RSC Advances

RSC Advances

ROYAL SOCETY
OF CHEMISTRY

ROYAL SOCIETY
OF CHEMISTRY

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. This Accepted Manuscript will be replaced by the edited,
formatted and paginated article as soon as this is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's
standard Terms & Conditions and the Ethical guidelines still

apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript
or any consequences arising from the use of any information it
contains.

WwWWw.rsc.org/advances



Page 1 of 7 RSC Advances

Suspending of lactic acid bacteria with silica microparticles results in complete de-
agglomeration of bacteria



RSC Advances Page 2 of 7

RSC Advances RSCPublishing

ARTICLE

Effects of strongly aggregated silica
nanoparticles on interfacial behaviour of water
bound to lactic acid bacteria

Cite this: DOI: 10.1039/X0XxX00000X

Vladimir M. Gun'ko, *® Vladimir V. Turov,® Tetyana V. Krupska,® Magdalina D.

Received ooth January 2012, Tsapko,” Jadwiga Skubiszewska-Zieba,“ Barbara Charmas and Roman Leboda ©

Accepted ooth January 2012

DOl: 10.2039/x0xx00000X Effects of changes in the hydration degree of lactic acid bacteria (LAB), dispersion media composition

www.rsc.org/ and interactions with silica TS 100 and silylated silica gel Sipernat 50 were analysed using *H NMR and
DSC methods. Several types of water were found in wetted LAB. There were strongly and weakly bound
waters determined from changes in Gibbs free energy of them. Strongly and weakly associated waters
were identified by changes in chemical shifts of proton resonance for hydroxyls participating in
hydrogen bonds. Changes in the characteristics of water bound to LAB depend on water content,
dispersion medium and co-adsorbate types, presence of silica. In DSC thermograms, changes in values
of enthalpy for exotherms (upon cooling) and endotherms (upon heating) per gram of bound water were
much lower than that for bulk water because of the freezing point depression characteristic for bound

water, which, therefore, could not form ice crystallites.

Introduction

Lactic acid bacteria (LAB), as well as yeast cells, used in food
industry can be stored in freeze-dry state.! Freeze-drying
(lyophilization) is widely used to preserve such thermo-
sensitive active ingredients as proteins or microorganisms.’
Freeze-dry microorganisms contain a small amount of residual
intracellular water. Addition of water, sugar solution, milk or
other nutrient media to them and increasing temperature to
certain optimal one lead to renmewal of bacterial activity.’
Activity of water (or nutrient media) in the mentioned
processes depends on the amounts of water because at low
content of bound (structured) water, the solubility of nutrients
(as well as other compounds) in this water is low.** The
stronger the bonding of interfacial water, the lower is the
activity of this water as a solvent.

State of live microorganisms and state of water bound in
them can be analysed in detail using nuclear magnetic
resonance (NMR) spectroscopy™® and differential scanning
calorimetry (DSC).” Water bound to cells, macromolecules or
inorganic materials strongly differs from bulk water in respect
to its temperature behaviour, structure and activity as a
solvent.** This difference, e.g. reflecting in the freezing point
depression and changes in the amounts of solutes dissolved in
the interfacial water, depends on the amount of bound water, its
space effects),
interactions with surroundings, not only with cellular structures

organisation (confined and features of

but also with co-adsorbates and solutes (weakly polar, polar, or
ionic).” The concentration and temperature behaviour of
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intracellular water depending on the characteristics of the
surroundings is of importance for renewal of activity of
microorganisms. Note that interactions of fumed silica present
in the aqueous media as individual nanoparticles can result in
decomposition of cellular membranes.’ Therefore, TS 100
composed of nanoparticles strongly aggregated (by Si-O-Si
bonding) in microparticles at ~9.5 pm in average size is used in
this study. The aim of this work was to study the characteristics
of water bound to lactic acid bacteria depending on the water
content, presence of a solute (trifluoroacetic acid), changes in
the dispersion media (air, CDCl;, dimethylsulfoxide, n-decane),
and presence of solid particles (thermal silica TS 100 or
silylated silica gel Sipernat 50). This study was performed
using low-temperature 'H NMR spectroscopy, cryoporometry,
DSC, thermoporometry, infrared spectroscopy,
microphotography, and thermogravimetry methods. A part of
results is shown in the Electronic Supplementary Information
(ESI) file.

Experimental

Materials

Freeze-dry lactic acid bacteria, LAB (as a mixture of
Lactococcus lactis subsp. Actis Lactococcus lactis subsp.
Diacetylactis Lactococcus lactis subsp. Cremoris Streptococcus
salivarius subsp. Thermophilus) used in production of sour
cream contained less than 5 wt.% of residual water. Certain
amounts of distilled water were added to freeze-dry LAB
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equilibrated before NMR or DSC measurements. Then a certain
amount of silica was added to differently hydrated LAB
samples stirred to homogeneous state (or not stirred).

Commercial silica gel Sipernat 50 (Evonik, Germany, Si50,
Sger = 503 m?/g, average size of particles d = 50 pum) was
silylated by octadecyldimethylchlorosilane (Si50s, Sgpr = 261
m?/g, V,=1217 cm?/g)® and used in this study. The textural
and structural characteristics of initial and silylated silica gels
are given in the Supporting Information (ESI) file (Table S1,
Figs. S1-S3). Used commercial thermal silica ACEMATT®™ TS
100 (Evonik, specific surface area ~250 m?%g) is characterised
by low content of adsorbed water, as well as silylated silica gel
(Fig. S2). TS 100 is strongly agglomerated (due to treatment at
high temperature) at ~9.5 pm in average size of agglomerates’
(Fig. S4 in the ESI file). Note that the used silicas (TS 100 and
silylated Sipernat 50) have close values of Sggr but
characterised by different morphology and texture of particles.
Hydrophobised Sipernat 50 microparticles are larger and more
durable than that of hydrophilic TS 100 agglomerates.

Deuterated organic compounds (solvents CDCl; and
(CD3),S0O) and trifluoroacetic acid F;CCOOD (TFAA) and
non-deuterated n-decane were used in the measurements.
Deuterated compounds were used to prevent their contribution
into "H NMR signals of water bound to LAB.

Microphotographs of samples were recorded using a Primo
Star optical microscope (Carl Zeiss) at magnification x400 or
%x1000.

Methods

"H NMR spectra of static samples of LAB (placed into 5 mm
NMR ampoules) with various amounts of water, co-adsorbates,
and silica TS 100 in various dispersion media (air, CDCl;,
CDCl; + (CD3),S0, or CDCIl; + (CD;),SO + F;CCOOD) were
recorded using a Varian 400 Mercury spectrometer (magnetic
field 9.4 T, bandwidth 20 kHz) using eight 60° pulses of 1 us
duration. Relative mean errors were less than +10% for 'H
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 7 = 210 K. Samples precooled to this
temperature for 10 min were then heated to 280 K at a rate of 5
K/min with steps AT =10 K or 5 K at a heating rate of 5 K/min
for 2 min. They were maintained at a fixed temperature for 9
min for data acquisition at each temperature for 1 min.’

The of the 'H NMR
spectroscopy and NMR cryoporometry, based on the freezing

applications low-temperature

point depression of liquids located in pores depending on the
pore size,' to numerous objects were described in detail
elsewhere.”!! Note that high-molecular weight compounds do
not contribute the 'H NMR spectra recorded here due to a large
difference in the transverse relaxation time of liquid (mobile)
small compounds (such as etc.) and

water, sugars,
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macromolecules or solids and due to a narrow bandwidth (20
kHz) of the spectrometer.’

Differential scanning calorimetry (DSC) measurements of
interactions of LAB with water, n-decane, and silylated silica
gel Sipernat 50 were carried out using a PYRIS Diamond
(Perkin Elmer Instruments, USA) differential scanning
calorimeter at a constant heating/cooling rate of 10 °C/min.
PYRIS Diamond DSC was calibrated at different heating rates
using such standard samples as distilled water (melting
temperature 7, = 0 °C) and standard indium sample (7, =
156.6 °C) supplied by the producer and using the standard
calibration procedure recommended by the supplier.

Results and discussion

According to microphotos (see insert in Fig. 1 and Fig. S5 in
the Supplementary (ESI) file),
suspending of freeze-dry LAB results in decomposition of

Electronic Information
aggregates of bacteria (10-100 pum in size, Fig. S5a in ESI).
Individual LAB can be observed in the suspension (Fig. S5b in
ESI). Suspended LAB demonstrate high mobility even after
freezing of composites with silica at 210 K for 1.5 h and
subsequent heating to room temperature. In the aqueous media,
LAB can easily move from aggregates of wetted composite
with TS 100 (Fig. S5c¢ in ESI) into the liquid phase. Thus,
addition of TS 100, which remains mainly in agglomerated
state (Fig. S5¢ in ESI), does not lead to destroy of bacteria or
diminution of their activity.

3 (ppm)

& (ppm)

Fig. 1 'TH NMR spectra recorded at various temperatures of LAB at & =
(a) 2 g/g and (b-d) 1 g/g pure ((a) and curves 1 (b)) or with addition of
(b) 0.4 g/g TS 100 (curves 2-4) in air (2), CDCl; (3) or CDCl; with
TFAA (6 : 1), (c) 0.2 g/g TFAA (curves 1), 0.2 g/g TFAA + 0.2 g/g
CDCl; (curves 2) or 0.2 g/g TFAA + 0.2 g/g CDCl; + 0.2 g/g (CD5).SO
(curves 3 and (d)). Microphoto (insert, scale bar 10 um) shows LAB in
aqueous suspension.

The cell wall of Gram-positive bacteria, such as LAB, is a
complex arrangement of macromolecules. It consists of a

This journal is © The Royal Society of Chemistry 2014
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peptidoglycan sacculus that surrounds the cytoplasmic
membrane and that is decorated with other glycopolymers, such
as teichoic acids or polysaccharides, and proteins.'? Their
interactions with a bare silica surface can be due to the
formation of the hydrogen bonds between silanols and proton-
acceptor or proton-donor functionalities of a LAB surface. A
certain contribution to the silica/LAB bonding can be done by
van-der-Waals (vdW) forces.** In the case of hydrophobised
silica surface, the LAB/silica interactions are mainly caused by
the vdW forces. These features of interactions can affect the

behavior of interfacial water.
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Fig. 2 (a, ¢) Relationship between the amounts of unfrozen water vs.
temperature and changes in the Gibbs free energy of this water and (b,
d) the corresponding size distributions of pores filled by unfrozen water
(calculated using NMR-cryoporometry) at the hydration degree 4 = (a,
b) 1 g/g (curves 1-4) and 2 g/g (curve 5) and (c, d) 1 g/g in various
surroundings shown in (a) and (c). (b) Microphoto (insert, scale bar 10
pm) of a mixture of hydrated LAB (4 = 1 g/g) interacting with TS 100
(0.4 g/g) (agglomerates of TS 100 are visible as particles of 5-10 um in
size).

For wetted LAB (hydration degree 7 = 2 g/g), there are
several 'H NMR signals (Fig. 1a). Signal at the chemical shift
of proton resonance 8y = 4 ppm at 280 K and 5.5 ppm at 240 K
(close to 8y of bulk water) is due to the presence of strongly
associated water (SAW). This water includes both weakly
bound water (WBW, Table 1, C,,", Fig. 2a) frozen at 260 K <
T < 273 K and strongly bound water (SBW, Table 1, C,,°)
frozen at 7 < 260 K. A major fraction of water at # = 2 g/g is
intracellular. The wetted LAB look like as a very thick viscous
hydrogel. The major fraction of the water is unfrozen at 7’< 273
K (Table 1, Cu," + Cuy’ and Vigno + Vineso + Vemacro» Fig. 2a). A
weaker complex 'H NMR signal at 8y = 3.5 ppm (Fig. la)
includes several lines. Some of them can be attributed to
hydroxyls of saccharide molecules present in LAB lyophilisate
as residual nutrients. There is 'H NMR signal at 8; = 1 ppm. It
can be assigned to methylene groups of phospholipids or other
small mobile organic molecules and weakly associated water
(WAW).? Intensity of all '"H NMR signals of mobile molecules
decreases with decreasing temperature due to partial freezing of
water, saccharides and other mobile components.

In the case of a smaller amount of water (& = 1 g/g), 'H
NMR signals are much broader (Fig. 1b-d) than thatat 7 =2 g/g
(Fig. la). This can be explained by greater viscosity of the
system at 4 = 1 g/g that results in decreased mobility of the
molecules. Splitting of signals of water and saccharides
disappears. Note that at # = 2 g/g, a fraction of water is
extracellular in contrast to samples at 2 = 1 g/g, in which almost
all water is intracellular. This difference reflects in the
structural and thermodynamic characteristics of bound water
unfrozen at 7 < 273 K (Table 1). For example, the free surface
energy vs (determined as the modulus of the total changes in the
Gibbs free energy of unfrozen water) is smaller, and AG,
(changes in the Gibbs free energy of the first monolayer of
bound water closely located to the surfaces of macromolecular
structures of LAB) is less negative at 4 = 2 g/g due to weaker
interaction of water with LAB than at 2 =1 g/g (Table 1).

Table 1 Characteristics of structures of unfrozen water bound in LAB at various surroundings.

AdditiOl’lS h Cuws Cuww —AGS YS <T m> Snano Smeso Smacro Vnano Vmeso Vmacro
@ | (@ | (@ | &imol) | (g | K) | (m’g) | (m¥g) | (mYg) | (cm'/g) | (em'/g) | (cm/g)

2 0.707 1.053 1.26 255 2657 0 82 5 0 1.666 0.094

1 0.500  0.487 1.97 32.8 2572 29 86 1 0.013 0.960 0.014

TS 100 (0.4 g/g) 1 0.500  0.422 1.97 326 256.1 61 73 1 0.027 0.878 0.017
TS 100/CDCl3 1 0.600  0.394 1.97 36.8 2554 53 101 0.4 0.024 0.964 0.006
TS 100/CDCI;/TFAA 1 0.530 0419 1.97 348 2554 58 75 1 0.027 0.905 0.017
TFAA (0.2 g/g) 1 0.850  0.049 1.97 533 2447 225 54 1 0.103 0.781 0.015
TFAA/CDCl3 1 0.720  0.118 1.97 46.5 2463 248 49 2 0.113 0.700 0.025
TFAA/CDCl/DMSO 1 0.750  0.206 1.97 53.7 2460 324 60 2 0.146 0.786 0.024

Note. 4 is the hydration degree of LAB (amounts of water in gram added per gram of freeze-dry LAB); C,,’ and Cy" are the amounts of weakly and strongly
bound waters; AG; is the changes in the Gibbs free energy of water layer closely located to a surface of intracellular structures; ys is the modulus of the total
changes in the Gibbs energy of bound water unfrozen at 7'< 273.15 K; <7,,> is the average melting temperature; Syano and Vano, Smeso a0d Vineso, a0d Spuacro and
Vmacro are the specific surface area and pore volume of nanopores at R < 1 nm, mesopores at 1 nm < R <25 nm and macropores at R > 25 nm, respectively.

The volume of nanopores filed by unfrozen water (Table 1,
Vhano) and related surface area (S,,,,) are greater at # = 1 g/g
than at 7 = 2 g/g. However, the volumes of macropores (Vpacro)
and mesopores (Vies0), as well as Syacro, are greater at 1 =2 g/g.
Consequently, unfrozen water at # = 2 g/g (Fig. 2a) forms
larger intracellular structures than at /4 1 g/g (Fig. 2b,

This journal is © The Royal Society of Chemistry 2014

compare curves 1 and 5). These structural features of water
bound to LAB result in higher average melting temperature
<T> (Table 1) at h = 2 g/g than at 2 = 1 g/g. In other words,
the amounts of WBW (C,,,") is greater at h =2 g/g.

Addition of TS 100 to wetted LAB (4 = 1 g/g) located in air
medium or in CDCl; weakly affects "H NMR signals of water

RSC Advances, 2014, 00, 1-3 | 3
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(Figs. 1b and 2a,b). This can be explained by the fact that the
major fraction of water is intracellular. The intracellular water
is inaccessible for silica microparticles (Figs. S4 and S5 in SI)
and poorly accessible for CDCl; molecules because bacteria
were completely hydrated and their surface is blocked by silica
particles (i.e. bacteria are microencapsulated). Moreover,
addition of TFAA (at the ratio 1 : 6 with CDCl;) weakly affects
intracellular water (Fig. 1b, curves 4, Fig. 2a,b). In the case of
interaction of F;CCOOD with water and due to fast H-D
exchange, "H NMR signal should demonstrate strong downfield
shits. Concentrated non-deuterated TFAA gives signal at 11.5
ppm.'? Mixtures of TFAA with water can have signals between
11 and 6 ppm. However, these features are absent in the spectra
(Fig. 1b). This effect can be explained by adsorption of TFAA
onto agglomerated silica microparticles, which are
characterised by significant textural porosity (Fig. S4 in ESI).

Addition of TFAA to hydrated LAB (without TS 100)
results in changes in 'H NMR signals (Fig. 1c) in comparison
with the system with TS 100 (Fig. 1b). This effect remains after
addition of CDCl; or CDCl; + (CD3),SO (Fig. 1c). Thus, in the
absence of TS 100 (which can block the LAB surface), TFAA
penetrating into LAB can more strongly interact with
intracellular water. This results in the downfield shift of signal
of water (containing a certain amount of TFAA) by 2-5 ppm (to
7-10 ppm) (Fig. 1c¢) and appearance of signal at 5 = 11.5 ppm
(Fig. 1d) characteristic for concentrated non-deuterated TFAA.
Low-intensity signal at 4 ppm (whose position does not depend
on temperature) can be attributed to mobile molecules of
saccharides and other small organic molecules. Thus, from the
spectral shape and intensity, one can conclude that TFAA can
penetrate into LAB.

The entropy of water bound to LAB increases in the CDClj
medium, especially after addition of TFAA, in comparison with
the air dispersion medium (Fig. S6 in ESI). Addition of
hydrophilic TS 100 weakly affects the entropy of the interfacial
water in the air dispersion medium. These results correlate to
changes in the values of yg (Table 1).

The DSC method is effective in quantitative
characterization of phase transition in complex materials and
composites under isobaric conditions.”'* Similar to NMR-
cryoporometry, the DSC melting thermograms can be used in
DSC thermoporometry for structural characterisation of the
materials since bound liquids demonstrate the freezing-melting
point depression in the DSC thermograms. '’

The absence of a narrow freezing exotherm (Fig. 3a) and
melting endotherm (Fig. 3b,c) at 0 °C characteristic for bulk
water suggests that whole water is bound to LAB at the studied
hydration degrees (Table 2). All observed exotherms (Fig. 3a)
and endotherms (Fig. 3b,c) are linked to freezing or melting of
bound water, respectively, since they are observed at 7' < 273
K. Certain contribution to these processes can be caused by
cellular macromolecular structures and low-molecular weight
compounds. Initial LAB or samples with added 0.1 or 0.2 g/g of
water do not demonstrate clear phase transition of water,
especially during freezing (Figs. 3a and S7). This can be
explained by the fact that all intracellular water is strongly

4 | RSC Advances 2014, 00, 1-3
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bound (structured) and cannot form ice crystallites, ie. it
remains amorphous after freezing. However, subtraction of the
baseline and changes in the scale for curves 1-3 in Fig. 3b show
broad melting endotherms but initial LAB does not demonstrate
this feature (Fig. S7 in ESI).

Table 2 DSC results for LAB at various content of water.

No h AH/Ttor Ty, (°C) m My
(g/g) J/g) (mg) (mg)
4% 0.3 —162/—45  18.807  5.642
5* 0.5 (run 1) —69.3/-32 11.686  5.843
6* 0.5 (run 2) -59.4/-35 11.686  5.843
7* 0.7 —17.4/-28  —208.4/-23 15408  4.644
4 0.3 19.3/-30 78.3/-18 18.807  5.642
5k 05(unl)  13.31/-32 78.1/-13 11.686  5.843
6% 0.5(un2)  12.29/-32 73.4/-12 11.686  5.843
TH* 0.7 27.1/-30 217.5/-5 15.408  4.644

Note. * Cooling (exotherms), ** heating (endotherms), m is the mass of
sample; m,, is the amount of added water; 7t and 7,, are the freezing and
melting temperatures, respectively.
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Fig. 3 DSC thermograms of (a) cooling and (b, c¢) heating runs of LAB
samples at different amounts of added water (a, b) 0 (curves 1), 0.1 (2),
0.2 (3), 0.3 (4), 0.5 (5, 6) and 0.7 (7) g/g (details in Table 2), and (c)
LAB interacting with silylated silica at Csisos = 0.3 (curve 1), 0.4
(curves 2 and 3) and 0.5 (curves 4-6) g/g in various surroundings shown
in Table 3. (d) Pore size distributions calculated using DSC
thermoporometry for samples (a) 4 (curve 1 in (d)), 5 (2), 6 (3), 7 (4),
and (c¢) 1 (curve 5 in (d)), 2 (6 in (d)), and 4 (7 in (d)). Microphoto
(insert in (c), scale bar 10 pm) of freeze-dry LAB sample.

Table 3 DSC results (heating endotherms) for hydrated LAB with the
presence of silylated silica gel and n-decane.

No | Css AH | Ty, (°C) m y
(g/g) /g (mg) (mg)
1 0.30 28.1/-22  3.30 0.925
2 0.40 21.5/-30 86.3/~15 1028  2.83
3% 040 21.6/-43  41.4/-25 57.7-10  9.41 2.24
4 0.50 25.9/-30 148.9/-10 1073 2.68
5% 0.50 20.2/-33 48.3/-13  8.63 1.96
6* 050 1.16/-43 5.21/-25 9.14/-10  4.12 0.93

Note. *With addition of n-decane (0.2 g/g); Css is the content of silylated
silica gel; m is the mass of sample; and m,, is the amount of added water.
Bound water gives much smaller exothermic effects (Table

2, AH) than bulk water (AH = 330 J/g). At h = 0.3 g/g, an

This journal is © The Royal Society of Chemistry 2014
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exotherm appears at —45 °C (Fig. 3a). It shifts toward higher
temperature with increasing water content because contribution
of WBW increases. Freezing exotherm for wetted LAB at & =
0.7 g/g (Fig. 3a) and melting endotherms (Fig. 3b,c) show the
presence of water structures of different sizes (Fig. 3d). These
structures are characterised by different freezing or melting
points according to the Gibbs-Thomson relation®'®!® between
freezing (melting) point depression and sizes of pores where
this liquid is located. Note that the results of the first and
second runs for sample at 2 = 0.5 g/g (Fig. 3a,b, curves 5 and 6,
Table 2) are similar, i.e. LAB are stable during the used
temperature treatments.

Addition (0.2 g/g) of nonpolar n-decane (melting point 7}, 4
= —30.5 to —29.2 °C) and silylated (hydrophobised) silica gel
Si50s affected the shape of melting endotherms (Fig. 3¢, Table
3) and structure of water (Fig. 3d). However, a melting peak of
decane at temperature close to 7,,4 is small. This can be
explained by strong interaction of nonpolar n-decane with LAB
and hydrophobic silica gel that results in freezing of decane at
lower temperatures (due to the freezing point depression) and,
therefore, broadening of its melting endotherm.

The heat effects are sensitive to sample preparation. If
decane is added to pre-stirred LAB at 2 = 0.5 g/g that total
value of AH = 68.5 J/g (Table 3, sample 5). If a sample is
stirred with added decane that the value of AH decreases (Table
3, sample 6), and the thermogram shape changes (Fig. 3¢). This
can be caused by displacement of water bound to LAB by
decane. Note that the water amounts in samples of LAB with
silylated silica gel are relatively small (Table 3), and this water
is mainly intracellular. The water form relatively small
structures (Fig. 3d). Additionally, the amounts of water in pores
of hydrophobised silica gel can be small (Fig. S2 in SI) and
located in narrow mesopores of 1 nm < R < 3 nm in radius (Fig.
3d and Fig. S1). Consequently, main fraction of water is bound
to LAB not to Si50s. Silylated silica gel microparticles, as well
as hydrophilic agglomerated TS 100, can be used for
microencapsulation of LAB without destroy of bacteria. Note
that the silica envelope of the LAB can be varied from tens of
nanometers (with non-agglomerated nanosilica®) to several
microns (with agglomerated nanosilica). In the case of silica gel
microparicles (d = 50 um), LAB can be considered as adsorbed
onto larger particles to form a bacteria layer at their surface.

Conclusions

The structural and thermodynamic characteristics of
intracellular liquids (water and organics) in lactic acid bacteria
depend strongly on their contents and temperature, especially
below freezing points of these liquids. This is due to significant
changes in the properties of strongly and weakly liquids bound
to bacteria in comparison with the bulk water. Penetration of
small organic molecules (e.g. trifluoroacetic acid, chloroform)
into LAB can be inhibited by particles of silica TS 100
encapsulating bacteria. In similar samples but without TS 100,
TFAA penetration into bacteria occurs that is observed as

This journal is © The Royal Society of Chemistry 2014

appearance of corresponding 'H NMR signals of water-TFAA
mixture absent in the presence of TS 100.

A certain portion of extracellular water is observed at the
hydration degree # = 2 g of water per gram of freeze-dry LAB.
At h <1 g/g, almost all water is intracellular. There are, at least,
five types of intracellular and extracellular waters. There is
strongly bound intracellular water (frozen at 7' < 260 K), which
can be in states of weakly associated water (8 = 1-2 ppm) or
strongly associated water (8y = 4-5 ppm). There is weakly
bound intracellular and extracellular water (frozen at 2600 K < T
< 273 K), which can be both WAW and SAW. There is
extracellular bulk water, which does not interact with bacteria.
It can be observed in diluted suspensions of bacteria. The
presence of both SBW and WBW results in diminution of the
heat effects on cooling/heating of wetted LAB, since the values
of AH for these waters are much smaller than that for bulk
water. A low content of intracellular water prevents its
crystallization, therefore sharp freezing exotherm and melting
endotherm are absent for LAB at # < 2 g/g when the bulk water
is absent. For storage of LAB, both hydrophilic agglomerated
silica TS 100 and silylated silica gel Sipernat 50 can be used for
microencapsulation of lactic acid bacteria without destroy of
them.
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