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In aconcentration range of 1.0-1.0x10"Y” mol dm=3, aqueous
systems based on (S)- and (R)-lysine vary in the ability to form
a dispersed phase (domains and nanoassociates) hundreds
nanometers in size with different UV absorption spectra of
these systems.
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The nonmonotonic concentration dependence of the effects of
highly diluted aqueous solutions (1.0x 102°—1.0x 10-% mol dm )
of biologically active compounds (BACs) attracts considerable
attention. However, the application of this phenomenon in pharma
cology and medicine is limited by the lack of an explanation of
its physicochemical nature.

Recently, based on experimental data,?2 it was hypothesized
that the nonmonotonic response of biosystems to the effect of
highly diluted BAC solutions, the effect of silent zones and the
bioeffect sign reversal (hormesis) can be explained by the fact
that so-called highly diluted solutions are nanoheterogeneous
dispersed systems that undergo a supramolecular domain®®—
nanoassociate?3 rearrangement in the disperse phase on dilution,
which is accompanied by changes in the physicochemical and
biological properties of the system.

The nanoassociates*367 are fractal objects hundreds of nano-
metersin dimension that are formed in dilute agueous and aqueous-
organic systems and involve solute and solvent molecules. They
have an electrically charged interface and enhanced viscosity in
comparison with the dispersing medium. Domains are generally
formed at calculated concentrations of 1-10-> mol dm=3, while
nanoassociates are formed at much lower concentrations of
106-102° mol dm3.

One of the main differences between domains and nano-
associatesis that domains are formed both in the presence and in
the absence of low-frequency background electromagnetic fields
(hypoel ectromagnetic conditions).?3 Water and agueous solutions
are very sensitive to the impact of weak physical and chemical
factors.8° Mogt likely, it is owing to the fundamental phenomenon
that nanoassociates have the unique capability to be formed in
the presence of low-frequency electromagnetic fields even at
ultra-low BAC concentrations.

Currently, experimental®1? and theoretical®! studies of the
domains and nanoassociates and their role in the operation of
complex biological systems are in progress. The effect of the
chemical and spatial BAC structure on the self-organization of
aqueous systems is of importance. Therefore, we studied the
self-organization and properties of aqueous systems based on
a-amino acids'? and structures containing their fragments.3 All
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a-amino acids found in living organisms, except for glycine, are
opticaly active and have enantiomeric L- and D-formsor, in terms
of absolute configuration, (S)- and (R)-forms.2* The enantiomers
not only have different spatial structures of molecules but also
show pronounced distinctions in their biological properties due
to differencesin permeation through biomembranes, in reactions
with enzymes, etc.1415

In thiswork, we used dilute (1.0-1.0x 10-18 mol dm™3) agqueous
solutions of (S)- and (R)-lysine (Lys) (1 and 2), an essential
proteogenic amino acid with a side chain protonated in a neutral
pH range,** as test materials. (S)-Lys has a broad spectrum of
biologicd activity (including the synthesis of antibodies, hormones
and enzymes, collagen formation and restoration of tissues) and
affects the nervous and immune regulatory systems. The low-
concentration solutions of (S-Lys alone and in pharmaceutical
formulations!® also exhibit biological properties and therapeutic
effects. (R)-Lys lacks these properties.

The preparation of (9- and (R)-Lys solutions and studies of
the self-organization and properties of the solutions by physico-
chemical methods were reported previously?3” (see Online Sup-
plementary Materials).

A dynamic light scattering (DLS) analysis of the agueous
solutions of 1 and 2 (Figure 1) has revealed that the solutions
of both enantiomers are nanoheterogeneous systems similarly
to BACs studied previously.%37 However, the self-organization
processes in these solutions in the test concentration range have
certain differences.

Judging from the light scattering intensity (1) at 1.0 mol dm=
[Figure 1(a),(b)], domains with sizes (D) of about 250 nm pre-
dominated in the system based on (S)-Lys (93%), whereas particles
with diameters around 1 nm predominated in the (R)-Lys based
system (60%). These particles (micelle-like structures®) are dynamic
fractal objects mainly consisting of solute (~60%) and water
molecules.

On dilution of the (9-Lys based system to 2.5x1071,
1.0x101 mol dm= and below, the intensity size distribution
becomes nearly unimodal, and a unimodal distribution was
observed in arange from 1.0x 102 to 1.0x 10~ mol dm™ (see
Online Supplementary Materials). The process of self-organization

— 66 —



Mendeleev Commun., 2018, 28, 66-69

12 (@ 12 (b)
S g1
> > 8
s 6 s 6
5 g 4
= = A
0 A ul ul n ul 0 n n n J
107 10° 10* 10% 10° 10* 107 10° 10' 10% 10° 10*
D/nm D/nm
25 (c) 20 (d)
:\o\ 20 :\o\ 15
< 5 S
P 210
£ 10
£ 5 £ 5

0 al f f " al f ol f "
10 10° 10! 10? 10° 10* 10 10° 10 10?7 10° 10
D/nm D/nm

Figure 1 Particle-size (D) distribution in agueous solutions of (a),(c)
(9-Lysand (b),(d) (R)-Lys based on light scattering intensity. Concentration
is(a),(b) 1.0 and (c),(d) 1.0x 102 mol dm3, 25°C.

with dilution was much more complex in systems based on
(R)-Lys. The particle-size distribution remained bimoda from
1.0x 101 to 1.0x 10~ mol dm= [see Figures 1(d) ans S1(c)].
A trend towards the formation of larger particles became stronger
upon dilution [Figure S2(c),(d)].

At concentrations of 1.0x 10 and 1.0x10° mol dm=3, the
behaviours of systems based on 1 and 2 were similar: at
1.0%x 108 mol dm™3 both systems manifested a bimodal distribu-
tion, whereas at 1.0x107° mol dm= no particles were detected
by DLS (silent zone).

From 1.0x 10719 mol dm=2 and below, like in the high concen-
tration range, some differences were observed in the behaviors
of systemsbased on 1 and 2. Inthe case of (S)-Lys, particleswith
sizes of hundreds and thousands nanometers were formed in a
range of 1.0x1010-1.0x 107" mol dm=2 [see Figure S1(b)],
except at 1.0x 107> mol dm=3 where no particles were detected.
Conversely, in (R)-Lys solutions no particles were correctly
detected by DLS at 1.0x107° mol dm= and below, except for
1.0x10* mol dm2 [see Figure S1(d)]. The feasibility of discrete
detection of nanoassociates below the silent zone was shown
previously in agueous systems containing a protein in ultra-high
dilution.®

A DL S study of systems containing 1 and 2 pre-exposed to hypo-
electromagnetic conditions (see Online Supplementary Materials)
has shown that no particles are detected below 1.0x 10-° mol dm3
in both systems; hence, this is a threshold concentration (cy,).
Thus, in systems based on (S)-Lys, domains are formed in a
range of 1.0-1.0x 107> mol dm3, while nanoassociates are formed
in the range of 1.0x10°%-1.0x10"Y mol dm= with two silent
zonesat 1.0x 107 and 1.0x 1075 mol dm3. The self-organization
of systems based on (R)-Lys occurs in a more complex way:
particles hundreds nm in dimension are formed in a narrower
range of low concentrations, namely, domains are formed from
1.0x1072 to 1.0x10° mol dm3, whereas nanoassociates are
formed from 1.0x107° to 1.0x 108 mol dm=3. Furthermore,
both domains and nanoassociates are formed in systems based
on 2 along with dispersed phases of other size ranges (Figures 1,
S1, S2), hence the behavior and properties of these systems may
depend on a balance between the dispersed phases.

Electrophoretic light scattering (ELS) studies of systems based
on (S)-Lys have demonstrated that, from 1.0 to 1.0x 107 mol dm3
except for 1.0x 10725 and 1.0x 102 mol dm=3 (for example, see
Figure S3), the C-potential of domains and nanoassociates varies
nonmonotonously from —24 to =17 mV in the case of domains
and from —20 to =1 mV with maxima at 1.0x10~7 (-20 mV),
1.0x10720 (14 mV), 1.0x102 (-8 mV), 1.0x104 (16 mV),

and 1.0x 1076 (=13 mV) mol dm3 in the case of nanoassociates.
In systems based on (R)-Lys, the C-potential is correctly deter-
mined only in anarrow range 1.0x 10->-1.0x 10-> mol dm= where
the {-potentia varies nonmonotonously from =30 to —10 mV.

The UV spectra of aqueous systems contain a broad band at
225-350 nm with a maximum around 270 nm if interfacing
EZ-water,'” dissipative water structures,’® domains and nanoasso-
ciates®® hundreds nm in dimension are formed. These results
make it possible to assume that the unusual spectral properties
are adistinctive feature of microheterogeneous agueous systems.

We were the first to study the self-organization and spectral
properties of dispersed systems based on (S)- and (R)-Lysin a
concentration range from 1.0x 1072 to 1.0x 10725 mol dm=3 by
both DL S and UV spectroscopy methods. This approach was also
used to examine the (- and (R)-Lys systems and the solutions
of (S-Lys hydrochloride at concentrations from 5.0x 107! to
1.0x 101 mol dm=3. The UV spectra of (S-Lys hydrochloride
contained aweak band at 270 nm.":20

The UV spectrum of (§-Lys with a concentration of
0.1 mol dm=3 (Figure $4, curve 1), in which only domains of
hundreds nanometres in dimension are formed [Figure S5(a)],
reveals a band with a shoulder in a range of 250-350 nm with
a maximum near 270 nm. In (S§)-Lys hydrochloride solutions
with concentrations from 0.5 to 0.1 mol dm=3, the shoulder at
250-350 nm is missing in the UV spectra (Figure $4, curve 2),
in agreement with previous data,?* and only micelle-like struc-
tures 1.4-1.0 nm in size are formed [Figure S5(c)]. Unlike
solutions of (S)-Lysand (S)-Lys hydrochloride where particles of
various nature, namely, domains or micelle-like structures with
unimodal distribution are formed, which is apparently the reason
for dramatic differencesin the spectrain arange of 250-350 nm,
a bimodal size and volume distribution is observed in (R)-Lys
systems [see Figures S5(c) and S2(c)], indicating that particles of
both types coexist with predomination of small ones.? It is
because of this fact that in the case of (R)-Lys (see Figure $4,
curve 3), the shoulder in the 250-350 nm range at 0.1 mol dm3
islessdistinct than in (S§)-Lys solutions (see Figure $4, curve 1).
It is likely that the weak band at 270 nm in (S)-Lys solutions
reported elsewhere!”?0 also results from the formation of an
insignificant number of domains in these solutions.

Thus, the data obtained indicate that the appearance of
absorbance with amaximum at 270 nm may be due to the ability
of systemsto form a dispersed phase such as domains hundreds
nanometres in dimension containing ordered water and com-
pound molecules, which depends to a considerable extent on the
chemical and spatial structure of the compound.

As(9)-Lysbased systemsarediluted, the view of the spectrum
changes dueto adecreasein absorption in the range of 250-350 nm,
which occurs most sharply starting from the 2.5x 102 mol dm=
concentration. At aconcentration of 1.0x 102 mol dm3 [Figure 2(a),
curve 1] a poorly expressed but statistically reliable absorption
region at 215-325 nm is observed, while upon further decrease
in concentration to 1.0x 10 mol dm=3 [Figure 2(a), curve 2],
whichisvery closeto ¢, (1.0% 10° mol dm3), thereis nearly no
absorption in the range of interest.

Thorough measurements of the absorption spectrum [Figure 2(b)]
of systems based on (S)-Lys (1.0x 10°-1.0x 107> mol dm3) and
water obtained using the tenfold dilutions method (blank experiment,
see Online Supplementary Materials) showed small but distinct
changesin the spectra upon successive dilutions. In aconcentra-
tion range of 1.0x 107°-1.0x 10~° mol dm3, the absorption bands
are nearly the same (curve 1) and differ from the absorption band
of diluted water (curve 5) by the presence of low-intensity but
reliably detectable region at 215-325 nm with a maximum around
225 nm on the shoulder that was repeatedly reproduced in al
spectra. However, starting from the concentration of 1.0x 10710
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Figure 2 (a) Absorption spectra of aqueous systems based on (a) (1, 2)
(9-Lysand (3, 4) R-Lys: (1, 3) 1.0x102 and (2, 4) 1.0x10* mol dm'3;
(b) (9-Lys (1) 1.0x107, (2) 1.0x107, (3) 1.0x10%2, (4) 1.0x10™* mol dm3
and (5) water.

(curve 2) and down to 1.0x 107> mol dm=2, absorption changes
nonmonotonously, increasing most strongly (twofold) near Ajys
at 1.0x102 and 1.0x 10* mol dm3 (curves 3, 4) and decreasing
againat 1.0x 101, 1.0x 102 and 1.0x 107> mol dm2 approxi-
mately to the valuerecorded in the systemwith 1.0x 107 mol dm3
concentration (curve 1).

Thus, the appearance of a shoulder near 225 nm is probably
due to the formation of nanoassociates that are negatively charged
ordered water-molecular structures containing a considerable
amount of water,® and hence sensitive to changes in physico-
chemical factors.2”9 In this case, the nonmonotonous variation
of Ayys below 1.0x 107 mol dm=2 may be due to changes in the
parameters of nanoassociates. In the region of nanoassociate forma-
tion, the negative values of the C-potential, as described above, and
their sizes (Figure 3, curve 1) vary nonmonotonoudly with maxima
at 1.0x107, 1.0x101°,1.0x 10?2 and 1.0x 10~* mol dm=3.

At the same concentrations, changes with extrema of the
specific electric conductivity of the system (Figure 3) and pH
(see Figure S6, curve 2) were observed. Figure 4 demonstrates
the interrelated nonmonotonic concentration dependences of
Asys and specific electric conductivity (y) of the system that
change symbatically in a concentration range of 1.0x10710—
1.0x107*> mol dm. Since the nonmonotonic y variations in
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Figure 3 Size (D) of particles and electrical conductivity (y) of aqueous
systems based on (S)-Lys as afunction of concentration, 25°C.

dispersed low-concentration systems based on BACs are due to
rearrangement and nonmonotonic changes in the C-potential
of nanoassociates,®’ the observed picture indicates a regular
character and interrelated changes of the parameters of nano-
associates, physicochemical and spectral properties of the system.

A somewhat different picturein thelow-concentration regionis
observed for systems based on (R)-Lys [see Figure 2(a), curves 3, 4
and Figure 5]. At concentrations of 1.0x 102—1.0x 107> mol dm3,
the shoulder in the region of 250-350 nmismissing [Figure 2(a),
curves 3, 4], while starting from 1.0x 106 mol dm=3, a shoulder
at 225 nm appears (Figure 5, curves 1-5). As the concentration
decreases from 1.0x 107 to 1.0x 107> mol dm=2 (curves 2, 3),
the Ay, vauein this region first increases ca. twofold at 1.0x 1077,
1.0x 108 mol dm= (curves 2, 3), then decreases in the entire
range studied, 1.0x10°-1.0x 10715 mol dm~2 (curve 5), except
at 1.0x 10" mol dm=3 (curve 4).

Thus, the absorption spectra of systems based on (S)- and
(R)-Lys and the nonmonotonic variation of A with decreasing
concentration show some differences that are related to distinctions
in the ability to form domains and nanoassociates. Unlike (S9-Lys
based systems, in (R)-Lys based systems at high concentrations,
domains coexist with micelle-like particles that predominate in
number?? (see Figures 1, S1, S2, and Sb), as reflected by amuch
weaker absorption in the range of 250-350 nm in the spectra.
However, a concentrations from 1.0x 107 to 1.0x 1014 mol dm3,
where nanoassociates are formed in (R)-Lys based systems, a
shoulder with a maximum near 225 nm comparable to that in
(9)-Lys systems appearsin the UV spectra.

In summary, the configuration of Lys enantiomers considerably
affects the capability of systemsto form adispersed phase hundreds
nanometres in dimension, i.e., domains and nanoassociates that
are composed of ordered water and Lys molecules. Systems based
on (§)-Lys are superior to those based on (R)-Lys in their ability
to form domains and to have them converted to nanoassociates in
the concentration ranges where such dispersed phases are formed.
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Figure 4 Absorbance at 225 nm (A,,s) and electrical conductivity (y) of
aqueous systems based on (S)-Lys as a function of concentration, 25°C.
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Figure 5 Absorption spectra of agueous systems based on (R)-Lys: (1)
1.0x107%,(2) 1.0x107, (3) 1.0x 1078, (4) 1.0x 10, (5) 1.0x 10> mol dm3
and (6) water.
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This is reflected in the UV absorption spectra as a shoulder
appearing in the 215-325 nm region, as non-monotonous variation
of Ax,s With concentration, and symbatic changes of parameters
of nanoassociates and properties of the systems. The discovered
differentiated effect of lysine (S)- and (R)-enantiomersin abroad
concentration range on the self-organization and properties of
aqueous systems on their basis may be useful for understanding
the phenomena of prime importancein living nature, such asthe
functional specialization of amino acid enantiomers, in particul ar,
for explaining selective penetration into cells and biological
activity at low concentrations of (S)-Lys.Y’
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