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Kefir grains (KG) were studied using low-temperature 

1
H NMR spectroscopy, DSC, and thermogravimetry to analyse 

the influence of the hydration degree on the properties of water bound in KG, as well as effects of dispersion media (air, 

weakly polar CDCl3, CDCl3 + F3CCOOD) and temperature. An increase in water content added to dried KG results in 

changes in water structure and supramolecular organisation in bacteria, low- and high-molecular components of KG. Five 

types of water are observed in KG: (i) weakly associated water characterised by a low value of the chemical shift of proton 

resonance δH = 1–2 ppm; (ii) strongly associated water at δH = 4–5.5 ppm (similar to that of bulk water), (iii) weakly 

bound water frozen at 265 K < T < 273 K; (iv) strongly bound water frozen at 200 K < T < 265 K; and (v) bulk water, 

which does not directly interact with bacteria, cells, and macromolecules. NMR cryoporometry and thermoporometry 

based on both DSC and thermogravimetry give close results and show detailed changes in intracellular and extracellular 

organisations of water and other low-molecular weight compounds due to hydration/dehydration, addition of weakly polar 

(CDCl3) or strongly polar (F3CCOOD) compounds, heating or freezing. 
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INTRODUCTION 

Gelatinous, irregularly-shaped kefir grains 
(KG) are formed by a symbiotic combination of 
yeasts, acetic acid bacteria and lactic acid bacteria 
(LAB) [1–5]. KG have gel-like shells consisting of 
polysaccharides and some other compounds. Kefir 
is characterised by certain antimicrobial [4], 
antioxidant [6], and disease-resistant activities 
[1, 2] depending on KG composition, amounts and 
organisation of water. Water state and temperature 
behaviour play an important role in KG [1, 6, 7]. 
Water located in cells and bacteria and between 
them (i.e. bulk water) can be in a strongly 
structured (bound) state [8–10]. The confined space 
effects can result in significant changes in the 
properties of liquids as solvents, since the activity 
and molecular mobility decreases in comparison 
with the bulk liquids. These changes depend on 
water content, topology and chemistry of 
surroundings, presence and content of solutes 
(salts, small molecules as saccharides, fats, amino 
acids, etc.) and temperature [9, 11]. Bacteria used 
in food industry can be stored in freeze-dry state 
[10]. Therefore, the behaviour of water bound in 
bioobjects stored at T < 273 K is of interest. 

There are several methods such as nuclear 
magnetic resonance (NMR) spectroscopy, 
differential scanning calorimetry (DSC), X-ray 
diffraction, thermogravimetry, dielectric relaxation 
spectroscopy, and thermally stimulated 
depolarisation current, which can give useful 
information on the structure, temperature and 
interfacial behaviours, and other properties of 
water in bioobjects [9, 11–13]. This is of 
importance since practically all properties of water 
are unusual in comparison of them for hydrides of 
other elements, e.g. SH2, NH3, CH4, etc [10]. In the 
case of a large part of bulk water in bio-objects, it 
is difficult to study the properties of bound water. 
Therefore, the systems with small and controlled 
content of water are more appropriate to analyse 
the temperature behaviour of water bound in cells 
and bacteria. 

The aim of this work was to study the 
properties of water bound in kefir grains 
depending on water content, dispersion media 
with air or weakly organic solvent CDCl3 and the 
presence of trifluoroacetic acid F3CCOOD 
(TFAA) using low-temperature 1H NMR, DSC, 
and TG methods. 
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EXPERIMENTAL 

Kefir grains (KG) prepared by fermentation of 
whole milk were washed out by distilled water, 
placed onto filter paper and dried at room 
temperature for 1 h. For NMR measurements, the 
samples were dried at 330 K in air. The residual 
amount of water was h = 0.3 g per gram of dry KG. 
Partial re-hydration of KG was carried out by 
addition of certain amounts of water (h = 0.8 g/g). 
Before DSC measurements, air-dry KG were 
heated at 380 K for 20 min, and then certain 
amounts of water were added to KG 
(h = 0.3, 0.5, 0.7 and 1 g/g). 

Microscopic images were recorded using 
DualBeam Quanta 3D FEG (FEI, USA) in the 
condition of low vacuum (accelerating voltage 
10 kV, magnification from ×65 to ×65000) applied 
to samples with deposition of a thin film of 
palladium and gold. Qualitative and quantitative 
elemental analysis was made using an EDS 
detector coupled with a microscope (EDAX, 
USA). Composition (according to the EDS data) of 
dry kefir grains (in at. %) is C (66.79), O (22.96), 
N (7.37), P (1.36), S (0.44), Ca (0.35), K (0.19), 
Al (0.18), Cl (0.16), Mg (0.15), and Si (0.04). 

1H NMR spectra of static samples (placed into 
5 mm NMR ampoules) with various amounts of 
water in various dispersion media (air, CDCl3, 
CDCl3 + F3CCOOD) were recorded using a Varian 
400 Mercury spectrometer (magnetic field 9.4 T, 
bandwidth 20 kHz) utilising eight 60o pulses of 
1 µs duration. Relative mean errors were less than 
±10 % for 1H NMR signal intensity for overlapped 
signals, and ±5 % for single signals. Temperature 
control was accurate and precise to within ±1 K. 
The accuracy of integral intensities was improved 
by compensating for phase distortion and zero-line 
nonlinearity with the same intensity scale at 
different temperatures. To prevent supercooling of 
samples, the beginning of spectra recording was at 
T = 210 K. Samples precooled to this temperature 
for 10 min were then heated to 280 K at the rate of 
5 K/min with steps ∆T = 10 K or 5 K at the heating 
rate of 5 K/min for 2 min. They were maintained at 
a fixed temperature for 9 min before data 
acquisition at each temperature for 1 min [9, 13]. 

The applications of low-temperature 1H NMR 
spectroscopy and NMR cryoporometry, based on 
the freezing point depression of liquids located in 
pores depending on the pore size [11], to numerous 
objects were described in detail elsewhere [9, 13]. 

Note that high-molecular weight compounds do 

not contribute the 1H NMR spectra recorded here 
for static samples due to a large difference in the 
transverse relaxation time of liquid (mobile) small 
compounds (water, sugars, etc.) and 
macromolecules or solids and due to a narrow 
bandwidth (20 kHz) of the spectrometer [9]. In our 
calculations, the constant kGT in the Gibbs-
Thomson equation describing the freezing/melting 
point depression due to confined space effects was 
equal to 60 K nm. 

Differential scanning calorimetry (DSC) 
measurements of interactions of kefir grains with 
water and n-decane were carried out using a 
PYRIS Diamond (Perkin Elmer Instruments, USA) 
differential scanning calorimeter at the constant 
heating/cooling rate of 10 K/min. PYRIS Diamond 
DSC was calibrated at different heating rates using 
such standard samples as distilled water (melting 
temperature Tm = 273 K) and standard indium 
sample (Tm = 429.6 K) supplied by the producer 
and using the standard calibration procedure 
recommended by the supplier. 

Similar to the NMR cryoporometry, the DSC 
melting thermograms can be used in the DSC 
thermoporometry for structural characterisation of 
the materials. Bound liquids demonstrate the 
freezing-melting point depression in the DSC 
thermograms that can be treated as described 
elsewhere [14]. 

Thermogravimetry (TG) measurements of air-
dry kefir grains were carried out at 293 to 1273 K 
in air or nitrogen atmosphere using a Derivatograph-
C (Paulik, Paulik & Erdey, MOM, Budapest) 
apparatus at the heating rate of 10 K/min. The 
thermoporometry method was applied to the TG 
data for air-dry kefir grains as described elsewhere 
[9, 15]. 

The IR spectra of differently preheated KG 
samples (thin plates ~20 mg) over the             
4000–300 cm-1 range (at 4 cm-1 resolution) were 
recorded in transmittance mode using a 
Specord M80 (Carl Zeiss, Jena) spectrometer. 

RESULTS AND DISCUSSION 

Observed supracellular and cellular structures 
observed in kefir grains (Fig. 1) show their 
nonuniform morphology of a great complexity. 
Deviation of the cellular shapes (Fig. 1 d) can be 
caused by drying of cells. This suggests that 
intracellular and extracellular structures of water 
can demonstrate complex temperature behaviour, 
which is typical for cellular objects and can 
strongly depend on the water content. 
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a b 

  
c d 

Fig. 1. SEM images of dried kefir grains at various magnifications (from ×65 to ×65000) at scale bar of: (a) 500 µm, 
(b) 40 µm, (c) 5 µm, and (d) 0.5 µm 

 
The TG thermograms of initial, dried, and 

hydrated KG recorded upon heating from 293 to 
1273 K (Fig. 2) show several characteristic parts. 
The first one from 293 to 398 K corresponds to 
desorption of bulk or weakly bound water (WBW) 
and other low-molecular weight compounds (e.g. 
CO2, alcohol, etc.). The second range (393–473 K) 
is due to desorption of structured strongly bound 
water (SBW) and decomposition of a portion of 
macromolecules. The third range (473–673 K) with 
rapid loss of the weight corresponds to dehydration 
and decomposition of biomacromolecules (e.g. 
polysaccharides, etc.). At T > 673 K, there is 
significant difference in the TG/DTG curves 
recorded in the air and nitrogen atmosphere. For 
the former, oxidation processes are characteristic in 
contrast to the latter (curves 3 and 7). Therefore, 
the weight loss in air is much greater ~93.4 wt. % 
for dry KG (i.e. ~6 wt. % corresponds to mineral 
components in dried kefir grains, see element 
composition of them) at 1273 K than that in the 

nitrogen atmosphere without access of oxygen 
~70 wt. %, in which the processes are stopped on 
the carbonisation stage (i.e. formation of char). 

The IR spectra (Fig. 3) show that heating of 
KG results in the loss of water, since intensity of a 
broad band at 3700–2500 cm-1 decreases with 
increasing preheating temperature. However, even 
after preheating at 413 K for 2 h the KG keep the 
main structural features, despite thermal 
inactivation of bacteria and cells. A broad complex 
band at 1200–1000 cm-1 related to C–O–C and    
C–O is characteristic for carbohydrates. Bands at 
1700–1500 cm-1 are linked to the C=O and C=C 
stretching vibrations and the δCN bending vibrations 
and C–H overtones. The bands at 1460 and 
1400 cm−1 can be assigned to the CH2 deformation 
and to vibrations of the amino acid side chains, 
respectively. A decrease in intensity of all bands 
observed can be due to desorption of low-
molecular weight organics (e.g., saccharides) in 
parallel to desorption of water. 
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Fig. 2. Thermograms (TG (1–4) and differential TG 
(5–8) curves) of (1, 5) initial, (4, 8) wetted 
(water:dry KG = 1:1), dried kefir grains upon 
heating in (2, 6) air and (3, 7) nitrogen 
atmosphere 

Detailed information on the temperature 
behaviour of water bound in KG at various 
hydration degrees in air, chloroform or chloroform 
+ TFAA dispersion media was obtained using low-
temperature 1H NMR spectra of static samples (to 

avoid signals of immobile phases) (Figs. 4 and 5) 
and DSC (Figs. 6 and 7). 
 

 

 

Fig. 3. IR spectra of KG dried at room temperature for 
4 days (curve 1) and at 333 (2), 373 (3), and 
413 (4) K for 2 h 

 

 
a b 

 
c d 

Fig. 4. 
1H NMR spectra of water bound in KG recorded at different temperatures and different hydration degree h = (a, 
c) 0.3 g/g, (b, d) 0.8 g/g in various dispersion media: (a, b) air, (d) CDCl3 (dotted-dashed lines), and (c, d solid 
lines) 8CDCl3 + 1TFAA 
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a b 

Fig. 5. (a) Temperature dependence of content of unfrozen water (Cuw) for samples in air (curve 1 – h = 0.3 g/g, and 
curve 2 – h =0.8 g/g) and in chloroform-d at h =0.8 g/g (curve 3); and (b) corresponding differential (curves 1–3) 
and incremental (curves 4–6) distribution functions of sizes of water structures filling “pores” in KG. Curve 7 
corresponds to TG thermoporometry calculation for sample at h = 1 g/g 

 
For KG in air, two 1H NMR signals are 

observed at the chemical shift of proton resonance 
δH = 5 and 1.5 ppm (Fig. 4 a, b). Signal at 
δH = 5 ppm can be assigned to strongly associated 
water (SAW), in which the average number of the 
hydrogen bonds per molecule is close to that in 
bulk water [9]. The second signal at 1.5 ppm can be 
attributed to methylene and methyl groups in low-
molecular weight compounds (saccharides, 
phospholipids, fat acids, etc.), as well as to weakly 
associated water (WAW). WAW corresponds to 
water structures at the average number of the 
hydrogen bonds per water molecule nH ≤ 1 for the 
hydrogen atoms. Intensity of both signals decreases 
with decreasing temperature due to freezing out of 
fractions of water molecules (Fig. 5 a) differently 
interacting with surroundings and being under 
different confined space effects. The latter allows 
us to calculate the distribution functions of sizes of 
water structures bound in KG (Fig. 5 b). Note that 
relative intensity of signal at 5 ppm increases with 
decreasing temperature (Fig. 4 b). This can suggest 
that the contribution of WAW into signal at 
1.5 ppm is not predominant since typically WAW 
is frozen out more slowly than SAW due to 
stronger confined space effects for the former [9]. 

In chloroform dispersion medium (Fig. 4 c, d), 
signal at 1.5 ppm splits and shows fine structure at 
0.8–3.0 ppm. This suggests the presence of several 
sources of this signal, i.e. WAW and low-
molecular weight organics. To separate water and 
organics with CH2 and CH3 groups, relatively 
strong acid TFAA was added (Fig. 4 c, d). 

Mixtures with acids and water (with fast proton 
exchange since initial TFAA was in a deuterated 
form) are characterised by a significant downfield 
shift [16]. 

For a sample at a lower value of h (Fig. 4 c), 
three signals of SAW are observed. For pure 
TFAA, δH is equal to 11.5 ppm. Therefore, 
observed SAW structures can be attributed to 
different solutions of TFAA from maximal content 
at signal 1 to minimal one at signal 3, since the 
value of δH for signal 3 is close to that of pure 
water. Consequently, a significant fraction of water 
in KG does not practically contain TFAA. This can 
be due to several reasons, such as poor accessibility 
of this intracellular water for TFAA or very low 
activity of interfacial clustered water (under strong 
confined space effects) as a solvent incapable to 
dissolve TFAA. Relative contribution of a fraction 
of water in the concentrated TFAA solution 
increases with decreasing temperature. Signal at 
2 ppm can be attributed to WAW (Fig. 4 c) with 
CDCl3 surroundings. Its relative intensity increases 
with decreasing temperature. In the case of stronger 
hydration sample (Fig. 4 d, solid lines), an increase 
in contribution of signal of concentrated solution of 
TFAA is observed. 

The amounts of unfrozen water in KG vs. 
temperature depend on both water content and 
dispersion medium type (air or chloroform-d) 
(Fig. 5 a). This is well observed from the 
distribution functions of sizes of unfrozen water 
structures (Fig. 5 b) and related parameters 
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(Table 1) estimated for water unfrozen at 
T < 273 K. 

The amounts of strongly (SBW) and weakly 
(WBW) bound waters can be determined from the 
Cuw(T) functions assuming that WBW is frozen at 
265 K < T < 273 K (since pure bulk water is frozen 
at 273.15 K). For soft matters, such as cells, 
microorganisms, relative contributions of SBW and 
WBW change not only due to changes in the total 
content of water but also due to changes in the 
organisation of macromolecules with increasing 
water content in the systems [9]. Therefore, at 
h = 0.3 g/g, the content of SBW is about only 16 % 
(Table 1), but at h = 0.8 g/g, it is equal to 29 %, and 
in chloroform-d, it increases to 40 %. These results 
can be explained by increasing “porosity” of KG 
with increasing content of water, especially at 
R < 3 nm (Fig. 5 b). The surface area in contact 

with unfrozen water increases with increasing 
value of h to 0.8 g/g (Table 1, Suw). Contributions 
of both nanopores (Snano) and mesopores (Smeso) 
increase. In the case of chloroform-d as dispersion 
medium, the structure of bound water strongly 
changes in comparison with air. This is due to a 
hydrophobic character of CDCl3. Water and 
chloroform tend to reduce the contact area between 
immiscible liquids. Therefore, water form larger 
mesostructures (Fig. 5 b) and Snano = 0 (Table 1). 
The value of −∆Gs decreases but <Tm> increases. 
Thus, water more weakly interacts with cellular 
structures because chloroform can displace water 
from narrow pores into larger ones. This is typical 
phenomenon for water/chloroform mixtures under 
confined space effects [9]. 

 

Table 1. Characteristics of water bound in kefir grains at h = 0.3 (in air) and 0.8 g/g (air and CDCl3) 

Vnano 

(cm3/g) 
Vmeso 

(cm3/g) 
Vmacro 

(cm3/g) 
Vnano 

(cm3/g) 
Vmeso 

(cm3/g) 
Vmacro 

(cm3/g) 
Vnano 

(cm3/g) 
Vmeso 

(cm3/g) 
Vmacro 

(cm3/g) 
Vnano 

(cm3/g) 
0 1.666 0.094 0 1.666 0.094 0 1.666 0.094 0 

0.013 0.960 0.014 0.013 0.960 0.014 0.013 0.960 0.014 0.013 
0.027 0.878 0.017 0.027 0.878 0.017 0.027 0.878 0.017 0.027 

Note. ∆Gs is the Gibbs free energy of the most strongly bound water layer; Сuw
s
 and Сuw

w are the amounts of strongly 
and weakly bound waters, respectively; γS is the free surface energy determined as a modulus of whole changes in 
the Gibbs free energy of bound water; <Tm> is the average melting temperature for bound water; Suw, Snano and Smeso 
are the specific surface area being in contact with unfrozen water, total, in nanopores and mesopores, respectively 
 
 

Additional information on the temperature 
behaviour of water bound in KG differently 
hydrated can be obtained using DSC measurements 
[17]. DSC investigations of lactic acid bacteria 
showed occurrence of several processes including 
water freezing/melting and denaturation of 
biomacromolecules in organelles (ribosomes). 

At a minimal content of water (h = 0.3 g/g), 
exotherms of freezing of water and some low-
molecular weight organics (sugars, etc.) are 
observed between 263 and 273 K (Fig. 6 a) in 
contrast to a melting peak (Fig. 6 b). Only removal 
of baseline gives low-intensity endotherms used in 
thermoporometry (Fig. 7, curve 1). An increase in 
content of water, the shape of both freezing 
exotherms and melting endotherms becomes more 
complex. Note that the freezing exotherms shift 
toward lower temperatures at h = 0.5 and 0.7 g/g 
but at h = 1 g/g they shift toward higher 
temperatures. This effect is due to changes in 
contribution of weakly and strongly bound 

compounds observed in NMR measurements and 
the textural organisation of kefir grains at nano- 
and micro-scales. In other words, contribution of 
WBW increases at h = 1 g/g (Fig. 6 a). The 
endotherm effect value of water melting increases 
with increasing value of h (Table 2) but it is much 
lower than that for transformation of hexagonal 
ice/bulk water (330 J/g). This result can be caused 
by several reasons. First, there are many states of 
bound water frozen at different temperatures (i.e. 
melting of different ice crystallites or amorphous 
structures occurs over large temperature range). 
Second, the energy of interactions of water/water 
and water/biostructures in KG differs strongly in 
both directions. Therefore, total changes in phase 
transition of amorphous ice (bound water can form 
amorphous ice upon freezing) into bound water 
needs smaller energy than that for hexagonal ice 
transforming into bulk water. 

Decane bound to dry KG has the freezing 
exotherm at 239 K (Fig. 6 c, curve 1) that is 
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lower than that for bulk n-decane (Tf = 242.5–
243.8 K) due to confined space effects. In the 
case of a mixture of water and n-decane (added 
to hydrated KG at h = 0.2 g/g) bound to KG 
(Fig. 6 c, curve 2), the exotherm of decane 
freezing becomes broader and slightly shifts 
toward higher temperature. Consequently, water 
can locate in some narrow voids and decane 
cannot displace a portion of this water 
(crystallization peak at 273 K) from narrow 

voids. Therefore, the confined space effect for a 
fraction of bound decane becomes weaker in 
comparison with dry grains. Melting endotherms 
(Fig. 6 d) include besides a decane peak (around 
244 K), some additional features (between 263 K 
and 253 K), which can be caused by low-
molecular weight compounds (sugars, fat acids, 
phospholipids, residual water, etc.). In this 
temperature range, some small exotherms are 
also observed (Fig. 6 c). 

 

  
a b 

  
c d 

Fig. 6. (a, b) Freezing and (c, d) melting DSC thermograms for KG at different hydration degree h = (a, b) 0.3 (curve 1), 
0.5(2), 0.7(3) and 1 (4) g/g, and at (c, d) h = 0.2 g/g with addition of 0.2 g/g n-decane 

 

 

Fig. 7. Pore size distributions in KG calculated using 
DSC (curves 1-4 at h = 0.3, 0.5, 0.7, and 1 g/g, 
respectively) and TG (curve 5, h = 0.04 g/g) 
thermoporometry 
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Table 2. Heat effect of melting of ice in frozen KG at various hydration degree 

h, 

g/g 

∆Н/Tmax, 

(J/g)/(K) 

mH2O, 

mg 

0.3 3.7/268  14.26 

0.5 5.4/269 6.7/277 32.64 

0.7 28.3/269 3.1/277 29.87 

1 38.6/271 1.61/276 50.46 
 

 
CONCLUSIONS 

Partially hydrated/dehydrated kefir grains 
include water structures in a broad range of sizes 
from small clusters (around 1 nm in size) to large 
nanodomains 10–50 nm in size. Changes in the 
hydration degree of kefir grains cause changes in 
their textural organisation. Contributions of weakly 
(δH = 1–2 ppm) and strongly (δH = 4–5.5 ppm) 
associated waters and weakly (frozen at 
265 K < T < 273 K) and strongly (unfrozen at 
200 K < T < 265 K) bound waters depend on the 
amounts of water and the type of dispersion 
medium (air, weakly polar chloroform, chloroform 
with addition of TFAA). The ratios between 
SAW/WAW and SBW/WBW depend on 
temperature since the larger the water structure 

(approaching to bulk water), the higher the freezing 
/ melting temperature (approaching to 273 K). 
These water clusters and domains are characterised 
by different ability to dissolve such compounds as 
strong acids (F3CCOOD studied as a 
representative). Enhanced clusterisation of water 
bound to kefir grains results in diminution of 
dissolution of the acid in this water. 
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Методами низькотемпературної 

1
Н ЯМР спектроскопії, ДСК і термогравіметрії досліджено вплив 

ступеня гідратації, дисперсного середовища (води, слабополярного розчинника CDCl3, CDCl3 + F3CCOOD) і 

температури на властивості зв΄язаної води в кефірних гранулах (КГ). Встановлено, що в результаті 

збільшення вмісту води, що додають до висушених КГ, змінюється структура води в супрамолекулярних 

структурах бактерій, низько- та високомолекулярних компонентів КГ. Виявлено п΄ять типів води в КГ: (i) 

слабко асоційована вода, яка характеризується низьким значенням величини хімічного зсуву протонного 

резонансу δH = 1–2 м.ч.; (ii) сильно асоційована вода δH = 4–5.5 м.ч. (аналогічно об΄ємній воді), (iii) слабко 

зв΄язана вода, яка замерзає при 265 K < T < 273 K; (iv) сильно зв΄язана вода, яка замерзає при 

200 K < T < 265 K, та (v) об’ємна вода, яка безпосередньо не взаємодіє з бактеріями, клітинами, 

макромолекулами. ЯМР-кріопорометрія та термопорометрія, які базуються на методах ДСК і 

термогравіметрії, дають близькі результати та детально показують зміни в організації 

внутрішньоклітинної й позаклітинної води та інших низькомолекулярних сполук, при гідратації/дегідратації з 

додаванням слабкополярного (CDCl3) чи сильнополярного компоненту (F3CCOOD), при нагріванні чи замерзанні. 

Ключові слова: кефірні гранули, слабоасоційована та сильноасоційована вода 
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Методами низкотемпературной 

1
Н ЯМР спектроскопии, ДСК и термогравиметрии изучено влияние 

степени гидратации, дисперсной среды (воды, слабополярного растворителя CDCl3, CDCl3 + F3CCOOD) и 

температуры на свойства связанной воды в кефирных гранулах (КГ). Установлено, что в результате 

увеличения содержания воды, добавляемой к высушенным КГ, изменяется структура воды в 

супрамолекулярных структурах бактерий, низко- и высокомолекулярных компонентов КГ. Обнаружено 

пять типов воды в КГ: (i) слабо ассоциированная вода, которая характеризуется низким значением 

величины химического сдвига протонного резонанса δH = 1–2 м.д.; (ii) сильно ассоциированная вода    

δH = 4–5.5 м.д. (аналогично объемной воде), (iii) слабо связанная вода, которая замерзает при 

265 K < T < 273 K; (iv) сильно cвязанная вода, которая замерзает при 200 K < T < 265 K; и (v) объемная 

вода, которая непосредственно не взаимодействует с бактериями, клетками, макромолекулами.          

ЯМР-криопорометрия и термопорометрия, базирующиеся на методах ДСК и термогравиметрии, дают 

близкие результаты, детально показывая изменения организации внутриклеточной и внеклеточной воды и 

других низкомолекулярных соединениях, при гидратации/дегидратации с добавлением слабополярного 

(CDCl3) или сильно полярного компонента (F3CCOOD), нагревании или замерзании. 

Ключевые слова: кефирные гранулы, слабоассоциированная и сильноассоциированная вода 
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