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1. INTRODUCTION

Many areas of microbiology, ecology and
medicine require measurements to assess
the level of metabolism of living cells or
the dynamics of its changes present in the
investigated samples. There are various
research tasks that require an answer to
the question, are microorganisms present
in the samples or are these samples sterile?
Examples of such tasks include the study of
samples taken in extreme natural zones of
the Earth (Antarctic Lake Vostok), or when it
is necessary to accurately determine whether
the causative agent of the disease has been
eliminated, or the task of detecting and
identifying pathogenic bacteria and viruses,
including in samples from other planets (Mars
soil research project), and others similar to
those. An exact and exhaustive answer to
the question of whether the tested sample is
sterile or not is very difficult, since in some
cases the concentration of biological objects
can be low. More often, a fairly accurate
assessment of the types and abundance of
biological objects, an assessment of the level
of their metabolic activity is required.

At present, various methods for obtaining
such information are widely used, from
classical microbiological and biochemical
methods to
metagenomics methods. However, some of

molecular  genetics  and

them require considerable time to obtain a
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reliable result, others are characterized by the
high costof the necessaryreagents. Previously,
an innovative method DBNG (detection of
biogenic nanoparticles generation/growth)
was proposed to quickly detect the presence
of living cells in samples, as well as to assess
the integral level of metabolic activity of
biological objects. This approach is based
on the natural ability of living cells to form
metal nanoparticles from sources of cations
artificially introduced into the samples, while
in the presence of inactive cells or in sterile
samples, the generation of nanoparticles
does not occur [1].

Nowadays, commercial  productions
of nanoparticles for practical applications
in medicine and biological research are
produced de novo (from the very beginning)
by chemical reduction of cations in reaction
with molecules or molecular groups that
have reducing properties (electron donors).
To date, methods have been developed quite
well that allow one to effectively and with a
high yield obtain monodisperse preparations
of metal nanoparticles with specified sizes,
properties, and certain stabilizing coatings,
which are necessary for use. Such progress

would not have been possible without

the development of the measurement
and analytical capabilities of scientific
instrumentation, without expanding the

possibilities of statistical processing of the
results obtained.

1.1. MODERN CONCEPTS ON THE DE

NOVO GENERATION OF BIOGENIC METAL
NANOPARTICLES

Biological objects in natural habitats are
constantly encountered with certain cations.
Some of them are necessary for the normal
tunctioning of the enzyme systems of
cell metabolism. At the same time, excess
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concentrations of most cations are toxic.
Metabolically active cells have a natural
ability to reduction of cations, which allows
being transferred to a solid non-toxic state
by generation metal nanoparticles [2]. Thus,
cation detoxification is one of the main
protective reactions for the survival of
microbial cells from the very first years of
their habitat in the environment on Earth.

It is important to emphasize that the de
novo generated nanoparticles create a new
solid nanocrystalline phase in the reaction
mixture. The appearance in cell suspensions
(i.e. among amorphous structures in the
liquid phase) of a new crystalline phase can be
detected with high accuracy by many physical
methods. It is this phase transition that we
propose to use for the detection of biological
objects. Using many biological model objects,
we have shown that metabolically active
cells are able to very quickly generate de novo
metal nanoparticles from salt solutions as
sources of cations artificially introduced into
samples, while in the presence of inactive
cells or in sterile samples, the formation of
nanoparticles does not occur.

The fundamental natural ability of living
cells to protect their metabolic activity from
the toxic effects of cations (Me"") is realized
by reducing cations to the zero-valent state
(Me"). The absence of a charge on the
reduced atoms triggers the process of their
agglutination, which leads to the formation
of insoluble, much less toxic nanoclusters
(Me'NCs). Primary clusters with a small
number of atoms can partially retain their
charge, since they can include atoms of both
types (Me™" and Me") [3,4]. In this case, if
electron donors are constantly present in the
reaction mixture, the proportion of cations
in nanoclusters proportionally decreases.
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Fig. 1. Successive stages of cation reduction and de novo formation of nanocrystalline structures.

Continued agglutination of less and less
charged nanoclusters leads to the generation
of larger and larger crystalline structures

called metal nanoparticles (Me’NPs) (Fig. 1).
When developing the proposed approach,

we took into account the observed significant
differences in the parameters and properties
of nanoparticles generated in cultures of
different microorganisms, in cultures of
different ages or the physiological state
of their cells, differing in the chemical
composition of surface cell biopolymers, as
well as in cases of different compositions of
growth media and reaction conditions [5,6,7].
It should be noted that during the generation
of nanoparticles, active cells can secrete
various organic compounds — stabilizers that
interfere with the process of self-assembly
of larger nanocrystalline structures [1,8,9]

(see also Fig. 13).

In thelast twenty years, metal nanoparticles
have attracted increased attention due to
their unique optical properties due to the
phenomenon of surface plasmon resonance.
It should also be noted that preparations of
metal nanoparticles have a highly developed
surface, high capacitance of the electric
double layer, and high catalytic activity
[10]. Due to these specific properties of
nanosized crystals, the dynamics of their
generation can be reliably recorded using
many high-precision analytical methods.
Along with spectroscopy in the UV and
visible range (UV-vis absorption), which

is common for biological studies, this can
be X-ray fluorescence (RES), as well as
electronic (transmission electron microscopy
TEM) and scanning electron microscopy
(field emission scanning electron microscopy
FESEM). To study metal nanoparticles, it
is possible to carry out surface enhanced
Raman

scattering spectroscopy (surface

SERS),

registration of the distribution of linear sizes

enhanced  Raman  scattering
of nanoparticles (particle size distribution
PSD), scattering  (DLS),
X-ray angular scattering (X-ray powder
diffraction XRD), thin layer chromatography
(TLC) and others [3,11,12]. It should be

emphasized that it is the crystal structure of

dynamic light

nanoparticles that makes it possible to use
most of the above methods for recording
the parameters of generated de novo biogenic
nanoparticles directly against the background
of the presence of microorganism cells or
other biological objects that ensured the 7
sitn reduction (directly in the samples under
study) of artificially introduced cations. It
has been accurately shown that all optical and
other properties of synthesized nanocrystals
are completely and strictly determined by
their linear dimensions, shape, and atomic
composition [13,14]. Since the experimenter
has the opportunity to the
physicochemical parameters and conditions

control

when de novobiogenic nanocrystals, it
becomes possible to isolate the influence of
the biological object present in the reaction
mixture, which is the main reducing agent
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of cations. Thus, since the use of traditional
high-precision methods
studying the parameters of nanocrystals can

analytical for
be effectively used to monitor the generation
of biogenic nanoparticles. All of them can
be used to solve many important problems in
microbiology, biotechnology, and medicine.

The chemical reduction of cations itself
implies the participation of various sources/
donors of free electrons in the reaction. Both
inorganic substances and molecular groups of
organic biogenic compounds with reducing
properties (for example, —OH) can serve as
electron donors during the generation of
metal clusters and nanoparticles [7]. The level
of presence of molecular electron donors
in the reaction mixture significantly affects
the ratio of reduced atoms and unreduced
(residual)

nanocrystalline structures. With a constantly

cations ingenerated de  nmovo
high presence of reducing agents in the
reaction mixture, the proportion of cations
and, accordingly, the charge level of the
surface of nanocrystals constantly decreases,
which contributes to the acceleration of
self-assembly of nanoclusters and the rapid
enlargement of nanoparticles. It is important
to note that it is metabolically active cells that
have a natural ability to constantly secrete
low molecular weight compounds into the
external environment, many of which have
reducing properties. It is this property of
living metabolically active cells that allows
them to act as electron donors for a long
time, i.e., serve as stable cation reducers
and, accordingly, ensure the generation
of metal nanoparticles [15]. Less active
biological objects (resting dormant forms of
microorganisms, spores, viral particles) can
reduce cations only at the expense of various
electron donor groups localized on the cell
surface or included in surface biopolymers.
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Virus particles can only act as extremely weak
cations reducing agents due to the presence
of reducing amino acid groups in the proteins
of their capsids [6,16,17].

Another
negatively

specific natural factor that
affects the possibility of
enlargement of biogenic metal nanoparticles
due to a decrease in the interaction forces
has been well studied.
compounds capable of
being adsorbed on the surface of growing

of nanoclusters
Many organic

nanocrystals have this effect. Based on
modern concepts, biogenic molecules react
with residual positively charged Me™" atoms
of nanoclusters and form a surface layer
that prevents further self-assembly and
enlargement. Such compounds are called size
stabilizers at the early stages of nanoparticles
generation [0].

1.2. MAIN RESEARCH PRINCIPLES AND
PROVISIONS APPLIED IN THE DEVELOPMENT
PROTOCOL OF THE DBNG METHOD

At all stages of the biosynthesis of metal
nanoparticles de novo, the ongoing processes
of cation reduction and the formation of
a solid crystalline phase in the reaction
mixture significantly and quite definitely
depend on the reaction conditions and on
the combination of the components present.
That is why we proposed to use the measured
dynamic parameters of nanocrystalline
products obtained as a result of the reduction
of cations to assess the general physiological
[1,7,15]. In general, the
experimentally measured actual parameters

state of cells

of biogenic nanostructures generated 7 situ
are an indicator of the properties of those
cells that ensure the restoration of introduced
cation sources.

First of all, the protocol of the DBNG
method involves the introduction of salt

RENSIT: Radioelectronics. Nanosystems. Information technologies | 2022 | Vol. 14 | No. 4
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as a source of cations (in the form of low
concentrated sterile solution) directly into
the aqueous suspension of the biological
object under study (i.e., 7 situ). To confirm
the fact that the reducing agents are of
biogenic origin, the protocol provides
for the preparation of a control aliquot
of the tested sample, freed from cells
using a mechanical method (filtration,
centrifugation). The obligatory use of
control (sterile, cell-free) variants of the
studied samples is necessary, since the cells
of biological samples are usually found in
growth media, that is, in multicomponent
solutions of organic compounds and the
necessary growth factors, many of which
are electron donors. At the same time, it
should be emphasized that the reducing
ability of such compounds, even in the
of  full-fledged growth

media, cannot ensure the full generation

composition

of metal nanoparticles, but only leads
to the appearance of their precursors —
nanoclusters (Fig. 2).

As emphasized above, the physicochemical
conditions in the reaction mixture during
the in situgeneration of both nanoclusters
and larger nanoparticles significantly affect
the parameters of the final crystalline self-
assembly products [16,17]. An increase in
temperature, as well as stirring (vibration) of
test tubes with reaction mixtures during the
reduction of cations, accelerates the process

NANOSYSTEMS

of self-assembly of nanoclusters, which
ultimately leads to an increase in the size of
the generated nanoparticles.

It is important to note that the use of
different salts as a source of cations can give
different results. In particular, it was noted that
the use of Tollens' reagent Ag(NH,) NO,
as silver cations source makes it possible to
form larger nanoparticles in the presence of
microbial cells than when using the AgNO,

salt under identical conditions.

The DBNG protocol the

introduction of very small amounts of

involves

cation sources (~mM) into the test samples,
which are sufficient only to form a noticeable
amount of nanoparticles with minimal toxic
effect on the metabolism of tested cells under
study. It is important to note that the use of
low concentrations of cation sources retains
the possibility of isolating pure cultures
of the detected microorganisms from the
studied aliquots.

Metabolically active cells are able
to generate
few minutes. For standard experiments
according to the DBNG protocol, the
duration of all reactions for the reduction
of introduced cations by microorganism
cells was limited to 20 minutes [1]. This
time does not exceed the length of normal
metabolic responses of cells to the addition
of excess concentrations of various salts

to the medium [6,18], and also does not

silver nanoparticles in a

Y -

) information about

reduction of

tested sample added cations by

with living cells

living cells as

registration of
the redusing agent

parameters of
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living cells nanocrystals
V
preparation reduction of
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Fig. 2. The concept of the DBNG methodological approach.
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exceed the generation time of most
microorganisms. Thus, a short time of
carrying out the reduction reaction makes
it possible to fix the physiological state of
the studied cultures (samples) precisely at
the moment of introducing the source of
cations. To detect viral particles (as weak
reducing agents), the reaction time with
introduced cations was increased to 50
minutes.

the of
nanoparticles is carried out iz situ directly in
the studied cell suspensions, it was proposed
for the first time to record the spectral

Since generation metal

characteristics of nanoparticles in the vis-
range using an Ulbricht integrating sphere

[1]-

characteristics in a reflected light flux makes

This method of measuring spectral

it possible to register even nanoparticles that
form directly on the surfaces of biological
objects, which is impossible with a standard
transmitted light flux.

It has been shown that the DBNG
protocol (using TEM) makes it possible
to register metabolically active cells of
microorganisms by their ability to generate
biogenic nanoparticles with a sensitivity
of ~10 ml™". The use of other analytical
methods for the detection of nanocrystalline
structures can increase the sensitivity of the
method.

For
nanoparticles by cells or tissue fragments, it

generation n  situ  of  metal
was proposed to place the studied biomaterial
itself directly into a solution of a cation
source. In such cases, standard inactive

preparations should be used as controls.

According to the DBNG protocol, the
generation of biogenic metal nanoparticles
is carried out in microliter volumes of the
reaction mixture. This allowed us to develop a
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concept for applying this innovative method
in a microfluidic version (Lab-on-Chip).

2. MATERIALS, METHODS,
EQUIPMENT

Pure cultures of microorganisms were stored
and prepared for research using standard
growth media LB [1] or M9 [20] according to
standard microbiological methods. Natural
water samples were taken with standard
instruments in an aseptic way, transported
and stored at a low temperature.

Preparations of tumor tissue cells from
neoplasms of the adnexal apparatus of the
eye, as well as healthy tissue from the same
eye as a control, were surgically removed.
Paired tissue samples were placed under
aseptic conditions in equal volumes of a
sterile solution of a cation soutce.

Thesources of cations were sterileaqueous
solutions of ammonia silver Ag(NH,) NO,
obtained according to the protocol of the
Tollens reaction [1, 19]. To obtain Na PdCl,,
PdCl, and an excess of NaCl in distilled water
were used [20].

The generation of metal nanoparticles
was carried outin situ directly in the studied
water samples or in bacterial suspensions
at the late logarithmic phase of culture
growth. The reaction mixture contained
aliquots of the studied cell suspensions
(about 10° mL™") with a volume of 45
ul and 5 pLL of a sterile solution of the
cation source in a final salt concentration
of 0.1 mM. The cation reduction reaction
time was 20 min. Aliquots of the studied
suspensions freed from microorganisms
after complete sedimentation of cells by
centrifugation at 12000 g for 15 min were
used as control [1].

RENSIT: Radioelectronics. Nanosystems. Information technologies | 2022 | Vol. 14 | No. 4
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Hydrogels were prepared using low EEO
agarose (0.4 wt %) and silver nitrate (5 pg/
mlL) [21].

Microorganisms were visualized using an
Amplival microscope (DDR) with a phase

contrast device.

the

biogenic nanoparticles 7z situ directly in

Registration of generation of
cell suspensions was performed using an
OceanOptics ~ USB-2000  spectrometer
(USA) with an Ulbricht integrating sphere.

Measurement of the intensity of small-
angle X-ray scattering of preparations was
carried out on an automatic diffractometer
"AMUR-K" with a single-coordinate
position-sensitive detector OD3M (in a
capillary with a volume of 20 pL) at a fixed

radiation wavelength of A _ nm with a signal

accumulation time of 40O .1r5£412inutes according
to a certified method [1]. The scattering
measurement results were processed to
calculate the volumetric size distribution
function of nanoparticles D (R) using the

MIXTURE program.

Particle size was measured by PCS on a
Delsa Nano Submicron Particle Size and
Zeta Potential Particle Analyzer (USA).

Images of nanoparticles were obtained
using thetransmission electron microscope
JEM-1400 (JEOL, Japan) at the UNIQEM
Collection Core Facility, Research Center
of Biotechnology of the Russian Academy
of Science equipped with the microanalyzer
(Oxford Instruments, Great Britain) at an
accelerating voltage of 80 keV.

The determination of the linear dimensions
of metal nanoparticles was carried out
using the computer program "Compass 3D-
714" and a specially developed calculation
algorithm for electronic photographs, at least
300 nanoparticles for each sample.

NANOSYSTEMS

3. RESULTS
3.1. BASIC PROTOCOL OF THE METHOD
DBNG

The basic protocol of the method DBNG
was tested on a model organism of gram-
negative mycobacteria Mycobacterium smegmatis
cultivated in a rich LB growth medium. It was
obvious that a significant amount of various
organic growth factors in the composition of
the LB medium can serve as electron donots,
i.e., they can participate in the reduction
reaction of Ag" cations introduced into
the cell suspension, and thereby initiate the
formation of reduced Ag'silver nanoparticles.
A series of initial experiments to study the
dynamics of the formation of biogenic
silver nanoparticles was carried out using
the method of measuring small-angle X-ray
scattering (SAXS). The SAXS method is
based on the effects of the elastic interaction
of X-rays with bound electrons in a sample.
This method of

provides a resolution in the range from 1 to

structural diagnostics
10° nm, which is most accurately suited for in-
depth analysis of the structure and properties
of
generated de nmovo in biological solutions.
Indeed, according to the results of the
determination using SAXS, the introduction
of a sterile Ag(NH,) NO, solution into a
sterile LB growth medium resulted in a rapid
(in 1-2 minutes) mass formation of silver

biogenic  nanocrystalline  materials

nanoclusters with sizes up to 2 nm. Over a
longer time, larger nanocrystalline structures
formed in the reaction mixture (Fig. 3.4).
Similar measurements in cell suspensions
of M. smegmatis revealed two types of
nanoparticles with contrasting differences
in size: small nanoparticles up to 3 nm in
diameter and large nanoparticles with a wide

size distribution of 20-40 nm (Fig. 3C).
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Fig. 3. Formation of reduced silver nanoclusters in the 1B growth
medinm (A) and biogenic APNPs nanoparticles in the presence
of Mycobacterium smegmatis cells (B).

Thus, in sterile samples, there is a reduction
according to the "chemical" type — with the
depletion of reducing agents and slowing
down the agglutination of nanoclusters. In
a suspension of active cells, a high level of
secreted electron donors activates (according
to the "green" type) the reduction of cations
sorbed on nanoclusters and, accordingly,
activates the generation of ever larger
nanostructures. In fact, the detection of
living cells by the formation of nanocrystals
mn sitn is reduced to discrimination of the
"chemical" or "green" type of this process.

3.2. EVALUATION OF THE SIZE DISTRIBUTION
OF BIOGENIC SILVER AND PALLADIUM
NANOPARTICLES FROM DYNAMIC LIGHT
SCATTERING

Light scattering methods are indispensable
for determining the hydrodynamic radii of
nanocrystals and biopolymer molecules in
biological fluids, their molecular weights, as
well as the intensity distributions of scattered
light over their sizes. We used this method
in experiments with an isogenic pair of
obligate methylotroph Methylopilusquayle: to
compare the ability of their cells to generate
nanoparticles of two metals differing in the
valence of silver Ag* and palladium Pd*
cations. It can be noted that comparisons
of the properties of the initial wild-type
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microbial culture and the mutant derived from
it are widely used in genetic engineering and
biotechnological studies, but have practically
not been used to assess the possibilities of
synthesizing biogenic metal nanoparticles.

The linear dimensions and distributions of
biogenic nanoparticles in these experiments
Delsa Nano
Analyzer that implements the principles of
dynamic light scattering (DLS). The growth
characteristics of the original wild type strain
M. guayles WT and its streptomycin-resistant
derivative M. guaylei Sm® did not differ under

were recorded using a

standard cultivation conditions on media
with methanol as the sole carbon and energy
source [20]. It was shown that the cells of
the M. guayles Sm® mutant are resistant to the
presence of up to 4 mg/ml. of streptomycin,
are characterized by reduced secretion of
exopolysaccharides, and have a reduced
surface hydrophobicity. In the presence
of cells of both methylotrophic cultures
M. quaylet WT and M. quaylei Sm® under
standard conditions of the DBNG protocol,
large reduced silver nanoparticles of average
size 45 nm and 70 nm, respectively, were
generated (Fig. 4). The survival rate of the
streptomycin-resistant mutant M. guayles Sm®
in these reaction mixtures was 8 times lower
than that of the initial culture. Under similar
conditions, after the introduction of a soutce
of palladium cations, the formation of
Pd"NPs nanoparticles occurred only in the
presence of cells of a M. guayles Sm® culture,
which correlated with a much higher degree
of resistance of such cells (12 times higher)
to palladium salt than in wild-type cells.
Since the generation of numerous optically
dense nonmetallic particles (not containing
palladium nanoparticles) was observed in
the reaction mixture in which M. guayles W'T
cells were present, it can be concluded that

RENSIT: Radioelectronics. Nanosystems. Information technologies | 2022 | Vol. 14 | No. 4
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Fig. 4. Sizes of biogenic silver and palladinm nanoparticles formed in the presence of cells of methylotrophic cultures of M.
quaylei wild type (W'T) and isogenic streptomycin-resistant derivative (Sn®).

the reduction of Pd** cations was inhibited
at the stage of nanoclusters present in
the form of a high polymer complex with
secreted methylotrophic exopolysaccharides.
Thus, the preservation of the natural level
of exopolysaccharide biosynthesis in the
wild-type M. guaylei WT culture does not
compensate for the high sensitivity of cells to
Pd** cations, which generally does not allow
them to generate PA’NPs nanoparticles. It is
obvious that both cultures are almost equally
capable of reducing silver cations and can
serve as producers of Ag’NPs nanoparticles
when cultivated on simple synthetic media
with methanol.

3.3. SPECTROMETRY OF PREPARATIONS OF
BIOGENIC SILVER NANOPARTICLES

Absorption spectrophotometry is one of
the most common physical and chemical
methods for studying solutions and solids,
based on recording absorption spectra in the
A range from 200 to 1000 nm. The recorded
dependence of the intensity of absorption
of incident light on the wavelength reflects
the structure and composition of various
compounds, the qualitative and quantitative
composition of biological solutions, and
shows the presence of trace elements in
the objects under study. The atoms of
each chemical element have strictly defined
resonant frequencies, as a result of which it is
at these frequencies that they emit or absorb

light. This property is especially important (for
us) when analyzing the composition and size
of (biogenic) metal nanoparticles. Obtaining
absorption spectra is easy to perform, does
not require complex preparation of samples
for analysis, and is possible in the presence
of a small amount of the analyte. Currently,
a large number of different models of
spectrophotometers are being produced,
including very compact ones, which allows
them to be used even in the field studies.

3.3.1. STUDY OF MICROBIAL CULTURES OF
ACTIVE SLUT

Many technological processes include, at the
final stages, the treatment of water waste
with the use of activated sludge for the
biosorption of toxic metal ions in the form
of nanoparticles. Thus, in the effluents of
electroplating, textile, uranium and silver
processing industries, Ni**, Zn**, Cu*’, and
U(VI) cations can be present in significant
amounts [22]. The DBNG approach was
applied in the selection of microbial cultures
capable of efficiently extracting metals from
solutions for a long time without loss of vital
activity in artificially created activated sludge.
Since cations Ag" are much more toxic for
most microorganisms than cations of other
elements, it was silver salts that were used in
assessing the levels of resistance of sludge
preparations and pure cultures isolated from
it to other metals. Several cultures capable
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Fig. 5. Levels of production of biggenic AL’ NPs by cells of
pure cultures of Penicillium glabrum (1), Fusarinm nivale (2),
Trichosporon cutanenm (3), Agrobacterium tumifaciense (4).

180 400

of rapidly forming Ag'NPs were selected.
The most promising crops for biosorption
of toxic cations were identified as Fusarium
nivale and Penicillinmglabrum (Fig. 5). Artificial
activated sludge, created on their basis, had
the form of multilayer granules with a given
composition and structure: the cells of
cultures less resistant to metals were shielded
by a layer of cells, the most resistant to high
concentrations of toxic metals. It was shown
that at a content of 20 mg/L. Ag™ in the
initial sludge, the level of cell survival did not
exceed 7%; for the most stable pure cultures
of Fnivale and P.glabrum, the survival rate was
about 12-24%. The artificial activated sludge
arranged in this way remained viable and
developed even in the presence of up to 70
mg/L. Ag” in the medium. Such sludge was
capable of accumulating silver up to 50% of
the dry mass of cells, which corresponds to
a sorption capacity of up to 380 mg/g and
showed the degree of silver extraction up to
95% 1n just 3-5 minutes (at a concentration

of cations Ag" ~100 mg/L).
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3.3.2. GROWTH OF YEAST CULTURE IN THE
TOP LAYER OF HYDROGEL

In recent years, 3D bioprinting technologies
have been increasingly used in practice for
the formation of artificial biomaterials for
restoration of damaged human organs.
Usually, living cell structures are included in
a shaping gel, which ensures their optimal
physiological state for normal cell growth.
In our experiments, the model eukaryotic
microorganism Yarrowia lipolytica Y-3603 was
grown for up to 7-8 days in cuvettes filled
with two-layer hydrogels with an agarose
concentration of 0.4 wt% in a complete
LB medium [21]. The bottom sterile layer
of the gel contained 5 pg/mlL of silver
nitrate as a source of cations Ag" (Fig. 6).
It is important to emphasize that for the
implementation of the DBNG approach, we
used low electroendoosmotic agarose (EEO
type), since it was shown that only this type
of agarose is not able to reduce introduced
cations without the participation of cells
(Fig. 6B).

The growth of the Y. /ipolytica culture in the
upper layer of the hydrogel was controlled by
increasing the optical density of the samples
using a fiber optic spectrometric system.
Similarly, the dynamics of the generation of

biogenic Ag’NPs (by reducing the optical

Fig. 6. Formation of silver nanoparticles in the presence
of Y. lipolytica yeast culture growing in the EEO agarose
hydrogel.
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Fig. 7. Growth dynamics of Y. lipolytica yeast and in situ
Sformation of biogenic APNPs in EEO agarose hydrogel
layer.

permeability of the hydrogel) was recorded at
a specific wavelength of silver nanoparticles
A, nm. As can be seen from the presented
data (Fig. 7), the transparency of the
samples containing yeast steadily decreased
over several days as the culture grew in the

thickness of the hydrogel (Fig. 7.4).

the
measured at A, was also observed throughout
this time, it can be concluded that the level
of reductive activity of the Y. /lpolytica
culture remains at a sufficiently high level

Since decrease in transparency

for long-term generation of nanoparticles 7
sitn (Fig. 7B). In general, the application of
the DBNG approach in these experiments
showed that the methodology for assessing
the

nanoparticles 7z situ allows one to control

possibility of generating biogenic

the physiological state of living Y. /polytica
yeast cells during submerged cultivation in an
agarose hydrogel medium [21].

3.3.3. COMPARISON OF MALIGNANT AND
BENIGN TUMORS

Malignant neoplasms are among the most
common tumors of all types of tissues.
The clinical course of malignant tumors is
characterized by high polymorphism, due
to which their differential diagnosis can
present significant difficulties. Preoperative

NANOSYSTEMS

diagnostics in order to determine the volume
of surgical intervention makes it possible
to determine the structure and localization
of the pathological process, the exact size
of neoplasms, and the relationship with
surrounding tissues. But the issue of urgent
intraoperative morphological diagnosis of
benign and malignant tumors is still relevant.
As is known, the defining feature of the
tumor process is abnormal uncontrolled
proliferation, to maintain which tumor
cells undergo oncogene-oriented metabolic
reprogramming [23,24]. A dramatic increase
in the metabolic activity of cancer cells leads
to a noticeable increase in their ability to
generate biogenic nanoparticles during the
interaction of cell metabolites with added
salts [25,260]. We used the innovative DBNG
approach to study adnexal tumors identified
clinically in patients. Healthy tissue from
the same eye was used as controls for each
patient (Fig. 8).

Photometric determination at wavelengths
close to those specific for silver nanoparticles

(A,,,) showed that for all studied pairs of

source of_
silver cations
=— - 3

/| normal
tissue
(N) biopsy

tumor
biopsy/(c)

b

cation reduction to Ag"
nanoparticles generation

v & W

| spectrometry |

Fig. 8. Scheme of sample preparation for studying the
restorative activity of eye conjunctival cells.
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Fig. 9. Comparison of the vis spectra of silver nanoparticles
Sformed from tumor (C) and healthy (IN) conjunctival tissues.

samples (Cancer uzs Normal tissue), the
optical density of reaction mixtures (that is,
the volume of silver nanoparticles formed in
3-5 minutes) in all samples with in malignant
and benign types of tumors of the adnexal
apparatus of the eye is higher than in control
samples of similar healthy tissues (Fig. 9).

Thus, the
approach of DBNG makes it possible to
quickly solve the problem of determining
the degree of malighancy of tumors based
on the spectrometric rapid assessment of
their metabolic activity in order to optimize
the tactics of surgical intervention.

proposed methodological

3.3.4. REGISTRATION OF NANOPARTICLES
USING THE ULBRICHT INTEGRATION SPHERE
The observation of generation 7 situ
biogenic silver nanoparticles by their specific
absorption spectrum at a wavelength of
, nm can be hindered by the high
density of the studied cell suspension.
spectrometric

about A,
Performing measurements
using an Ulbricht integrating sphere as a
detector eliminates this problem (Fig. 10).
In addition, monitoring the dynamics of
the generation of nanoparticles from the
very beginning of the cation reduction
reaction makes it possible not to carry out
measurements in control (freed from cells)
sample aliquots. Indeed, a fresh culture of
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photoelectronic

multiplier photodector

light filtre

Fig. 10. Scheme of an integrating sphere for registration of

biggenic metal nanoparticles.
M. smegmatis grown in complete LB growth
medium does not show the characteristic
Ag'NPs peak (Fig. 11).

Afteradding of silver cations source (4 pg/
mL Ag(NH,) , NO,), aseries of measurements
of the spectra of the suspension of the
reaction mixture was carried out. On Fig. 11
shows that as early as 10 minutes after the
addition of cations Ag", a specific peak for
Ag'NPs at A,
by a gradual increase in its amplitude. Such
a bathochromic shift of the peak maximum
indicates a constant increase in the size of

nm can be recorded, followed

silver nanoparticles generated 7z situ in the
studied reaction mixture.

When carrying out similar experiments
of 'Tollen's
reagent, as well as when using AgNO, salt

with higher concentrations

as a source of cations, there was a delay in

04 -
A
0.35
03
0.25

02 4

I 0 42 404 406 408

Ajnm)

Fig. 11. Dynamics of formation of Ag"NPs nanoparticles
in the presence of M. smegmatis cells.
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Fig. 12. Dependence of the dynamiics of in situ formation of
biogenic nanoparticles in the presence of M. smegmatis cells on
the source of silver cations.

the appearance of the peak at an early stage
of nanoparticle formation and a cessation
of their enlargement already by the 20th
minute of the reaction (Fig. 12). Such a
change in the dynamics of the generation of
biogenic nanoparticles indicates a significant
suppression of the reductive activity of
mycobacteria cells. Such effects should be
taken into account when developing special
protocols for applying the method DBNG to

various biological objects.

3.3.5. FLUORESCENCE SPECTROMETRY OF
BIOGENIC METAL NANOPARTICLES

As noted above, for the detection of metal
nanoparticles, their specific optical properties
due to the phenomenon of surface plasmon
resonance, highly developed surface, high
capacitance of the electrical double layer,
and the ability of nanoparticles to amplify
the signal in Ramanscattering, light and
fluorescence spectrometry are widely used.
One of the unique features of nanoclusters
of many metals ranging in size from 2-5 nm
is their pronounced fluorescent properties
of

illumination. If the sizes of nanoclusters

under certain parameters exciting
of reduced metal atoms are commensurate
with the Fermi wavelength for electrons, the
supramolecular properties of nanocrystals
manifest themselves due to discrete electronic

states caused by strong quantum confinement

NANOSYSTEMS

of free electrons. The fluorescent properties
are retained during the self-assembly of
nanoclusters during generation de novo
of nanoparticles. As the size of metal
nanocrystalline structures increases (during
the self-assembly of nanoclusters), the ratio of
surface and deep atoms changes, which leads
to a shift in fluorescence radiation and even
its complete quenching when nanocrystalline

structures reach a certain size [27,28].

We propose to use this natural feature
of the fluorescence of metal nanoclusters/
nanoparticles, i.e., the dependence on the size
of nanocrystalline structures, in the method
for determining the metabolic activity of
cells (when assessing the reductive cellular
activity necessary for de novo formation of
nanoparticles from cation solutions). In this
case, the generation of biogenic nanoparticles
occurs precisely de novo, that is, it goes through
the stages from the "primary" (equimolar)
reduction of cations to zero-valent atoms,
then clustering with the gradual formation of
di- and tetraatomic nanoclusters (Fig, 1), then
self-assembly and gradual enlargement of
nanocrystalline structures (Fig. 13). This means
that at the moment when a certain amount
of nanoclusters capable of exhibiting their
fluorescence is formed in the reaction mixture,

@ 100f
(nm)  Cdonore>
NPs
10}
NCs
1.0} ALREE s :
stabilizators
Me“ 0‘1[’ -l.\ PR | 1 1 I| 1
e? 0 T 100 1000
time (seconds)
ton toff

Fig. 13. Schematic diagram of the dependence of  the
Sfluorescence of metal nanoparticles on their size.
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it can be detected by standard methods. The
fluorescence of the nanocrystalline structures
will continue to persist, all the time in the
process of self-assembly of nanoclusters and
enlargement of nanoparticles, until all (most)
of the formed nanoparticles exceed the
fluorescence quenching size.

Thus, by periodically measuring the
presence (or intensity) of fluorescence in a
sample, it is possible to determine two points
that characterize the reducing activity of cells
present in the sample under study: 7 is the
time required for the formation (measured)
amount of fluorescent nanoclusters of
reduced metal atoms (Fig. 13, 72 ); 7. is the
time required for all formed nanoparticles to
exceed the size corresponding to fluorescence
quenching (Fig. 13, 7 ).

Crystal
of wvarious elements, also differ in their

structures, including atoms
fluorescent properties and in the parameters
of exciting illumination. It is known that the
fluorescent properties of nanoclusters can
be enhanced by including reduced atoms of
different metals in them [29]. We propose to
use this natural feature of the fluorescence of
nanocrystalline structures in the framework
of the method DBNG to determine the
integral metabolic activity of cells. To enhance
the fluorescence of biogenic nanoclusters
generated de novo, use a sterile solution as a
source of cations for introduction into the
reaction mixture, for example, containing a
silver salt with the addition of, for example,
lanthanide salts.

3.4. USE OF TRANSMISSION ELECTRON
MICROSCOPY IN THE ANALYSIS OF REACTION
MIXTURES IN WHICH METAL NANOPARTICLES
ARE GENERATED DE NOVO

The use of transmission electron microscopy
in the analysis of reaction mixtures in
which metal nanoparticles are generated de
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novo makes it possible not only to observe
optically dense crystalline structures of
various shapes and sizes, but also to record
the distribution of such nanocrystals in
the samples under study. It is the results
obtained using TEM that can be considered
exhaustive for the characterization of cells
of taxonomically different bacterial species,
spores of bacilli, preparations of bacterial
components of activated sludge granules,
preparations of viral particles. It is TEM
photographs that show that the generation
of nanocrystals in the presence of cells of
different cultures differs significantly, while
the degree of association of the generated
nanocrystals with biological objects present
in the samples reflects the integral properties
of the cell surface and their physiological
state. It is important to emphasize that TEM
studies of preparations prepared according
to the protocol of the DBNG method
provide high sensitivity to the presence of
biological objects in the studied samples.
When adding Tollens' reagent solution to a
series of samples of Baci//us cell suspension,
successively diluted with a sterile LB growth
medium, it was found that even with a
strong dilution of the cell suspension (up to
3-10%10 cells/mL) using TEM, one can easily
detect the generated silver nanoparticles (in
their complete absence in the control sterile
samples of a complete growth medium).

3.4.1. COMPARISON OF BIOGENIC

SILVER NANOPARTICLES GENERATED BY
METABOLICALLY ACTIVE AND DORMANT
BACTERIAL CELLS

The use of TEM made it possible to
compare the features of the generation
of metal nanoparticles in the presence
of

microorganism cells. For example, for

metabolically active and resting

mycobacteria M. smegmatis, the peculiarity

. Nanosystems. Information technologies | 2022 | Vol. 14 | No. 4
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Fig. 14. Biogenic silver nanoparticles formed by metabolically
active (A) and resting (B) M. smegmatis cells.

of cells, when cultivated in a long
stationary phase, goes into an inactive,
dormant state [30].

growing cultures of M. smegmatis generate

It was shown that

silver nanoparticles with a clearly uniform
distribution in  the
(Fig. 14.4), while preparations of resting
cells of these mycobacteria generated

sample volume

silver nanoparticles associated with cell
wall surfaces and no larger than 10 nm in
size ( Fig. 14B). Such localization of the
obtained nanoparticles indicates that the
main contribution to their formation is
made by the reductive chemical groups
of The
complete absence of nanoparticles in the

surface biopolymers. almost
intercellular space is in good agreement
with the suppression of the secretion of
low molecular weight reducing agents,
which is typical for the transition of
metabolically active M. smegmatis cells to a

dormant state.

3.4.2. GENERATION OF SILVER
NANOPARTICLES BY PSYCHROACTIVE

BACTERIA CRYOBACTERIUM ARCTICUM UNDER
SUPPRESSION OF CELL DIVISION

The study of the ability to generate silver
nanoparticles when modeling the "turn off"
of biosystems responsible for the synthesis
of nucleic acids and cell division was cartied
out using a structural fluorine-containing
analogue of uracil 5-fluorouracil (5-FUra).

NANOSYSTEMS

Cell suspensions of a pure culture of
psychoactive bacteria Cryobacterinm  arcticum
were incubated for 24 hours at their optimal
temperature (+8°C) in a liquid medium
with 5-FUra. To assess the reducing activity,
suspensions fully grown in the presence
of 0.32 and 1.0 pg/mL 5-FUra were used
(a higher concentration of 3.2 pg/mL
significantly suppressed bacterial viability).
The use of TEM made it possible to establish
that with a clear inhibition of cell division (the
number of separate, unpaired cells did not
exceed 10%), almost all silver nanoparticles
were clearly associated with cells (Fig. 15.4),
similar to silver nanoparticles generated by
resting mycobacteria cells (see Fig. 14). It is
important to note that the biogenic Ag’NPs
in these preparations had an anisotropic
needle shape (Fig. 15B). The generation of
such nanoparticles may indicate a special
physiological state of C. arcticum bacteria,
which had a normal metabolism prior to the
introduction of the 5-FUra analogue, but
are under stress due to intracellular DNA/
protein imbalance. In preparations with an
even lower content of 5-FUra (0.32 pg/
ml), a significant proportion of cells of the
standard uninhibited appearance (Fig. 15C),
similar to cells not treated with the analogue,
were retained (Fig, 15D).

A B - Y |

' ,D

Fig. 15. Formation of silver nanoparticles by Cryobacterinm

arcticum bacteria incubated with the addition of 1.0 ug/

mL 5-FUra (A), anisotropic (needle) form of Ag’NPs

nanoparticles (B), Cryobacterium arcticum bacteria incubated

with the addition of 0.32 ug/m 1. 5-FUra (C), the formation
of silver nanoparticles by metabolically active cells (D).
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Generally, it can be concluded that the
ability of the cells of psychoactive bacteria
C. arcticum to generate certain forms of silver
nanoparticles may reflect a change in the
composition of biogenic reducing agents
(forcations Ag") secreted into the growth
medium. In addition, the heterogeneity of
the cell population becomes apparent, which
is detected by pronounced differences in the
linear dimensions and zones of localization
of generated silver nanoparticles.

3.4.3. NANOCELLS ARE ABLE TO REDUCE

CATIONS AND GENERATE NANOPARTICLES

The use of TE microscopy made it possible
for the first time to demonstrate the ability
of nanocells of filtering bacteria to act as
silver cation reducers. The interest in these
living biological objects with dimensions of
0.2-0.5 um and a volume of about 0.004—0.04
um’ is associated with their ability to pass
through sterilizing filters with a pore size of
0.22 wm [32,33]. Nanocells are perceived as
microbial&biochemical water pollutants, as
sources of DNA, proteins, components of
cell membranes and, therefore, are undesirable,
for example, in drinks consumed by humans.

We have shown that the presence of
metabolically active nanocells in water
samples can be detected by their ability to
generate silver nanoparticles with an average
size of about 8 nm (Fig. 16). When the
cell membrane is destroyed, the nanocells
quickly lose their reductive ability, the
lysis products become stabilizers of silver
nanoclusters, which leads to a slowdown in
their self-assembly during the formation of

Ag"NPsparticles.

3.4.4. VIRAL PARTICLES ENLARGED WITH
METAL NANOCRYSTALS

The ability of viral capsid proteins to ensure
the generation of metal nanoparticles makes
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Fig. 16. Biogenic silver nanoparticles formed by metabolically
active and damaged nanocells.

it possible to use the DBNG approach to
detect viruses and bacteriophages when they
are in the extracellular space (even in the
complete absence of metabolic reactions
controlled by them). The generation of
biogenic metal nanoparticles in the presence
of wviral particles occurs due to reducing
amino acid groups exposed on the surface
of capsids (Fig. 17). Due to this localization
of electron donors and reduction products
the
"encrusted viral particles" has become fixed
in the literature. It should be noted that the
differences in amino acid groups of capsids

(nanocrystals), word  combination

of different virus strains are reflected in the
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Fig. 17. Silver mnopamdes mﬂ'mfed with G7C coliphage
particles.

Nanosystems. Information technologies | 2022 | Vol. 14 | No. 4



410 DMITRY A. SKLADNEYV, SERGEY P. KARLOV,

VLADIMIR I. ANISIMKIN, VLADIMIR V. SOROKIN

form of differences in the generated metal
nanocrystals [17]. The application of the
DBNG protocol showed the acceptability of
this innovative method to detect (using TEM)
in water samples viral particles of coliphage
G7C [33] at a concentration of 10> ml™".

3.5. ANALYSIS OF THE ELEMENTAL
COMPOSITION OF BIOGENIC NANOCRYSTALS
Allmoderntransmissionelectronmicroscopes
are equipped with microanalyzers that allow
elemental analysis of samples. This possibility
is very important and useful in the study of
biogenic metal nanoparticles. Since growth
media for cultivating microorganisms always
contain certain salts that can enter into
substitution reactions with cation sources
added (according to the protocol of the
method DBNG), it is necessary to constantly
monitor the elemental composition of
biogenic Confirmation of
the fact that in our experiments optically
dense nanoparticles generated de novo

nanocrystals.

from introduced silver cations observed
in the TEM field of view was obtained by
X-ray microanalysis. The presence in the
studied nanoparticles (regardless of their
size) of reduced silver atoms, as well as other
metals, was judged by the presence of the
corresponding specific peaks in the spectra.

3.5.1. STUDY OF NATURAL METAL

NANOPARTICLES OF LAKE ONEGA

Lake Onega is located at the junction of
two large geological structures — the Baltic
Shield in the northern part of the lake
and the Russian Platform in the southern.
Many areas of the lake are characterized by
thick ferromanganese ore formations with
Zn, Mo, As, Ni,
Cd, and Pb due to subaqueous discharge
groundwater [34]. According to the available
data, in such zones, extremely low rates of silt

accumulation of Cu, Fe,

accumulation, and the microbial communities

NANOSYSTEMS

of the surface layer of bottom sediments are
characterized by low taxonomic diversity. We
assumed that the formation of ore deposits
begins with the reduction of cations supplied
with subaqueous discharge, that it should be
accompanied by the generation of biogenic
metal nanoparticles formed in the presence
of cells of a community of autochthonous
resistant microorganisms. Accordingly, it was
of interest to show the participation of cells
of autochthonous microorganisms from
the bottom horizon of Lake Onega in the
formation of such metal nanoparticles. In all
samples of lake water from various parts of
Lake Onega and Unitskaya Bay, the presence
of natural polymetallic nanoparticles, similar
in elemental composition to cations, which
are most represented in the corresponding
samples of lake water, was recorded. The
concentration of autochthonous microbiota
cells in different samples varied from 10° to
10° mL™".
Enrichment of

microbiota were prepared from aseptically

cultures aboriginal
taken water samples from the bottom layer
in a liquid medium depleted in organic
matter (5% LB), which were then used to
obtain biogenic nanoparticles (Fig. 18).
Under standard conditions for the DBNG
protocol, when using natural water samples
as a source of cations, the formation of
biogenic iron nanoparticles was recorded

Onego lake
water with
subaquatig

cations
discharge >

sterile
filtraton

generatlon
sterle water of model

> search for natural metallc nanoparticles

FeNPs |

bomass of autochthonous
microbial community

Onego lake water with naturan salts

Fe°NPs

biogenic NPs ), > +siversat Fe°NPs, Fe®@Ag°NPs

no NPs

> sample sterile as control

Fig. 18. Scheme of the excperiment showing the participation
of the autochthonons microbial community of the bottom layer
of Lake Onega in the formation of ore iron-bearing deposits.
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Fig. 19. Spectra showing the elemental composition of natural
(A) and model (B) nanoparticles formed in the presence of
antochthonons microorganisms of Lake Onega
(in the control sterile variants, without the
addition of suspensions of microorganisms,
nanoparticles were not formed). Elemental
of the obtained
nanoparticles showed that they consist of

analysis biogenic

reduced iron atoms.

In those variants of the experiment,
where Tollens' reagent was added to the
cell suspension of enrichment cultures of
native microbiota together with lake water,
silver nanoparticles were found, as well as
nanoparticles containing both iron and silver
atoms (Fig. 19). Simultaneous inclusion
of zero-valent iron and silver atoms into
biogenic  nanoparticles  unambiguously
indicates the ability of cells of autochthonous
microorganisms to actively reduce various
cations, both those naturally present in the
bottom waters of the Onega Basin and
artificially added cations Ag" as a model
element.

3.6. ACOUSTIC METHODS FOR REGISTRATION
OF NANO- AND MICROSIZED BIOLOGICAL OBJECTS
Currently, to detect the presence of viral
particles and microorganism cells in liquid
solutions (and hydrogels), rather complex
innovative solutions are increasingly being
used, such as molecularligands, functionalized
magnetic structures, microfluidic devices with
nanostructured surfaces to retain bacteria,
volumetric acoustics, and advection [35].
One of the most common acoustoelectronic
methods for studying various materials and
structures is the use of acoustic delay lines
(ADL). Acoustic sensors are able to detect
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various chemical and biological types of
objects by measuring the corresponding
changes in density, viscosity, conductivity,
dielectric constant and temperature of
liquids, while the sensors do not require
large sample volumes. Optimization of
acoustic modes for electrical and viscous
liquid
media made it possible for the first time to
develop an acoustoelectronic technique and
prototypes
that do not contain sensitive coatings for
detecting the presence of viral particles and
microorganism cells in various liquids [36].
When the properties of the medium changed,
for example, due to the presence of biological

measurements in

and hydrogel

of acoustoelectronic sensotrs

objects or their derivatives, the wave changed
its speed, phase and amplitude. Changes in the
acoustic characteristics were recorded at the
output of the device as phase and amplitude
"responses" of the acoustoelectronic sensor.

It was shown that the proposed technique
and sensors are applicable to the detection
in liquid growth media of such biological
objects as viral particles, bacterial cells, as well
as yeast cells and nanoparticles immobilized
in hydrogels. It was found that the response
threshold of the sensors used is 0.04% for
a sterile diluted 10% LB growth medium,
0.07% for an aqueous suspension of bacterial
cells, and 0.6% for a cell suspension ina 10%
LB medium.

4. DISCUSSION

Assessment of the physiological state of
certain biological objects is a constantly
encountered problem in industrial microbial
biotechnology, ecology, and medicine.
However, the well-studied ability of living
metabolically active cells to generate metal
nanoparticles (when interacting with salt

solutions by reducing cations) is not used to
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solve these issues in practice. We propose to
use this fundamental natural ability to study
various aspects of the functioning of cells as
such. In this work, we have shown that the
dynamics of generation de novo of biogenic
nanoparticles makes it possible to compare
the integral properties (levels of metabolic
activity) of pure cultures of microorganisms,
their natural communities, and preparations
of human cells.

We postulate a fundamental feature of
the interaction of clusters of reduced atoms
generated de novo in the presence of living
cells: only in the presence of metabolically
active cells, due to their reducing ability, can
the relative fraction of residual cations in
nanoclusters of metal atoms be reduced. Only
in the presence of such cells, the process of
enlargement of nanoclusters by agglutination
and successive self-assembly leads to a fairly
rapid generation of ever larger nanosized
metal particles. Instrumental determination
of the presence of biogenic nanoparticles
generated 77 sif# in reaction mixtures can
provide a fairly accurate assessment of the level
of metabolic activity and other properties of
cells acting as cation reducers. The developed
DBNG approach eliminates the need to use
ready-made preparations of nanoparticles
in research, reduces the duration and overall
laboriousness of experiments.

5. CONCLUSION

The paper analyzes the possibilities of
measurements that are most suitable for
instrumental registration of the parameters
of
structures generated 7z situ according to the
protocol of the innovative method DBNG.
Examples of the application of the high-
precision SAXS method and DLS nanosizer,
several options for using spectrometry and

biogenic  metallic  nanocrystalline

NANOSYSTEMS

transmission electron microscopy to assess
the level of metabolic activity of cells by
their ability to reduce cations and generate
nanoparticles of silver and other metals are
given. Generally, it has been shown that the
application of traditional analytical methods
for studying the parameters of generated
biogenic nanoparticles can be effectively
used to solve some of the most important
problems of microbiology, biotechnology,
and medicine.
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