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Summary

The study evaluated the antimicrobial properties of commercial preparations containing nanoparticles of
silver, gold, copper and platinum against Escherichia coli, Streptococcus uberis, Staphylococcus aureus, Candida
albicans and Candida krusei isolated from cases of mastitis in cattle. The minimum inhibitory concentration
(MIC), minimum bactericidal concentration (MBC) and minimum fungicidal concentration (MFC) of the
preparations in relation to the isolated microbes were determined. The highest growth-inhibiting activity
against the pathogens was noted in the preparations containing nanoparticles of silver and copper, whereas
the preparation containing gold nanoparticles had a significantly weaker effect. Platinum nanoparticles at the
concentrations applied did not exhibit biocidal activity towards the microorganisms analysed. After 30 minutes
the antimicrobial activity of the silver nanoparticles, at concentrations of both 50 and 25 ppm, resulted in the
complete elimination of viable cells of the microbes isolated from cases of mastitis. The preparation containing
copper nanoparticles exhibited biocidal activity only at a concentration of 50 ppm.
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Mastitis is one of the most frequent and most costly
diseases occurring in dairy cattle (6, 7). Economic losses
are mainly related to decreased production and lower
milk quality, as well as veterinary costs. Among the 150
microbial species involved in the etiology of mastitis,
infectious and environmental agents are distinguished
(2). The infectious pathogens Staphylococcus aureus
and Streptococcus agalactiae, as well as the less com-
mon Corynebacterium bovis and Mycoplasma bovis,
are capable of surviving in the mammary gland and can
cause inflammation, usually manifested as an increase in
the somatic cell count in milk from the infected quarters.
Environmental microorganisms, on the other hand, are
described as pathogens that exploit the opportunity to
induce a mammary gland infection and do not adapt
to survive in the host organism. Because this group of
microorganisms cannot be completely eliminated from
the environment where dairy cattle are raised, the mam-
mary gland is continually exposed to them. This group
includes Streptococcus dysgalactiae, Streptococcus
uberis, Enterococcus spp., and Escherichia coli (11).

Also included among environmental pathogens are
fungi of the genus Candida sp. (24). This complex etiol-
ogy causes substantial difficulties in selecting effective
methods for the prevention and treatment of mastitis.
Despite numerous negative aspects of antibiotic therapy,
this group of drugs is still the basis of successful treat-
ment. A widespread significant increase in antibiotic
resistance in microorganisms causing mastitis neces-
sitates the search for alternative solutions.

Recent years have seen increasing interest in nano-
technology and its products, nanoparticles, i.e. struc-
tures of which at least one dimension does not exceed
100 nm. They have found application in many fields,
including medicine, veterinary medicine, and phar-
macology (3, 14, 22). A breakthrough in nanotechnol-
ogy was the development of a physical method for
obtaining nanoparticles of silver, gold, and copper.
Such fragmentation of nanoparticles increases their
biocidal properties in contact with microorganisms.
The biological applications of nanomaterials result
from their special structure and exceptionally large
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active surface, which is of crucial importance in their
effect on the cells of microorganisms. Owing to the in-
creased surface area of nanoparticles in relation to their
mass, the cell membrane becomes covered with a vast
number of nanoparticles, resulting in damage to and
deformation of external cell structures (16). Moreover,
when nanoparticles bind with thiol groups of amino
acids they can cause changes in the conformation of
proteins essential for cell life, block centres of enzyme
activity, and impede ion exchange with the environ-
ment (9, 20). Nanoparticles have also been shown to
induce disturbances in the electrochemical potentials
of the cell membrane in microorganisms, which can
cause significant disruptions in processes taking place
on the boundary between the cell and its environment
(13). Furthermore, they have been observed to increase
the activity of genes responsible for maintaining the
cell’s redox balance, which is manifested in the death
of bacteria and fungi (17). The size of nanoparticles is
a decisive factor in fighting microorganisms. A high
degree of fragmentation of nanoparticles, within a range
of 3 to 10 nm, has been shown to increase their antimi-
crobial effectiveness (5). The structure of nanoparticles
also shapes their biocidal properties. A study by Pal et
al. (18) demonstrated that triangular nanoparticles were
more effective towards E. coli than spheres or rods.
Most nanoparticles have a colloid form in which they
form the dispersed phase, and the dispersion medium
is water (8). These unique properties of nanoparticles
of noble metals, in combination with their stability in
the environment in which they act, chemical neutrality,
and resistance to UV radiation, offer favourable oppor-
tunities for their use in the prevention and treatment of
many bacterial and fungal diseases.

In view of the antimicrobial properties of nanopar-
ticles, the aim of the study was to determine the an-
timicrobial properties of nanocolloids of silver, gold,
copper and platinum towards selected pathogenic agents
isolated from cases of mastitis in cattle.

Material and methods

The study was carried out with the use of commercial col-
loid preparations containing nanoparticles of silver, gold and
copper at a concentration of 50 ppm and platinum at a con-
centration of 20 ppm (Nano-Tech Polska). The antimicrobial
properties of the preparations were evaluated in relation to
strains from our own collection: E. coli (4 strains), Streptococ-
cus uberis (4), Staphylococcus aureus (3), C. albicans (3) and
C. krusei (3), isolated from clinical cases of mastitis in cows.

In the first stage of the experiment the Minimal Inhibitory
Concentration (MIC) of the preparations was determined for
the test microorganisms by the double dilution method in
liquid medium in 96-well flat-bottom microplates (Nunc™).
To prepare the inoculum, overnight broth cultures of bac-
teria were suspended in ISO-Sensitest Broth (Oxoid), and
Candida sp. cultures were suspended in Yeast Nitrogen Base
(Sigma-Aldrich) to a density of OD,, = 1. The suspensions
were finally diluted 1: 50 in growth medium (2 x 10* cells/
ml). Next, 100 pl of medium containing nanoparticles was
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applied to the plates, at concentrations from 25 to 0.39 ppm
for gold, silver and copper and from 10 to 0.31 ppm for
platinum. Inocula of the microorganisms tested were added
in the amount of 100 pl to each dilution. The control con-
sisted of homologous suspensions of the microorganisms in
the amount of 200 pl. The microplates with bacterial inocula
were incubated at 37°C for 24 h, and those with fungi at 25°C
for 48 h. Absorbance was measured in a microplate reader
(Bio-Rad 680, Ge) following incubation, at 660 nm. The re-
sults obtained were evaluated statistically with Statistica 10.0.
The data were analysed by variance analysis with one-way
ANOVA to compare differences between absorbance values,
and the post-hoc differences were measured by Tukey’s test.

In the next stage of the experiment the Minimal Bacteri-
cidal Concentration (MBC) and Minimal Fungicidal Concen-
tration (MFC) were determined for the preparations contain-
ing nanoparticles of silver and copper, which had the highest
MIC values against all the microorganisms tested. The test
was carried out using nanoparticle concentrations of 50 and
25 ppm. A 10* dilution was prepared from the inoculum of
each of the strains tested, with a density of OD,, =2. A 1-ml
volume of each inoculum was placed in bacteriological test
tubes containing 9 ml of the nanoparticle preparation to be
tested. The control was 9 ml of saline solution, pH 7.4. The
duration of contact of the nanoparticles and the control sample
with the suspension of microorganisms was 30 min. Next,
1 ml of the suspension was plated on Petri dishes and covered
with selective media: MacConkey agar (Merck) for E. coli,
Baird-Parker agar (Oxoid) for Stapylococcus aureus, Edwards
agar (Oxoid) for Streptococcus uberis and Sabouraund agar
(BTL) for C. albicans and C. krusei. The bacteria were incu-
bated for 24 h at 37°C, and the Candida sp. strains for 48 h
at 25°C. The analysis was performed in 3 replications, and
the results were presented as arithmetic means.

Results and discussion

The results obtained show that the silver and cop-
per nanoparticles had the strongest inhibitory effect
on the growth of the microorganisms tested (Tab. 1).
The silver nanoparticles inhibited the growth of all the
microorganisms at a concentration of 12.5 ppm, and in
the case of Staphylococcus aureus, Streptococcus uberis
and C. crusei this effect was observed at a concentra-
tion of > 6.25 ppm. Cu nanoparticles at a concentration
of 25 ppm inhibited the growth of all the microorgan-
isms, whereas at a concentration of 12.5 ppm growth
inhibition was noted only in the case of Staphylococcus
aureus and C. crusei. In all of these cases OD values
differed statistically significantly (p < 0.05) from the
control values. The effect of the preparation containing
gold nanoparticles was weaker; statistically significant
differences (p < 0.05) with respect to the control were
observed for Staphylococcus aureus and C. crusei at
a concentration of 12.5 ppm and for Streptococcus at
a concentration of 25 ppm. The weakest inhibitory ef-
fect on the growth of the microorganisms was observed
in the aqueous solution of platinum nanoparticles. The
absorbance values obtained were similar to the control
values and were not statistically significant. The mi-
croorganisms most susceptible to the nanopreparations



Tab. 1. The average absorbance (S + SD) from the microorganisms after application of different concentrations of nanoparticles

E. coli 0.520.12 0.58 0.1 0.6120.2
Control 0.64 £ 0.07
Staph. aureus 0.18°:0.09 | 0.22°:0.06 | 0.39:0.06
Control 0.48 = 0.06
Str. uberis 024003 | 0342001 | 0372002
Control 0.38 £ 0.03
C. albicans 030:0.08 | 049:0.10 | 052:0.08
Control 0.53 £ 0.05
C. crusei 0282005 | 0.39":0.02 | 0.52:0.05
Control 0.57 £ 0.08

0.08*:0.01 | 0.06*£0.02 0.45+ 0.1 0.52 0.1
0.48 £ 0.09

0.07°:0.08 | 0.017°:0.08 | 0.28°:0.06 | 0.59:0.08
0.58  0.08

041*0.01 | 0132006 | 0.20°:0.03 | 040x0.06
0.37.£0.02

0.04*0.05 | 005°:0.08 | 046:005 | 0512006
0.48 008

0092005 | 0123010 | 0.18°:0.04 | 0.41:0.02
0.58 = 0.01

E. coli 0.50 0.1 0.57 £ 0.08 0.50 0.1

Control 0.61 = 0.06

Staph. aureus 060£0.08 | 064006 | 0.64x0.10
Control 0.68 = 0.10

Str. uberis 025:0.08 | 031008 | 0.35:0.04
Control 0.37 £ 0.03

. albicans 039:0.09 | 0402005 | 0.43:0.10
Control 0.46 = 0.06

C. crusei 047:010 | 057:0.08 | 0.67:0.08
Control 0.67 £ 0.05

0.29" £ 0.02 0.65:0.06 | 0.950.07
0.59 £ 0.20

0.40+0.06 | 0.46*+0.07 |0.57:0.05
0.610.08

019°0.05 | 0282003 | 0.33:0.10
0.330.06

0.32°0.05 | 0372001 |0.4420.04
0.45 +0.03

0392006 | 0.45":0.05 |0.66+0.11
0.66 = 0.09

Explanations: * Significant differences in comparison to control (p < 0.05); Average values + SD of triplicate

applied were the bacteria Staphylococcus aureus and the
yeast C. crusei. Both were susceptible to nanoparticles
of gold and copper, and the values obtained were sta-
tistically significantly higher (p <0.05) than the control
for the concentration of 12.5 ppm, and in the case of the
preparation containing nanoparticles of silver, for the
concentration of 6.25 ppm. The highest resistance to the
preparations tested was observed in the E. coli strains,
which exhibited susceptibility only to nanoparticles
of silver at concentrations > 12.5 ppm and copper at
a concentration of 25 ppm.

Analysis of the bactericidal and fungicidal proper-
ties of the preparations evaluated indicates that all of
the microorganisms isolated from cases of mastitis

Tab. 2. Numbers of microorganisms following 30-minute con-
tact with silver nanoparticles in comparison with the control

Escherichia coli 0 0 1360
Staphylococcus aureus 0 0 1040
Streptococcus uberis 0 0 800
Candida albicans 0 0 1020
Candida crusei 0 0 980

exhibited greater susceptibility to nanoparticles of
silver than copper. As a result of contact between the
suspensions of microorganisms and silver nanoparticles
at concentrations of both 50 ppm and 25 ppm, total
elimination of the cells of the pathogens was attained
after just 30 min. (Tab. 2). In the case of the preparation
containing nanoparticles of copper, complete inhibition
of growth was attained using a concentration of 50 ppm.
When the concentration was 25 ppm a few colonies
of E. coli, Streptococcus uberis and C. albicans were
observed (Tab. 3).

The high antimicrobial activity of nanocolloids
of noble metals is confirmed by results obtained by
Ruparelia et al. (21). The authors tested the antibacterial

Tab. 3. Numbers of microorganisms following 30-minute con-
tact with copper nanoparticles in comparison with the control

Escherichia coli 0 9 1360
Staphylococcus aureus 0 0 1040
Streptococcus uberis 0 4 800
Candida albicans 0 12 1020
Candida crusei 0 0 980
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properties of silver and copper nanoparticles towards
E. coli, S. aureus and B. subtilis. As in the present study,
silver nanoparticles proved more effective than copper
against E. coli and S. aureus. In the case of B. subtilis
the reverse was true. Copper nanoparticles were more
effective against these bacteria than silver, and both
MIC and MBC were substantially lower than the values
obtained for E. coli and S. aureus. According to the
authors, one reason B. subtilis was more susceptible
to the antibacterial activity of the copper nanoparticles
is the abundance of amino and carboxyl groups on the
surface of the bacterial cell and the high affinity of
copper for these groups. Moreover, copper nanopar-
ticles may disrupt biochemical processes within the
bacterial cell, and by binding to DNA may prevent it
from replicating normally. Other studies also confirm
the high antibacterial (1, 20, 23) and antifungal (10,
15, 19) activity of nanoparticles of silver, copper and
gold. It is significant that these microorganisms have
not yet produced strains that are resistant to the different
‘physical’ biocidal or biostatic mechanism of action of
silver and copper nanoparticles. This may be due to the
fact that nanoparticles exert their effect simultaneously
against different structures, both on the surface of the
cell and inside it, while antibiotics have only specific
sites of action. Owing to the broad range of activity of
nanoparticles towards bacteria and fungi, it is possible
to create a universal therapy and decrease the costs of
animal treatment. The unique physicochemical prop-
erties of nanoparticles offer possibilities for manifold
modifications. Research was recently undertaken which
for the first time used technology involving non-me-
chanical binding of a metal, in the form of nanoparticles,
with an organic molecule. This technology was used
to bind nanoparticles with classic antibiotics. Studies
by Geoprincy et al. (4) and Li et al. (12) confirmed the
high therapeutic effectiveness of this type of binding.
Neither active substance exhibited antagonism with
the other, and the result obtained can be regarded as
a synergistic effect involving a significant increase in the
size of the growth inhibition zones of microorganisms
in comparison to the use of each substance separately.
To increase the effectiveness of nanoparticles, they
are also bound with surfactants. The synergistic effect
of silver nanoparticles and sodium dodecyl sulphate
(SDS) is confirmed by results obtained by Panacek et
al. (19). When this compound was bound with lipids
and proteins of the cell wall of Candida sp., it increased
the accessibility of silver nanoparticles, thus increasing
their cytotoxic effect.

The results of this study suggest that preparations
containing nanoparticles of silver or copper will play
a significant role in controlling microorganisms living
in the environment where animals are kept. The use of
substances modified by nanotechnology in preparations
used for care and disinfection could significantly help
in maintaining a low, acceptable level of environmental
microbes responsible for inducing mastitis in cows. It is
significant that preparations containing biocidal concen-
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trations of nanoparticles, unlike those containing metal
ions, do not have a cytotoxic effect on eukaryotic organ-
isms. Thus they can become an important complement
to preparations that have been used in the prevention
and treatment of mastitis.
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