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Abstract

Therefore, researchers devote special attention to the search of new composite nanoparticles for biomedical applications. In
this research CuO-ZnO composite nanoparticles was synthesized by electrical explosion of cooper and zinc wires in oxygen
containing atmosphere. The atomic ratio of metals in the nanoparticles was regulated by varying the wire diameters. The as-
synthesized nanoparticles were characterized by powder x-ray diffraction analysis, transmission electron microscopy, energy-
dispersive x-ray spectroscopy techniques, sedimentation method, micro electrophoresis and adsorption of nitrogen (BET
method). The particles are mostly spherical or close to spherical shape. In the x-ray diffraction patterns of the synthesized
nanoparticles the main reflexes correspond to the phases of ZnO and CuO. Furthermore, antibacterial activity of ZnO-CuO
nanoparticles against Escherchia coli (ATCC 25922) and MRSA (ATCC 43300) were studied, using agar diffusion test and
micro dilution assay. Theses result showed synthesized CuO-ZnO nanoparticles have efficient antibacterial activity against
gram positive and gram negative bacteria and exceed the antibacterial activity of ZnO and CuO nanoparticles.

1 Introduction

Recently, many researchers pay much attention to synthesis
and study of composite multicomponent metal-oxide nano-
particles with enhanced antibacterial activity and biocom-
patibility. This is due to the fact that alternative methods
are being actively sought at present to fight antibiotic and
biocide resistant bacteria. As early as 1998 Chapman [1]
described bacteria acquired resistance to wide range of pre-
servatives and disinfectants. Moreover, emergence of bac-
teria resistant strains negatively impacts on water environ-
ment, hospital environment, food industry [2—4].
Metal-based nanoparticles are novel antibacterial alter-
native which exhibit enhanced bactericidal properties [5].
A great deal of interest in composite nanoparticles (CNPs)
was generated by their unique properties including not
only components additive effect but also synergetic one
[6-8]. Physicochemical parameters of the metal compo-
nents are altered which may lead to novel reactivity towards
living organisms. This can alter CNPs activity towards
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bacteria, enhance antibacterial properties [9]. Cu/TiO, [10],
AIOOH-Ag [11], noble metal - ZnO [12] nanoparticles and
nanostructures with enhanced antibacterial properties have
been synthesized.

In the context of the problem, the synthesis and use of
CNPs based on copper and zinc oxides can be promising.
Both CuO and ZnO are known to have exhibit antibacte-
rial activity [13, 14]. The oxides also are biocompatible and
are of low toxity and cost. Carbone et al. [15] showed that
mixed oxide Cu, 13Zn,,70 have more pronounced antibacte-
rial effect than the single oxides. Cuy, (sZnO, 95 nanoparticles
less than 40 nm in size have been prepared by coprecipita-
tion from corresponding nitrate precursors but assessment
of the antibacterial activity was not carried out. CuO/ZnO
CNPs 15-20 nm in size at a concentration 200 pg/mL pre-
pared by coprecipitation from hyrdroxycarbonate precursors
[16] have shown to inhibit E. coli growth. Double precipita-
tion technique was used to synthesize CuO/ZnO CNP with
hexagonal wurtzite-monoclinic phase morphology [17].
E. coli lysis zones for the CNPs with 0.5 g weight reached
20 mm. CuO/ZnO CNPs were synthesized also by sol-gel
method [18], electrospinning technique [19], deposition of
ZnO on the surface of CuO nanowires [20], green synthesis
in Mentla longfolia leaf extract [21].

In the present study, we report new method for produc-
tion of CuO/ZnO CNPs with different components ratios
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by simultaneous electric explosion of Cu and Zn wires in
oxygen containing atmosphere. The effects of varying the
Cu-Zn atomic ratio on the antibacterial properties have been
investigated and the results are discussed in this paper.

2 Materials and methods

2.1 Perparation of Cu0O-ZnO, CuO and ZnO
nanoparticles

Cu0O/ZnO CNP were prepared by the wire electric explosion
(EEW) method in argon-oxygen gas mixture (80 volume
percent Ar and 20 volume percent O,), the pressure of the
gas mixture being 3 x 10° Pa. Electric circuit diagram of the
EEW device is given in Fig. 1. The twisted copper and zinc
wires were used to prepare CuO-ZnO nanoparticles. Cu—Zn
atomic ratio in samples prepared was determined by values
of wire diameters d; and d,.

The device operates in a following way. Energy capaci-
tive storage (C) is charged with the power supply (PS) to
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Fig. 1 Circuit diagram of the facility employed for the production of
CuO-ZnO nanoparticles
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the preset voltage U, measured by kilovoltmeter (kV). Metal
wire is wound on a coil / and placed in tight chamber 2. The
wire moves continuously towards the grounded electrode
4 by feed mechanism 6. The length of the wire exploded
corresponds to the distance between grounded electrode 4
and high voltage electrode 3. The wire reaching grounded
electrode 4, the discharge arrangement operates and high
current pulse with density ~ 107 A/cm? flows. Under the
action of the current pulse with duration 1...2 ps the wires
explosive destruction takes place. Current and voltage time
dependencies are recorded using voltage divider R,—R; and
current shunt R,,.

Aerosol containing nanoparticles is taken out of chamber
2 using a fan 7. CNP are precipitated in the separator 8 under
action of the centrifugal force. Purified gas mixture re-enters
the chamber 2. Frequency of the explosions in the experi-
ments is 20 explosions per minute.

Parameters specified for the preparation of CuO-ZnO,
CuO and ZnO nanoparticles are listed in Table 1. The
parameters listed provide value of the energy introduced
into wire corresponding energy being equal 1,8+2,4 of sub-
limation energy.

2.2 Characterization of nanoparticles

The resulting samples were characterized by x-ray dif-
fraction (XRD) in a Shimadzu XRD 6000 diffractometer
operating with Cu Ka radiation at 40 kV and 30 mA in
scanning mode in the range of angles 20 from ~ 20 to 80°
with a step width of 0.02°. Qualitative phase analysis was
carried out with powder diffraction file database PDF-2
Release 2014. Nanoparticles morphology and size distri-
bution were studied by transmission electron microscopy
(JEM-2100, JEOL, Japan) with integrated energy-disper-
sive x-ray spectroscopy (EDS) system X-Max (Oxford
Instruments, GB). Agglomerates size distribution of the
nanoparticles were obtained by the sedimentation method
using CPS DS24000 disc centrifuge (CPS Instruments,

Table 1 Parameters of the EEW

. Sample* Wire material d,, mm l,,, mm N, at% C, pF Uy, kV
experlments
Zn0*>-Cu0? Zn 0.38 90 92 32 24
Cu 0.10 8
Zn0’*-Cu0?%* Zn 0.38 90 74 32 28
Cu 0.20 26
Zn0*—Cu0>® Zn 0.38 90 50 32 33
Cu 0.30 50
ZnO Zn 0.38 90 99.9 32 22
CuO Cu 0.37 80 99.9 32 29

d,, exploded wires diameter, /,, exploded wire length, N metal ratio in wire, C energy storage electric

capacitance, U, voltage preset

2 Atomic ratio of Zn or Cu in CNPs
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Prairieville, LA, USA). Zeta potential measurements were
performed in deionized water at 25 °C and various pH
values using Zetasizer Nano ZSP instrument equipped
with an auto-titration unit MPT-2 (Malvern Instruments
Ltd, GB) with use of Zetasizer Software.

2.3 Antibacterial activity determination

The antibacterial effect was determined by the viable
counts method and agar diffusion test methods using bac-
teria E. coli ATCC 25922 kindly provided by the Rus-
sian National Collection of Industrial Microorganisms
and methicillin-resistant Staphylococcus aureus (MRSA)
ATCC 43300 kindly provided by BioVitrum (Novosibirsk,
Russia). We adjusted the bacterial suspension to achieve
a turbidity equivalent to a 0.5 McFarland standard (Den-
silameter II, ERBA Lachema). This results in a suspen-
sion (stock solution) containing approximately 1.5 x 10®
colony-forming units (CFU)/mL. The optical density (OD)
of E. coli suspension was 0.3111, the OD of MRSA sus-
pension was 0.2823.

For agar diffusion test, 20 mL of Mueller—-Hinton agar
was poured into sterile Petri dishes (diameter 55 mm) and
let to solidify. After solidification, wells were made using
sterile cork borer. Using a micropipette, 200 pL of nano-
particles water suspension (100 pg/mL) was poured into
these wells. Petri dishes were incubated at 37 °C for 24 h.
The antibacterial activity was determined by measuring
the diameters of inhibition growth zones.

To evaluate the antibacterial activity the viable counts
method was used also. In this method, in vitro killing
dynamics of bacteria by the nanopowder was measured
by counting the residual bacteria in comparison with the
starter. A bacterial suspension in phosphate buffered saline
(PBS) with the concentration of 10° CFU/mL was prepared
by dilution of the stock solution. 30 mg of the tested pow-
der were added to 30 mL suspension contained in a sterile
conical tube and incubated at room temperature under stir-
ring on a magnetic stirrer PE-6600 (Ecroskhim, Russia).
After 1, 3 and 6 h, aliquots of 100 pL were taken from
each test tube and added to sterile PBS. 30 pL of the PBS
suspension were spread on Mueller—Hinton agar plates.
The residual viable bacteria (CFU/mL) were counted after
24 h incubation at 37 °C.

Micro-organisms in PBS only were used as negative
controls. Micro-organisms in the presence of CuO and
ZnO EEW nanoparticles were used as positive controls.
For each sample, two independent experiments with five
repetitions for every sample per experiment were per-
formed. Statistical analysis was performed by unpaired
Student’s ¢ test and p < 0.05 was considered statistically
significant.

3 Results and discussion

Figure 2a shows TEM images of the studied ZnO*°-Cu0O*°
CNPs. The particles are mostly spherical or close to
spherical shape. The distribution of Cu and Zn in particle
volume based on the data of elemental analysis is homog-
enous for some particles, other particles are characterized
by the predominance of one of the elements, there are also
particles with segregated components with a core—shell or
Janus-like structure.

Figure 2b shows TEM images of ZnO’*~Cu0O?*® CNPs.
The particles are mostly spherical. This sample is char-
acterized by the presence of particles mainly enriched
with Zn and having a complex shape. The distribution
of Cu and Zn in particles is inhomogenous. Zn0?>~CuQ8
CNPs is a set of particles having a spherical, hexagonal
and cylindrical shape (Fig. 2¢). No copper enriched areas
are observed, this can be connected both with homoge-
neous copper distribution and low copper content which
gives response at the background level. ZnO nanoparticles
have predominantly faceted shape (Fig. 2d). There are also
cubic, hexagonal, oval and less often spherical shaped nan-
oparticles. CuO nanoparticles are spherical shaped, size
ranges from 40 to 120 nm (Fig. 2e).

In the XRD patterns of the CNPs (Fig. 3), the main
reflexes correspond to the phases of ZnO (PDF Card No.
01-078-3325), CuO (PDF Card No. 00-002-1040) and, in
less extent, Cu,O (PDF Card No. 01-078-5772). The inten-
sity of the reflexes correlates with Cu—Zn ratio in the sam-
ples. The main reflexes observed on the diffractogram ZnO
correspond to ZnO phase (PDF Card No. 01-078-3325).
The main reflexes observed on the diffractogram CuO cor-
respond to CuO phase (PDF Card No. 00-002-1040) and
Cu,O (PDF Card No. 01-078-5772). Low intensity peaks
corresponding to Cu phase are also observed (PDF Card
No. 01-071-3671).

The particles being agglomerated, CNPs agglomerates
size distributions curves have been obtained. As can be seen,
similar distribution curves are characteristic for all samples
(Fig. 4). Based on the form of curves the particles slight
agglomeration can be assumed. Agglomerates average size
is 74 nm for ZnO**~Cu0, 85 nm for ZnO’*-Cu0?®, 102 nm
for ZnO?>~CuO8. CuO and ZnO nanoparticles agglomerates
average size is 50 and 82 nm respectively.

Zeta potential is one of the important characteristics of
nanoparticles which inhibit bacteria viability. Positively
charged particles are quickly bound to the negatively
charged bacterial membrane due to electrostatic interac-
tion resulting in change membrane permeability in virtue
of depolarization [22].
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Fig.2 TEM-image of nanoparticles: a 7Zn0**—Cu0°, b Zn0’*-Cu0?%, ¢ Zn0*>-Cu0?, d ZnO, e CuO

Figure 5 shows the curves of changes in zeta poten-
tial of the nanoparticles as a function of pH value. As
can be seen, zeta potential varies from ~40 mV in acidic
condition to~—38 mV in basic condition. Isoelectric
point (IEP) of ZnO>°-Cu0 is 9.7; Zn0"*~-Cu0?*—9.3;
Zn0”’-Cu08—9.6. Zeta potential measured at 25 °C and
pH 7 has positive values. These values are ~41 mV for
Zn0*’-Cu0”’, 38 mV for ZnO’*~Cu0* and 37 mV for
Zn0?>-CuO8. Thus, CNPs zeta potential remains positive
in the entire pH range of bacteria viability. ZnO and CuO
nanoparticles prepared in analogous conditions have simi-
lar characteristics. Zeta potential of ZnO nanoparticles at
25 °C and pH 7 is ~35 mV, IEP being 9.7, zeta potential
of CuO nanoparticles at 25 °C and pH 7 is 23 mV, IEP
being 9.3.

@ Springer

3.1 Antibacterial activity

Nanoparticles antibacterial activity was studied by agar dif-
fusion test method against Gram-positive bacteria E. coli A
and Gram- negative bacteria MRSA (Fig. 6). Statistical anal-
ysis showed the measured diameters of inhibition growth
zones around wells containing CNPs to be larger than those
around wells containing ZnO and CuO nanoparticles. As
seen in Table 2 bacteria inhibition growth zone diameter
for ZnO and CuO nanoparticles does not exceed 12 mm.
The maximum bacteria inhibition growth zone diameter was
demonstrated in case of ZnO°’~Cu0°® and ZnO”*~Cu0*°*—
16.4 and 18.3 mm respectively.

Nanopaticles antibacterial activity has been confirmed
additionally by micro dilution assay against MRSA. As
seen in Fig. 7 all particles tested possess antibacterial
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Fig.3 X-ray diffraction pattern D
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Fig.4 Agglomerate particle size distribution

activity against MRSA, the bactericidal effect was observed
in 6 h exposition. As can be seen from the histogram in
Fig. 7a, ZnO’*~Cu0O?® considerably reduced the number
of bacteria already after 1 h exposure. Similar effect for
Zn0>°-Cu0’® was observed only after 3 h exposure. The
least antibacterial activity among CNPs was demonstrated
by ZnO°>Cu0?, whose activity was comparable with that of
ZnO nanoparticles.

Main factor which can be thus associated with CNPs anti-
bacterial activity is copper cation release into surrounding

medium. Copper cations demonstrate antibacterial activity
against a wide range of bacteria such as S. aureus, Salmo-
nella enteric, Campylobacter jejuni, E. coli u Listeria mono-
cytogenes [23]. Currently, copper has been registered by the
US Environmental Protection Agency as the first and only
metal with antibacterial properties. Raffi et al. [24] explained
the antibacterial effect of copper nanoparticles to be due to
copper cation release followed by the induction of intra-
cellular reactive oxygen species. Li et al. [25] showed that
10 ppm copper results in decrease growth of E. coli by 90
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Fig.5 Zeta potential curves of nanoparticles

Fig. 6 Photographs of semi-solid agar plates inoculated with Escher-
ichia coli (a) and MRSA (b) showing a clear zone of growth inhi-
bition using nanoparticles by the agar-well diffusion method: a

Table 2 Antibacterial activity of nanoparticles

Nanoparticles Tested organisms

Escherichia coli ATCC MRSA ATCC

25922 43300

1Z +SD 1Z +SD
Zn0*’-Cu0”° 16.4 0.1 13.7 0.2
ZnO*-Cu0? 15.6 0.3 18.3 0.3
Zn0”’Cu0® 13.7 0.3 11.9 0.3
ZnO 11.9 0.2 11.3 0.1
CuO 10.8 0.2 11.9 0.2

1Z diameter of inhibition zone (mm), SD standard deviation

@ Springer

Zn0*°-Cu0*, b Zn0™*-Cu0?, ¢ Zn0”Cu0?, ZnO (d) and CuO (e)
nanoparticles used as a positive control

percent after 3 h exposure. Macrocyclic copper complexes
inhibited MRSA growth in the concentration of copper cati-
ons realased ranged from 6.25 to 12.5 pg/mL.

As illustrated in Fig. 8, the release of the metal cations
from metal oxide nanoparticles takes place which can be
the key factor of the antibacterial activity. Whilst in case of
CNP, the copper cation released concentration during the
exposure time from 30 min to 24 h does no exceed 1 pg/
mL. It follows that there is not enough copper cation in the
medium for rapid bacteria inactivation.

The highest concentration of zinc cations released was
observed for ZnO nanoparticles, which did not exhibit high
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Fig.8 The release of Cu?*and Zn>* ions into the surrounding medium

antibacterial activity. The mechanism of action of ZnO nan-
oparticles and zinc cations is complex and includes multiple
metabolic pathways [26].

On the contrary, CNPs are more active than monometal
oxide nanoparticles. Two possible mechanisms of the anti-
bacterial activity thus can be suggested. CNPs with the
higher zeta potential interact electrostatically with bacte-
rial cell wall resulting in membrane disruption followed
by bacterial cell death. Another possible mechanism may
include release of metal cations from nanoparticles, action
of the cation on bacterial cell followed by the cell mem-
brane depolarization [27]. The results of the study point
to the importance of deeper experimental investigation to
interpretate antibacterial activity mechanisms including at
molecular level.
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4 Conclusion

The results obtained in this study demonstrate that it is
possible by electrical explosion of copper and zinc wires
in argon atmosphere, to obtained CuO-ZnO nanopar-
tilces with different components ratios and positive sur-
face charge. We’ve also demonstrated that the synthesized
nanoparticles possess high antibacterial activity against
both gram-negative (E. coli) and high resistant gram-
positive (MRSA) bacterial strains and can completely
inhibit the growth of these microorganisms without sub-
stantial release of copper and zinc ions. The bacterial kill-
ing capability of the nanoparticles is believed to be due
electrostatic interaction resulting in change membrane
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permeability in virtue of depolarization. These results sug-
gest that CuO—ZnO nanopartilces are a promising antibac-
terial agent for biomedical applications.
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