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devoted to the
heterogeneities (SMH) spontaneously formed in aqueous solutions of low molecular

Abstract: The present work is study of submicron
weight organics. SMHs of about 100 nm in size were found in solutions of four sugars:
glucose, sucrose, maltose and trehalose at concentrations of 0.5 - 1.5 mol%. In
addition, using a combination of methods of dynamic light scattering, static multi-
angle light scattering and Mie theory, the refractive indices of SMHs were
determined; they turned out to be almost identical to those of the solutions containing
them, differences are 0.001 - 0.01. These values are anomalously small for ordinary
colloids, which explains the imperceptibility of SMHs. The concentration of SMHs
increases with increasing concentration of sugars. Judging by the values of
differential refractive indexes of SMH in different solutions, the composition and
structure of SMH can be very different even for structurally similar molecules,
such as disaccharides. At concentrations of sugars ~10 weight%, typical for
cryoprotective solutions, the trehalose solution has a much lower value of the
differential refractive index of SMHs and their highest concentration compared to
solutions of other sugars. The role of SMHs in cryoprotection processes was
suggested for the first time, which may explain the greatest cryoprotective

efficiency of trehalose among other low molecular weight sugars.
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Introduction

Many physical, chemical, biological and related studies are carried out with samples in the form of
aqueous solutions, as they are convenient models of various natural systems. According to chemical classifi-
cation, solutions are divided into two types, true and colloidal, which are considered fundamentally different
from each other. True solutions are homogeneous, whereas at the supramolecular scale, colloidal solutions are
inhomogeneous in composition and density. However, as early as 1972, Vuks and Shurupova found
anomalous light scattering in a typical true water/tret-butanol solution associated with the
presence of heterogeneities and interpreted them as unstable clathrate-like structures [1]. Later it was
repeatedly shown that in this and many other solutions certain heterogeneities were formed, which
however were differently named and interpreted [2-7]. Now they are found in more than 100 different
solutions [8-10], which indicates the universality of this phenomenon. Most of them are aqueous solutions
of low molecular weight organics. Surprisingly, up to now all these solutions are considered to be true
solutions.

The point is that the discussed heterogeneities are in most cases difficult to identify because of their
very small optical and density contrast relative to the medium. This fact makes impossible their revealing by
conventional methods, such as small-angle X-ray [11] and neutron scattering [12]. Light scattering
methods, namely dynamic light scattering (DLS) and multi-angle static light scattering, have proved to be
the most sensitive [8,9,13-16]. There have been attempts to show the applicability of other methods:
polarimetry [17], compressibility measurement [5], cryomicroscopy [ 18], but they are much less informative.

Light scattering methods show that these heterogeneities have sizes from tens to hundreds of
nanometers; that is why in some papers they were named submicron heterogeneities (SMH) [19-21]. In
addition to measuring the sizes of SMHs, some works [15,19] proposed methods for determining
their concentration and refractive index.

Despite the obvious fact of the presence of SMHs in many aqueous solutions of organics and a
half-century history of their study, the nature of SMHs is largely unclear. Apparently, SMHs represent areas
of the solution with an increased content of the organic component, behaving as Brownian particles [22]. They
have a spherical shape and are able to partially permeate water through them [19]. SMHs are stable
formations; at least in some solutions, their stability has been experimentally confirmed for months [9,22] and
even years [23] after solution preparation.

Different mechanisms of stability preservation have been proposed, but there is no universally accepted
point of view. According to one version, SMHs are formed as a result of binding of dissolved molecules
by hydrogen bond bridges from water molecules [10]. According to another version [15, 24-26], SMHs are
formed due to the decomposition of the spinodal-type solution, which occurs under the influence of
dichotomous noise of twinkling hydrogen bonds between water and organic molecules.

Some authors believe that SMHs are formed in aqueous solutions only in the presence of
hydrophobic components [11,12, 22, 23]. Hydrophobic impurities, at least in trace amounts, are always
present both in nature and in reagents, even of high purity. It is also difficult to avoid the influence of
dissolved air gases and plastic laboratory glassware. According to one hypothesis, SMHs consist of a
hydrophobic enriched core around which a shell enriched with organic molecules is formed [14]. Or similar
micelles with sizes of about 10 nm are formed, which then combine into larger clusters [27]. At the same
time, the presence of hydrophobic components in the composition of SMHs contradicts the results of
recent work [20], indicating the hydrophilic nature of SMHs.

It has also been hypothesized that SMHs are air bubbles [5,28,29], although much more publications
have been devoted to disproving this hypothesis [13,30-33]. Perhaps the presence of bubbles in aqueous
solutions of organics was assumed by analogy with aqueous solutions of salts, in which ion-stabilized
bubbles were formed [34-37]. In our work [19], it was shown that bubbles of submicron sizes could indeed be
present in such solutions, but in very small amounts, and the bulk of SMHs were of a different nature. They were
also spherical, but had a much smaller optical and density contrasts.

A filtering procedure has often been used in studies of SMHs; it usually eliminates them [11,13,38,39]. In
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some cases they are either formed again [18,21,40] or are not formed [21,22]. So filtration simply
destroys SMHs, rather than literally filtering them out. This gives a convenient opportunity to conduct
comparative studies of solutions of the same chemical composition, containing and not containing SMHs.

Among the papers describing SMHs in aqueous solutions of organics, there are very few devoted
to sugars. Sugars belong to one of the four fundamental types of biomolecules, carbohydrates [41], which
play an indispensable role in many biological processes related to energy [42], cell adhesion [43],
intercellular interaction [44], bioprotective mechanisms [45], and others. All these processes have been studied
incompletely yet, and the possible role of SMHs in biological processes has not been considered at all.

In the present work, SMHs formed in aqueous solutions of a number of sugars at different
concentrations were studied by light scattering methods. Scattering intensities in these solutions,
hydrodynamic diameters of SMHs and their refractive indices were determined. The characteristics of SMHs
in solutions of different sugars are compared. The possible role of SMHs in cryoprotection is discussed for the
first time.

Materials and methods

2.1. Reagents and preparation of solutions

The following reagents were used: D(+)-glucose anhydrous #131341 (Panreac, Spain), D(+)-saccharose
anhydrous #141621 (Panreac, Spain), D(+)-maltose monohydrate #LC-5054.4 (NeoFroxx, Germany),
D(+)-trehalose dihydrate #A 1742 (Panreac, Spain) and MilliQ water (Millipore, Germany). Solutions of each
sugar were prepared at concentrations of 0.5, 1 and 1.5 mol% by weight method. Dissolution was carried
out by smooth manual inversion of a 20 mL test tube (Sarstedt, Germany) until complete visual dissolution at
room temperature. Each solution was prepared at least 3 times.

2.2. Dynamic Light Scattering (DLS) method

A widely known DLS method [46] was employed using the Photocor Complex equipment (Photocor Ltd,
Russia). Measurements of scattering intensity in solutions of laser radiation with a wavelength A =451 nm with
a power of 50 mW were performed at an angle of 6=140°. An avalanche photodiode operating in the photon
counting mode was used as a detector, so the intensity was measured in kHz (thousands of counts per second).

In addition to determining mean values of the scattering intensity, the temporal fluctuations of the
intensity were measured, from which the autocorrelation function G,(zr) was determined. In the case of
monodisperse Brownian particles, this function is related to their diffusion coefficient D as follows:

VG2 (1) — 1 = exp(—¢?D1), (1)

where 7 is the correlation time and ¢ is the modulus of the scattering vector:

4mn . 0
q="sin (), @)
n — is the refractive index of the solution. From relations (1) and (2), D is determined, from which
the hydrodynamic radius Ry, of the particles can be calculated using the Stokes-Einstein relation:

R, = kT/6mnD, 3)

where k is the Boltzmann constant, T is the absolute temperature, 1 is the dynamic viscosity of the
solution. Since in practice there occurred a polydisperse distribution of SMH sizes, we determined not
one diffusion coefficient from the correlation function, but their distribution, from which the size
distribution of SMHs was calculated using the program DynalS (Photocor Ltd,, Russia).

Formula (3) relates the particle size to its diffusion coefficient under the assumption that it is a rigid
sphere. The sphericity of SMHs in solutions of sugars was previously confirmed [19] by measuring the
scattering depolarization. However, from the study of SMHs it is evident that they are hardly rigid particles,
but rather represent analogues of microdroplets. This follows from some publications [15, 24-26] and from
many other works that show the destruction of SMHs by filtration [13,32]. For the emulsion type of particles,
more correct is the analog of formula (3) obtained by taking into account the generalized Stokes force [47], in
which the viscosity of the microdroplet substance 1|’ is also taken into account:
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_ kT n4n’
h = * 2 “4)
2mD  2n+3n

In our case, n'=n so the approximate hydrodynamic radius of the particles can be calculated by the formula:

Ry = kT/5mmD, (5)

Formula 5 gives R, values 20% higher than those determined by the standard DLS methodology (using
Formula 3). In reality, we do not know what the viscosity of the SMH substance is, so the R, calculated using
Formulas 3 and 5 can be considered as a lower and an upper limit. In this work, Formula 5 was used in all cases
for certainty and the size was defined as 2R, i.e. as a hydrodynamic diameter.

All measurements were carried out at a stabilized solution temperature of 25+0.2°C. Each separately
prepared solution was measured at least 6 times.

2.3. Determination of the difference refractive index of the SMH relative to the surroundings

In the present work, the method of multi-angle static light scattering was also applied. For this
purpose, the Mastersizer 2000E (Malvern, UK) was used, which, in fact, is a diffraction analyzer that allows
for determining the particle size distribution in liquid media. To do this, the scattering indicatrix of laser
radiation (with a wavelength of 633 nm)in the sample is measured and analyzed using Mie theory. In addition
to the scattering indicatrix of the sample containing the studied particles, it is also necessary to measure the
background indicatrix of the same liquid medium, but without particles. As a background sample, we used
the same solutions passed through a filter with a pore diameter of 20 nm (much smaller than the SMH
size) Anotop 10 0.02 mkm (Whatman GmbH, Germany). After filtration of the solutions, the absence of
SMHs for one hour was verified by the DLS method. This time was sufficient for the measurement of the
scattering indicatrix. The scattering indicatrix of each separately prepared solution was measured at least 5
times.

According to Mie theory, the calculation of size distributions from the indicatrix is only possible at
known values of complex refractive indices of liquid medium and particles contained in it, SMH in this case.
The imaginary part of the refractive index is responsible for the absorption of radiation, which is negligibly
small for sugar solutions at the wavelength used. Therefore, we used only the real part. The refractive indices
of the medium were determined from reference data [48], and the refractive indices of SMHs were initially
unknown. But in the present work, the opposite problem was solved. The refractive index of the SMH was
chosen in such a way that the sizes of the SMH calculated by Mie theory were close to the sizes determined by
the DLS method. Thus, we determined not the size distributions of SMHs, but their important optical
parameter, i.e. the refractive index. Details of this experiment and examples of its application can be found
in [19].

It is noteworthy that according to the Babine principle, only on the basis of scattering data it is impossible
to distinguish two cases when the refractive index of particles is higher and lower than that of the medium.
Only the absolute value of the difference refractive index can be determined. But since SMHs are considered
to be formations with increased sugar content, the refractive index should be higher than that of the medium,
which makes the choice unambiguous. The version of the presence of stable solution regions with
reduced concentration of sugars is considered as unrealistic in the present work.

Results

The characteristic size distributions of optical heterogeneities in the studied solutions are shown in
Figure 1. The peak of about 1 nm belongs to the monomolecular fraction of sugars, and the peak of about
100 nm belongs to SMH.
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Figure 1. Typical size distributions of optical heterogeneities determined by the DLS method in
solutions of glucose, sucrose, maltose, trehalose in the concentration range of 0.5-1.5 mol%. Changes in the
distributions according concentration are insignificant and therefore are not shown.

The concentration dependences of the hydrodynamic diameters of SMHs in solutions of sugars are
shown in Figure 2; the scattering intensities in these solutions are shown in Figure 3. Table 1 shows the values
of the difference refractive indices of SMHs relative to the mean values of the solutions in which they are

found.
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Figure 2. Hydrodynamic diameters of SMHs in solutions of glucose, sucrose, maltose and
trehalose with concentrations of 0.5, 1, 1.5 mol%
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Figure 3. Scattering intensity of radiation in glucose, sucrose, maltose and trehalose solutions with
concentrations of 0.5, 1, 1.5 mol%



Biologia et Biotechnologia 2025, 2, 3

Table 1. Difference refractive index (An) of SMH relative to the mean value in glucose, sucrose,
maltose and trehalose solutions with concentrations of 0.5, 1, 1.5 mol%

Concentration, mol% 0.5 1 1.5
Glucose 50 x10* |30x10* 20 x10*
Sucrose 100 x10* |30 x10* 5  x10*
Maltose 40 x10* |20x10* 30 x10*
Trehalose 10 x10* ([30x10* 20 x10*

Discussion

Figure 1 shows the presence of two well-defined types of heterogeneities in the solutions
considered: individual sugar molecules (~1 nm) and SMHs (~100 nm). When the concentration of sugars is
varied in the range of 0.5-1.5 mol%, the size distributions do not change significantly, neither in the ratio of
the fractional contribution nor in the size of SMHs (Figure 2).

Figure 3 shows that as the concentration of sugars increases in the 0.5-1.5 mol% range, the scattering
intensity also becomes higher. With weakly varying size distributions, this can be attributed to two factors:
increasing An and increasing concentration. Table 1 shows that An either decreases or remains approximately
the same with increasing concentration for all sugars. Therefore, the increase in the scattering intensity can
only be attributed to an increase in the concentration of SMH.

It is noteworthy that the obtained An values ~ 0.001 - 0.01 (Table 1) are anomalously small compared to
conventional colloidal solutions. For example, in milk, that is basically an emulsion of fat in water, An=0.14.
The scattering capacity of a spherical heterogeneity in the medium is determined by the formula:

2 2
_ |y (©)

n3+2

where n_is a relative refractive index. Thus, for comparable sizes, the scattering capacity of fat
droplets is 10° to 10* times greater than, for example, of SMHs in trehalose solutions. This
provides a quantitative understanding of why this type of heterogeneity is generally undetectable when
working with organic solutions. Specialized light scattering techniques are needed to record SMHs.

Table 1 shows that the concentration dependences of An can vary significantly in the solutions of different
sugars. As the concentration of glucose and sucrose increases, An decreases monotonically, whereas for maltose
and trehalose this dependence is non-monotonic. The value of An is directly related to the difference between
the sugar concentration in SMH and the solution average. Therefore, the composition (and, possibly, the
structure) of SMH in organic solutions can differ greatly even at insignificant differences in the structure of
organic molecules and at their similar concentrations.

It is noteworthy that at 0.5 mol% trehalose concentration in the solution, the An value is much smaller
than with other sugars. The disaccharide concentration of 0.5 mol% (~10 weight %) corresponds to typical
concentrations of sugars used in many cryoprotective solutions. Trehalose is known to exhibit the strongest
cryoprotective properties compared to other low molecular weight sugars, the explanation of which has long
been a subject of debate among both biologists and physical chemists [49-55]. At the same time, a low
difference refractive index of SMHs in trehalose solution means a small density contrast. And this makes SMHs
less suitable for heterogeneous ice nucleation during solution cooling.

In addition, given the differences in the scattering capacity (Table 1 and Formula 6) and scattering
intensity (Figure 3), the concentration of SMHs in a 0.5 mol% trehalose solution is by 2 orders of
magnitude greater than, for example, in a similar sucrose solution. At a sufficiently deep cooling of the
solution, when the driving force of crystallization makes possible the ice nucleation on SMHs, the more ice
crystals are formed. With equal total mass of ice formed, the average crystal size in trehalose solution will be
smaller compared to other solutions. This contributes to a less damaging effect on the biobject.

In modern approaches to cryopreservation, much effort is made to select mixtures of sugars (often
together with penetrating cryoprotectants) to achieve the greatest effect on the processes of ice crystal
formation and growth [56, 57]. However, this selection is mostly carried out empirically, with a focus on the
result, without
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attempts to understand these processes at the fundamental physico-chemical level. The presence of SMHs in
such solutions has never been taken into account, although they may act as crystallization centers or,
conversely, as inhibitors of ice crystal growth. This, of course, requires further study using a larger number of
substances and also in regimes of supercooling of solutions.

Conclusion

In aqueous solutions of four sugars - glucose, sucrose, maltose and trehalose - at concentrations from
0.5 to 1.5 mol%, stable submicron heterogeneities were revealed by light scattering methods. The intensity
of light scattering in solutions becomes higher as far as the concentration of sugars increases. This points
out to an increase in the numerical concentration of SMHs, whereas their sizes practically do not change. The
differential refractive indices of SMHs relative to the average value in solutions have been determined:
0.001 - 0.01, which are much smaller than those typical of colloids. This explains the low observability of
SMHs by the most experimental methods. The values of the differential refractive indexes of SMHs
can differ greatly between solutions of chemically and structurally similar organic molecules,
such as disaccharides. At sugar concentrations of ~10 wt%, typical for cryoprotective solutions, the
trehalose solution has a much lower SMH differential refractive index compared to the other sugars,
which also means the lowest SMH density contrast in this solution. At the same time, the numerical
concentration of SMH in trehalose solution is the highest. A possible role of SMHs in cryoprotection
processes has been considered for the first time. An assumption has been made about the connection of the
lowest differential refractive index of SMHs and their highest concentration in trehalose solution with the
highest cryoprotective efficiency of trehalose compared to other low-molecular sugars.

Part of the work was performed using the equipment of the Optical Microscopy and Spectrophotometry
Sector (https:/www.pbcras.ru/services/tskp/ of the Pushchino Scientific Center for Biological Research of the
Russian Academy of Sciences (PSCBR RAS).
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