
Research Article
Sonoelectrochemical Synthesis of Antibacterial Active Silver
Nanoparticles in Rhamnolipid Solution

Mariana Shepida , Orest Kuntyi, Martyn Sozanskyi , and Yuriy Sukhatskiy

Lviv Polytechnic National University, Lviv 79013, Ukraine

Correspondence should be addressed to Mariana Shepida; maryana_shepida@ukr.net

Received 27 April 2021; Revised 26 May 2021; Accepted 27 May 2021; Published 15 June 2021

Academic Editor: Ştefan Ţălu
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*e results of studies of the synthesis of AgNPs colloidal solutions by cyclic voltammetry (E from +1.0 to −1.0V) in rhamnolipid
(RL) solutions and the use of soluble anodes in the ultrasound field (22 kHz) are presented. It is shown that the algorithm of anodic
dissolution—reduction of Ag(I)—nucleation, and formation of AgNPsmakes it possible to obtain nanoparticles with the size from
1 nm to 3 nm. It was found that with an increase in the RL concentration from 1 g/L to 4 g/L, the anodic and cathodic currents
increase as well as the rate of AgNPs formation, respectively.*e rate of nanoparticles formation also increases with an increase in
temperature from 20°C to 60°C, and it corresponds to the diffusion-kinetic range of action of this factor. Moreover, the size of
AgNPs depends little on the temperature. *e character of the UV-Vis pattern of AgNPs colloidal solutions in RL (with an
absorption maximum of 415 nm) is the same over a wide range of nanoparticle concentrations. *e curves practically do not
change in time, which indicate the stability of anodic and cathodic processes during prolonged sonoelectrochemical synthesis.*e
cyclic voltammetry curves practically do not change in time, which indicate the stability of anodic and cathodic processes during
prolonged sonoelectrochemical synthesis. *e antimicrobial activity of synthesized AgNPs solutions to strains of Escherichia coli,
Candida albicans, and Staphylococcus aureus was established.

1. Introduction

Silver nanoparticles (AgNPs) are widely used in pharmacy,
cosmetics, anti-infective therapy, and the textile industry
[1, 2]; they are promising in sensorics [3], in antibacterial
galvanic metal [4] and alloy [5] composite coatings, and
catalysis [6]. Physicochemical properties of nanoparticles
significantly depend on their geometry [6–10]. So, controlled
synthesis in shape and size is one of the priority areas of
nanochemistry of metal nanoparticles (MNPs) in the last
decade [11–14]. *e nucleation and growth of nanoparticles
in solution are multistage processes [15–18], and their course
depends on many factors. Among the latter, the concen-
tration of precursors (metal ions, surfactant, and its ratios)
[11, 12, 14, 16], pH of solution [13, 16], temperature [16], and
especially, the transport effect [18] are important. *e action
of these factors is due to the synthesis methods, among
which the most promising in the aspect of processes

controllability is electrochemical [19–24]. *ey also meet to
the criteria of “green” technologies. A hybrid one, which
combines electrochemical and sonochemical processes, is
sonoelectrochemical synthesis [25–30].

Sonoelectrochemical synthesis of metal nanoparticles
includes electrochemical reduction of metal ions with their
subsequent removal from the cathode surface. A combi-
nation of sequential pulse electrolysis and pulse sonolysis is
often used for this [25, 27]. Moreover, during a current
impulse (τon), MNPs are formed on the cathode surface,
which are “shaken off” from it during the ultrasound period
(τUS). So, the controlled synthesis of nanoparticles by ge-
ometry is carried out according to the algorithm of time of
electrolysis (τon)⟶ time of ultrasound (τUS) pause of
electrolysis and ultrasound (τoff). Moreover, the main pa-
rameters of the influence are τon and the value of the
cathode current (іcathode), τUS, and the concentration of
metal ions [25, 27, 31]. *e sonoelectrochemical synthesis in
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surfactant solutions by cyclic voltammetry and the use of
sacrificial anodes is promising [30]. It allows providing an
algorithm for the concentration of metal ions due to the
anodic reaction.

M(solid)⟶ Mn
+(solution) + ne (1)

When using an ultrasonic field due to the collapse of
cavitation bubbles, which accompanied by the appearance of
local zones with extreme temperatures and pressures, the
water sonolysis occurs (2) and decomposition of surfactant
molecules (3) with the formation of radicals [29]. *e latter,
primarily H• (4) and R• (5), are involved in the reduction of
Nn + ions to N0 atoms with the subsequent formation of
MNPs. So, at sonoelectrochemical synthesis of MNPs, ul-
trasound performs a dual function: (1) “shaking” nano-
particles from the cathode surface and (2) sonolysis of water
and surfactant with the formation of radicals, which lead to
the reduction of metal ions and the formation of nano-
particles in solution.

H2O⟶ )))H•
,
•OH,HO•

2 (2)

R − H⟶ )))R•
+ H•

(3)

nH•
+ Mn+⟶ nH+

+ M0 (4)

nR•
+ Mn+⟶ MnR′ + M0

+ nH+ (5)

Sonoelectrochemical synthesis of AgNPs is carried out in
solutions containing surfactants that act as nanoparticles
stabilizers (Table 1). However, these are mainly polymeric
organic substances containing an electrodonating atom.
With its participation, a surface complex of surfactants-
AgNPs is formed.

*e aim of the work is to establish the effect of ultra-
sound on the formation of AgNPs by cyclic voltammetry in
rhamnolipid solutions with the use of sacrificial anode.
Rhamnolipids are microbial biosurfactants, a natural sur-
face-active agent that exhibits antibacterial activity and
biodegradable properties [37–39]. It is known that rham-
nolipids form complexes with metal ions [40–43] and are
effective stabilizers of AgNPs [24, 44–47]. *erefore, the
work is aimed at controlled “green” synthesis of small silver
nanoparticles.

2. Experimental

Sonoelectrochemical synthesis of colloidal solutions of silver
nanoparticles was performed using a standard trielectrode
electrochemical cell with a volume of 50ml andMTech PGP-
550M potentiostat. Two identical silver plates (S� 14.4 cm2)
performed the functions of working and auxiliary electrodes
at the same time in cyclic voltammetry. *e reference
electrode was a silver chloride Ag/AgCl electrode with a
Luggin capillary containing 1mol/L of KNO3. Studies of the
electrochemical behavior of silver and the synthesis of
AgNPs were carried out using cyclic voltammetry in RL
solutions with a concentration from 1 to 4 g/L at rO � 9.0,

and temperature was changed from 20°C to 60°C. *e sweep
rate of the cyclic voltammetry potential is 50mV/s in the E
range from +1.0 to −1.0 V. For sonoelectrochemical syn-
thesis of colloidal solutions of silver nanoparticles, an ul-
trasonic emitter of magnetostrictive-type was used. *e
frequency of ultrasonic radiation was 22 kHz. Useful specific
power of ultrasonic radiation was from 40 to 62.5W/L.
Isothermal conditions for sonoelectrochemical synthesis of
colloidal solutions of silver nanoparticles were provided by
the UTU-4 ultrathermostat. *e samples of solutions were
analyzed using the UV-3100PC UV-Vis-spectrophotometer
(Shanghai Mapada Instruments Co., Ltd. (China)) in quarts
cuvettes 1 cm in thickness in the wavelength region from
190 to 1100 nm with maximum absorption at λ� 415 nm.

TEM images of the samples were recorded using a JEM-
I230 (JEOL, Tokyo, Japan) with an acceleration voltage of
80 kV.*e samples for TEM investigations were prepared by
drying 0.05 μL of silver sol on the carbon grid at room
temperature. *e diameters of obtained AgNPs were de-
termined using TEM images by comparing individual
particles’ sizes with the scales presented on images. *e
statistical histograms were obtained using Origin software
pack with its standard deviation values of nanoparticle size.
Additionally, NPs size and density were determined by using
the public domain Java image processing program ImageJ2
[48].*eoretical calculations and processing of experimental
data are created by means of the software (Inconico Screen
Calipers 4.0, OriginPro 8.0).

*e antibacterial activity of AgNPs was evaluated against
Gram-negative Escherichia Coli (E. coli) and Gram-positive
bacteria Staphylococcus aureus (S. aureus) and Candida
albicans (C. albicans). To do this, the bacteria were inocu-
lated into Petri dishes with a solid selective nutrient medium
for each species of microorganisms: yellow-salt agar, for the
culture of S. aureus, Endo agar, for the culture of E. coli, and
agar Saburo, for Candida albicans . Inoculation was per-
formed after 1, 6, 18, and 48 hours of contact of bacteria with
AgNPs solution. All the biological material was incubated at
37°C for 24 hours in a bacteriological incubator. Antibac-
terial activity was indexed by percentages of inhibition,
colony-forming units per mL (CFU/mL). Hence, the initial
concentration is E. coli, 110 CFU/mL, S. aureus, 230CFU/
mL, Candida albicans, 70 CFU/mL.

3. Results and Discussion

Sonoelectrochemical synthesis of AgNPs by cyclic voltam-
metry in rhamnolipid solutions with the use of silver anode
goes through the algorithm of anodic dis-
solution—reduction of Ag(I)—nucleation, and formation of
AgNPs. All three stages proceed with the participation of the
surfactant in the ultrasonic field. Due to the oxygen elec-
trodonor atom, adsorption of RL molecules on the anodic
surface occurs, and the [AgRL]+ rhamnolipid complex is
formed upon dissolution of silver (6). *e [AgRL]+ complex
participates in cathodic reduction (7) and reduction by
radicals (7a), as well as in the formation and stabilization of
nanoclusters (AgNCs) and AgNPs.
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Anodic dissolution : Ag(solid) + RL⟶ )))[AgRL]
+
(solution) + e (6)

Reduction of Ag(I): [AgRL]
+
(solution) + e⟶ )))[Ag(0)RL](solution) (7)

[AgRL]
+
(solution) + H

•
R

•
( ⟶ )))[Ag(0)RL](solution) + H + R′(  (7a)

m[Ag(0)RL](solution)⟶ )))[AgNCsRL]⟶ · · ·⟶ [AgNPsRL] (8)

A consequence of the ultrasound action in these stages is
the formation of small in size AgNPs with a relatively small
scatter in the value of this quantity (Figure 1), which in-
dicates a predominant nucleation rate as compared to the
growth of nanoparticles. *is is due to the intensification of
diffuse processes under the influence of acoustic cavitation
and the implementation of “soft” mixing of the entire
volume of the reaction medium. So, ultrasound accelerates
the reduction of [AgRL]+ ions following reactions (7) and
(7a) and the formation of AgNCs and AgNPs stabilized by
rhamnolipid. So, ultrasound accelerates the reduction
processes of [AgRL]+ ions by (7) and (7a) reactions and the
formation of rhamnolipid-stabilized AgNCs and AgNPs.

*e stability of the first two stages of the algorithm of
sonoelectrochemical synthesis of AgNPs, namely, the pro-
cess of anodic dissolution of silver (6) and cathodic re-
duction of [AgRL]+ ions (7), is confirmed by the practical
reproducibility of cyclic volt-ampere curves during long-
term electrolysis (Figure 2).

*e stability of the sonoelectrochemical synthesis of
AgNPs, including (6)–(8) processes, is confirmed by the almost
linear dependence of the optical density (O.D.) over time
(Figure 3). Moreover, the wavelength value (415nm) of O.D.
maximums (λmax) does not change during sonoelectrolysis and
long-term storage of solutions (two months). *e range (from
300 to 600nm) also does not change. All these indicate the
stability of geometry of the synthesized nanoparticles.

With an increase in the concentration of rhamnolipid,
the anodic current densities increase, which is identical to
the rate of silver dissolution (Figure 4(a)). Such regularity is
observed even without an ultrasonic field [24]. It is also
characteristic in solutions of polymeric surfactants, for ex-
ample, NaPA [23]. *is is due to the complexation of Ag+
ions during (6) reaction, where increasing the ligand (RL)
concentration promotes to accelerate the process. Accord-
ingly, the rate of sonoelectrochemical synthesis of AgNPs
increases (Figure 4(b)), which includes cathodic (7) and

sonochemical (7a) reduction of Ag(I) from [AgRL]+ com-
plexes. Moreover, the λmax value is practically independent
of the RL concentration in the solution.

With increasing the temperature, there is a tendency to
increase in the values of anodic current densities; however, a
clear temperature dependence of this value was not found
(Figure 5(a)). *is is due to the simultaneous action of many
factors, among which, first of all, such as the following: in-
creasing electrical conductivity, improving diffusion, and
weakening the adsorption of rhamnolipid molecules on the
anodic surface. *e consequence of the increasing in anodic
currents is an increase in the values of cathodic currents and the
rate of sonoelectrochemical synthesis of AgNPs (Figure 5(b)).

*e character of the absorption spectra and the λmax
values (Figure 5(b)) practically do not change with in-
creasing temperature, that is, indirect evidence of the in-
significant relationship between AgNPs geometry and this
factor. Confirmation is the temperature dependence of the
size of nanoparticles by sonoelectrochemical synthesis,
where a significant increase is not observed in the range from
20 to 60°C (Figure 6). For comparison, in electrochemical
synthesis, the influence of temperature factor is significant
[24]. *us, ultrasound provides a high rate of (7) and (7a)
reactions and leads to almost complete reduction of [AgRL]+
ions in the cathodic period of cyclic voltammetry. *is
promotes the predominant nucleation process (8) and
prevents appreciable growth of AgNPs.

4. Antibacterial Activity of Synthesized AgNPs
(Antibacterial Study)

*e results of studies of the antibacterial properties of
sonoelectrochemically synthesized AgNPs indicate their
activity against Gram-positive bacteria of Staphylococcus
aureus ATCC 25923 and Gram-negative bacteria of
Escherichia coli ATCC 25922 (Table 2) and fungicidal
bacteria of Candida albicans ATCC 885-653 (Table 3).

Table 1: Conditions for the sonoelectrochemical synthesis of silver nanoparticles.

Precursors Stabilizer (surfactant) Ultrasound parameters λmax (nm) AgNPs size (nm) References
Sacrificial anode NaPa 22 kHz, 40, . . ., 62.5W·dm−3 500 4–30 [30]
AgNO3 NTA 60W·cm−2 413 Nanorods, ∅� 10–20 [31]
AgNO3 EDTA 50 kHz, 100W — ∅� 80, >15 μm long [32]
AgNO3 NTA Pulse US, 750W — 5± 2, 60± 30, 75± 25 [33]
Ag3C6H5O7 PVP Pulse US, 22 kHz 410 20–25 [34]
AgClO4 PVP 40 kHz, 50W 415–426 7–10 [35]
AgNO3 SDS Pulse US, 100W·cm−2 401, 418 ∼20 [36]
NaPa, sodium polyacrylate; NTA, nitrilotriacetate; EDTA, ethylenediamine tetraacetic acid; PVP, polyvinylpyrrolidone; SDS, sodium dodecyl sulfate.
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Figure 1: TEM images (a) and the size distribution histograms (b) of AgNPs, synthesized in RL solution (2 g/L) at 40 cycles, t� 20°C.
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Figure 2: Array of cyclic voltamperograms of silver in RL solution (2 g/L), t� 20°C, 20 cycles.
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Figure 3: Spectral dependences of optical absorption of AgNPs obtained by sonoelectrochemical synthesis (a) at different process durations
(min): 1–5; 2–10; 3–15; 4–20; and 5–25 and (b) change of O.D. maximum and color over time.
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*e antimicrobial properties of AgNPs can be explained
by two different mechanisms: (1) fixation of AgNPs on cell
membranes, followed by their penetration into the cell and
damage to the membrane with the release of the cell contents
(the so-called “Trojan horse mechanism”) [49], and (2)
release of Ag+ ions, which have antimicrobial properties.

*e antibacterial (disinfection) effect of AgNPs colloidal
solutions synthesized by the sonoelectrochemical method at
20°C is absolute for strains of Escherichia coli ATCC 25922
and Candida albicans ATCC 885-653 (Figure 7).

Antibacterial and fungicidal properties of the synthe-
sized AgNPs solutions can be caused by two different

J (
m

A
/c

m
2 )

4gL
2gL
1gL

–0.4

–0.2

0.0

0.2

0.4

0.6

–0.5 0.0 0.5 1.0–1.0
E (V)

(a)

4gL–1

2gL–1

1gL–1

0.0

0.2

0.4

0.6

0.8

1.0

1.2

O
.D

.

400 600 800200
λ (nm)

(b)

Figure 4: Cyclic voltamperograms (a) and spectral dependences of optical absorption (b) of AgNPs, synthesized ultrasonically in an
aqueous solution of RL (1, . . ., 4 g/L) at the temperature of t� 20°C and the process duration of 20 cycles.
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Figure 5: Cyclic voltamperograms (a) and spectral dependences of optical absorption (b) of AgNPs, synthesized ultrasonically in an
aqueous solution of RL (2 g/L) at the temperature of t� 20, 40, and 60°C and the process duration of 20 cycles.
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Figure 6: TEM images (A, B, C) and the size distribution histograms (A′, B′, C′) of AgNPs, synthesized in RL solution (2 g/L) at t� 20 (a), 40 (b),
and 60°C (c).
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mechanisms: 1, fixation of silver nanoparticles on cell
membranes, the interaction of AgNPs from the protein
component of the membrane, which leads to its damage, and
accordingly, the introduction of cell contents; 2, release of
Ag + ions, which have bactericidal and fungicidal properties.
*e high affinity of AgNPs with phosphorus and sulphur is
the main reason of their antibacterial effect. Cell mem-
brane has a lot of sulphur-containing proteins. *e cell
viability of bacteria could be destroyed by AgNPs, when
they react with sulphur-containing amino acids outside or
inside the cell membrane. *ey also investigated that
silver ions from the AgNPs react with phosphorous, which
results in the stopping of DNA replication or reaction
with sulphur-containing proteins, that inhibits the en-
zyme functions [50]. In general, the diameter of AgNPs is
<10 nm, and they attack the sulphur-containing proteins
of bacteria and leads to penetrability of the cell membrane

and later death of bacteria [51]. AgNPs with a diameter
<10 nm makes pores on the cell walls of bacteria. *is
leads to cell death by realising cytoplasmic content
without changing of extracellular and intracellular nucleic
acids and proteins of bacterium [52].

5. Conclusions

Cyclic voltammetry E from +1.0 to −1.0V in solutions of
rhamnolipid, natural origin surfactant, and using the ul-
trasonic field (22 kHz) and the sacrificial anode allow to
realize “green” synthesis of stabilized silver nanoparticles to
the algorithm of anodic dissolution—reduction of Ag(I)—
nucleation and formation of AgNPs. *is provides con-
trolled production of nanoparticles from 1 to 3 nm in size in
a wide range of RL concentrations (from 1 to 4 g/L) and
temperatures (from 20 to 60°S). *e rate of AgNPs synthesis

Table 2: Antibacterial properties of colloidal solutions of silver nanoparticles synthesized by the sonoelectrochemical method and stabilized
with rhamnolipid solution.

Species of bacteria Exposure time (h) Quantity CFU (cm3) Bactericidal action Percentages of inhibition (%)

S. aureus ATCC 25923 (F-49)

1 230 − 0
6 60 − 73.9
18 Not found + 100
48 Not found + 100

E. coli ATCC 25922 (F-50)

1 110 − 0
6 Not found + 100
18 Not found + 100
48 Not found + 100

CFU, colony-forming units; +, pronounced antimicrobial (disinfecting) effect (no growth of microorganisms); −, no antimicrobial (disinfectant) action
(available growth of microorganisms).

Table 3: Fungicidal properties of colloidal solutions of silver nanoparticles synthesized by the sonoelectrochemical method and stabilized
with rhamnolipid solution.

Species of mushrooms Exposure time (h) Quantity CFU (cm3) Bactericidal action Percentages of inhibition (%)

Candida albicans ATCC 885–653

1 70 − 0
6 30 − 57.1
18 5 − 92.9
48 Not found + 100
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Figure 7: Photos of Petri dishes, illustrating the bactericidal effect of AgNPs solutions, stabilized with rhamnolipid solution, in relation to (a)
Staphylococcus aureus ATCC 25923, (b) Escherichia coli ATCC 25922, and (c) Candida albicans ATCC 885-653.
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increases with increasing surfactant concentration and
temperature, which is due to the acceleration of anodic
dissolution of silver. Sonoelectrochemically obtained AgNPs
colloidal solutions show antimicrobial activity to Staphy-
lococcus aureus, Escherichia coli, and Candida albicans.
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et al., “Electrodeposition of antibacterial Zn-Cu/silver
nanoparticle (AgNP) composite coatings from an alkaline
solution containing glycine and AgNPs,” Journal of Electro-
analytical Chemistry, vol. 823, pp. 328–334, 2018.
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