Honimeprnit xxypHai. - 2016. - 38, Ne 3. - C. 255-260.

UDC 678.664:541.182

Novel biologically active polyurethane materials containing silver

and copper nanoparticles

Yuri Savelyev', Alexey Gonchar', Boris Movchan?, Alexey Gornostay’, Sergey Vozianov’, Adel
Rudenko’, Rita Rozhnova', Tamara Travinskaya'

Tnstitute of Macromolecular Chemistry NAS of Ukraine
48, Kharkivske shose, Kyiv, 02160, Ukraine; travinskaya-tamara@rambler.ru

?Paton Institute of ElectroWelding NAS of Ukraine
11, Bozhenko str., Kyiv, 03680, Ukraine

*Institute of Urology of NAMS of Ukraine

9A, Kotsubinskogo str., Kyiv, 04053, Ukraine

Silver and copper nanoparticles containing biologically active thermoplastic polyurethanes have
been prepared by saturation of liquid polyether (original reactant for polyurethane synthesis) with
Ag, Cu nanoparticles, followed by polyurethane synthesis. The problem encountered during the
synthesis of such materials is uniform incorporation and distribution of the metal nanoparticles in the
polymer matrix and at the same time retention the physico-chemical properties inherent to
polyurethanes. Colloid of metal nanoparticles in a liquid polyoxytetramethylene glycol, MM 1000
was obtained by electron beam evaporation technology and vacuum deposition. Then, the metal-
containing thermoplastic polyurethane materials with targeted properties and structure, depending
on diisocyanates and chain extenders nature, have been produced on the basis of obtained colloid.
Polyurethanes containing Cu and Ag nanometals exhibit bactericidal/bacteriostatic properties against
bacteria, fungi and yeast-like fungi. Standard methods of polyurethane processing allow to produce
the resulting biologically active metal-containing polyurethane materials for medical products
(catheters, drains, films, and so on), scince the presence of metal nanoparticles does not affect the

physical properties of the polymer.
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Introduction.

Polymeric materials containing metal nanoparticles
(MN) are among the most versatile currently used materi-
als [1]. Changing of the properties of metal particles at the
transition from the bulk materials to the sizes smaller than
100 nm is explained mainly by two factors: a large area /
volume ratio and domination of quantum effects. Com-
posites metal nanoparticle / polymer matrix are of particu-
lar interest as they open opportunities of obtaining struc-
tural and functional materials of new generation. The sil-
ver nanoparticles exhibit biological and antibacterial ac-
tivity and can be successfully used in medicine, agriculture
and catalysis [2, 3, 4]. It is also known the use of copper
nanoparticles as biologically active, antibacterial compo-
nent [5].

Today there is a lot of research focused on polymer
systems with metal nanoparticles. The main task of these
works is to find ways of metal nanoparticles’ synthesis in
an organic medium. Methods for obtainig silver nanopar-
ticles may be divided into chemical and physical. Chemi-
cal methods are based on the recovery of metal ions with

different reducing agents [6, 7, 8]. The physical methods
include spraying or mechanical grinding of bulk material
[9].

One of the most promising physical methods of ob-
taining of MN in an organic medium is the method of
pulsed laser ablation of metal, which allows to obtain MN
directly in the fluid. The method consists in irradiation of
the target surface with short laser impulses, leading to its
destruction and emission of material, followed by the for-
mation of nanoclusters of 5 to 100 nm. Placement of the
target directly in the bulk of the liquid matrix does not
exclude the chemical interaction of MN with the vapor of
surrounding fluid, especially at increasing the target tem-
perature during the laser pulse. In some cases of laser
ablation the chemical interaction of MN with the liquid
may lead to the modification of their physic-chemical com-
position, changes in the morphology and optical proper-
ties of colloids. Magnetron sputtering method presented
in [10] has significantly expanded the scope of the nano-
particles production. This method also allows to obtain
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MN directly in liquid, spraying the target beyond the lig-
uid matrix bulk. An atomic flow of the sputtered particles
enters on the surface of the liquid in the condensation
zone, and their growth is restricted by the time of liquid
flow through this zone. DC-magnetron is used as the met-
al spray apparatus. The disadvantages of this method are
the follows: large dimensions of the magnetron cathode
and the high cost of the cathode manufacture. In the case
of brittle materials, they are destroyed during operation.

The above methods allow to obtain nanoparticles for
studying the processes of their formation and growth,
but such methods are not suitable for producing nano-
particles in an industrial scale. Method of vapor stream
deposition from the vapor phase, which refers to physi-
cal methods of MN producing, enables the production of
high performance colloidal solutions with different con-
centrations of nanoparticles of various metals (silver, cop-
per) up to 1000 ppm. This method has a success control
of the evaporation rate and density of the vapor stream.
Method eliminates the need for stabilizers and reducing
agents, release from foreign impurities during producing
of metal nanoparticles and thus, avoid of the need for
further purification of the particles. The disadvantage of
this method is the impossibility of use of materials which
do not remain stable in vacuum as carriers (target). The
most known polymers synthesized from stable in vacuum
monomers, are polyurethanes - biocompatible polymers
having valuable properties such as strength, flexibility,
elasticity. Due to ability of wide variation of properties
they are used in virtually all fields of human activity. One
of the basic components in polyurethanes synthesis is
polyester/polyether. For obtaining the materials with the
required properties both polyesters and polyethers are
used. The nature of the polyester/ polyether used affects
the strength, elasticity, crystallinity, glass transition tem-
perature and melting point of the polyurethane material.

The purpose of this paper is to obtain the biologically
active polyurethane materials containing silver and cop-
per nanoparticles on the basis of colloidal solutions of
metal nanoparticles in polyether and characterize their
structure and properties.

Experimental.
Materials.

Polyether polyoxytetramethylene glycol POTMG 1000
[Aldrich], 4, 4'-diphenylmethane diisocyanate (MDI)
[Aldrich] as diisocyanate constituent and 1,4-butanediol
(BD) [Aldrich] as chain extender were used for the syn-
thesis of metal-containing polyurethane materials.

Selection of polyoxytetramethylene glycol with mo-
lecular weight of 1000 (POTMG-1000) [Aldrich] as the
polyether to create biologically active polyurethane ma-
terials has been specified by necessity of obtaining of
flexible and durable material for medicine. Furthermore
this polyether has a melting point of 24 —26 °C that allows
to condense the metal vapors in liquid polyether under
normal conditions.

Methods.
Preparation of colloidal solutions of metals in
POTMG -1000.

Electron-beam equipment UE-142 was used in this
study. POTMG-1000 monomer with molecular weight of
1000 g/mol was taken as target. During the experiment
POTMG-1000 was loaded into the working chamber and
constantly stirred in a specially equipped vessel to pre-
vent formation of a continuous of metal film on the mono-
mer surface. The electron-beam gun was used as a heat-
ing source metal (silver and copper). Formed by the vapor
stream was directed on the target surface. Arriving at the
monomer surface, atomic vapor stream of a metal was de-
posited, whereby metal particles were formed, which are
then distributed throughout the volume of POTMG-1000.
The entire process was carried out in a vacuum of 10 mm
of mercury. A constant temperature of POTMG-1000 not
exceed 50 °C was maintained during the experiment. All
details of this process are described in [11].
Determination of metal content in the colloid composi-
tion.

Determination of metal content in the colloid POTMG
1000 - Ag, Cu was carried out by atomic absorption anal-
ysis [12] on the atomic absorption spectrophotometer with
flame atomization AAS-1N (Carl Zeiss Jena)

Study of colloids by laser correlation microscopy (LCS).

The average size and range of particle sizes was deter-
mined by dynamic scattering of light on the instrument
“Zeta Sizer-3” (Malvern, Great Britain). The device is
equipped with a helium-neon (He-Ne) laser with a wave-
length of 633 nm and a power of 25 mW. The measuring
range of the instrument from 1 nm to 20 microns [13, 14].

Samples of monomer with metal particles (polytetrahy-
drofuran POTMG-1000 + Ag, Cu) were measured six times
during 60 seconds at a constant temperature of 30 °C.
This temperature is caused by two factors: the first is the
melting point of POTMG-1000 (MW 1000 g/ mol) Tm =
26 °C, and the second factor is due to relatively high dy-
namic viscosity of POTMG-1000; increase of the tempera-
ture reduces this parameter that contributes to a more ac-
curate determination of particle size by this method. The
value of dynamic viscosity of POTMG-1000 h=440 mPaUs,
the scattering angle was 90°. The autocorrelation func-
tion was processed using standard computer program PCS-
Size mode of the v 1.61.

Study of colloids by transmission electron microscopy
(TEM).

The method of TEM in transmission mode was used
for study of sediment after separation of the liquid POT-
MG 1000 matrix from the POTMG 100 - Ag, Cu colloid.
Transmission electron microscope JEM-1200 EX (JEOL,
Japan) was used. TEM micrographs were processed us-
ing specialized software complex computer image analy-
sis «Media cybernetics image analysis program» Image-
Pro Plus version 6.0 with following statistical analysis.

Obtained data reflect the 95% confidence interval of
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average particle size values. The mathematical process-
ing of the results was performed using the methods of
variation statistics by means of statistical analysis soft-
ware Microsoft Excel, Statgraphics.

Tensile tests of polyurethane materials.

Tensile tests of polymer systems were performed on a
tensile machine FU-1000 (Germany) at a tensile rate of 100
mm/min and 25 °C.

Study of the biological activity of polyurethane materi-
als.

The biological activity of metal comprising poly-
urethane materials was studied in relation to a number of
pathogenic microorganisms: Bacteria: S.aureus,
E.aerogenes, P.mirabilis, E.coli, K.pneumoniae,
Paeruginosa; Yeast-like fungi: Candida albicans and
Candida non-albicans;

Mould fungi: (micromycetes) Aspergillus flavus, As-
pergillus niger, Alternaria alternate, Penicillium spp.,
Paecilomyces lilacinus.

The following nutrient solutions were used: blood
agar, nutrient agar (for bacteria), agar Saburo - for candida
and micromycetes. The nutrient solutions (20 mL of each)
were overflowed per Petri dish of 90 mm diameter.

The suspension of microorganisms was prepared in
saline (0,95% NaCl) using the instrument DENSILA METR
1T and it was adjusted to a concentration of 1x10° CFU / ml.
Candida species were used in a concentration 1x10° CFU/
ml. Micromycetes — 1x10* CFU/ml [15].

During the time of experiment preparation the test tubes
containing the suspension of bacteria and fungi were
placed in a shaker. Next, 1 ml of each sample was trans-
ferred to the agar surface and with the Drigalski spatula
was uniformly distributed on the surface. An excess of
suspension was removed with disposable pipette. The
dishes were left near the burner for 30 minutes for drying.
Then the polyurethane discs, comprising the stated con-
centrations of nanometals were applied to the surface and
placed to a thermostat at 37 °C for bacteria and at 28 °C for
micromycetes. The results were primary fixed in 24 hours
(for bacteria), 48 hours (for Candida fungi) and 10 days
(for micromycetes). To eliminate the secondary growth of
pathogens all dishes after the growth fixation were kept
for a month. Then a second record of results was per-
formed. After the primary and second registration the
scrapings from the surface of each polyurethane disc con-
taining various concentrations of nanometals were made,
and inoculations on appropriate media were carried out.
Results and discussion.

Results of (TEM) of POTMG-1000/metal nanoparticles
colloid solutions.

Microphotographs of colloid solutions of metals in
POTMG-1000 (fig. 1) display that the copper particles in
POTMG-1000 matrix mainly have a spherical shape. Ac-
cording to the TEM data the histograms of Cu nanoparti-
cles’ distribution in POTMG-1000 volume were built
(fig. 2), which represent the dependence of the particle

100 nanometers

Fig. 1. Microphotographs of Ag-POTMG-1000 colloid
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Fig. 2. Histogram of Ag nanoparticles distribution in
POTMG-1000 volume

size of Cu (nm) on their ratio in POTMG-1000 (%) volume.

According to histogram’s data the copper particles
are distributed in the size range of 10 - 110 nm, an average
particle size amounts to 58 nm. A fraction ranged in 30-90
nm amounts to 86 % from the total particles quantity. The
area occupied by Cu particles amounts to 42 % of the
total area.

LCS results (fig. 3) shows the presence of particles in
the range of 10 - 160 nm. The most probable particle size is
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Fig. 3. Nanoparticle size distribution of Ag-POTMG
by LCS
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52nm.
Synthesis of metal-containing polyurethane nanomate-
rials based on Ag-POTMG and Cu— POTMG colloids.
Synthesis of Ag-POTMG and Cu-POTMG colloids
based metal-comprising polyurethane nanomaterials ex-
hibits a process of obtaining of linear polyurethane based
on POTMG- 1000, 4,4'-MDI and butanediol (BD). The syn-
thesis includes two stages: synthesis of MDI and exten-
sion of macromolecule by polycondensation reaction of
MDI and BD. The synthesis can be presented as follows:
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Elongation process takes place in an aprotic polar sol-
vent (DMF). The presence of metal nanoparticles does
not affect the chemical reactions at all stages of the syn-
thesis, which allows to obtain a metal comprising poly-
urethane of given structure. This method is versatile and
allows to use the colloids of metals in POTMG-1000 to
produce metal comprising polyurethanes of different struc-
tures and properties [16]. As the results of the synthesis
a polyurethane solutions with metal nanoparticles in an
organic solvent DMF have been obtained. After gradual
evaporation of the solvent the samples of polyurethane
metal comprising film materials have been formed. The
composition and properties of the obtained polyurethane
materials are presented in table.

Nanoparticles of silver and copper do not affect the

Ph—NHCO—O(CH,),0

thermoplastic nature and strength of the polyurethane
nanocomposite material, which allows to process the ob-
tained polyurethane material by extrusion.

Biological activity.

Results of mycological and microbiological study of
polyurethane metal comprising nanomaterials show that
bacteria and fungi of the genus Candida were highly sen-
sitive to the action of all the studied concentrations of
copper and combinations Cu (200 ppm) and Ag (69 ppm).
It should be noted that growth inhibition zone of bacteria
and Candida around the disk was not observed; howev-
er, the inoculation of scraping/smear from the surface of
the disk was sterile as at the primary registration, and in a
month.

Study of the effect of different concentrations of in-
troduced into the polyurethane nanometals on micromyc-
etes has shown that during the initial registration in 10
days from the start of the experiment, the surface of the
disc remained sterile, but in a month there was a second-
ary growth of fungi on the contour of the disk. At that the
disks with Cu concentration (666,7 ppm and 308 ppm),
and combined Cu and Ag content (Cu - 200 ppm; Ag - 69
ppm) were the most active against micromycetes cultures
polyresistant to antibiotics. The results revealed that the
sensitivity of fungi to copper and silver is genus-depend-
ent.

Biological study has shown that polyurethanes con-
taining nanometal particles of Cu and Ag exhibit bacteri-
cidal properties in relation to both gram-positive and gram-
negative bacteria, and yeast-like fungi. The same poly-
urethanes demonstrate bactericidal and bacteriostatic ef-
fect in relation to fungi - micromycetes.

Conclusions.

Biologically active polyurethanes, comprising the sil-
ver and copper nanoparticles were prepared by satura-
tion of liquid POTMG — 1000 with Ag, Cu nanoparticles
followed by synthesis of polyurethane. The colloidal so-
lutions of Ag and Cu nanoparticles with diameter ranging
from 10 to 160 nm in the liquid POTMG — 1000 matrices
was obtained using technology of electron-beam evapo-
ration and vacuum deposition of inorganic materials. The
average particle size Cu amounts 52 nm, the fraction, lo-
cated in the range of 30-90 nm amounts 86% of the total
number of particles, the average particle size Ag amounts
30 nm. The method applied for preparation of biologically

Table. Composition and properties of biologically active polyurethane materials

Composition and Cu:Ag Cu Cu Cu Ag Ag Ag
properties [200:69] | [666,7] [308] [200] [98] [27] [15]

IAg, ppm 69 - - - 98 27 15
Cu, ppm 200 666,7 308 200 - - -
Melting point, 7Tm.°C 136-138
Degradation
temperature7d.°C 175-176
Tensile strength, MPa 32,5 33,5 35 34 | 35,5 36 35
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active metal-containing polyurethane nanomaterials is
versatile and allows to obtain biologically active materi-
als with targeted properties. Biological study has shown
that polyurethanes containing nanometal particles of
Cu and Ag exhibit bactericidal properties in relation to
both gram-positive and gram-negative bacteria, and yeast-
like fungi. The same polyurethanes demonstrate bacteri-
cidal and bacteriostatic effect in relation to fungi -
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HoBi OioJyioriynHo akTHBHI moJiyperaHoBi Marepiaju, 0 MICTATH
HAHOYACTUHKHM CpidJia i mixi

I0. Casenves', A. I'onuap’, b. Mosuan’, A. l'opnocmair?, C. Bozianoé’, A. Pyoenxo’, P.Poxcnosa’, T. Tpasincoka’

THeTHTyT XiMii BHCOKOMONEKysipHuX cnonyk HAH Yipainu
48, XapkiBchke moce, Kuis, 02160, Ykpaina

[ucTuTyT enekrpo3BaproBanHs iM. [Tarona HAH Vkpainu
11, Byn. boxxenka, Kuis, 03680, Ykpaina

*IuctutyT Yponorii HAMH Vkpaiuu

9A, Byn. Komroouncekoro, Kuis, 04053, Ykpaina

bBionoziuno-axmueni mepmonnacmuyni noriypemanu, wjo MiCmsme HAHOYACMUKKY cpibna i Midi, 6ynu
OMPUMAHI HACUYEHHAM BUXIOH020 O CUHMe3Y NONLYPemaHié KOMNOHeHmA, piOKo2o noiieipy,
HAHOYACMUHKAMY cpibaa i midi 3 nodanrsuum cunme3om noniypemany. Ionoenorw npobremoro npu
CMBOPEHHI NOJIIMEPHUX MAMEPIANi6, Wo MICIMAMb HAHOYACMUHKY MEMAiis, € PIGHOMIDHE 86e0CHHS |
PO3ROOLNL HAHOYACMUHOK MEeMAlie y NONIMEPHIU Mampuyi 6e3 3MIHU QI3UKO-XIMIYHUX 81ACMU8OCcmell
nonimepy. Ompumanus Koioidy HAHOYACMUHOK Memanis y piokomy noxie@ipi 30iliCHI08ANOCS
MEXHONO2IEIO eNeKMPOHHO-NPOMEHEB020 BUNAPOBYBAHHSL | 0CACEHHS Y 6aryymi. Leti memoo dae 3mocy
CMBOPI8AMU HA OCHOBL OMPUMAHUX KOL0I0I6 MemaleMICHI NOIyPemano6i mamepiaiy 3 pizHUMU
6AACMUBOCMAMU | CIMPYKMYPOIO, 3ANEHCHO 6i0 eubopy Olizoyianamie i n0008IHCY8AUi6 TAHYI2A.
Honiypemanu, wo micmsame Hanomemanu cpioaa i mioi, maroms 6aKmepuyuOHi/6axmepiocmamuyHi
enacmugocmi wodo bakmepii, epubis i OpixncoNHconodionux epubis. Cmandapmui Memoou o6podKu
noAypemanie 0aomos MONCIUBICMb BUPOOIIMU OIOI02IYHO AKMUGHI MEMAN8MICHI NOJLYPEemaHosi
mamepianu 0/ MeOUdHUX 8upoodie (kamemepis, OPEeHANCHUX MPYOOK, NII6OK I M.0), OCKIIbKU HASIBHICMb
HAHOYACMUHOK MEMaie He 8NIU6AE HA (DI3UUHI 61acmusocmi noimepy.

Koarouosi cioBa: 6ioorivHO akTUBHI MMOJIiypeTaHH, HAHOYACTUHKH cpibia 1 Mifi, OakTepuuuaHi/0akTepiocTaTHIHI
BJIACTUBOCTI.

HoBble 0Mo10ru4ecku aKTUBHBbIE MOJIUYPETAHOBbIE MATEePHAJIbl, COlEpPKAIIUE
HAHOYACTHUIBLI cepedpa U Meau

IO. Casenves', A. I'onuap', b. Mosuan?, A. I'opnocmaii’, C. Bozuanoé’, A. Pyoenxo’, P.Poxcnosa’, T. Tpasunckasn’

"MIHCTHTYT XMIMHUH BBICOKOMOJIEKYISIpHBIX coequuennit HAH YkpanHbt
48, XapproBckoe mocce, Kues, 02160, Ykpanna

Mucrutyt snekrpocBapku uM. [Tarona HAH Vipaussr

11, ym. boxxenxko, Kues, 03680, Ykpanna

SNucrutyt Yponorun HAMH Ykpantbt

9A, yn. Komrobunckoro, Kues, 04053, Ykpanna

Buonoeunecku-axmusHvie mepmonnacmuurvie NOAUYPEMAarsl, cooepicaujie HaAHOYACMU4KY cepedpa
U MeOu, ObLIU NOTYHEHbl HACLIUWEeHUEM UCXOOHO20 Ol CUHME3d NOAUYPEMAHO8 KOMNOHEHMA, HCUOKO20
noausPupa, HaHowacmuyamu cepeopa u Meou ¢ NOCAeOYIOWUM CUHIEe30M noauypemand. 1agHoll
npobaemoll npu co30anu NOAUMEPHBIX MAMEPUALO8, COOePHCAUWUX HAHOUACMUYKU MEMAN08,
AGNAEMCS PABHOMEPHOE 88€0€HUe U pacnpedeneHie HAHOYaACMuY Memaiios 8 NOAUMEPHOU Mampuye
0e3 usmeHeHUs PUIUKO-XUMUYECKUX c80licme nonumepa. llonyuenue Koanouoa HAHOYACMUY MEManios
8 HCUOKOM NOTUBPUPE OCYWeCMBAATOCS MEXHOLO02UEl INEKMPOHHO-TYHE8020 UCNAPEHUS U OCANCOCHUSL
6 sakyyme. [lannuvlii memood no3gonsem co30d8amb HA OCHOBE NOLYYEHHBIX KOAIOUOOE
Memannocooepicawyue NOTUYPemaHosble Mamepuasl ¢ pasiuyHblMu CEOUCMEAMU U CINPYKMYPOT, 8
3asucumocmu om 8vlOopa ouuzoyuanamos u yorunumenei yenu. Ionuypemansl, codepicawyue
HaHomMemaiivl cepebpa u meou, 0o1adarom OaKmepuyUOHbLIMU/OAKMePUOCMamuiecKuMu C8oUCmMeamu
no omuowenulo Kk baxmepusam, spubam u opodicocenododouvim epudam. Cmanoapmmusie Memoovl
06paboOmKU NONUYPEMAHO8 NO3EOAAION NPOU3BOOUNb OUOIOSUYECKI AKTNUBHbIE MeMATlI-CO0epiIcaujue
NOAUYPEMAHO8ble MATNEPUATbL 018 MEOUYUHCKUX U30enull (Kamemepos, OpeHANCHbIX MPYOOK, NAeHOK
U m.0), ROCKONbKY NPUCYMCMBUE HAHOYACTMUY MEMALI08 He 6TUAeN HA (Pu3uYecKue ceolcmsea noaumepd.

KuaroueBble cjioBa: OHOJIOTHYCCKH aKTHBHBIC IMOJHYPETaHBl, HAHOYACTHIEI cepedpa U Meau, OaKTepHuIHIHbIe/
0aKTepHOCTaTHICCKUE CBOMCTBA.
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