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The addition of silver ions or nanoparticles to impart antimicrobial properties to polymeric or other materials is
a widely used method. However, it should be noted that the antiviral and antimicrobial effect of silver nanoparticles
that come into contact with the environment, associated with their size, with a decrease in the size of nanoparticles,
their effectiveness increases sharply. In the present work, we used a biodegradable polymer polylactide (PLA), which
is obtained by condensation of lactic acid or ring-opening polymerization of lactide. These studies will further
contribute to the development of new safe materials, in particular for food packaging, which is undoubtedly an
urgent problem.

The work aims is to obtain the silver-containing polymer composites based on polylactide by thermochemical
reduction of Ag" ions using natural (chitosan) and synthetic (polyethyleneimine (PEI)) polymers and to study the
structure, morphology, thermomechanical and antimicrobial properties of the obtained nanocomposites.

Thermochemical reduction of Ag” ions in the bulk of polymer films, containing PLA, silver palmitate as a
precursor of Ag NP and reducing agent (PEI or chitosan), has been performed by keeping them at 100—170 °C
within 5 minutes. The polymeric film composites, cast from chloroform solution, were heated in an oven using
precise thermal regulator VRT-3. As a result of reduction, the films get attained silver color, the Ag content in the
bulk of films varied from 1 to 4wt %, and the thickness of the films was 110 um. Structure, morphology,
thermomechanical and antimicrobial properties of two types of nanocomposites — PLA-Ag-PEI and PLA-Ag-
chitosan, formed by the thermochemical reduction of Ag" in polymer films have been studied using wide-angle X-ray
scattering (WAXS) (a DRON-4-07 diffractometer), a transmission electron microscope (TEM) (JEM-1230 JEOL,
Japan), and thermomechanical analysis (a UIP-70M device). Antimicrobial activity of the obtained nanocomposites
was investigated applying reference strains of opportunistic bacteria Staphylococcus aureus and Escherichia coli. It
has been found that thermochemical reduction of Ag* ions in the bulk of polymer films, when using synthetic or
natural polymers (PEI or chitosan) as a reducing and stabilizing agent of silver nanoparticles occurs at 160 °C
during 5 minutes. It has been found that the average size of Ag nanoparticles in the polymeric matrix is equal to
~ 7 and ~ 4 nm for PEI and chitosan, respectively. It has been shown that PLA-Ag-chitosan nanocomposites have
much higher antimicrobial activity against S. aureus and E. coli strains as compared to PLA-Ag-PEI
nanocomposites.

Keywords: polylactide, polyethyleneimine, chitosan, silver-containing nanocomposite, structure, morphology,
thermomechanical properties, antimicrobial activity

INTRODUCTION applied science, whit task being to implement
nanocomposites in practice [2].

Silver nanoparticles have valuable optical
properties, high catalytic and antimicrobial
activity. When polymer matrices are filled with
silver nanoparticles, they acquire new extremely
valuable properties and have potential
application in microelectronics, optics, bio-
diagnostics, catalysis, optoelectronics, nano-
photonics, as well as effective antibacterial and

In the last decade, interest in studying the
structural organization and properties of polymer
nanocomposites, in particular filled with
nanosized particles of metals or their oxides, has
been growing rapidly [1]. Such materials are
attractive both for basic science, which studies
the nature of the influence of particle size at the
nanoscale on their chemical activity, structural
organization, and a set of properties and for
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antiviral drugs in medicine,
biochemistry [3].
The formation of nanoparticles by reduction

of metal ions is a universal method of controlled

pharmacology,

synthesis  of  metal-containing  polymer
nanocomposites.
Currently, the following methods of

Ag-containing nanocomposites production are
widely applied: chemical [4, 5], chemical-
radiation [5-7], and thermochemical reduction of
Ag" ions in interpolyelectrolyte-metal complexes
[8]. The most widely employed chemical
reductants are NaBHs [9], dimethylformamide
[10], and hydrazine [11]. Although such
approach is simple and effective for getting
nanocomposites with controlled structure and
properties, the biological toxicity and the
environmental hazard of the residual reducing
agents are considered as a problem. The
principal advantage of the radiation-chemical
reduction of metal ions is that there is no need to
introduce chemical reductants into reaction, so
allowing for nanoparticles to be obtained without
admixtures [5—7]. However, this method requires
application of special equipment for radiation
generating. Recently, the “green” synthesis of
silver nanoparticles such as thermochemical
reduction of Ag" ions in polymer films by
heating them to a predetermined temperature has
been in significant demand. Herewith, the
polymer matrix serves as a reducing agent and
stabilizer of nanoparticles as well. In comparison
with conventional methods, this method is much
faster, cleaner and environmentally efficient [8].
So, the aim of the present work was to study
structure, morphology, thermomechanical and
antimicrobial  properties of Ag-containing
nanocomposites based on PLA and formed by
thermochemical reduction of Ag" ions by natural
(chitosan) and synthetic (PEI) polymers.

EXPERIMENTAL

The following agents have been used for the
production of polymeric systems based on

polylactide and silver nanoparticles: PLA
filament (MonoFilament, Ukraine, with an
average molar mass M, =274000 g/mol),

synthetic polyelectrolyte anhydrous branched
polyethyleneimine  (PEI)  (Aldrich)  with
M,=1x10* and M, =2.5x10* g/mol, natural
polyelectrolyte chitosan (low molecular weight,
Aldrich). Silver palmitate (AgPalm) was
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synthesized according to the method described in
[12].

PLA-AgPalm-PEI  polymer systems.
Required quantity of AgPalm was added to PLA
solution in chloroform (with vigorous stirring by
magnetic stirrer), then the temperature was
increased to 60 °C, and then PEI solution in
chloroform in small portions was added (molar
ratio NH, : Ag" =1 : 1). The mixture was stirred
at 60 °C within 30 minutes, and then it was
casted on a Teflon surface. After drying at room
temperature, a red-brown colored transparent
film has been prepared.

PLA-AgPalm-chitosan  polymer systems
were obtained in the same way, but instead of
PEI solution, 2 wt. % aqueous solution of
chitosan in acetic acid was added. After drying at
room temperature a white non-transparent film
has been obtained. Required quantity of AgPalm
was added to PLA solution in chloroform (with
vigorous stirring by magnetic stirrer), then the
temperature was increased to 60 °C, and then
2 wt. % water solution of chitosan in acetic acid
was added (molar ratio NH,: Ag"=1:1). The
mixture was mixed at 60 °C within 30 minutes,
and then it was cast onto Teflon surface. After
drying at room temperature, a white non-
transparent film was made.

Thermochemical reduction of Ag”ions in the
bulk of polymer films has been performed by
keeping them at 100-170 °C within 5 minutes.
The specimens were heated in an oven using
precise thermal regulator VRT-3. Temperature
regulation precision was +0.5 °C.

As a result of reduction the films get attained
silver color, Ag content in the bulk of films
varied from 1 to 4 wt. %, and the thickness of the
films was 110 pm.

The structure of nanocomposites based on
PLA and Ag particles has been investigated by
wide-angle  X-ray  diffraction using a
DRON-4-07 diffractometer, which X-ray optical
scheme was used at a “pass” primary-beam
radiation through samples. X-ray diffraction
studies were performed at 7=20+2°C with
CuK, monochromated radiation and Ni-filter.
The size of the Ag nanoparticles and their
distribution in the polymer matrix were
examined wusing a transmission electron
microscope JEM-1230 (JEOL, Japan) at a
resolution of 0.2 nm. Thermomechanical studies
of the polymer systems were conducted using the
penetration method with uniaxial constant load
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(c=0.5MPa) by a UIP-70M device. Linear
heating of the samples was performed at a rate of
2.5 °C/min in the temperature range from +20 to
+170 °C.  Antimicrobial activity of the
Ag-containing nanocomposites was investigated
applying reference strains of opportunistic
bacteria Staphylococcus aureus ATCC 6538 and
Escherichia coli ATCC 35218 (as model gram-
positive and gram-negative bacteria) [13].

RESULTS AND DISCUSSION

Analysis of the wide-angle X-ray diffraction
patterns has shown that the initial PLA, formed
at room temperature in chloroform solution, has
an amorphous-crystalline structure. This is
confirmed by the presence (Fig. 1, curve /) of
multiple diffraction maxima of discrete type on
the background of imaginary amorphous halo
with the peak at 20, ~ 15.1° on the diffraction
pattern. An average value of d period of close
location of PLA macromolecular chain
fragments, according to Bragg equation [14]:

d = A(2sinb,) ",

where A is the wavelength of characteristic
X-radiation (1=1.54 A for CuK,-radiation),
equal to 5.6 A.

Relative crystallinity level X, of PLA was
calculated according to Mathews method [15]:

Xo= ch(ch + Qam)71 : 1009

where Q. is the square of diffraction maximuma
which characterize the crystalline structure of
polymer; Qg+ Qun is the total square of
diffraction pattern in the interval of dispersion
(26,+26,), where the amorphous-crystalline
structure of polymer is observed. Calculations
have shown that X, value is approximately equal
to 62.5 %.

The evaluation of effective size of
crystallites L was calculated according to the
Scherrer equation [16]

L =KA(fcosby) ",

where K is a constant depending on the shape of
crystallites (if the shape is unknown then
K=0.9), and g is the angular semi-width (full
width at half maximum) of the diffraction
maximum of discrete type; such evaluation has
shown that average value of L =~ 6.9 nm.

Using PEI as the reductant and stabilizer of
nanoparticles during the PLA-AgPalm-PEI
preparation at 60 °C from the solution, the
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partial reduction of Ag" ions in the polymeric
matrix was observed. New diffraction maximum
at 26,~46,2° in the X-ray pattern of this
specimen could be assigned to the
crystallographic plane of Miller index (200) of
the face-centered cubic (fcc) lattice of Ag.
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Fig. 1. Wide-angle X-ray diffractograms of (/) the

PLA; (2) the PLA-AgPalm-PEI; and (3-7)
the  PLA-4%Ag-PEI  nanocomposites,
obtained at temperatures: (3) 100, (4) 130,
(5) 150, (6) 160, (7) 170 °C during 5 minutes

This is approved by the presence of
diffraction maximum at 26,~46,2° in the X-ray
pattern of this specimen, it indicates atomic
planes of Ag crystalline structure with Miller
indices (200) (Fig. 1, curve 2). In diffraction
pattern of the PLA-Ag-PEI nanocomposite,
affected by 100°C, two low-intensive diffraction
maxima appear at 26,~38.4° and 46.2°. They
correspond to the crystallographic planes of
Miller indices (111) and (200) of the fcc lattice
of Ag, respectively. It proves the presence of
metallic silver in the nanocomposites (curve 3).
Further, reduction temperature for the Ag™ ions
was step-by-step upraised to 160 °C that causes
the increase of the Ag nanoparticles content in
the PLA-Ag-PEI nanocomposites. It validates by
the growth of intensity of respective diffraction
maxima characterizing the structure of metallic
silver (curves 4—6). As the result of the
nanocomposites formation at 170 °C no Ag
nanoparticles were detected (curve 7). Such an
effect may be caused by the melting of PLA
preventing Ag" ions reduction.

When applying chitosan during the
PLA-AgPalm-Chitosan formation at 60 °C from
the solution, the reduction of the Ag" ions in the
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nanocomposites did not occur (Fig. 2, curve 2).
One can see from the X-ray diffraction patterns
of the silver-containing nanocomposites based
on PLA and chitosan, that the thermochemical
reduction of the Ag" ions takes place only after
heating of the PLA-AgPalm-chitosan at 160 °C
(see Fig. 2, curves 3—4). When the temperature
increases up to 170 °C, a worse reduction in the
polymer matrix is observed (curve 5); that is also
caused by the melting of PLA. Hence, according
to the wide-angle X-ray scattering data, we
concluded that the optimal parameters for the
development of Ag-containing nanocomposites
based on PLA and synthetic or natural polymers
(PEI or chitosan) are: 160 °C followed by 5 min
duration.

In previous work [17] we have proposed the
explanation of the mechanism of thermo-
chemical reduction: in brief, it is in the transfer
of electron of the nitrogen atoms of PEI or
chitosan’ amino groups to the Ag" ions at 160 °C
[18].

The effective size of crystallites of the Ag
nanoparticles in the volume of nanocomposites
based on PEI or chitosan affected by 160 °C
temperature within 5 minutes is L ~ 4.7 nm.

It was found that while heating of PLA-
AgPalm-PEI and PLA-AgPalm-chitosan polymer
films from 60 to 170°C with the further
formation of the Ag-containing nanocomposites,
the PLA matrix crystallinity degree is varying.
With the temperature increase up to 160 °C X, is
growing up, and at 7> 160 °C it is sharply

decreasing. This could be explained by the
melting of the PLA crystalline phase (Table 1).
Monitoring of the wide-angle X-ray
diffractograms of the native PLA has revealed
that it has an amorphous structure in the form of
filament, and the PLA formed from the
chloroform solution at room temperature
demonstrates an amorphous-crystalline structure
(Fig. 3, curves 1, 2). During 5 minutes of staying
of the PLA at 100 °C the crystallinity degree
increases from 62.5 to 81.5 %. At the same time,
when keeping the PLA at 160 °C, its structure
becomes almost completely amorphous due to
low-speed crystallization (curves 3—4).

Fig. 2. Wide-angle X-ray diffractograms of (/) the
PLA; (2) the PLA-AgPalm-chitosan; and (3—5)
the PLA-4%Ag-chitosan nanocomposites,
obtained at temperatures: (3) 150, (4) 160, (5)

170 °C during 5 minutes

Table 1. Structural parameters of the studied polymeric systems
. Heating Heating time, °
Specimen temperature, °C minutes Xer, %o L, nm
PLA - - 62.5 6.9
PLA 100£0.5 5 81.5 6.3
PLA 160+0.5 5 - —
PLA-PEI-4%Ag 60£0.5 30 61.5 6.31
PLA-PEI-4%Ag 100+0.5 5 72.7 6.31
PLA-PEI-4%Ag 130+0.5 5 80.0 6.31
PLA-PEI-4%Ag 150+0.5 5 75.0 5.6
PLA-PEI-4%Ag 160£0.5 5 - -
PLA-chitosan-4%Ag 60+0.5 30 80.0 6.88
PLA-chitosan-4%Ag 150+0.5 5 83.0 6.88
PLA-chitosan-4%Ag 160+0.5 5 - -
Transformation of the polymer systems into the Ag-containing nanocomposites is

based on PLA, Ag palmitate and PEI or chitosan
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acknowledged by the TEM data (Fig. 4 a, b).
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Evaluation of the microphotographs shows
that the average size of the Ag nanoparticles in
the polymer matrix, when using PEI, is equal to

I, rel. units.
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6.7 nm with a broad size distribution, but while
involving chitosan the average size is smaller
(4.2 nm) in a narrow range.
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Fig. 3. Wide-angle X-ray diffractograms of (/) PLA filament; (2) the PLA films formed from the solution and the
PLA films obtained at (3) 100 °C and (4) 160 °C during 5 minutes
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Fig. 4. TEM images of PLA-4 %Ag-PEI (a) and PLA-4%Ag-chitosan (b) nanocomposites obtained by
thermochemical reduction of Ag” ions in the polymer films at 7= 160 °C during 5 minutes

It becomes clear from the microphotographs
that during Ag" ions reduction both with PEI and
chitosan, a significant portion of the silver
nanoparticles is more or less uniformly
distributed in the polymer matrix (Fig. 4 a, b).

Thermomechanical behavior of the polymer
nanocomposites. Thermomechanical behavior of
the Ag-containing nanocomposites has been
tested simultaneously with the investigation of
their structural organization and morphology.

ISSN 2079-1704. CPTS 2021. V. 12. N 4
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On the thermomechanical curves of the

PLA-Ag-PEI and the PLA-Ag-chitosan
nanocomposites with the Ag nanoparticles
content between 1 and 4 wt.%, in the

temperature range between 20 and 90 °C, and
between 155 and 170 °C one can detect glass-
transition temperature and flow transition
(Fig. 5 a, b). The Ag-containing nanocomposites
based on PLA and chitosan are characterized
with a much higher relative deformation index
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comparing to the nanocomposites based on PLA
and PEI (see Fig. 5 @, b and Table 2).

From the analysis of thermomechanical
curves of the polymer nanocomposites based on
PLA and PEI or chitosan, it is clear that with the
growing of the Ag nanoparticles content, a
tendency is seen of subsiding of the glass
transition temperature of the polymer matrix

(Table 2). From the similar analysis of
thermomechanical curves of the neat PLA
formed from chloroform solution at room
temperature, and of the films heated to 100 and
160 °C becomes evident the higher temperature
of specimen heating the higher its glass
transition temperature (see Fig. 5 ¢ and Table 2).
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Fig. 5. a — Thermomechanical curves: (/) the PLA, (2) the PLA-1%Ag-PEI, (3) the PLA-2%Ag-PEI, (4) the PLA-

4%Ag-PEI, obtained via the thermochemical reduction of Ag® ions in the polymer films at 7 =

160 °C during

5 min; b — Thermomechanical curves: (/) the PLA, (2) the PLA-1%Ag-chitosan, (3) the PLA-2%Ag-chitosan,
(4) the PLA-4%Ag-chitosan, obtained via the thermochemical reduction of Ag" ions in the polymer films at
T'=160°C during 5 min; ¢ — Thermomechanical curves of the (/) PLA, formed from the solution at room
temperature and the PLA films obtained at: (2) 100 and (3) 160 °C during 5 min

Mechanical tests of samples of PLA-PEI
materials with a content of ¢ = 1, 2, 3, 4 wt. %
have shown that the mechanical strength

decreases with increasing concentration of the
filler and, respectively, is o = 27.0; 26.1; 25.6;
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25.1 £ 0.01 MPa, whereas for the original PLA
film 6 =28.8 £ 0.01 MPa.

Antimicrobial Properties of the polymer
nanocomposites. The PLA-Ag-chitosan
nanocomposites formed via thermochemical
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reduction of Ag" ions in the polymer films at
T=160°C within 5 min demonstrate higher
antimicrobial activity against Staphylococcus
aureus and Escherichia coli strains as compared
to the PLA-Ag-PEI nanocomposites formed in a
similar way. After 24 hours of incubation at
37 °C, it was possible to define a precise zone

around films contours. This claims the inhibition
of bacteria growth (Table 3).

One can also observe an enhancement of
antimicrobial activity of both types of
Ag-containing nanocomposites based on PLA
and chitosan or PEI with raising of the Ag
nanoparticles content in the polymer matrix
(Table 3).

Table 2. Temperature transitions and related deformations of the investigated polymers

Reduction

Reduction

Polymer system temperature, °C time, minutes Ty, °C Tp°C & %
PLA — — 41.3+£0.5 164.3+0.5 4.7
PLA 100+0.5 5 48.5+0.5 165.0+0.5 15.3
PLA 160+0.5 5 55.0+0.5 169.1£0.5 8.4
PLA-PEI-1%Ag 160+0.5 5 59.5+0.5 158.0+0.5 12.9
PLA-PEI-2%Ag 160+0.5 5 59.0+0.5 158.0+0.5 10.3
PLA-PEI-4%Ag 160+0.5 5 54.7+0.5 159.840.5 10.5
PLA-chitosan-1%Ag 160+0.5 5 55.5+0.5 164.0+0.5 45.0
PLA-chitosan-2%Ag 160+0.5 5 43.7+£0.5 164.0£0.5 56.0
PLA-chitosan-4%Ag 160+0.5 5 43.3+0.5 164.0£0.5 62.0

Table 3. Antimicrobial activity of the nanocomposites with various content of the Ag nanoparticles

Diameter of inhibition zone, mm

Polymer system

Staphylococcus aureus

Escherichia coli

PLA 0 0

PLA-PEI 0 0

PLA-chitosan 0 0
PLA-PEI-1%Ag 0 12.5+0.6
PLA-PEI-2%Ag 14.0+0.6 14.5+0.8
PLA-PEI-4%Ag 14.0+0.6 14.5+0.8
PLA-chitosan-1%Ag 20.5+1.0 17.0+0.8
PLA-chitosan-2%Ag 20.5+1.1 21.6+1.1
PLA-chitosan-4%Ag 25.8+1.2 25.0£1.2

For the control specimens (polymer films CONCLUSIONS

without nanoparticles) the active growth of
investigated bacteria and lack of zones with the
inhibited growth are noticed (Table 3).

So, it can be declared that the higher
antimicrobial activity of the PLA-Ag-chitosan
nanocomposites comparing to the PLA-Ag-PEI
nanocomposites is associated with much less
size of the Ag nanoparticles (see Fig.4 and
Table 3).
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In this paper, we have demonstrated a simple
technique to design antimicrobial
nanocomposites based on polylactide and Ag
nanoparticles. Peculiarities of the structural
organization of nanocomposites formed via
thermochemical reduction of Ag" ions in the
PLA—AgPalm-PEI and PLA-AgPalm—chitosan
films at the temperature interval of 100-170 °C
have been investigated by the WAXS method.
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The method of X-ray diffraction analysis
found the optimal temperature (7= 160 °C) and
the duration of reduction (¢ = 5 min) at which the
structural manifestation of the metallic phase of
silver is fully realized.

It is found that with increasing heating
temperature the degree of crystallization of
silver-containing nanocomposites increases, and
at 7> 160 °C this degree sharply decreases due
to melting of the crystalline phase of PLA.

It has been determined that the average size
of Ag nanoparticles in the polymer matrix using
PEI as a reducing agent and stabilizer is ~ 7 nm,
while in the matrix with chitosan the average

The polymer nanocomposite of polylactide
with Ag and chitosan was found to have much
higher antimicrobial activity compared to the
nanocomposite with Ag and PEI against
S. aureus and E. coli strains, which is probably
due to the smaller size of nanoparticles in this
nanocomposite.

The work was performed with financial
support Grant from the National Research
Foundation of Ukraine (Development of
nanocomposite polymeric biomaterials with
effective antiviral and antimicrobial effect and
3D printing technology of resulting products.

size is found to be ~ 4 nm. Application ID 2020.01/022).
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s cmeopents pi3HOMAHIMHUX Mamepiania 3 aHMUMIKPOOHUMU 6IACMUBOCIAMYU WIUPOKO 8UKOPUCTIOBYIOMbCA IOHU
abo HAHOYACMUHKU CPIONA, AKI 6800MbCA, 30KpeMd, 8 nonimepHi komnosumuy. OOHaK NPOMUGIpYCHA ma NPOmMuMiKkpooHa
05t HAHOYACMUHOK CPIONA, WO KOHMAKMYIOMb 3 HAGKOJIUWHIM CepedouyeM, NO8'sI3aHa 3 IXHIM PO3MIPOM, 3i 3MEHUEHHM
PO3MIDY HAHOYACMUHOK, IXH eghekmusHicmb pi3ko 3pocmae. Y yiti pobomi sk NONIMEPHY OCHOBY GUKOPUCTOSYSA
6iooecpaoadenvhuti nonivep noninakmuo (IL/IA), sxui ompumyioms wuisIXomM ROMKOHOEHCAYil MOJIOYHOI Kuciomu aoo
nonimepusayii’ 1akmuoy 3 poskpummsm yuriy. Lli 0ocniodicents @ nooaisutomy Cnpusmumyms po3pooyi HOGux be3neuHux
mamepianis, 30Kpema npu CMEOPeHHI NAKYBAIbHUX MAMEPIA6 Ol Xapuoeux NpooyKmie, Wo HA CbO2OOHI, De3nepeyto, €
aKmyanbHoI0 NPOOIEMOIO.

Memoto pobomu 6y10 00epiHCaHHA CPIOIOBMICHUX NONIMEPHUX KOMNO3UMIE HA OCHOBI NONINAKMUOY ULTAXOM
MepMoXimiuno2o 6iOHONeHHs ionie Agh 3 eukopucmanHam npupooHo2o (Ximosar) ma CUHMEmuyHo20 (NOMeMUICHIMIN
(IIE])) nonimepie ma 6ugueHHss CMpPYKmypu, MOpQONO2ii, MEPMOMEXAHIMHUX MdA HPOMUMIKDOOHUX GIACIUBOCHET
00epHCAHUX HAHOKOMNOZUMIS.

Tepmoximiune 6ionosrenns ionie Ag* y 06’emi nonimepnux nuiéox, wo micmunu IJIA, naremimam cpibna ma
BIOHOBHUK, NP06OOUNU, sumpumylouu ix npu memnepamypi 100—170 °C npomsieom 5 xeunun. 3pasku Hazpisaniu 6
niyyi 3 GUKOPUCMAHHAM BUCOKOMOYHO020 mepmopecyaamopa BPT-3. Tounicme pezynioganns memnepamypu
cmanosuna + 0.5 °C. B pesynomami 6ionoe1enHs niieKku Habysaroms cpibisicmozo Koawopy, emicm Ag 6 00’ emi
nnieox cmawnosus 6i0 1 0o 4 mac. %, moswuna nunigox cmanosunra 110 mxm. Cmpykmypa, mopghonoeais,
mMepMOMEXAHIUHI ma aHMUMIKpOOHI enacmueocmi 060x munie Hanokomnozumie I1JIA-Ag-noniemunenimin (I1EI) ma
TTJIA-Ag-ximo3san, cqhopmosanux wiaxom mepmoximiunoz2o eionosnenns Ag" y nonimepnux niiskax, 00Ccuiodiceno sa
O00NOMO20K0 UWUPOKOKYMHO20 DO3CIHO8AHHA DeHM2eHiCoKux npomerie ua npunadi [JPOH-4-07, mpaucmiciiinol
enexmpounoi mixpockonii (TEM) (JEM-1230 JEOL, Anouis), mepmomexaniunoeo ananizy (VIII-70 M), a makorc
AHMUMIKPOOHUX 8unpobyeans. Bemanosneno, wo mepmoximiune sionosnenns ionie Ag* 6 06’emi nonimeprux naigox
npu  BUKOPUCMAHHI CUHMemU4Ho20 abo npupoonozo noximepa (IIEI abo ximoszany) Ax 6iOHOGHUKA maA
cmaoinizyou020 azeHma HAHOYACMUHOK cpibna iobysacmuvca npu 160 °C npomsazom 5 xeunun. Bemanosneno, wo
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CepeoHill po3mMip HAHOYACMUHOK Ag y nonimepHiu mampuyi dopisHwoe ~ 7 ma ~ 4 um npu euxopucmanui IIEI ma
ximosany 6ionosiono. Iloxazano, wo nanoxomnozumu IIJIA-Ag-ximozan maiome 3HAYHO GUWY NPOMUMIKPOOHY
akxmusHicms wooo wmamis S. aureus ma E. coli nopienano 3 nanoxomnosumamu I[1J/I4-Ag-I11EL

Knrouosi cnosa: noninakmuo, noniemuieHiMiH, Ximo3au, CpiONOGMICHUL HAHOKOMNO3UM, CMPYKmypa,
Moponoeis, mepmMoMexaniuHi 61acmueoCmi, AHMUMIKPOOHA AKMUBHICMb
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