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Biological activity of sulfur nanoparticles
in the sulfur-dimethyl sulfoxide-water system

Abstract. For the first time a sulfur solution in dimethyl sulfoxide (DMSO) with concentration of 1.592
g/L [1] was used to prepare sulfur nanoparticles (nanosulfur). Synthesis and stabilization of colloidal sulfur
particles was carried out at 298K (25 °C) by diluting the sulfur solution in DMSO with water from 10 to
1000 times. The stable sizes of nanosulfur measured by dynamic light scattering were ~ 100 nm. The results
were confirmed both qualitatively and quantitatively using X-ray and electron microscopy methods. Raman
spectroscopy also confirmed the presence of sulfur. The kinetics of changes in the size of sulfur nanoparticles,
depending on the degree of aqueous dilution of the initial sulfur solution in DMSO was investigated. The
antibacterial activity of the nanosulfur on the phytopathogenic bacterium Erwinia amylovora and fungus
Fusarium solani was tested. The study of antimicrobial activity was carried out using two methods, and the
results revealed the ability of the synthesized nanosulphur to suppress pathogenic microorganisms.
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and properties, biological activity.

Introduction

It is known [1-4] that DMSO, (CH,),SO, contains
41.04 wt.% sulfur in the bound state (S, ,.,).- DMSO
(under standard state a liquid without color and odor,
density 1.1 g/cm? melting point 291.7K/18.55°C,
boiling point 462K/189°C) is a universal bipolar
aprotic solvent [1.2] and is widely used in chemistry
and technology [3-9]. DMSO mixes unlimitedly with
water and organic liquids [2], and dissolves many
inorganic and organic compounds [2,10], including
sulfur in the form of S, molecules with the solubility
at 298K/25°Cis =1 g/L [1].

There are many methods for producing sulfur
nanoparticles (nanosulfur) [11-15] that have specific
properties and applications [3-9,11-21]. However,
most of the proposed methods of nanosulfur prepara-
tion do not allow its antibacterial [13-15,17-21] and
hydrophobic [13,16,19,21] properties to be realized
on a large scale, for example, in medicine, agriculture
and the building industry. Therefore, the main goal of
our research is to develop a new and easy to perform
multi-tonnage production of nanosulfur preparations
at the place of their consumption. For this purpose
we propose to use sulfur solutions in DMSO obtained
at 323K/50°C and 398K/125°C in which sulfur con-
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centrations after cooling them to 298K/25°C respec-
tively are 1.592 and 14.152 g/I.! We used the method
of desalting with antisolvents [22], and water was
chosen as such [23,24].

In this paper, the emphasis is placed on the re-
sults of measuring the hydrodynamic diameter (7) of
sulfur particles by the dynamic light scattering (DLS)
method [11,25,26] using DLS data on the Z-average
size [27-29]. The Z-Average size or Z-Average mean
(d) used in DLS is a parameter also known as the
cumulants mean. It is the primary and most stable
parameter produced by the technique, which defines
this mean as the “harmonic intensity averaged par-
ticle diameter”. The Z-average size will only be com-
parable with the size measured by other techniques, if
the sample is monomodal, spherical or near-spherical
in shape, and monodisperse.

Another direction a research is placed on study-
ing the biological activity of nanosulfur using stan-
dardized methods described in [30-32]. This is due
to the rapidly growing interest in the large-scale ap-
plication of nanosulfur as antibacterial and antifungal
agent in the food industry [33,34] and as a means of
improving the quality and yield of cultivated plants
[35-37], to which the authors of the presented article
also contributed [19,38,39].
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Materials and methods

Materials. For nanosulfur preparation, the fol-
lowing substances were used: sulfur (especially
pure, TU 6-09-2546-77, Russia); DMSO (Dimethyl-
sulfoxid BioChemica, >99.5%, AppliChem GmbH,
Darmstadt, Germany); water purified by the purifica-
tion system Smart2Pure (Thermo Scientific, USA).
To study the biological activity of nanosulfur, the
following were used: Mueller-Hinton agar (MHA)
(M173) (HiMedia, India); Mueller-Hinton broth
(MHB) (M391) (HiMedia, India); sodium chloride
(chemically pure, Mikhailovsky Reagent Plant, Rus-
sia), and purified water.

For the nanosulfur synthesis, an installation
consisting of a round-bottomed flask, a reverse re-
frigerator, a thermometer and an oil bath was used
[1,40]. To do this, 17 g of sulfur was dissolved in
1L of DMSO at 125°C. Note that the solubility of
sulfur at 125°C is 52.554 g/L [1]. After dissolution
of sulfur, the mixture was kept at this temperature
for another 15 minutes. Next, the reaction mixture
was cooled to room temperature (25°C), and the pre-
cipitate was decanted. The resulting sulfur precipitate
was washed with water 2 times and dried at 70°C.
The yield of the dried sulfur sample was expected to
be 17-14.152=2.848 g, where 14.152 g/L is the con-
centration of the resulting supersaturated and stable
sulfur solution in DMSO after it cools to 25°C [1]. In
practice, 2.722 g was obtained, and this amount was
sufficient for analytical studies.

The prepared sample was characterized with the
help of different methods of analysis. To investigate
the phase composition, X-ray diffraction (XRD) with
MiniFlex 600 diffractometer (Rigaku Americas Cor-
poration, USA) (copper radiation, A = 0.15405 nm)
and ICCD-PDF2 release 2016 database was used.
For robustness check of the XRD, the Raman spec-
troscopy was conducted with Solver Spectrum (NT
MDT Instruments, Russia) on the 1800/500 diffrac-
tion grating, which provides a spectral resolution of
1 cm™[9,41,42]. To determine the morphology, size
and elemental composition of the grains, we conduct-
ed the SEM-EDAX analysis by using the scanning
electron microscope (SEM) Quanta 200i 3D (FEI,
Netherlands) equipped by the energy dispersive X-
ray analysis (EDAX). For the analysis, a mixture of 1
g of sulfur sample and 40 ml of water was treated in
an ultrasonic bath for 30 minutes. The sample from
the surface of the resulting suspension was applied to
a silicon microscope substrate.

Preparation and characterization of colloidal
sulfur solutions. The size of sulfur particles in solu-
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tions was determined by DLS at an angle of 90° using
a helium-neon laser with a wavelength of 633 nm and
a power of 4 mW as the radiation source (Malvern-
ZetasizerNano ZS90 device). To determine the mor-
phology and size, the images of the nanosulfur were
produced via JEOL JEM-1400 transmission electron
microscope (TEM; JEOL; Japan) with accelerating
voltage 80 kV.

Experiments on dilute solutions of sulfur in
DMSO were carried out at the location of the DLS
device. For example, when diluted solution of sul-
fur in DMSO with concentrations of 1.592 g/L by
water 50 times, the aliquot 0.1 mL of the solution
was poured into a test tube with 4.9 mL of water.
A sample of the resulting solution was immediately
taken into the device’s cuvette with a volume of =1
mL. The first measurement of particle size was made
within the two minutes, including for other degrees
of dilution. The shape and sizes of the nanosulfur was
determined by TEM in a similar way. The samples
were also prepared directly at the microscope loca-
tion by diluting the initial sulfur solution in DMSO
with the same concentrations by water. Dilution was
carried out by 50 times and 500 times. Then, the di-
luted solutions were immediately pipetted onto a col-
lodion-coated copper grid for TEM, and after a sev-
eral minutes, the nanosulfur images were obtained.

Investigation of the biological activity of nano-
sulfur. Microorganism strains selected for testing:
Erwinia amylovora is a phytopathogenic bacteria
that causes various plant diseases: necrosis, burns,
wilting, and “wet” or “soft” rot; Fusarium solani is
a phytopathogenic fungus that causes rot of potato
tubers, tomatoes, and cereal grains. The chosen by us
of their research methods are described in the recom-
mendations [9,30-32,42].

To prepare suspensions of microorganisms of
the desired concentration, a densitometer DEN—1
was used for measuring the optical density (turbid-
ity). Suspensions of microorganisms were prepared
on a saline solution of sodium chloride (0.9% NaCl).
5 mL of saline solution was introduced into the test
tube, which was placed in a densitometer and the op-
tical density was measured. First, a suspension of mi-
croorganisms was prepared with a concentration of
1.5%10® CFU/mL (CFU — colony-forming unit in mi-
crobiology) for bacteria, 2.0x10® CFU/mL for fungi,
which corresponds to a turbidity of 0.5 units accord-
ing to McFarland. Tenfold dilutions were made from
these suspensions, transferring 1.0 ml of the suspen-
sion into 9.0 mL of sterile saline solution. Thus, a di-
lution of 1.5x107 CFU/mL for bacteria, and 2.0x10’
CFU/mL for fungi was obtained.
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To determine the antimicrobial activity of
nanosulfur by the method of serial dilutions, a 96-
well tablet was used. MHB nutrient broth of 150 pL
amount was added to all the wells (from the 1st to the
24th wells). A sample of sulfur solution in DMSO was
introduced at a base concentration of 1.592 g/L in the
volume of 150 pL into the 1st well and serial dilutions
were carried out, which were conducted by sampling
a mixture of MHB (150 pL) + the test solution (150
puL) from the 1st test tube in the amount of 150 pL
into the 2nd test tube, already containing 150 pL of
broth. After thoroughly mixing, 150 pL of the test
sample was transferred in broth from the 2nd test tube
to the 3rd, which also originally contained 150 pL of
broth. This procedure was repeated until the required
number of dilutions was reached. Finally, 150 puL of
the mixture was extracted from the last well. Thus, the
following dilutions were obtained: 1:1; 1:2; 1:4; 1:8;
1:16; 1:32; 1:64; 1:128; 1:256, 1:512, 1:1024, 1:2048,
1:4096, 1:8192, 1:16384, 1:32768, 1:65536, 1:131072,
1:262144, 1:524288, 1:1048576, 1:2097152, which
corresponds to the wells from the 1st to the 23rd. The
24th well served as culture control.

A 12-well tablet was used to determine the fungi-
cidal activity of nanosulfur. MHB nutrient broth of 1
mL amount was added to all wells (from the 1st to the
12th wells). 1 mL of sulfur solution in DMSO, also
with a concentration of 1.592 g/L, was introduced
into the 1st well and serial dilutions were carried out,
which were conducted by taking a mixture of MHB
(1 mL) + the test solution (1 mL) from the 1st test
tube in an amount of 1 mL into the 2nd test tube al-
ready containing 1 mL of broth. After thoroughly
mixing, 1 mL of the test sample was transferred in
broth from the 2nd test tube to the 3rd, which also
originally contained 1 mL of broth. This procedure
was repeated until the required number of dilutions
was reached. In well 12, as above, only DMSO (1
mL) was added. Thus, the following dilutions were
obtained: 1:1; 1:2; 1:4; 1:8; 1:16; 1:32; 1:64; 1:128;
1:256, 1:512, 1:1024, which corresponds to the wells
from the 1st to the 11th, and the 12th well served as
a culture control.

After a series of dilutions, 20 nL of a suspension
of a test strain of a phytopathogenic bacterium at a
concentration of 1.5x10” CFU/mL were added to the
first 24 wells of the plate. In the next 12 wells, 100 pl
of a suspension of the test strain of a phytopathogenic
fungus was added at a concentration of 2.0x10” CFU/
mL. Samples containing bacteria were incubated for
18-24 hours at 37+1°C, and samples containing fungi
— 120 hours at 22+1°C. After the incubation time,
plating was carried out on Petri dishes from MHA
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to determine living cells. The results were taken into
account by the presence of visible growth of micro-
organisms on the surface of a dense nutrient medium.
The minimum bactericidal / fungicidal concentration
(MBC / MFC) was considered as the lowest concen-
tration in the well, which suppressed the growth of
microorganisms.

Determination of the antimicrobial activity of
nanosulfur by the disc diffusion method (DDM) was
also carried out by the wells method. For this pur-
pose, wells were made with a sterile cylinder with a
diameter of 6 mm at a distance of 15-20 mm from the
edge of the cup and from each other. A sulfur solu-
tion in DMSO of 80 puL was added to the obtained
wells. Petri dishes were pre-plated with a suspension
of test strains with a density of 1.5x10® CFU/ml. For
plating, sterile cotton swabs were used. They were
immersed in a suspension of microorganism, then
lightly pressed against the walls of the test tube, and
shaded in three directions, while turning the cup by
60°. After seeding, the cups were placed in a thermo-
stat for incubation for 18-24 hours at 37°C for bacte-
ria, and for 120 hours at 22°C for fungi. The results
of DDM were obtained by calculating the diameter of
the growth bacteriostasis / suppression zones with an
accuracy of 1 mm.

Results and discussion

XRD, Raman spectroscopy and SEM-EDAX
data. Figures 1—4 show the results of a sulfur sample
precipitated from its solution in DMSO with a con-
centration of 17 g/l at 125°C after cooling to room
temperature. Figure 1 shows that the XRD lines of
the sulfur sample completely correspond to its stan-
dard in the ICCD-PDF2 database, PDF Card No.
00-008-0247, in the orthorhombic, a—S, structure:
Space Group Fddd (70). The XRD software allowed
to determine the size of coherent scattering blocks
(crystallite size, D = 68.6 nm) and lattice microdis-
tortions (g = 204%), see Figure 2.

The review article [41] shows that the o—S, vibra-
tional modes at 153 ecm™! and 220 cm™! represent, re-
spectively, asymmetric and symmetric bending of the
S—S bond. The peak at 473 cm™! is associated with
S—S stretching in the S, ring. A broad feature at ~440
cm' is present in all solid sulfur allotropes, and cor-
responds to S—S stretching modes. A small but dis-
tinct peak at 248 cm™' characterizes intramolecular
a—S, vibrations. External a—S, vibrations in the low
frequency range are due to a peak at 88 cm™'. These
data are almost identical to the Raman spectroscopy
of our sulfur sample shown in Figure 3.
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According to the SEM images, for example, the
sulfur sample on the tab of Figure 4 in the enlarged
scale is heterogeneous in size and shape of the parti-
cles. We can see the presence of both large and small
fractions of spherical, flat and other shapes, mostly,
in the form of submicron agglomerates. The presence
of a thin layer on top of large particles is also no-

——5in DMSO
PDF card No.: 00-008-0247

Intensity (a.u.)

N

0 20 3 4 50 60
26(Degree)

Figure 1 — X-ray phase analysis of the sulfur sample and its
correspondence to the ICCD-PDF2 map.
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Figure 3 — Raman spectroscopy of a sulfur sample. The
numbers indicate the correspondence to the data of [9,41,42].

DLS and TEM data. As an example, Figure 5
shows the initial (a) and stabilized (b) size distri-
bution of sulfur particles at a 50—fold dilution with
water. Similar intermediate curves of the size dis-
tribution of nanosulfur upon salting out of sulfur

Int. j. biol. chem. (Online)

ticeable. The elemental and 100% content of sulfur
composition of the sample on the tab is as expected,
since the device could not determine the content of
other minor impurities due to technical capabilities.
Note that the elemental composition of sulfur in the
sulfur-DMSO-water system was determined by the
EDAX method for the first time.

0.0007

0.00065

0.0006

0.00055

0.0005

0.00045

0.0004

0.00035

0.000

0.00025

Slope ~ £ = 0.204%

[ ]
=

0.0002

0.00015

v o P 4
"

e | %

0.0001

S5e-5
~ 1/D, and D = 68.6 nm
|

[ \
OO 0.02 0.04 0.06 0.08 0.1 0.12 014 0.16 0.18 02

1
Beta/tan(theta)/sin(theta) (rad.)

Figure 2 — Williamson-Hall plot according
to the data in Figure 1.
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Figure 4 — SEM-EDAX of the sulfur sample. The insets show
the elemental composition and SEM image of the analysis area.

from its solutions in DMSO by water dilution were
measured 79 times, and the option of “paired” DLS
measurements was selected with the second mea-
surement of the suspension after 103—105 s. All
measurements taken are shown in Figures S1a-S9h
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and Table S1 in the Supplementary File. When
diluted with water, only single-modal distribution
functions of the type in Figure 5 were observed. Ta-
ble S1 shows the results of DLS measurements of
the size and Z—Average size (7, d) of the nanosulfur
and the time of stabilization of their sizes (¢ ) based
on the example of dilution of a sulfur solution in
DMSO with the previously mentioned of 1.592 g/L
for concentration. Note that dilutions of the sulfur
solution in DMSO with a concentration of 14.152
g/L [1] by 1000 times are close to those for dilutions
of the sulfur solution with a concentration of 1.592
g/L by 100 times. Also, see Figure 6 for TEM, dilu-
tion was carried out by 500 times and 5000 times,
which is close, respectively, to dilution by 50 and
500 times of the initial sulfur solution with a con-

Z-Average:

120 s
10 do= 60.82 nm

50 100

1000

centration of 1.592 g/L used in the DLS method.
Alternatively, see Figure 7 and entry nos. 7, 10 in
Table S1. For each of them, the initial diameters
of the particles (r,, d;) and the dynamics of their
change was measured, until a little-varying stable
size r, and d_was reached after the measurement
time 7 as shown for water in Figures 5, 7. Figure 7
also shows a very good overlap of the DLS data on
measuring the sizes of sulfur particles, both their
hydrodynamic diameter » and Z-average diameter
d. This result, obtained by diluting the initial sulfur
solution in DMSO with water, allows us to assert
that colloidal sulfur particles in dilute solutions has
a monomodal and satisfactory narrow size distri-
bution (close to monodisperse), and have a quasi-
spherical morphology (shape).

I, % (b) r
» 70 107.7 nm |°
st Is> Z-Average:
o} 6000 s ds=102.5 nm
: r,nm
10 100 1000

Figure 5 — Size distribution of sulfur particles, measured by DLS,
after 50-fold dilution of sulfur solution in DMSO (1.592 g/L) with water: (a) — initial; (b) — after size stabilization.

Figure 6 — TEM images of sulfur nanoparticles from sulfur solutions in DMSO diluted
with water with a concentration of 14.152 g/L: (a) dilution degree 500 times; (b) — 5000 times.

Figure 6 show that all the nanoparticles have a
nearly-spherical shape and the mean particle size
(a) and (b) is about 60 nm and 110 nm respectively,
which corresponds to results obtained from DLS ex-
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periment (match with entry nos. 6, 8 in Table S1 of
Supplementary file).

Interestingly, the stabilized dimensions of the
nanosulfur depending on the degree of dilution, are
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grouped by size in three and distant areas along the
r-coordinate (Figure 7). Most likely, such groups
of stable nanoparticle sizes are associated with
nonmonotonic on the composition dependence and
hydration nonideality in the aqueous mixtures of
DMSO molecules. This is driven by the collective
frame diffusion component of water reorientation,

which decelerates in the water-rich regime because
of the strengthened hydrogen bonds and accelerates
in the water-poor regime as the hydrogen bonding
network is broken into smaller aggregates [43—45].
Figure 7 also shows that the  and d_values, with
the exception of a 15-fold dilution, decrease as the
degree of dilution increases.

1507 Dilution
rand d, nm
140 ’ ] — 3 1:10
T
130 1:15 2
120 g
110 1:25 £ 2
e
100 1:30 =
|
90 I
|
80 ) I
A [
7 N\
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> O
-4 P — - 0
| T | 1:1000
50— | 7, s—  1:1000*
0 1000 2000 3000 4000 5000 6000 7000

Figure 7 — Kinetics of changes in the size of sulfur nanoparticles,  (solid lines) and d (dotted lines),
depending on the degree of aqueous dilution of the initial sulfur solution in DMSO with a concentration
of 1.592 g/L (Table S1). Note: * Solution of sulfur in DMSO with a concentration of 14.152 g/L [1]
was used for dilution.

The possibility of stabilizing the size of the nano-
sulfur indicates that DMSO has the properties of a
surfactant [46—48]. We will proceed from the obvi-
ous: the number of DMSO molecules at any degree
of dilution with antisolvents exceeds the number
of sulfur particles formed by orders of magnitude,
and we will assume that DMSO, as a surfactant, is
a micelle-forming component of the system, since it
has an affinity to the surface of sulfur. In the case
of the DMSO — water system, the micelle structure
consists of stable complexes of these components,
which, considering the hydrophobicity of sulfur par-
ticles provides maximum protection from aggrega-
tion. Therefore, the synthesis of various nanostruc-
tures with DMSO without the use of other surfactants
with the participation of antisolvents is common
[9,23,24,49-54].

Nanosulfur biological activity. Data of the sul-
fur activity in DMSO-water system against phito-
pathogenic microorganisms Erwinia amylovora and

Int. j. biol. chem. (Online)

Fusarium solani are presented in Tables 1, 2 and in
Figures 8§, 9.

Table 1 — Results of antibactericidal and antifungicidal activity
of a nanosulfur in DMSO-water system obtained by the method
of serial dilutions.

Test-strains MBC/MFC, png/ml
1750.0

437.5

Erwinia amylovora

Fusarium solani

Table 2 — Results of antifungicidal and antibactericidal activity
of a nanosulfur in DMSO-water system obtained by the DDM.

Growth suppression zone (zone
diameter) M+StD, mm

18.3£2.3
11.7£0.6

Test-strains

Fusarium solani

Erwinia amylovora
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Figure 8 — Results of antimicrobial activity of a nanosulfur solution-suspension in DMSO
against phytopathogenic strains (serial dilution method): (a) — Fusarium solani; (b) — Erwinia amylovora.

Our results indicate that the test sample shows
antimicrobial activity against the test cultures. It
has been experimentally proven that a sample of
sulfur in DMSO has an antifungicidal and antibac-
tericidal effect in dilution 1:16 (MFC value —437.5

png/ml) for Fusarium solani, and in dilution 1:4 for
Erwinia amylovora (MBC value — 1750 ug/ml).
The results of the study of a nanosulfur sample in
DMSO-water system by the DDM are presented on
Figure 9.

Figure 9 — Results of antimicrobial activity of colloidal nanosulfur in DMSO against
phytopathogenic strains (DDM): (a) — Fusarium solani; (b) — Erwinia amylovora.

The test sample of sulfur in DMSO, when tested
by the DDM, has antibacterial activity against the
phytopathogenic bacterium Erwinia amylovora: the
growth suppression zone of the phytopathogenic
bacterium is 11.7£0.6 mm. With respect to the phy-
topathogenic fungus — Fusarium solani, the growth
suppression zone was 18.3£2.3 mm. Thus, the results

Int. j. biol. chem. (Online)

of the test sample indicate the presence of antimicro-
bial activity of the colloidal sulfur solution in DMSO
against phytopathogenic microorganisms and the
present prospects for further research.

While making conclusions, we note the presence
or absence of bacteria on dense nutrient media. We
count (via visual observation) the colonies that have

International Journal of Biology and Chemistry 15, Ne 2 (2022)
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grown under the influence of a particular substance.
A single cell, no matter what size it is (1 pm or 10
pum) gives rise to only one colony. If the substance
has a bactericidal effect, we will not find a single col-
ony. Therefore, the results are counted by the pres-
ence or absence of colony growth. At the same time,
we do not count the cells visually, because it is im-
possible, and no further subculturing is required after
obtaining the results.

Thus, we propose a new and easy method for
obtaining stable colloidal solutions of sulfur. The
nanosulfur in a system with water can be used for
antifungal and antimicrobial treatment of cultivated
plants [13-15,19-21,35-39], and can make it possible
to use nanosulfur in this system for hydrophobization
of porous materials [16,19,21,55,56].

Conclusions

We have demonstrated that in systems of molec-
ular substances, dilution of sulfur solution in dimeth-
yl sulfoxide with water makes it possible to easily
synthesize and stabilize the size of sulfur nanopar-
ticles. The average hydrodynamic diameter of sulfur
nanoparticles was measured using the DLS method.
DMSO-water system forms the most stable micelle-
forming complexes, which, regardless of the degree
of dilution (10+1000 times) and due to the affinity of
DMSO molecules to the sulfur surface, provide both
the minimum size of sulfur nanoparticles (=100 nm)
and their protection from aggregation. The express
method of sample preparation for TEM images, as
in the case of DLS measurements, made it possible
to identify quasi-spherical sulfur nanoparticles with
sizes that coincide with the DLS data. Other methods
used (XRD, Raman spectroscopy, and SEM-EDAX)
for studying synthesized nanosulfur samples showed
the presence of only orthorhombic sulfur (a—S,), and
the calculated size of sulfur crystallites by XRD was
69 nm.

The biological activity was investigated using the
serial dilution method and DDM. The first method
showed that the initial solution of sulfur in DMSO
has bactericidal effect in dilution: 1:16 (MFC value —
437.5 pg/ml) for Fusarium solani; and 1:4 for Erwin-
ia amylovora (MBC value — 1750 pg/ml). The tests
using DDM showed that the sulfur solution in DMSO
has an antibacterial effect against the phytopatho-
genic bacterium Erwinia amylovora and the growth
suppression zone of the phytopathogenic bacterium
is 11.7+0.6 mm. With respect to the phytopathogenic
fungus — Fusarium solani, the growth suppression
zone was 18.3+2.3 mm.
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Solution of sulfur in DMSO with a concentration of 1.592 g/L [S1] was used for dilution. In the only case for measuring the size
of nanosulfur in colloidal solutions, in addition to the DLS method [S2], see Figures S1a—S9h, the SALD 7101 [S3] device was used,
see the footnote to Table S1 of this document.

The originals of the results of measuring the sizes of nanosulfur by the DLS method.
(DMSO + Sulfur) + Water

A saturated solution of sulfur in DMSO at room temperature (1.592 g/L) is 10 times diluted with water.

Figure S1a. [DMSO + S] + Water (1/10; t = 0).
Figure S1b. [DMSO + S] + Water (1/10; t =103 s).
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Figure S1g. [DMSO + S] + Water (1/10; t = 4845 s). Figure S1h. [DMSO + S] + Water (1/10; t = 4949 s).
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A saturated solution of sulfur in DMSO at room temperature(1.592 g/L) is 15 times diluted with water.
Figure S2a. [DMSO + S] + Water (1/15;t=0s). Figure S2b. [DMSO + S] + Water (1/15; t =104 s).
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Size Davtricution by intensty Size Distrisution by inbensty
SeCMSOWater (1/15)  Measurement Date and Time: 11 March 2015 15:0534 SeDMIS0Water (1/15)  Measurement Date and Time: 11 March 2015 16:10018
E-Average (romp 5298 Z-hrerage (EAm): 94,29 Size (romy: Width [Lamf
iemLNaENGaB L ERIAFEIAENEE .. 1 e e T aa .
it = - Peaki: 1001 25,41
E ol B b Aushiasll ; S
g B S k.
1 R R L L L LT TR T P = i1 J
o o .
ai i a1 1 10 150 1000
Soe (r.om) Sepe (f.heh

Int. j. biol. chem. (Online)

International Journal of Biology and Chemistry 15, Ne 2 (2022)




F.Kh. Urakaev et al.

67

Figure S2g. [DMSO + S] + Water (1/15; t=4018 s).
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Figure S2h. [DMSO + S] + Water (1/15; t =4121 s).
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A saturated solution of sulfur in DMSO at room temperature (1.592 g/L) is 20 times diluted with water.

Figure S3a. [DMSO + S] + Water (1/20; t =0 s).
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Figure S3b. [DMSO + S] + Water (1/20; t =103 s).
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Figure S3c. [DMSO + S] + Water (1/20; t = 2652 s).
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Figure S3d. [DMSO + S] + Water (1/20; t = 2756 s)?

This is “paired” with Figure S3¢ measurement for unknown
reasons was not made (missing).

Figure S3e. [DMSO + S] + Water (1/20; t = 4037 s).
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Figure S3g. [DMSO + S] + Water (1/20; t = 5435 s).
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Figure S3h. [DMSO + S] + Water (1/20; t = 5539 s).
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A saturated solution of sulfur in DMSO at room temperature (1.592 g/L) is 25 times diluted with water.

Figure S4a. [DMSO + S] + Water (1/25;t=0s).
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Figure S4b. [DMSO + S] + Water (1/25; t =104 s).
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Figure S4c. [DMSO + S] + Water (1/25; t = 1236 s).
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Figure S4e. [DMSO + S] + Water (1/25; t = 4054 s).
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Figure S4f. [DMSO + S] + Water (1/25; t =4157 s).
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Figure S4g. [DMSO + S] + Water (1/25; t = 5405 s).
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Figure S4h. [DMSO + S] + Water (1/25; t = 5508 s).
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A saturated solution of sulfur in DMSO at room temperature (1.592 g/L) is 30 times diluted with water.

Figure S5a. [DMSO + S] + Water (1/30; t =0 s).
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Figure S5b. [DMSO + S] + Water (1/30; t =103 s).
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Figure S5¢. [DMSO + S] + Water (1/30; t = 788 s).
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Figure S5d. [DMSO + S] + Water (1/30; t =892 s).
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Size Dastribution by Inessty
S+DMS0-Waler [1/30) Measurement Date and Time: 26 February 2016, 151902

0 :
Z-Average (am) 1070
& mi- .
= Peak 1;
8 A R A c W
0+
LA 1

Size [r.am])

Figure S5f. [DMSO + S] + Water (1/30; t = 3639 s).

Size Dwatribution by ey

- Poak 1:

® -

=13 bk

g 1 R T L T R T [ELIT: TCITETTIIT T e rry
5
LE
o1 1 1

Int. j. biol. chem. (Online)

International Journal of Biology and Chemistry 15, Ne 2 (2022)



70

Biological activity of sulfur nanoparticles in the sulfur-dimethyl sulfoxide-water system

Figure S5g. [DMSO + S] + Water (1/30; t = 6579 s). Figure S5h. [DMSO + S] + Water (1/30; t = 6683 s).
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A saturated solution of sulfur in DMSO at room temperature (1.592 g/L) is 50 times diluted with water.

Figure S6a. [DMSO + S] + Water (1/50; t =0 s).
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Figure S6b. [DMSO + S] + Water (1/30; t= 104 s).

Figure S6c. [DMSO + S] + Water (1/50; t = 1833 s).
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Figure S6e. [DMSO + S] + Water (1/50; t = 3995 s).
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Figure S6f. [DMSO + S] + Water (1/50; t = 4099 s).
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Figure S6g. [DMSO + S] + Water (1/50; t = 5408 s).
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A saturated solution of sulfur in DMSO at room temperature (1.592 g/L) is 100 times diluted with water.
Figure S7a. [DMSO + S] + Water (1/100; t =0 s). Figure S7b. [DMSO + S] + Water (1/100; t = 103 s).
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Figure S7c. [DMSO + S] + Water (1/100; t = 1911 s).

Figure S7d. [DMSO + S] + Water (1/100; t = 2015 s).
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Figure S7g. [DMSO + S] + Water (1/100; t = 5491 s).
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Figure S7h. [DMSO + S] + Water (1/100; t = 5595 s).
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A saturated solution of sulfur in DMSO at room temperature (1.592 g/L) is 500 times diluted with water.

Figure S8a. [DMSO + S] + Water (1/500; t=0 s).
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Figure S8b. [DMSO + S] + Water (1/500; t = 104 s).
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Figure S8d. [DMSO + S] + Water (1/500; t = 1613 s).
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Figure S8e. [DMSO + S] + Water (1/500; t = 2991 s).
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Figure S8f. [DMSO + S] + Water (1/500; t = 3094 s).
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Figure S8g. [DMSO + S] + Water (1/500; t = 4518 s).
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Figure S8h. [DMSO + S] + Water (1/500; t = 4622 s).
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A saturated solution of sulfur in DMSO at room temperature is (1.592 g/L) 1000 times diluted with water.

Figure S9a. [DMSO + S] + Water (1/1000; t =0 s).
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Figure S9¢. [DMSO + S] + Water (1/1000; t = 1525 s).
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Figure S9d. [DMSO + S] + Water (1/1000; t = 1629 s).
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Figure S9e. [DMSO + S] + Water (1/1000; t = 3075 s).

Size Distributon: by Intensity

S+DMS0-Waler (11000) Measwrement Date and Time: 11 Mareh 2016, 16:28:11

Z.awerage (ram: 52,35 T i,
.} BTCET Soooo-Paakf: 66,53
g : 20,03
Ji
= 5 .............................................................
0=
o1 1 12 li] 1002

Size (ram)

Figure S9f. [DMSO + S] + Water (1/1000; t = 3179 s)?

This is “paired” with Figure S9e measurement for unknown
reasons was not made (missing).
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Figure S9g. [DMSO + S] + Water (1/1000; t = 4491 s).
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The above results of measuring the sizes of nanosulfur by dynamic light scattering (DLS) method are summarized in the following
Table S1:

Table S1. The initial (r,)), current (r,, i = 1, 2, 3), stabilized (r; measurement time exceeding ¢), Z—Average (d) diameters, and Width
of the curve of the size distribution of sulfur nanoparticles upon dilutions of a solution of sulfur in DMSO with water, depending on the
dilution degree and time 7 in seconds (s).

Entry Di!ution, 7,/ ly, r/ t r,/ f, r,/ L r, nm; Z-Average, Width, nm:
no. times nm/s nm/s nm/s nm/s 7 s: dy nm:
100.3; 107.3, | 32.64;41.59;
1 10 108.7/0 130.2/1886 145.7/3404 141.6/4845 136+2; 115.6; 120.7; | 53.09; 62.10;
122.2/103 146.2/1989 141.3/3508 130.0/4949 > 5500 120.6; 125.3; | 68.37;48.98;
126.5;=122.2 | 49.76; ~42.02
81.3?22133?8& 30.49; 25.06;
) 15 95.06/0 95.98/1106 97.11/2578 62.75/4018 65+2; 91 03.’ %) 98" 29.17; 50.15;
86.15/104 109.3/1210 100.1/2682 67.01/4121 > 5000 T | 21.92; 25.41;
94.29; 61.40; 12.17- ~15.86
~63.69 v :
85.02; 86.66; | 24.27;31.37;
3 20 90.85/0 116.1/2652 122.0/4037 129.5/5435 130+2; 110.0; miss.; | 27.97; miss.;
95.64/103 missing 122.6/4141 130.6/5539 > 6000 116.7; 114.0; | 28.81;32.29;
121.3;=119.8 | 32.74;=39.78
67.(;91,.33.00, 16.37; 18.07;
4 25 70.25/0 95.35/1236 108.9/4054 112.8/5405 112+2; 0 64'10’5 7. 21.39; 20.89;
72.82/104 96.53/1340 107.6/4157 110.7/5508 > 6000 | 22.84;24.06;
102.9; 107.6; 26.32: ~22.26
~108.3 o :
70.%76,.1762:80’ 21.60; 19.24;
5 30 76.30/0 92.87/788 110.7/3535 123.0/6579 123+2; %6 75_10’7 0: 25.21;21.64;
77.09/103 91.43/892 113.7/3639 122.4/6683 > 7000 | 23.52;30.17;
106.4; 116.6; 28.93: %27.38
=117.5 o :
60.82; 63.84; | 16.60; 18.13;
6 50 64.68/0 90.73/1833 105.3/39.95 109.3/5408 108+2; 83.57, 84.28; | 27.21;22.09;
68.03/104 90.22/19.36 101.0/40.99 107.7/5513 > 6000 98.79; 96.06; | 28.33;22.55;
104.5;=102.5 | 25.21; =24.47
66.87; 68.65; | 17.02;21.86;
7 100 70.65/0 90.69/1911 102.3/4120 107.3/5491 108+2; 87.58; 87.40; | 19.89;21.61;
74.72/103 92.08/1613 102.2/4224 108.6/5599 > 6000 96.67; 98.77; | 25.34;20.60;
103.0;2103.9 | 23.42; =25.78
54’95?323_'51’ 20.48; 18.48;
g 500 62.28/0 60.36/1509 62.27/2991 62.21/4518 63+2; 53 41'57’87' 19.09; 14.91;
56.98/104 56.57/1613 64.23/3094 63.22/4622 > 5000 o | 17.36;20.69;
57.86; 61.43; 15.89: 16,02
~60.05 o '
50.54;49.83; | 15.30;21.12;
9 1000 54.16/0 54.13/1525 66.53/3075 66.01/4491 68+2; 57.30; 56.91; | 11.46; 18.42;
55.82/105 59.36/1629 missing 70.68/4595 > 5000 62.35; miss.; | 20.03; miss.;
64.71,~64.86 | 15.41;~23.40
75+1/ 88+1/ 100+1/ 107+1/ 107+2; . .
10 1000 ** 0 2124 4401 5702 > 6000 not given not given

Note: “ Solution of sulfur in DMSO with a concentration of 14.152 g/L [S1] was used for dilution.

» Measurements of the nanosulfur size were carried out on another device (SALD 7101), which excludes the option of measuring
the Z-average size or Z-average value of the particle diameter (d), used in the DLS, therefore they are not shown in Table S1. The
SALD 7101 analyzer [S3] measured particle-size distributions in a wide range of sizes from 10 nm to 300 pm in the real-time mode
with a minimum time of the analysis equal to 1 s.
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