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INFLUENCE OF SILVER ION CONTENT ON NANOPARTICLE 

SIZE OBTAINED BY CAVITATION-DIFFUSION 

PHOTOCHEMICAL REDUCTION 
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Photochemical reduction is used to develop many methods of creating biologically active substances and 
materials consisting of silver nanoclusters, which makes them relevant for science and technology, including 
different trends in biotechnology, catalytic systems, label-free quantification, metasurfaces and nanohybrid 
composites. The paper presents the silver nanoparticle (AgNP) technology based on cavitation-diffusion 
photochemical reduction in the presence of 10 mg of ligand (polyvinylpyrrolidone) allowing to significantly 
change the AgNP content depending on the concentration of silver nitrate (AgNO3) in the reaction system, and 
providing the AgNP domination having a certain size. It is found that at 5 mg of AgNO3 in the reaction system, 
the size of at least 60% of synthesized nanoparticles, is 26 nm or more, while at 2.5 mg of AgNO3, up to 94.7% 
of nanoparticles have the size of 15 nm and less, 6 to 10 nm AgNPs being dominated. This meets the need for 
AgNPs of a certain the size in different fields of science and technology, including medical and pharmaceutical 
industries, agriculture, and laboratory diagnostics. 
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INTRODUCTION 

The photochemical synthesis of silver nanoparticles (AgNPs) underlies many methods of creating Ag-
containing biologically active substances and materials. These nanoparticles can be used in different fields of science 
and technology, including biotechnology, catalytic systems, and laboratory analysis [1–3]. For example, plasmonic 
silver nanoparticles are extremely promising for creating label-free methods for recording disease markers in body 
fluids, identifying pathogens in food and various chemicals during environmental monitoring of objects. The latter can 
be provided by multicolor biosensors and chemosensors, significantly improving the observation accuracy. Since the 
wavelength absorbed by nanoparticles is affected by their size, shape, orientation, and distance between them, it is 
advisable to use the cyclic oxidation process of silver atoms in AgNPs for creating highly sensitive elements, as it 
changes the ratio, shape and plasmon peak [4]. This approach combined with the AgNP-based electrochemical sensor 
readout allows to overcome limitations of traditional colorimetric systems [5]. Moreover, a combination of different 
nanostructures, for example, Ag-containing spherical particles and Au-containing anisotropic particles with several 
sharp edges like nanoflowers [6], allows to create structures (primarily dimers of plasmonic nanoparticles) with the 
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properties suitable for universal labels for surface-enhanced Raman scattering and substrate components for single-
molecule surface-enhanced Raman scattering measurements, that is implemented by placing dye molecules into hot 
spots located in interparticle spaces ranging in size of 1 to 3 nm [7]. 

Lafitte et al. [8] report that silver nanoclusters are characterized by pronounced stability, which provides great 
promise for using them in optics to obtain metasurfaces. Silver nanoclusters are two-dimensional assemblies of 
nanoscale optical resonators considered as a next generation of ultrathin optical components applied in the manufacture 
of complex colloidal resonators possessing both magnetic and electrical resonances. It is proven that these structures 
can be obtained by the homogeneous film deposition, including water suspension emulsification of silver nanoparticles 
in the oil phase followed by controlled emulsion drying and formation of colloidal silver clusters. Metasurfaces 
obtained in this way, consist of homogeneous films of variable surface density and colloidal clusters. It is also possible 
to use nanofilaments and silver nanoparticles to create flexible organic light-emitting diodes possessing extraordinary 
mechanical flexibility, excellent optoelectronic properties, and high mechanical stability [9]. It is shown that even after 
500 flexure tests, the brightness of flexible and transparent electrodes modified by silver nanostructures, is at least 82% 
of the initial value. 

Recently, silver nanoparticles are being widely used for biotech platform assemblies allowing a prolonged use 
of antimicrobial substances. In particular, antibacterial microstructures (microneedles) are obtained with controlled 
release of microbicidal components based on polylactide and silver nanoparticles in the proportion of 1 to 5%. At the 
same time, their production for medical purposes is based on micro-molding from the prepared solution. According to 
Chamgordani et al. [10], these microstructures show good mechanical strength without signs of fracture while 
maintaining the optimum concentration of the antibacterial (Ag+) substance for 34 days. Various fields of the Ag 
nanostructure application, are attributed to modified physicochemical properties of nanoparticles, namely shape, size, 
composition [11, 12]. The latter can be achieved due to both qualitatively different components and quantitative 
characteristics of substrates used during the AgNP synthesis [13, 14]. To obtain nanoparticles of a certain size, shape, 
composition and structure, special synthesis methods are developed, including physical, chemical and photochemical 
factors, the latter being more preferable [15–17]. This is stipulated by the fact that photochemical reduction leads to the 
lowest quantity of byproducts, requires no complex equipment and high synthesis temperatures, is characterized by 
lower energy necessary for the reaction, and provides a precise space-time control for the rate and reduction of silver 
ions [18]. In optimizing the nanoparticle synthesis by the photochemical reduction, it is important to select the reagent 
concentration in the reaction system. For example, Pacheco et al. [19], indicate that the use of sodium borohydride as 
a reducing agent and polyvinylpyrrolidone stabilizer, leads to the higher content (<10 nm) of ultra-fine AgNPs with 
almost spherical shape (low anisotropy) and, among other things, low dispersion at their certain concentration at a fixed 
molar ratio of 1 to 2 of AgNO3 and NaBH4, respectively. 

The aim of this work is to study changes in the AgNP size range obtained by cavitation-diffusion 
photochemical reduction at different concentrations of silver nitrate in the reaction system. 

MATERIALS AND METHODS 

The equipment and installations of the Core Facility Center for Nanomaterial Structure and Property 
Diagnostics of Kuban State University (Krasnodar, Russia) were used in the experiment. The obtained silver 
nanoparticles were studied by electron microscopy using freshly prepared solutions. The aqueous nanoparticle solution 
was obtained by cavitation-diffusion photochemical reduction, that involved the Ag+ reduction in the presence of 
polyvinylpyrrolidone [20]. Silver nanoclusters were obtained under a combined action of ultrasonic waves (1.7 MHz 
radiation frequency) and ultraviolet radiation for 1 hour [21]. The nanoparticle size, quantity, and shape were evaluated 
after the addition of 2.5 and 5 mg of silver nitrate at the same (10 mg) polyvinylpyrrolidone concentration. Ultrasound 
and ultraviolet radiation parameters were the same for both series of the experiment. The AgNP size was compared with 
the reference marker 100 nm long [22]. Variation statistics methods were used to verify the experimental data. 
Validation of differences between AgNPs in different size ranges was performed using the Mann–Whitney U test. The 
significant difference was p < 0.05. 
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RESULTS AND DISCUSSION 

The experiment showed that at the silver nitrate (AgNO3) concentration reduced by 2 times, the number and 
size of synthesized AgNPs significantly changed. Multidirectional shifts were observed during the AgNP formation in 
groups of >15 nm and <25 nm nanoparticles, which was accompanied by a decrease in the number of coarse silver 
nanoparticles and an increase in the number of the most functionally active nanoclusters of a smaller size, as shown in 
Figs. 1, 2. 

 

Fig. 1. SEM backscattered-electron image of nanoparticle solution. 
Silver nitrate: 5 mg. Magnification: 100,000. 

 

Fig. 2. SEM backscattered-electron image of nanoparticle solution. 
Silver nitrate: 2.5 mg. Magnification: 100,000. 
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It is known that the synthesis of functionally active nanoparticles with the size not over 15 nm, is interesting for 
various fields of medicine and technology. For example, in dentology and surgery, such nanoparticles are effective 
when used as an antibacterial component of wound coverings and anti-infective agents for neutralizing gram-negative 
microorganisms [14, 23]. Moreover, they possess antiviral properties preventing virus replication and a powerful 
fungicidal effect [24]. Nanoparticles ranging from 15 to 30 nm, have rather high photocatalytic activity due to the 
formation of reactive oxygen species and are more effective for laboratory diagnostics as a biosensor element [25]. 

When during the synthesis, the AgNO3 concentration is reduced by 2 times, the number of ≤5 nm AgNPs 
(p < 0.05) significantly grows, whereas in adding 5 mg AgNO3 to the reaction system, AgNPs are not detected at all. As 
can be seen in Fig. 3, the amount of ≤5 nm AgNPs is 8.6% of their total number. One can see that the number of 
nanoclusters increases by 13.6 times (p < 0.05) in the size range of 6 to 10 nm, when 2.5 mg AgNO3 is added to the 
reaction system. The similar dynamics is observed for AgNPs ranging from 11 to 15 nm, i.e., their number grows by 
more than 10.1 times (p < 0.05) as compared to their content after the synthesis with 5 mg of AgNO3. 

According to SEM backscattered-electron images, the total number of AgNPs ranging between 16 and 25 nm, 
remains unchanged when synthesized with the different content of silver nitrate (p > 0.05), despite the different AgNP 
percentage, which is almost twice as large in adding 5 mg of AgNO3 than in adding 2.5 mg of AgNO3 (see Fig. 3). At 
a lower AgNO3 concentration, the opposite dynamics of the larger nanoparticle formation is observed in all size ranges 
(>25 nm), which is accompanied by a decrease in their proportion from 60 to 5.2% of the total number in the prepared 
colloidal solution. In adding 2.5 mg of AgNO3 to the reaction system, the content of nanoparticles ranging from 26 to 
30 nm, drops by more than 16.5 times, and their absolute number – by 9.2 times (p < 0.05) as compared to their content 
after the addition of 5 mg of AgNO3. The content of nanoparticles ranging from 31 to 40 nm, drops by 12.9 times, and 
their absolute number – by 7.1 times (p < 0.05), whereas for >40 nm nanoparticles, this drop is 8.3 and 4.6 times 
(p < 0.05), respectively. 

At a 2-fold decrease in the AgNO3 concentration in the reaction system, the number of fine (≤15 nm) AgNPs 
obtained by cavitation-diffusion photochemical reduction, significantly grows (p < 0.05), while the number of >25 nm 
AgNPs reduces (p < 0.05) and does not exceed 5.3% of the total AgNP content in the synthesized colloidal solution (see 
Fig. 3). 

 
*Statistically significant difference in the AgNP content of comparable size 
range (p < 0.05) from that in the reaction mixture with 5 mg of AgNO3. 100% 
corresponds to 83 and 151 AgNPs at 5 and 2.5 mg of AgNO3, respectively. 

Fig. 3. AgNPs of different size at different AgNO3 concentration during the synthesis process. 
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CONCLUSIONS 

The experimental data demonstrated a significant modification of final products of photochemical reduction via 
changes in the reagent concentration in the reaction mixture to produce AgNPs of a certain size and their further 
application in different fields of science and technology.  

It is advisable to use fine (<16 nm) AgNPs in medicine as, for example, an antimicrobial agent, since they 
constitute up to 94.7% at a 2-fold decrease (down to 2.5 mg) in the AgNO3 concentration and constant concentration of 
the reducing agent and ligand. This is stipulated by the ability of fine AgNPs to provide greater contact with bacterial 
cells for their easier absorption. All this ensures the nanoparticle adhesion through electromagnetic interactions, when 
the positive charge on the outside of the nanocluster contacts with the negative electrical charge of the cell membrane of 
a bacterium or fungal cell, thus improving the nanoparticle adhesion to the membrane, followed by penetration into the 
pathogenic microorganism. The antimicrobial effect can further be achieved also by the Ag+ release, which attach to 
cytoderm proteins, causing irreversible structural changes in cell membranes and death of pathogens. Nanoclusters can 
also bind to mitochondrial and nucleic acids, causing their damage and preventing microbial cell division [26]. 

Coarse AgNPs obtained via the increase in the AgNO3 concentration up to 5 mg constituting over 60%, can be 
used, for example, in agriculture. Negatively charged AgNPs ranging from 30 to 60 nm, demonstrated the most 
beneficial effect on soil microbiota. They increased the number of microorganisms with beneficial properties (nitrogen-
fixing bacteria, lignin-degrading microbes) [27]. Moreover, coarse (~60 nm) AgNPs immobilized in a chitosan film, can 
be used for reproducible, sensitive, label-free quantitation of β-amyloid aggregates in diagnostics of early stages of 
neurodegenerative diseases [28]. Also, these nanoparticles can be employed for the surface functionalization, for 
example, to improve the photocatalyst efficiency fecilitating a wide use of various nanohybrids [29].  

The proposed synthesis of silver nanoparticles using cavitation-diffusion photochemical reduction in the 
presence of 10 mg of polyvinylpyrrolidone allowed to significantly change the AgNP size range, viz. from 60% of 
≥26 nm nanoparticles (at 5.0 mg of AgNO3) to 94.7% of ≤15 nm nanoparticles (at 2.5 mg AgNO3), that meets the needs 
of science and technology, including medical and pharmaceutical industries, agriculture, and laboratory diagnostics. 
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