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Silver nanopatrticles possess a high potential as an antimicrobial substance against a wide spectrum
of bacteria, including antibiotic-resistant strains. Antimicrobial properties of silver nanoparticles with
30 nm in diameter synthesized according to the original protocol have been determined in this study.
In in vitro study using the serial dilutions method in the solid medium the minimal inhibition concentration
(MIC) of silver nanopatrticles against such test-strains as Staphylococcus aureus MRSA ATCC 43300,
Pseudomonas aeruginosa ATCC 27853, Escherichia coli ATCC 2592, Shigella sonnei, Salmonella
typhimurium 144 was equal to 33.46 ug/ml. MIC against B. subtilis ATCC 6633 was 133.8 ug/ml.
The antimicrobial activity of silver nanoparticles has been studied on clinical isolates with multiple
drug resistance isolated from wounds, urine, endocervical and faucial scrapings in surgical patients
with Klebsiella ozaenae 4348, Citrobacter freundii 4369, Escherichia coli 4358, Enterobacter aero-
genes 2476, Proteus mirabilis 4363, Staphylococcus aureus 4312 and Pseudomonas aeruginosa 283.
The total inhibition of the microorganisms growth under the action of both doses of silver nanoparti-
cles studied — 10 ug and 20 ug has been observed.
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The search for effective antimicrobial substances
is an important task of pharmacology nowadays. The
appearance of antibiotic-resistant bacterial strains re-
quires the use of antimicrobial agents with principally
new properties compared to traditional drugs, which
are able to overcome more successfully the resistance
of the causative agents of certain diseases. Metal na-
noparticles, and especially silver nanoparticles are in
the focus of attention of researchers. It is known that
silver nanoparticles are characterized by a pronounced
antimicrobial activity. Based on them medicines in the
form of creams [6, 9], gels [14], as well as such medical
products as catheters [20] and dressings [8, 11] have
been developed and introduced into practice. At the Phar-
macology Department of O.0.Bohomolets National Me-
dical University the research of pharmacological and
toxicological properties of different metal nanoparticles
(copper, iron, silver) is carried out. In terms of continu-
ing to study antimicrobial properties of nanosilver an
experimental substance of silver nanoparticles (AgNP)
with the size of 30 nm has been studied.

Materials and Methods

Silver nanoparticles were obtained by means of the
chemical reduction method in the aqueous medium ac-
cording to the original protocol developed in F.D. Ov-
charenko Institute of Biocolloidal Chemistry of NAS of
Ukraine. They were characterized by size using dynamic

light scattering (Zetasizer-3, “Malvern Instruments Ltd”,
Great Britain) and shape using transmission electron
microscopy (JEM-1230, “JEOL”, Japan).

The evaluation of the antimicrobial activity of sil-
ver nanoparticles was carried out in in vitro studies us-
ing two methods.

1. The antimicrobial activity of AgNP against test-
strains of microorganisms was determined according
to “MUC 4.2.1890-04, 2004 by the method of serial
dilutions in agar and expressed in the concentration of
AgNP per volume unit [2]. The initial concentration of
the AgNP solution was 800 pg/ml. The following test-
strains were used in this study: Staphylococcus aureus
MRSA ATCC 43300, Pseudomonas aeruginosa ATCC
27853, Escherichia coli ATCC 2592, Bacillus subtilis
ATCC 6633 and strains Shigella sonnei, Salmonella
typhimurium 144 obtained from the collection of the
State Research Institute of Biotechnology and Strains.
The inoculation doses of test-strains were 10°, 10* and
10° CFU/cm®. The antimicrobial effectiveness of AgNP
was studied in the final concentrations of 133.8 pg/ml,
100.38 pg/ml, 66.9ug/ml, and 33.46 pg/ml in the nutri-
ent medium (Mueler-Hinton agar). A sterile water dis-
persion of AgNP was introduced into a sterile Mueler-
Hinton agar cooled to 50°C, then mixed and poured on
Petri dishes. Cultivation of microorganisms was carried
out in thermostat at the temperature of 37°C for 24 h.
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Fig. 1. TEM image of spherical silver nanoparticles of 30 nm in size.

2. The second study was performed on a solid nutri-
ent medium using the method of dosed droplets. Mi-
croorganisms involved in the study were multiple drug
resistant clinical isolates from wounds, urine, endo-
cervical and faucial scrapings in surgical patients with
Klebsiella ozaenae 4348, Citrobacter freundii 4369,
Escherichia coli 4358, Enterobacter aerogenes 2476,
Proteus mirabilis 4363, Staphylococcus aureus 4312,
Pseudomonas aeruginosa 283. Microorganisms were
inoculated on Mueler-Hinton agar in the concentration
of 10° and 107 CFU/cm®to form a bacterial lawn. Sus-
pensions of microorganisms were prepared using 0.9%
saline solution. After 30 min of drying of Petri dishes
with inoculated bacterial cultures droplets of aqueous
dispersions containing nanoparticles with the concen-
tration of 800 pg/ml by metal were applied onto the
agar surface. The droplets were 12.5 and 25 pl in volu-
me and contained 10 and 20 pg of silver nanoparticles,
respectively. Bacterial cultures were then cultivated in
thermostat for 24 h at the temperature of 37°C. The cal-
culation of results was carried out by measuring the di-
ameter of growth inhibition zones. After measurements
of growth inhibition zones Petri dishes were stored for
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15 days at the room temperature for detecting any sec-
ondary growth.

Results and Discussion

Previous studies proved safety of the AgNP studied,
namely genotoxicity, mutagenic action, effect on probi-
otic bacteria of the gastrointestinal tract [1].

Transmission electron microscopy confirmed that AgNP
have a spherical shape (Fig. 1). Results of dynamic light
scattering measurements are shown in Fig. 2.

According to the graph it is seen that the size dis-
tribution of nanoparticles is monomodal, it means that
the colloidal solution has no other fractions. The ZAve
parameter shows the average size of nanoparticles. Its
average value was 31.8 nm and the absolute error was
0.8 nm.

In Tab. 1 the results of in vitro study of the antimic-
robial activity of silver nanoparticles against test-strains
of microorganisms are given. All strains of microorga-
nisms studied were susceptible to silver nanoparticles.
The results obtained indicate a pronounced antimicro-
bial activity against Staphylococcus aureus MRSA ATCC
43300, Pseudomonas aeruginosa ATCC 27853, Esche-
richia coli ATCC 2592, Shigella sonnei, Salmonella ty-
phimurium 144 in the concentration of 33.46 pg/ml.
Complete growth inhibition of Bacillus subtilis ATCC
6633 was observed at a higher concentration of AgNP —
133.8 ug/ml. This result is important since it is known
that B. subtilis is a component of the human normal mi-
croflora [13]. It is known that bacteria from Bacillus
genus may develop resistance to silver nitrate and can
be used in the process of biological synthesis of silver
nanoparticles [10]. The mechanism of appearance of
Bacillus sp. resistance is uncertain and may be associ-
ated with the presence of nitrate reductase enzyme in
the bacteria [16].

A pronounced antibacterial activity of AgNPs was
also revealed against antibiotic-resistant clinical isolates,

Run  Ange KCps. ZAwe Pdy Fit Time

1 0.0 344 309 1000 0001619 13:13:00
2 0.0 543 321 1000 0001599 1322:35
3 °0.0 341 323 1000 0001124 1332:11
Average 543 318 1.000

+- 0.z 0.8 0.000

Fig. 2. Dynamic light scattering data of silver nanoparticles. The graph demonstrates distribution of silver nanoparticles by size.
The ZAve parameter shows the diameter of nanoparticles , “+/-” — is the absolute error.
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Table 1
The antimicrobial activity of 30 nm silver nanoparticles against test-strains of microorganisms
Inoculation dose | The final concentration of AgNP drug in the medium, | Reference
Test-strains of test-strains, pg/ml by metal test-strain

CFU/cm? 133.8 100.38 66.9 33.46 growth
Staphylococcus aureus MRSA 10° 2 2 2 2 ARAAs
ATCpC 23300 104 @ %] @ @ ++++
10° %) 9] @ @ ++++
Pseudomonas aeruginosa 10° 2 2 2 2 T
ATCC 27853 g 104 @ @ @ @ ++++
10° @ @ @ @ ++++
10° @ @ @ @ ++++
Escherichia coli ATCC 2592 10* @ @ @ @ ++++
10° @ @ @ @ ++++
10° %) %] @ @ ++++
Shigella sonnei 10 %) @ ) [9) ++++
10° @ 4] @ @ ++++
10° @ @ @ @ ++++
Salmonella typhimurium 144 10 %) %) 9] 9] ++++
10° @ @ @ @ ++++

103 @ @ @ +++ +++++

B. subtilis ATCC 6633 104 @ @ + +++++ +++++

10° @ + +++ +++++ +++++

Notes: “@”" - complete inhibition of growth; “++++" - intensive growth; “+++" — weak growth inhibition; “+” - only the growth of single

colonies was observed.

and inhibition of bacterial growth was observed in all
cases. The results obtained showed that clinical isolates
such as Pseudomonas aeruginosa 283 and Klebsiella
ozaenae 4348 which were resistant to the majority of
antibiotics, appeared to be susceptible to silver nanopar-
ticles. Diameters of growth inhibition zones for P. aeru-

ginosa were the largest among all strains tested. Both
gram-negative bacteria from Enterobacteriaceae fami-
ly (K. ozaenae, E. aerogenes, C. Freundii, E.coli, P. mi-
rabilis) and gram-positive coccus of S. aureus appeared
to be susceptible to silver nanoparticles (Tab. 2). Effec-
tive concentrations of silver nanoparticles varied from

Table 2

The antimicrobial activity of silver nanoparticles (30 nm) against antibiotic-resistant clinical isolates

Diameter* of the growth inhibition zone of clinical

‘ Inoculation dose isolates under the action of AQNP

Test-strain ; 3 i i

of test-strain, CFU/cm 10 pg of AgNP in droplet 20 ug of AgNP in droplet
(by metal) (by metal)
. . . 1 05 1 O 1 5
Escherichia coli 4358 107 11 14
. 10° 12 15
Klebsiella ozaenae 4348 107 12 15
Enterobacter aerogenes 2476 107 10 12
. ofs 1 05 1 3 1 7
Proteus mirabilis 4363 107 13 17
Citrobacter freundii 4369 107 11 14
. 10° 14 20
Pseudomonas aeruginosa 283 107 12 20
hvl 4312

Staphylococcus aureus 43 107 10 13

Note: * diameters of the growth inhibition zones are expressed in mm.
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Table 3

Doses of silver nanoparticles that inhibited growth of antibiotic-resistant strains and expressed
in micrograms per surface area of a nutrient medium

Inoculation dose Doses of silver nanoparticles*
Test-strain of test-strain. CFU/cm? 10 ug of AgNP in droplet 20 pg of AgNP in droplet
: (by metal) (by metal)
10° 0.13 0.06
Escherichia coli 4358
scherichia coli 107 0.11 0.06
. 105 0.09 0.06
Klebsiella ozaenae 4348 107 0.09 0.06
E 247
nterobacter aerogenes 2476 107 0.13 0.09
T 105 0.08 0.04
Proteus mirabilis 4363 107 0.08 0.04
. ) 10° 0.13 0.06
Citrobacter freundii 4369 107 0.11 0.06
. 105 0.06 0.03
Pseudomonas aeruginosa 283 107 0.09 0.03
Staphylococcus aureus 4312 107 0.13 0.08

Note: * Doses of silver nanoparticles are expressed in ug/mm?2.

0.03 pg/mm?to 0.13 ug/mm? calculated with reference

to the surface area of the nutrient medium (for detailed

information see Tab. 3). There was no secondary growth
observed in all growth inhibition zones in 15 days of
observation.

The mechanism of the antibacterial action of silver
nanoparticles is insufficiently studied. The opinion that
effect of silver nanoparticles is associated with genera-
tion of reactive oxygen species inside the cell is wide-
spread [7, 12, 18, 21]. According to the data [11, 17]
a possible mechanism of action of silver nanoparticles
includes the complex of the following factors:

« Silver nanoparticles are adsorbed on the surface of
the membrane of microorganisms.

*  Nanoparticles destroy molecules of lypopolisaccha-
ride and form “sites” of high permeability in the
membrane. Silver nanoparticles penetrate inside the
cell releasing the Ag™-ions, which cause the follow-
ing effects:

— silver ions interact with cytochromes and block

the respiratory chain;

— silver can also interact with DNA inhibiting its

replication.

It has been reported that antimicrobial properties of
AgNP depend on size and geometry of particles. Ac-
cording to Kahru A., Dubourguier H.-C. [15] the inhi-

biting action of nanoparticles against nitrifying bacteria
was more pronounced if the size of nanoparticles was
less than 5 nm. Pal S. et al. [19] have found that there is
dependence between the effect of silver nanoparticles
and their geometrical parameters. Thus, AgNP with a
triangular shape revealed higher activity than spherical
shaped nanoparticles. Researchers explain this regulari-
ty by high density of silver atoms in triangular nano-
particles, which along with a high specific surface area
provide more active interaction with bacterial cells.

CONCLUSIONS

1. The minimal inhibitory concentration of silver na-
noparticles against test-strains of such microorganisms
as Staphylococcus aureus MRSA ATCC 43300, Pseu-
domonas aeruginosa ATCC 27853, Escherichia coli ATCC
2592, Shigella sonnei, Salmonella typhimurium 144 was
33.46 pg/ml, and it was 133.8 pg/ml against Bacillus
subtilis ATCC 6633.

2. Silver nanoparticles are active against such an-
tibiotic-resistant clinical isolates as Klebsiella ozaenae
4348, Citrobacter freundii 4369, Escherichia coli 4358,
Enterobacter aerogenes 2476, Proteus mirabilis 4363,
Staphylococcus aureus 4312, Pseudomonas aeruginosa
283. Effective concentrations of silver nanoparticles va-
ried from 0.03 pg/mm? to 0.13 pg/mm? calculated with
reference to the surface area of the nutrient medium.
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AHTUMIKPOBHA AKTUBHICTb HAHOYACTUHOK CPIBIA IN VITRO

A.O.lpuckoka, A.B.PydeHko, J1.C.Pe3HiyeHko, T.I.I'py3iHa, 3.P.Ynb6epe, I.C.YekmaH

Knrovoei cnoea: HaHodacmuHKuU cpibna; aHmumikpobHa akmusHicmb, criekmp bakmepiti
HaHouyacmurku cpibria matomp eeriukuli nomeHuian y Kocmi aHmuMikpobHo20 3acoby mpomu wupo-
Koeo criekmpa bakmepill, eknoqarodu aHmubiomukopesucmeHmHi wimamu. B 0aHomMy OOCIOKEHHI
8U3Ha4YeHi aHMUMIKpOBHI erracmugocmi CUHMe308aHUX 3a OpueiHalbHUM POMOKO/IOM HaHoYacmu-
HOK cpibnia diamempom 30 Hm. B docnidax in Vvitro i3 eukopucmaHHsIM Memody cepiliHux po3eedeHb
y meepdomy cepedosulyi MiHimManbHa iHeibyroda koHueHmpauisa (MIK) no gidHoweHH0 do mecm-
wmamie Staphylococcus aureus MRSA ATCC 43300, Pseudomonas aeruginosa ATCC 27853, Esche-
richia coli ATCC 2592, Shigella sonnei, Salmonella typhimurium 144 cknadana 33,46 mka/mn. MiHi-
MaribHa iH2ibyroda KoHUeHmpauisi rno gidHoweHHro 0o B. subtilis ATCC 6633 cmaHosuna 133,8 mka/mi.
AHMUMIKPOBHa akmueHiCmb HaHOYacmMUHOK cpibna docnidxeHa U Ha KiiHIYHUX aHmubiomukope-
3ucmeHmHuUxX i3onsamax, wo bynu sudineHi 8i0 xeopux XipypaidHo20 npoghinto i3 paH, cedi, 3i cKkpe-
bie 3 yepsikanbHo20 KaHarny, 3igy: Klebsiella ozaenae 4348, Citrobacter freundii 4369, Escherichia
coli 4358, Enterobacter aerogenes 2476, Proteus mirabilis 4363, Staphylococcus aureus 4312 ma
Pseudomonas aeruginosa 283. Criocmepiearnu rnogHe rnpuzgHiHeHHsI pocmy O0CTiOXy8aHUX KIiHIYHUX
i3onsimie npu sukopucmaHHi 003U HaHo4YacmuHokK cpibra 10 me ma 20 me.

NMPOTUBOMUKPOBHAA AKTUBHOCTb HAHOYACTUL CEPEBPA IN VITRO

A.O.lpuckoka, A.B.PydeHko, J1.C.Pe3Hu4eHko, T.I.Ipy3uHa, 3.P.Ynbb6epe, N.C.YekmaH
Knroveenle crnoea: HaHoyacmuuyb! cepebpa; npomueoMuUKpobHas akmueHOCMb,; Criekmp
bakmepul

HaHoyacmuuybi cepebpa umerom 6osbwol nomeHyuarsn 8 kKadecmee rnpomusoMuKpobHo20 cpedcmea
rpomue WupoKoeo criekmpa bakmepul, 8KIYass aHmubuomuKope3ucmeHmMHble wmammbl. B aH-
HoM uccriedosaHuu onpedesneHbl NPOMUBOMUKPOBOHbIe ceolicmea CUHMEe3UPO8aHHbIX 10 OpUaUHarb-
HOMYy MPOMOKOIly HaHo4Yacmuy, cepebpa duamempom 30 HM. B onibimax in vitro ¢ ucrnonb3oeaHuem
memoda cepuliHbix pazeedeHull 8 mgepdol cpede MUuHUMarbHas UHaubupyrowas KOHUeHmpauyusi
(MUK) 8 omHoweHuu mecm-wmammos Staphylococcus aureus MRSA ATCC 43300, Pseudomonas
aeruginosa ATCC 27853, Escherichia coli ATCC 2592, Shigella sonnei, Salmonella typhimurium 144
cocmaernsna 33,46 mke/mMn. MuHumanbHas uHeubupyrowas KoHyeHmpayusi no OmHoWeHuUro K Ba-
cillus subtilis ATCC 6633 cocmaernsina 133,8 mka/mn. [NpomueoMukpobHasi akmueHOCMb HaHoYacmuy,
cepebpa uccriedogaHa Ha KIUHUYECKUX aHMUOUOMUKOPe3UCMEeHMHbIX U3071simax, 8bI0eIeHHbIX U3 PaH,
MOHYU, cOCKOb08 U3 UepsuKaslbHO20 KaHara, 3eea 60sibHbIX XUupypaudeckoeo rpoghuss: Klebsiella ozaenae
4348, Citrobacter freundii 4369, Escherichia coli 4358, Enterobacter aerogenes 2476, Proteus mira-
bilis 4363, Staphylococcus aureus 4312 u Pseudomonas aeruginosa 283. Habrodanock nonHoe
rnodaeneHue pocma uccredyeMbix KITUHUYECKUX U30/IImo8 rpu UCMosib308aHuu 003bl HaHoYacmuy,
cepebpa 10 me u 20 me.



