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The paper is devoted to the investigation of antimicrobial activity of polymer nanocomposites of both low-density polyethylene
and nonwoven polymeric material (a mixture of woven and polyester fibers) that had been impregnated by Cu nanoparticles.
The microorganisms were grown according to generally accepted microbiological rules and on media recommended for each
bacteria family. Formation of biofilms of microorganisms was studied on the surface of microtiter plates for enzyme-linked im-
munosorbent assay. After incubation of microtiter plates, the culture medium was removed from the wells. The wells were rinsed
five times with sterile distilled water. The plates were air dried for 45 minutes and each well was stained with 1% crystal violet
solution in water for 45 min. After staining, the plates were washed with sterile distilled water five times. The quantitative analysis
of biofilm production was done by adding 95% ethanol for discoloration of the wells. The research shows the antibacterial activity
of Cu nanoparticles on planktonic forms of the investigated microorganisms, which prevented the formation of dense biofilms.
With the use of low-density polyethylene impregnated by Cu the ability to form biofilms by planktonic cells of the referent strains
of microorganisms was detected to decrease by 1.7 (Escherichia coli), 12.3 (Klebsiella pneumonia) times in the studied strains and
with the use of nonwoven polymeric material treated by Cu nanoparticles, the ability to form biofilms decreased by 1.8 (Escheri-
chia coli) — 21.8 (Klebsiella pneumonia) times in the studied strains. In subjecting the formed daily biofilms of referent strains of
microorganisms to Cu nanoparticles, the destruction of biofilms of the studied strains of microorganism was observed as well as
violation of the integrity of the biofilm monolayer and decrease of density index in comparison with control values. As a result, the
obtained polymer nanocomposites can be recommended for preventive use in the fight against nosocomial infections. The practic-
al relevance of this study lies in the possibility of reducing the incidence of purulent-inflammatory diseases and mycoses and,

accordingly, reduction of the costs of treating these diseases.
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Introduction

Recently, use of polymer materials in various areas has grown ra-
pidly. The development of such areas as aviation, engineering, transport,
the building and the food industry is impossible without the use of poly-
mer materials (Koniuszewska & Kaczmar, 2016; Ghori et al., 2018; Guti-
érrez, 2018). Polymers play a particularly an important role in modern me-
dicine. In this area, polymers are used widely, for example in the medico-
technical sphere in reconstructive surgery, traumatology, orthopedics, oph-
thalmology, stomatology, maxillofacial surgery, and in functional nodes
of surgical devices, etc. (Babker et al., 2018; Rokaya et al., 2018).

Numerous studies have been conducted on the exploitation of proper-
ties of polymer materials subject to different types of destruction, such as
thermal, thermo-oxidative, radiation, mechanical, photochemical and other.
However, microbiological destruction i.e. the destruction of polymer ma-
terials under the influence of various microorganisms has only been sys-
tematically studied in recent years. Besides, it is well-known that micro-
biological destruction is one of the most dangerous types of destruction
that affects polymer materials and causes failure of technical systems. It is
also known that the main factor of pathogenicity of microorganisms is
biofilm formation (Pathak & Navneet, 2017; Devi et al., 2015). About
99% of microorganisms can form biofilms. Due to this property, patho-
genic fungi and bacteria are able to survive in adverse conditions, are
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resistant to disinfectants and cause infectious processes. Recent studies
indicate that bacteria are capable of acquiring signs of virulence in bio-
films, in contrast to single bacteria. A dangerous feature of infections cau-
sed by biofilm-forming microorganisms is their high resistance to antibio-
tics (Tasneem et al., 2018). Many chronic and purulent-inflammatory di-
seases are the consequence of nosocomial infection as a result of the use of
medical devices (central venous catheters, urinary catheters, prosthesis,
mechanical heart valves etc.) on the surface of which microorganisms
form biofilms. The development of new methods to combat biofilms is
still an urgent issue today (Krishnan, 2015).

Thus, the study of microbiological destruction of polymer materials is
relevant, because it could lead to possible development of new methods of
protecting these materials (Pekhtasheva et al., 2012; Palza, 2015).

Based on the above, of particular note are non-woven polymer com-
posites based on a polymer matrix filled with metal nanoparticles (such as
Cu, Ag) for medical applications (Deng et al., 2015). It is known that
nanoparticles reveal new features due to quantum-size effects and, conse-
quently, reactivity and biological activity growth (Khezerlou et al., 2018).
In previous works (Borkow et al., 2009; Ahire et al., 2016; Khan & Ya-
qoob, 2017) the positive effect of nanoparticles of such metals as Cu in
connection with bactericidal properties was considered. Disinfectant pro-
petties of Cu alloys surfaces were determined but Cu antibacterial activity
mechanisms, its antimicrobial properties and ability to impact microbial
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biofilm formation (Agarwala et al., 2014; Jamal et al., 2018) are still not
systematically understood and are only covered in scattered studies. Nano-
Cu has a number of advantages over other nanoparticles: first of all, bio-
availability in the human body, second, sufficient antimicrobial effective-
ness, third, efficiency in production. Cu bioavailability with the human or-
ganism is explained by the fact that this metal is a component of a great
amount of vital enzymes such as lysyl oxidase, Cu-Zn-superoxide dismu-
tase, tyrosinase, ceruloplasmin, cytochrome oxidase, etc. Analysis of exis-
ting studies has shown the relevance of the issue of studying copper nano-
particles, which have an antimicrobial effect due to displacement of
essential metals from their native binding sites or through ligand interac-
tions, and also contribute to the formation of highly reactive hydroxyl
radicals as a result of reactions (Gaetke et al., 2014).

Thus, the purpose of this investigation is the determination of the in-
fluence of Cu nanoparticles incorporated into polymer matrices based
both on low density poly(ethylene) and non-woven polymer composite
(mixture of woven fibers/polyethylene teraphthalate (PET) fibers) on
formation of microbial biofilms which could lead to purulent-
inflammatory processes in the human organism.

Material and methods

As polymer matrices we used a commercial-grade low-density poly-
(ethylene) (LDPE, 18103-035, Ukraine) with a melt index of 2.0 g/10 min
(2.16 kg/190 °C) and commercial-grade non-woven polymer material
(amixture of woven fibers/polyethylene terephthalate (PET) fibers, Stel-
Ticks, Ukraine). Water dispersion of avalent Cu nanoparticles (CuNP) of
spherical form with average size, consequently, 20 nm (20.2 + 4.5 nm)
was synthesized by chemical condensation in the water environment in
the way of copper sulfate recovery by sodium borohydride. Final concen-
trations of precursors in conjugate: CuNP — 3.2 mg/mL per metal.

For the correct interpretation of the processes associated with the re-
lease of Cu nanoparticles from polymer-copper nanocomposites, first,
pure ones were analyzed. Figure 1 shows an electron-microscopic pho-
tograph of obtained avalent Cu nanoparticles.

Fig. 1. Electron-microscopic photograph of avalent
Cu nanoparticles: water dispersion of avalent Cu nanoparticles
of spherical form with average size 20 nm (20.2 +4.5 nm)

Final concentrations of precursors in conjugate: CuNP — 3.2 mg/mL
per metal. Size distribution charts (Fig. 2) were received in the way of
transmission electron microphotograph analysis with the help of Peb-
bles and Pebble Juggler programs according to the requirements of the
standard ISO 13322-1:2014 (Simonov, 2016).

Calculations were produced with the use of at least three micropho-
tographs of each substance. Representativeness of image sets is confir-
med by absence of statistically valid differences (single factor dispersive
analysis ANOVA) between the results of the calculation of the parame-
ter under study according to separate photos. General number of partic-
les for the size distribution chart building comprised at least 1000 units.

To confirm of the purity of Cu nanoparticles, radiostructural micro-
analysis was carried out. The results showed that content of Cu as share

of nanoparticles is 100% (Fig. 3). Presence of oxygen in particle struc-
ture was not recorded. Besides, copper oxide and hydroxide were not
found in the chemical composition microanalysis. It proves that the
nanostructures were particles of avalent Cu. Trace amounts of other
chemical elements found during the analysis were not compounds of
the sample under study and belonged to microscope lining material.
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Fig. 2. Size distribution of avalent Cu nanoparticles
according to the data of Pebbles and Pebble Juggler programs:
diameter (nm) average 20.2; the median 19.9; standard
deviation 4.5 (22.4%); nanoparticles 1015
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Fig. 3. Radiostructural microanalysis of CuNP chemical composition:
content of Cu as part of nanoparticles is 100%; on the abscissa axis:
magnitude of theparticle energy in keV; on the ordinate axis:
fraction of pulses per second (pps) and energy (eV)

The following reference strains of the microorganisms: Candida albi-
cans CCM 885, Escherichia coli ATCC 25922 (F50) = NCDC F 50,
Klebsiella pneumonia NCTC 5055 = SS B 5055, Pseudomonas aerugi-
nosa ATCC 27853 = NCDCF-51, Staphylococcus aureus ATCC
25923 = NCDC 25923 = F409, Streptococcus pyogenes 130001 were the
studied objects.

Two series of samples were prepared. The first series of the samples
(LDPE/CuNP) was prepared in the form of string (diameter 1.8 mm).
The string samples were received by mixing Cu nanoparticles (1 wt%)
with LDPE granules, which has been approved for medical use. Then the
strings from the mixture were produced with specially designed melt
index apparatus IIRT-AM-1 device at the temperature 190 °C and 2.16 kg
loading (standard conditions for LDPE). Then, the strings were cooled on
air, packed in polyethylene packages, and passed on for microbiological
study. The samples of the nanocomposites from non-woven polymer/
CuNP were prepared in two steps. In the first step, the samples of com-
mercial-grade nonwoven polymer composites were prepared by cutting
from billets. In the second step, the received samples were soaked in
water suspension of Cu nanoparticles at a concentration of 0.068% at
room temperature for 72 h. Then, the obtained samples were taken out
from the suspension and dried at 90-105 °C for 24 h.

The melt index of the LDPE was determined by apparatus IRT-AM-1
device. Average size of Cu nanoparticles was determined with radiostruc-
tural microanalysis by energy dispersion spectroscopy (IETEM 250 ener-
gy dispersion spectrometer with X-Max 80 detector, Oxford Instruments
Analytical, for JEM-1230, JEOL LTD transmission electronic microsco-
pe). Size distribution charts were received in the way of transmission elect-
ron microphotograph analysis with the help of Pebbles and Pebble Juggler
programs according to the requirements of the standard ISO 13322-
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1:2014. A Spectrophotometer “Thermo Scientific Multiskan EX 355~
microplate reader for determining the concentration of microbial cells was
used. For determining the turbidity of the suspension of microbial cells the
apparatus Densi-La-Meter (PLIVA-Lachema a. s., Czech) was used.

The kinetics study of researched microbes under influence of the
samples: cultures grown on solid nutrient medium were washed out by
suspension medium and their concentration was brought up to corres-
ponding units according to McFarland scale, with the help of a Densi-
La-Meter device. Microorganisms were grown up at T = 37 °C, con-
centration of microbial cells was determined with the help of microplate
reader “Multiskan EX 355” (wavelength 540 nm). Synchronization of
periodic culture was done by selection (Mitchison and Vincent method).
Synchronization of periodic cultures of the investigated strains was car-
ried out after kinetic growth of asynchronic culture determination. For-
mation of microorganism biofilms was studied with the help of investi-
gation of the bacterial strain’s ability to adhere to the surface of microti-
ter plates for enzyme-linked immunosorbent assay (O’Toole et al.,
2000; Murthy et al., 2011).

Strains were grown up according to common microbiological me-
thods on media and in conditions of culturing recommended for each
bacteria family. The received bacterial suspension of the necessary
concentration was inoculated into the well of the microtiter plates with
further incubation according to the conditions for each bacteria family in
wet containers under the closed tablet lid. Quantitative expressions of
biofilm formation degree were the values of optical density, measured
on spectrophotometer at 540 nm according to patent No UA 47944 U
(Mishina et al., 2019). When processing the results the statistical pro-
gram Statistica 9.0 (StatSoft Inc., USA) was used.

Results

The result of the study of the antibacterial effect of Cu nanoparticles
which were applied to strings and non-woven polymer material on abili-
ty of microorganism test-strains to form biofilms and on daily biofilms
showed that the ability to form biofilms with planktonic cells of refe-
rent-strains of microorganisms with the use of Cu impregnated strings
decreased 1.7 times in the researched E. coli strains, 12.3 times in
K. pneumonia strains, 7.2 times in P. aeruginosa strains, 6.3 times in
S. aureus strains, 6.9 times in S. pyogenes strains and 5.2 times in
C. albicans strains. The ability to form biofilms with planktonic cells of
referent-strains of microorganisms with the use of Cu impregnated non-
woven polymer material treated by Cu nanoparticles decreased 1.8 times
in the researched E. coli strains, 21.8 times in K. pneumonia stains,
8.3 times for P. aeruginosa and S. aureus strains, 9.0 times in S. pyo-
genes strains and 6.6 times in C. albicans strains in comparison with
control values. The difference is statistically significant between control
and experimental nanocomposites — P < 0.001 (Fig. 4, Table 1, 2).

Table 1
Impact of Cu nanoparticles on the ability
to form biofilms with microbial planktonic cells

Non-woven
Microorganism strains  polymer material/ LDP}(E)/guN P, Cg501’
CuNP, OD
E. coli ATCC 25922 (F50) sk sk
—NCDCF 50 0.86+0.016 0.93 +£0.02: 1.56£0.02
K. pneumonia NCTC sk sk
5055=SS B 5055 0.09+£0.019 0.16£0.016 1.96+0.017
P. aeruginosa ATCC sk sk
27853~ NCDCF-51 0.26+0.031 0.35+0.023 2.16£0.023
S. aureus ATCC 25923 = sk sk
NCDC 25923 = F49 0.32+0.027 042+0.018 2.64+0.016
S. pyogenes 130001 026+0.026*** 0.34+0.016%** 233+0.018
C. albicans CCM 885 045+£0.022%*%* (0.57+0.016*** 296+0.026

Note: LDPE — low-density poly(ethylene); CuNP — copper nanoparticles; DO —
optical density; x £+ SD, n = 6; the differences are significant between control and
experimental nanocomposites *** — P <0.001.

Assessing the results received after determination of action of Cu
nanoparticles on formed daily biofilms of referent strains of microorga-
nisms showed the destruction of biofilms of the studied strains of micro-
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organisms as well as violation of the integrity of the biofilm monolayer
and density reduction: in using strings treated by Cu nanoparticles by
1.6 times in P. aeruginosa strains, 1.7 times in S. pyogenes and E. coli
strains, 1.8 times in S. aureus strains and 1.9 times in K. pneumonia and
C. albicans strains.
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Fig. 4. Klebsiella pneumonia biofilm formation:
a— control; b — CuNP action; two sets of SEM images

Table 2
The decrease of daily biofilm formation
with planktonic cells of microorganism referent-strains

LDPE/CuNP,  Non-woven polymer

Microorganism strains times material/CuNP, times
E. coli ATCC 25922 (F50) 17 18
=NCDCF 50 ’ ’
K. pneumonia NCTC 5055=SS B 5055 123 218
P. aeruginosa ATCC 27853
=NCDCF-51 72 83
S. aureus ATCC 25923 63 33
=NCDC 25923 =F49 ) )
S. pyogenes 130001 6.9 9.0
C. albicans CCM 885 52 6.6

Note: LDPE — low-density poly(ethylene); CuNP — copper nanoparticles.

With use of non-woven polymer material treated by Cu nanoparticles
ability to form biofilms decreased 1.8 times in E. coli strains under study,
2.0 times in K. pneumonia strains, 2.2 times for P. aeruginosa strains,
24 times for S. aureus, 2.3 times in S. pyogenes strains and 2.6 times in
C. albicans strains in comparison with control values (Fig. 5, Table 3, 4).

Discussion

A large number of scientists have studied the antimicrobial effect of
metal nanoparticles on gram-positive and gram-negative bacteria and fungi,
including the effect of nanoparticles of copper and its compounds (Oscar
et al,, 2015; Singh et al.,, 2015; De Alba-Montero et al., 2017). However,
much less attention has been paid to the effect on biofilm formation — the
main factor in the antibiotic resistance of microorganisms.

Regul. Mech. Biosyst., 2019, 10(4)
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Fig. 5. Daily biofilm: a — Staphylococcus aureus (control) and Staphy-
lococcus aureus biofilm; b — disorganization of CuNP action;

two sets of SEM images
Table 3
Cu nanoparticles impact on formed daily biofilms of microorganisms
Non-woven
Microorganism strains  polymer material / LDP%/SUNP’ COS]?;O b
CuNP,OD
E. coli ATCC 25922 (F50) s o
—NCDCF 50 0.86+0.024 0.92+0.017 1.56+0.02
K. pneumonia NCTC 5055 . sk
—3S B 5055 0.98+0.03 1.03+0.039 1.96+0.017
P. aeruginosa ATCC 27853 ok .
—NCDCF-51 0.99+0.03 1.34£0.029 2.16+0.023
S. aureus ATCC 25923 = sk Sk
NCDC 25923 = F.49 1.12+£0.028 1.49+0.021 2.64£0.016
S. pyogenes 130001 1.02+£0.046%**  138+£0.027*** 233+0.018
C. albicans CCM 885 1.14£0.024**  1.52+0.03***  2.96+0.026

Note: LDPE — low-density poly(ethylene); CuNP — copper nanoparticles; DO —
optical density; x + SD, n = 6, the differences are significant between control and
experimental nanocomposites *** —P < 0.001.

Table 4
The density reduction of daily biofilms
in comparison with control values

. . . LDPE/CuNP, Non-woven polymer
Microorganism strains times material/CuNP, times
E. coli ATCC 25922 (F50) = 17 18
NCDCF 50 ' ’
K. pneumonia NCTC 5055=
SS B 5055 19 20
P. aeruginosa ATCC 27853 = 16 29
NCDCF-51 ’ ’
S. aureus ATCC 25923 = 18 24
NCDC 25923 =F-49 ’ ’
S. pyogenes 130001 1.7 23
C. albicans CCM 885 19 2.6

Note: LDPE — low-density poly(ethylene); CuNP — copper nanoparticles.

Theivasanthi & Alagar (2011) revealed that nanoparticles obtained by
electrolysis exhibit more antibacterial activity than nanoparticles obtained
by chemical reduction. The antibacterial activity of copper nanoparticles is
evaluated using standard microbiological analysis of the zones of inhibi-
tion of E. coli and B. megaterium. Other authors have investigated the
effect of copper oxide nanoparticles on the biofilm formation of S. aureus.
The results of the studies showed that the inhibition of biofilms decreased
with increasing concentration of bulk particles of copper oxide compared
to nanoscale copper oxide (Murthy et al., 2011). A study by Agarwala
etal. (2014) of the biofilm activity of copper oxide nanoparticles revealed
that the higher the concentration of nanoparticles, the greater the inhibition
of biofilm formation of E. coli and methicillin-resistant S. aureus, as well
as the fact that copper oxide nanoparticles are effective as an antibacterial
material against to uropathogens.

Khan & Yaqoob (2017) studied the inhibitory influence of copper
discs on the growth of E. coli, Klebsiella, Candida and proved the bacteri-
cidal and fungicidal properties of copper, and also proposed the use of
copper alloys for the manufacture of various surfaces in hospitals to pre-
vent nosocomial infections. Widynska et al. (2018) studied the effect of 2—
15 nm copper nanoparticles on biofilms and proved that copper nanopar-
ticles reduce the number of the biofilm-forming bacteria S. aureus, and
also pointed out the possible use of copper nanoparticles to cover surgical
instruments and endoprostheses to prevent the formation of biofilms. Gha-
semian et al. (2015) proved the antimicrobial effect of glass and steel
surfaces coated with copper nanoparticles (CuNP) with an average size of
8 nm on the inhibition of biofilm formation on the example of Listeria
monocytogenes and Pseudomonas aeruginosa.

Some authors (Heliopoulos et al., 2013) used wool fabric with an al-
ginate and copper ions coating as an antimicrobial agent using the exam-
ple of E. coli. Ahire et al. (2016) investigated in their study the influence of
copper nanoparticles that were incorporated into nanofibers during the
electrospinning of poly-D,llactide(PDLLA) and poly(ethyleneoxide) on
biofilm formation. As a result, it was found that the biofilm formation of
P. aeruginosa and S. aureus decreased by 41% and 50%, respectively,
due to copper released from the nanofibers. The authors recommend these
nanofibers for the manufacture of dressings.

Our data confirm the antimicrobial effect of CuNP impregnated into
polymer matrices on the formation of biofilms. In addition, the disorgani-
zation action of nanocomposites against the formed daily biofilms was
found. Our study confirms that CuNP can be used to protect nanocompo-
sites from destruction by microorganisms.

Conclusions

Complex studies of antimicrobial activity of products from low-den-
sity polyethylene as well as products from non-woven material (a mixture
of woven and polyester fibers) delivered by impregnation with their Cu
nanoparticles was carried out. Antimicrobial activity of Cu nanoparticles
on planktonic forms of microorganisms was found, which prevents for-
mation of dense biofilms by the microorganisms. With the use of nano-
composite strings filled by Cu, the ability of planktonic cells of referent
strains of microorganisms to form biofilms was detected to decrease by
1.7 (. coli) — 12.3 (K. pneumonia) times in the researched strains. With
the use of non-woven polymer material treated by Cu nanoparticles, the
ability to form biofilms decreased by 1.8 (E. coli) — 21.8 (K. pneumonia)
times in the researched strains.

Based on the research carried out, we may conclude that the investi-
gated polymer nanocomposites might be recommended not only as poly-
mer materials with high antimicrobial activity for medical applications, but
also for use in devices in various industries. These results can be recom-
mended for use as preventive measures against nosocomial infections.

The authors gratefully acknowledge Z. R. Ulberg, T. G. Gruzina, S. M. Dibkova, and
L. S. Rezinchenko for the original technique for obtaining copper nanoparticles.
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