodynamics, most researchers view milk 
as an equilibrium disperse system. This implies that the dispersed par‑
ticles (casein micelles) should be uniformly distributed throughout the 
entire volume, i. e., the level of fluctuations in their location should be 
minimum from a thermodynamic perspective. However, as evident from 
the image and several similar ones we have obtained, the distribution of 
casein micelles in reality is highly uneven across the milk volume. Some 
areas contain a considerable number of micelles, while others exhibit an 
absence of micelles altogether. Importantly, this is not a result of prepa‑
ration artifacts. These observations lead to two conclusions. Theoreti‑
cal conclusion: milk can be considered as a nonequilibrium system; and 
practical one: gelation primarily initiates in areas where casein micelles 
accumulate, forming primary clusters of micelles. These findings contrib‑
ute to a deeper understanding of the gelation mechanism in milk.

Figure 3(b) displays high-magnification images of two casein micelles 
with different sizes. It is evident that both micelles show a complex inter‑
nal structure, similar to the images described in [29]. While these images 
are occasionally interpreted as evidence of submicellar structure within 
casein micelles, it is more probable that they signify the complex nature of 
the overall micelle structure. Furthermore, the image clearly shows a halo 
surrounding the micelles. However, this image clearly shows a halo, fram‑
ing the micelles, but these are not glycomacropeptides, which are much 
smaller in size, but the area of their interaction with the environment.

The widely-held belief among researchers is that the structure of ren‑
net milk gel can be described as a spatial (three-dimensional) network of 
casein micelle chains. This notion is often supported by repeated artistic 
illustrations (models), suggesting that individual micelles form chains 
during the initial stages of enzymatic gelation. However, experimental 
data from various researchers have revealed contradictions to the tradi‑

tional views on the gel structure. In our opinion, this prevailing belief is 
erroneous for two reasons. Firstly, systems inherently strive to minimize 
free energy, and the formation of chains becomes energetically unfavor‑
able when glycomacropeptides are uniformly removed from the micelle 
surface. Instead, it is more plausible that these glycomacropeptides are 
randomly clustered together. Secondly, the formation of primary chains 
would require an anisometric arrangement of hydrophobic areas on the 
micelle surface, which is unlikely, unsupported by observations, and lacks 
confirmation from any evidence. The photographs in Figure 4 illustrate 
the formation of small, loosely bound clusters of micelles during the ini‑
tial phase of enzymatic gelation, represented at time point (B) in Figure 1.

At this moment, the milk-clotting enzyme molecules eliminated the 
glycomacropeptides of κ-casein from the surface of some micelles and 
formed a hairy layer with hydrophilic properties on the surface of the mi‑
celles. Consequently, the surface of the micelle (or a part of it) turned into a 
hydrophobic surface, which is not energetically favorable for the dispersed 
system. To reduce its free energy, the system aims to minimize the size of 
free hydrophobic areas by connecting micelles into clusters through hydro‑
phobic interactions. Figure 4(a) and Figure 4(b), obtained using different 
methods, clearly show the formation of these loosely bound micelle clus‑
ters. However, the presence of any chains is not evident.

Figure 5 displays images of large clusters of casein micelles observed 
at time point (C) in Figure 1, marking the end of the initial stage of en‑
zymatic gelation. By this time, approximately 80–90% of the glycomac‑
ropeptides attached to the micelles’ surface were removed by the milk-
clotting enzymes. Images obtained through various techniques reveal 
that the majority of micelles are arranged in large, loosely connected 
clusters. It’s important to mention that despite these changes, the vis‑
cosity of the milk remains relatively unchanged throughout the primary 
gelation phase. This can be attributed to the well-known Einstein for‑
mula (1), which states that the viscosity η of a dispersed system is solely 
dependent on the volume fraction of the dispersed phase, rather than the 
sizes of non-interacting particles.
 η = η

0 (1 + 2,5ϕ) (1)
where η0 is the viscosity of the dispersion medium, ϕ is the volume fraction of 

the dispersed phase.

The electron microscopic studies of the gelation process at this stage 
yield results that are consistent with earlier findings in [30,31] obtained 
through different methods and indicate the occurrence of a clustering 
process of casein micelles as a preliminary step prior to coagulation.

Figure 3. Distribution of micelles over a microvolume of 
milk (a) — FFR method; (b) — enlarged images of casein 

micelles — NS method
Рисунок 3. Распределения мицелл по микрообъему молока (a) — метод 

FFR; (b) -увеличенные изображения мицелл казеина — метод NS

Figure 4. Formation of clusters of casein micelles in the 
primary gelation phase. Methods: (a) — MS, (b) — NS

Рисунок 4. Образование кластеров мицелл казеина в первичной фазе 
гелеобразования. Методы: (a) — MS, (b) — NS

Figure 5. Clusters of casein micelles at the end of the primary 
gelation phase. Methods: (a) — MS, (b) — NS

Рисунок 5. Кластеры мицелл казеина в конце первичной фазы 
гелеобразования. Методы: (a) — MS, (b) — NS
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Regarding the timeframe, the formation of large clusters of casein mi‑
celles occurs around the “gel point”, which refers to the moment when 
the viscosity of the dispersed system rapidly increases. Consequently, 
investigations were conducted on the microstructure of the resulting 
gel immediately after reaching the gel point (time point D — Figure 1). 
 Figure 6 presents electron microscopy images depicting the state of ca‑
sein micelle clusters at this specific time.

Based on the photographs and a comparison with Figure 5, it is evi‑
dent that both the micelles within the clusters and the clusters them‑
selves experienced notable structural alterations after reaching the gel 
point. Prior to the gel point, the micelles maintained a spherical shape, 
and the bonds between them in the clusters were relatively weak (hy‑
drophobic). However, after the gel point, only a few spherical micelles 
remained within the clusters, with some disintegrating, unfolding, and 
forming multiple intermicellar bonds.

Our observation suggests that during the final stage of the primary 
gelation phase, there is a cooperative conformational transition similar 
to a second-order phase transition in casein molecules, forming micelles 
and clusters of micelles. This transition has two main effects: first, the 
increase in micelle size due to enhanced hydration and volume frac‑
tion, resulting in a slight viscosity increase, and, secondly, the signifi‑
cant alteration of physicochemical properties of the micelles, facilitat‑
ing the formation of a cohesive milk gel structure. Loosely bound micelle 
clusters transform into coherent aggregates of remaining micelles and 
protein particles after the conformational transition. These aggregates 
gradually become denser through fluctuation, oscillatory, and rotational 
movements of casein micelles and protein particles within the aggregate, 
leading to the formation of additional intermicellar bonds. Subsequent‑
ly, these aggregates serve as the starting materials for the formation of 
the three-dimensional spatial structure of the milk gel in the secondary 
phase. This viewpoint is supported by the analysis of a series of gel state 
images at the end of the secondary gelation phase. Figure 7 displays pho‑
tographs capturing the progression of casein micelles clustering into a 
cohesive structure. The photographs vividly show the formation of small 
micelle aggregates, their mutual interactions, and the subsequent emer‑
gence of a unified structure. 

The studies conducted prove a notable drawback despite their appar‑
ent clarity. The method employed for direct transmission electron mi‑
croscopy involves the deposition of dispersed particles on a flat substrate, 
resulting in significant deformation of the particles. Consequently, the 

three-dimensional structure of clusters and aggregates can only be in‑
ferred from their two-dimensional representations in photographs. Fur‑
thermore, this method proves inadequate for assessing the evolution of 
gel structure during coagulation and syneresis, as the structural deforma‑
tions become catastrophic in nature. Therefore, alternative methods are 
necessary to examine these changes. In [32], scanning electron micros‑
copy was used to capture images of the structure of the final milk gel. 
The findings clearly illustrate that the gel primarily consists of aggregates 
(flakes) formed by micelles and protein particles rather than chains of 
micelles, which aligns with our own results.

Our investigation into the microstructure of the milk gel using the 
ultrafast freeze-cleavage transmission electron microscopy method 
showed similar results (Figure 8(a)). If the image obtained by scanning 
electron microscopy provides a comprehensive view with a large depth of 
field, allowing for a quasi-three-dimensional assessment of the structure, 
transmission electron microscopy presents an image of a random cross-
sectional cleavage of the structure of studied sample. It is highly unlikely 
that such a random cleavage would consistently pass through chains of 
micelles. Thus, the photograph presented above depicts a cross-sectional 
cleavage of the spatial structure formed by aggregates of micelles. It is 
important to note that the gel’s characteristic size can be influenced by 
the size of the gel’s unit cell, which varies based on the properties of the 
milk and the processing techniques used. In this case, the cells have an 
average size of approximately 5 µm, which is similar to the characteristic 
sizes of micelle clusters near the gelation point. Evidently, this size af‑
fects the gel’s permeability and, accordingly, the rate of syneresis.

Figure 8(b) illustrates the location of the milk fat globule within the 
milk gel structure. This photograph demonstrates that the fat globule, as 
it undergoes the gelation process, gets a secondary protein shell, which 
serves as a protective measure for the fat against lipolysis during the stor‑
age of cheese.

Therefore, the experimental confirmation of the hypothesis that the 
composition of rennet milk gel consists of sequential chains of distinct 
casein micelles is absent, thus rendering it an inadequate description of 
the gel structure. Instead, it can be proposed that milk gel structuring 
occurs on two levels: localized structuring within clusters of micelles 
and overall structuring of a pre-existing cluster system. It is highly prob‑
able that the final gel structure is formed during the coagulation process 
through the aggregation of pre-formed aggregates of casein  micelles.

To complete the description of the milk gel structure, it is crucial to 
elucidate its topological characteristics. The key aspect to consider is that 
the topology of the resulting structure should minimize the energy of 
the phase interface during the sol-gel transition. During enzymatic gela‑
tion, para-κ-casein, which has a notable hydrophobic nature, is formed. 
Namely, an additional phase interface appears, leading to an increase in 
free (excess) interphase energy. According to the Gibbs-Helmholtz prin‑
ciple, this energy tends to spontaneously decrease in dispersed systems. 
As a result, the entropy of the system decreases due to the increased pro‑
portion of ordered entities within the surrounding water structure. The 
hydrophobic interactions between para-κ-casein molecules and water 
molecules contribute to an increase in entropy and the system transition 
to a more favorable energetic state. Furthermore, the combination of mi‑
celles into a single, compact structure is advantageous in terms of energy 
dynamics for the system. This combination minimizes contact of hydro‑
phobic areas with water, and, consequently, the interaction of identical 
hydrophobic areas also contributes to a reduction in the system’s overall 
free energy. The process of diminishing interfacial energy is further fa‑
cilitated through the aggregation of micelles, which goes with a decline 
in free surface energy as a consequence of decreased specific surface area 
of dispersed phases upon intermolecular contacts among the micelles’ 
hydrophobic areas. Additionally, the formation of a curd at specific stages 
involves the participation of ionic, hydrogen, and van der Waals bonds.

Figure 6. Clusters of casein micelles at the beginning of the 
secondary gelation phase Methods: (a) — MS, (b) — NS
Рисунок 6. Кластеры мицелл казеина в начале вторичной фазы 

гелеобразования Методы: (a) — MS, (b) — NS

Figure 7. Interaction of aggregates of casein micelles during 
the formation of an integral structure. Methods: (a), (b) — NS

Рисунок 7. Взаимодействие агрегатов мицелл казеина при 
образовании целостной структуры. Методы: (a), (b) — NS

Figure 8. Structure of milk gel. FFR method
Рисунок 8. Структура молочного геля. Метод FFR
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During the process of gelation, milk undergoes a transition from a 
stable dispersed state to a metastable state. The phase separation of the 
metastable system does not occur through the emergence of nuclei of two 
finished phases followed by competitive growth, as assumed in the chain 
model. Instead, it is attributed to the initial formation of numerous small 
nonequilibrium areas (clusters) within the metastable system, which 
show slight variations in concentration and have the ability to gradually 
merge and approach an equilibrium state. Consequently, the transforma‑
tion of the dispersed system (milk) into a structured one (milk curd) oc‑
curs as a result of this process.

From the perspective outlined, the milk curd can be characterized 
within the realm of scientific discourse as a bicontinuum system. There 
one continuum corresponds to whey, while the other continuum relates 
to a structured protein matrix. These continua permeate each other mu‑
tually. The main condition for the emergence, existence, and develop‑
ment of this system lies in the organization of its topology, prioritizing 
the minimization of the interface between the continua. The conver‑
sion of milk into a milk curd occurs under the influence of deterministic 
and stochastic factors. Deterministic processes dictate the fundamental 
nature and properties of the curd’s topology, whereas stochastic pro‑
cesses govern their distortion or dispersion within a specific confidence 
interval.

4. Conclusion
Based on the conducted research, the following conclusions can be drawn.
From the perspective of statistical thermodynamics, natural milk 

shows characteristics of a non-equilibrium system, as proved by the un‑
even distribution of casein micelles throughout its volume.

The uneven distribution of a glycomacropeptide hair layer on the sur‑
face of casein micelles in milk contributes to the generation of dimer and 
trimer micelles.

During the initial phase of enzymatic gelation in milk, loosely bound 
clusters of micelles form at areas of the highest micelle concentration. 
Due to the weak nature of these hydrophobic bonds, these clusters have 
minimal impact on the viscosity changes observed in milk. The formation 
of micelle chains does not occur at this stage, which can be attributed to 
the absence of micelle anisometry, and the energetic disadvantage asso‑
ciated with their formation.

During the enzymatic gelation process in milk near the gel point, a 
hierarchical transformation process of the protein component of milk is 
activated. The trigger mechanism for this process is a cooperative con‑
formational phase transition in clusters of casein micelles, leading to a 
sequential chain of increasingly energy-intensive reactions in the order: 
hydrophobic interactions → hydrogen bonds → electrostatic attraction → 
calcium bridges. The result is the conversion of loosely-bound micelle 
clusters into more densely packed aggregates.

Ultimately, the resulting milk curd predominantly consists of indi‑
vidual aggregates and constitutes a bicontinuous system. In this sys‑
tem, one continuous phase is the whey while the other continuous 
phase is a structured protein matrix. These two phases permeate each 
other mutually.

Generally, the gelation phenomenon in milk can be conceptualized as 
an energy-reducing process. Investigating the correlation between the 
reduction in milk’s free energy during gelation and the physical charac‑
teristics of the final cheese and other dairy products continues to be an 
ongoing subject of scientific inquiry.
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