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Purpose: Mastitis in dairy cows is a worldwide problem faced by dairy producers. Treatment mainly involves antibiotic therapy, 
however, due to widespread antibiotic resistance among bacteria, such treatments are no longer effective. For this reason, scientists are 
searching for new solutions to combat mastitis, which is caused by bacteria, fungi, and algae. One of the most promising solutions, 
nanotechnology, is attracting research due to its biocidal properties. The purpose of this research was to determine the biocidal 
properties of nanocomposites as a potential alternative to antibiotics in the control of mastitis, as well as to determine whether the use 
of nanoparticles and what concentration is safe for the breeder and the animal.
Patients and Methods: In this study, the effects of Ag, Au, Cu, Fe, and Pt nanoparticles and their complexes were evaluated in 
relation to the survival of bacteria and fungi isolated from cattle diagnosed with mastitis, their physicochemical properties, and their 
toxicity to bovine and human mammary epithelial cells BME-UV1 and HMEC (human microvascular endothelial cells). Moreover, 
E. coli, S. aureus, C. albicans, and Prototheca sp. invasion was assessed using the alginate bead (bioprinted) model. The NPs were 
tested at concentrations of 25, 12.5, 6.25, 3.125, 1.56 mg/l for Au, Ag, Cu and Fe NPs, and 10, 5, 2.5, 1.25, 0.625 mg/l for Pt.
Results: With the exception of Fe and Pt, all exhibited biocidal properties against isolates, while the AgCu complex had the best 
effect. In addition, nanoparticles showed synergistic effects, while the low concentrations had no toxic effect on BME-UV1 and 
HMEC cells.
Conclusion: Synergistic effects of nanoparticles and no toxicity to bovine and human cells might, in the future, be an effective 
alternative in the fight against microorganisms responsible for mastitis, and the implementation of research results in practice would 
reduce the percentage of dairy cows suffering from mastitis. The problem of increasing antibiotic resistance is posing a global threat to 
human’s and animal’s health, and requires comprehensive research to evaluate the potential use of nanoparticles – especially their 
complexes – as well as to determine whether nanoparticles are safe for the breeders and the animals. The conducted series of studies 
allows further consideration of the use of the obtained results in practice, creating a potentially new alternative to antibiotics in the 
treatment and prevention of mastitis in dairy cattle.
Keywords: cattle, mastitis, bacteria, fungi, nanocomposites

Introduction
The most common and expensive issue occurring in cattle herds is mastitis, ie, inflammation of the udder tissue. Despite 
advancing science and some innovative solutions, this problem is faced by breeders worldwide. Mastitis reduces the 
animal’s health condition, negatively affects their welfare, and results in financial losses.1

Mastitis is a multifactorial disease that is primarily caused by microorganisms such as bacteria: gram-positive 
Streptococcus agalactiae, Staphylococcus spp. and Streptococcus uberis, and gram-negative Escherichia coli, 
Enterococcus spp. and Mycoplasma spp.2 as well as fungi, especially the yeast Candida albicans. In recent years, 
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there have also been cases involving algae, such as Prototheca sp., which is highly resistant to all available commercial 
therapeutics, among other antibiotics.3

Despite the implementation of mastitis control strategies and an increasing knowledge of this disease, it is an ongoing 
issue with an increasing frequency of occurrence. Particularly alarming is the fact that there is increasing antibiotic 
resistance among bacteria, due to their overuse and incorrect usage. Currently available agents—among others, antibiotics, 
antifungal, and antibacterial agents—are not very effective,2 therefore, it is crucial to search for new, effective alternatives.

In recent years, an increasing number of studies have targeted the use of metal nanoparticles (NPs). They are 
especially appreciated because of their numerous properties. These include drug delivery,4 antiviral properties,5 

antifungal,6 anti-parasitic,7 therefore, they are very often used in medicine,8 pharmacy,9 and cosmetology.10 In vitro 
studies also confirm anticancer activities of nanocomposites.11

The scope of recent research using nanoparticles has been developing specifically in the context of bacterial control, due 
to their unique properties and affinity for bacterial cells, which is dependent on the morphological and physicochemical 
properties of the nanoparticles.12,13 There are different methods of nanoparticle synthesis. These can be biological method, 
which is the most environmentally friendly of all possible synthesis methods. This method uses various living organisms 
including: bacteria, viruses,14 but also yeasts,15 fungi,16 algae,17 as well as land plants, their extracts,18,19 and even 
submerged plants,20,21 which exhibit biocidal properties. Nanoparticles can also be synthesized by chemical methods 
using various chemicals, and by physical methods using, for instance, UV radiation, ultrasound, and laser rays as well as 
various reducing agents.22,23 Unfortunately, both chemical and physical methods of synthesis use toxic chemicals, which 
have a significant negative impact on the environment. Nanoparticle synthesis works based on two methods, first is top- 
down which involves breaking down a large mass into smaller ones, and the second method is bottom-up, which works the 
opposite way – materials of nano-size are combined into larger structures.24 However, the most important feature of 
nanoparticles in the context of their use in combating pathogens, is the bacteria’s inability to develop resistance to them.25

Previous studies have also shown that metal nanoparticles interact with the external structures of bacteria (the 
membrane and cell wall), which can lead to disruption of the membrane potential, damage to the cell membrane, and 
activation of oxidative stress.26,27

The previously described literature reports suggest that the application of several types of nanoparticles (Au, Ag, Cu, 
Fe, and Pt) and the exploitation of their synergistic effects as complexes, might, in the future, be an effective alternative 
in the fight against the microorganisms responsible for mastitis. The implementation of research results in practice would 
help breeders around the world and reduce the percentage of dairy cows suffering from mastitis, thereby increasing their 
welfare. The nanoparticles’ lack of toxicity to human mammary epithelial cells (HMEC) and the bovine mammary 
epithelial cell-line BME-UV1 has recently been confirmed,28 however, there is a shortage of information in the literature 
about the cytotoxic effects of nanoparticle complexes. In addition, there have been no studies indicating the effect of 
nanocomposites (Au, Ag, Cu, Pt, and Fe NPs) on pathogens isolated from the milk from cows with subclinical mastitis.

The aim of this study was to determine the biocidal effects of commercially available nanoparticles (Ag, Cu, Au, Pt, and 
Fe) obtained by physical methods, on bacteria, fungi, and algae isolated from cows diagnosed with mastitis. The conducted 
study also determined the effect of their physicochemical properties (morphology, size of selected nanoparticles their zeta 
potential, and hydrodynamic diameters). The purpose of this study was also to test nanocomposites of the above-mentioned 
NPs due to their potential synergistic effects against mastitic pathogens. The aim was also to determine the applicability of 
this technology not only in terms of the effectiveness of the biocidal properties of nanoparticles against mastitic pathogens 
but also in terms of safety against other cells. Therefore, studies were conducted to determine the toxicity of single 
nanoparticles and their complexes against bovine and human mammary epithelial cells BME-UV1 and HMEC. Thus, 
according to the stated purpose it was possible to determine whether the use of nanoparticles and what concentration is safe 
for the breeder and the animal. Among the main goals was also determining the level of reactive oxygen species, which are 
responsible for inducing oxidative stress, making the nanoparticles exhibit antibacterial activity.

In this study, we assessed the toxicity of Au, Ag, Cu, Pt, and Fe NPs and their complexes on human and bovine mammary 
epithelial cells as well as bacterial and fungal isolates such as Streptococcus uberis, Staphylococcus sciuri, Escherichia coli, 
Serratia marcescens, Staphylococcus aureus, Candida albicans, Prototheca sp., Citrobacter koseri, Candida glabrata, and 
Candida parapsilosis. The biological material used was mastitic milk collected from Holstein-Friesian cows with diagnosed 
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mastitis (SCC > 400,000/mL). Subsequently, the cultured colonies were submitted for identification using a MALDI-TOF MS 
apparatus (Bruker, Poznań, Poland), resulting in precise and reliable identification. For selected strains of microorganisms, the 
study of the invasion of microorganisms and cell viability in biofilm was carried out in a method utilizing bioprinted alginate 
beads.

Materials and Methods
Morphology of Nanoparticles
Hydrocolloidal Ag, Au, Cu and Pt nanoparticles were purchased from the Nano-Tech Poland (Warsaw, Poland), while the 
Fe nanoparticles were purchased from 3d-nano (Cracow, Poland), with a purity >97.0%. It was produced by 
a nonexplosive, high-voltage method, using a high-purity metal (99.9999%) and high-purity demineralized water. To 
determine the morphology of the nanoparticles, transmission electron microscopy (TEM) images were acquired using 
a JEM-1220 microscope (Jeol, Tokyo, Japan) at 80 kV with a Morada 11-megapixel camera (Olympus Soft Imaging 
Solutions, Münster, Germany). Samples were prepared by placing droplets of hydrocolloids at a concentration of 10 mg/l 
onto formvar-coated copper grids (Agar Scientific, Stansted, UK) that were air-dried before observation.

Physicochemical Properties of Selected Nanoparticles (Size, Zeta Potential, and 
Average Hydrodynamic Size)
Zeta potential measurements were performed by microelectrophoresis with Smoluchowski approximation and size 
distribution measurements by dynamic light scattering (DLS) using a Zetasizer Nano-ZS90 analyzer (Malvern 
Instruments, Worcestershire, UK) after stabilization of the colloids for 120 s at 25 °C in triplicate. FT-IR analysis of 
Ag and Cu nanoparticles has been carried out in our recent publications.29,30

The Cell Culture of BME-UV1 and HMEC Cells
The BME-UV1 cells were purchased from the Cell Bank of The Lombardy and kindly provided by Prof. M. Gajewska 
(Institute of Veterinary Medicine, Warsaw University of Life Sciences, Warsaw, Poland) and were maintained in DMEM/ 
F12, RPMI-1640, and NCTC 135 medium (Thermo Fisher Scientific) at a ratio of 5:3:3, which was enriched with alpha 
lactose (0.1%, Merck), glutathione (1.2 mM, Merck), bovine insulin (1 μg/mL, Merck), bovine holo-transferrin (5 μg/ 
mL, Thermo Fisher Scientific), hydrocortisone (1 μg/mL, Merck), L-ascorbic acid (10 μg/mL, Merck), 10% FBS 
(Thermo Fisher Scientific), and an antibiotic and an antimycotic Thermo Fisher Scientific).

HMEC cells were obtained from Thermo Fisher Scientific and were maintained in HuMEC Ready Medium (Thermo 
Fisher Scientific) containing bovine pituitary extract (BPE) at a concentration of 50 μg/mL (Thermo Fisher Scientific), 
HuMEC Supplement Kit (Thermo Fisher Scientific), and an antibiotic and an antimycotic (Thermo Fisher Scientific). The 
cells were maintained at 37 °C in a humidified atmosphere of 5% CO2 and 95% air.

Cell Viability Assay
To determine cell viability, a PrestoBlue HS assay (Thermo Fisher Scientific) metabolic activity analysis was performed. 
The cells were plated in a 96-well plate at 1×104 cells per well and incubated for 24 hours. The culture medium was then 
removed, and dilutions of nanoparticles in a new medium were added at final concentrations of 0.1, 0.5, 1, 2, and 2.5 mg/ 
l at 100 μL per well. The control group consisted of cells in a medium without the addition of nanoparticles. After 24 
hours of incubation, the culture medium was removed and 100 μL of new culture fluid containing 10% PrestoBlue HS 
reagent was added. After two hours of incubation in a cell culture incubator, the fluorescence (excitation wavelength 560 
nm, emission wavelength 590 nm) was measured using a microplate reader (Infinite M200, Tecan, USA). The study was 
conducted as three independent experiments with three replications.

Prior to the actual analysis of cell metabolic activity, the potential for interference of nanoparticles with the 
PrestoBlue assay (Thermo Fisher Scientific) was assessed. The interference test was performed in exactly the same 
way as the actual analysis but without the presence of cells. The results of the interference tests are presented in the 
Supplementary Figure S1A.
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Membrane Perforation Analysis
To evaluate the integrity of the BME-UV1 and HMEC cell membranes, a CyQUANT Cell Proliferation Assay (Thermo 
Fisher Scientific) was used to determine the amount of lactate dehydrogenase (LDH) released from the cells. Cells were 
plated in a 96-well plate at a density of 1×104 cells per well, and then incubated for 24 hours. After incubation, the 
culture medium was removed and 100 μL per well of fresh medium containing 10% nanoparticles was added at final 
concentrations of 0.1, 0.5, 1, 2, and 2.5 mg/l. In the case of the BME-UV1 cells, in order to reduce interference by the 
LDH present in the FBS culture medium, the FBS content was reduced to 2%. The control group consisted of cells 
cultured in a medium without the addition of nanoparticles. After 24 hours of incubation, the culture plates were 
centrifuged; 50 μL of culture medium was transferred to a new 96-well plate and a reaction mixture was added. The plate 
was incubated for 20 minutes at room temperature in the absence of light. The reaction was then stopped by adding 50 μL 
of reaction-stopping solution per well. Absorbance was measured at 490 nm and 680 nm using a plate reader (Infinite 
M200, Tecan, USA). The absorbance value measured at 680 nm was subtracted from the value measured at 490 nm. The 
study was conducted as three independent experiments with three replications.

Prior to the actual analysis of membrane perforation, the potential for NDs to interfere with the assay was assessed. 
The interference test was performed in exactly the same way as the actual analysis but without the presence of cells. The 
results of the interference tests are presented in Supplementary Figure S1B.

Evaluation of the Morphology of BME-UV1 and HMEC Cells After Treatment with 
Nanoparticles
To obtain morphological images of the BME-UV1 and HMEC cell lines, 5×104 cells were transferred to 24-well plates. After 24 
hours of incubation, nanoparticles were added to a culture media to produce a final concentration of 2.5 μg/mL. After 24 hours, cell 
morphology was analyzed using a CKX41 inverted light microscope (OLYMPUS, Japan) with a 20x phase-contrast objective.

Bacteria Cultures
Samples of mastitic milk were collected from farms from July 2021 to March 2022. The collected samples were 
submitted to standard microbiological procedures for initial multiplication and preliminary species identification: strains 
were isolated and then cultured on solid and liquid media. Specialized microbiological media (Biomaxima, Poland) were 
used to culture the strains: nutrient broth for general microbial culture, Mannitol Salt Lab-Agar, Edwards Lab-Agar with 
the addition of bovine blood, Chromogenic Uri-Color Lab-Agar, MacConkey Lab-Agar, Salmonella-Shigella Lab-Agar, 
Chromogenic Candida Lab Agar, Rose Bengal Lab-Agar, TBX Lab-Agar, Chromogenic Coliform Lab-Agar, LB Broth, 
Rogosa LS Lab-Agar, Reinforced Clostridial Medium, Legionella CYE Lab-Agar Base, Listeria acc., Oxford Lab-Agar 
Base, Enterococcus Confirmatory Lab-Agar, Eijkman Lactose Medium, Prototheca Isolation Medium according to Pore 
(1973),31 and Sabouraud dextrose agar (all from Argenta, Poland). Subsequently, the selected colony samples were 
subjected to identification on a MALDI-TOF MS (Bruker, Poznań, Poland).

Determination of the Survival of Microorganisms Isolated from Mastitic Milk Treated 
with Au, Ag, Pt, Cu, and Fe Nanoparticles and Their Complexes
The viability of microorganisms treated with Ag, Au, Cu, Fe, and Pt nanoparticles at selected concentrations was determined. 
For this purpose, cell suspensions with an optical density (OD) of 0.5 on the McFarland scale were prepared. The 
microorganism suspension, in a volume of 100 μL, was transferred to 96-well plates. Concentrated nanoparticle hydrocolloids 
were added to the wells to obtain the following nanoparticle concentrations (after mixing): 25, 12.5, 6.25, 3.125, 1.56 mg/l for 
Au, Ag, Cu and Fe, and 10, 5, 2.5, 1.25, 0.625 mg/l for Pt. The incubation of the microorganisms with nanoparticles was 
carried out for 24 hours at 37 °C. Then, 20 μL of tetrazolium salt solution was added to each well. The amount of formazan 
produced (spectrophotometric measurement at 450 nm) was compared to the control group, in which the microorganisms had 
not been treated with nanoparticles, and the percentage of cell viability in the test group was calculated on this basis. After 
analyzing the results, dual-nanoparticle complexes were prepared, which showed inhibitory effects against the tested 
microorganisms. An analogous analysis to that described above was carried out for the complexes.
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Determination of Reactive Oxygen Species (ROS)
The detection of intracellular ROS was determined using DCFDA (2′,7′-Dichlorofluorescin Diacetate) (Cat. 
No. 287,810, Sigma, St Louis, MO, USA). The microbial strains were cultured in a Mueller–Hinton broth medium 
(BioMaxima, Lublin, Poland) in a shaking incubator at 37 °C overnight. The nanocomposites were prepared by 
dilution in deionized water (final concentration 12.5 μg/mL) and sonicated for 30 min before use. The inoculum of 
microorganisms (1.5 × 108 cells per well) with the tested nanoparticles (final volume 100 μL) was placed in 96- 
well plates and incubated at 37 °C for 2 hours. A DCFDA reagent was prepared according to protocol, and 10 μL 
of the mixture was added to each well. Shortly after, the fluorescence measurements were conducted with an 
excitation wavelength at 495 nm and an emission wavelength at 527 nm using an Infinite M200 microplate reader 
(Infinite M200, Tecan, Durham, NC, USA). The results were replicated a minimum of three times for each group.

Assessment of Microbial Invasion
Beads were printed in a µ-Slide 8-well-chambered coverslip (Ibidi, Gräfelfing, Germany) with 6 µL of alginate with 
E. coli, S. aureus, C. albicans, or Prototheca sp. Alginate beads were crosslinked with 50 mM calcium chloride (Cellink, 
Göteborg, Sweden) for 1 minute. Subsequently, appropriate microbiologic media containing nanoparticles with a final 
concentration of 2.5 mg/l were added to the chambers and incubated for 48 hours. Media without nanoparticles were 
considered to be the control. After incubation, images of the chambered coverslip were made using a Scan 4000 colony 
counter (Interscience, Saint Nom la Brétèche France). For the confocal microscope analysis of biofilm formation after 
cell migration from alginate beads, each chamber was washed twice with phosphate-buffered saline (PBS) (Thermo 
Fisher Scientific) so that the alginate beads and non-adherent microorganisms were washed away. The dead cells were 
then stained with Image-IT DEAD Green Viability Stain (Thermo Fisher Scientific; final concentration 0.1 μg/mL) for 30 
minutes. After washing with PBS, the dead and live cells were stained with Hoechst 33,342 for 15 minutes (Thermo 
Fisher Scientific; final concentration 5 μg/mL). Cells were imaged using a FV-1000 confocal microscope (Olympus 
Corporation, Tokyo, Japan) equipped with an incubation chamber that maintained a temperature of 37 °C (Solent 
Scientific Ltd, Portsmouth, United Kingdom). Determination of invasion of microorganism from the alginate gel bead 
after treatment with AuNPs, AgNPs, CuNPs, and their complexes, was assessed using turbidity analysis and confocal 
microscopy assessment of the produced biofilm.

Statistical Analysis
The results of the tests on the toxicity of Ag, Cu, Au, Pt, and Fe nanoparticles and their complexes on bovine and human 
mammary epithelial cells—BME-UV1 and HMEC (respectively)—were statistically processed using multivariate ana-
lysis of variance ANOVA using GraphPad Prism 8 software. Differences between groups were analyzed using Dunnett’s 
test. The results were expressed as mean values with standard deviations. Differences with a p-value of ≤0.05 were 
considered statistically significant.

The statistical analysis used in the study of the survival rate of microorganisms isolated from mastitic milk treated with 
Au, Ag, Pt, Cu, and Fe nanoparticles and their complexes was developed using one-way analysis of variance (ANOVA) 
using STATGRAPHICS® Centurion XVII software, version 17.2.05 (StatPoint Technologies, Inc., Warrenton, VA, USA).

Results
Morphology of the Nanoparticles Analyzed from TEM Images
Transmission electron microscope (TEM) images was analyzed to evaluate morphology of the nanomaterials and their 
complexes (Figure 1). All the nanoparticles had a spherical morphology and a size range of approximately 20–60 nm 
(AgNP), 10–50 nm (AuNPs), 10–20 nm (CuNPs), 10–70 nm (FeNPs), 5–100 nm (PtNPs).

Physicochemical Properties of Selected Nanoparticles and Their Complexes
Table 1 shows the zeta potential of the nanoparticles and complexes used, which allows the stability of the dispersion and 
its durability over time to be assessed. Of the tested nanoparticles, all had a negative zeta-potential, while the most 
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negative potential was found for FeNPs and AgNPs (about −38 mV). The AgCuNPs and CuAuNPs complexes had 
a potential closest to 0 (−13.2 and −18.9 respectively), which may account for their poorer dispersion stability 
performance. All the values established for hydrodynamic diameter reached positive values: from 143.8 to 538 nm. 

Figure 1 Transmission electron microscopy images of the nanoparticles and their complexes. (A) - AgNPs, (B) - AuNPs, (C) - CuNPs, (D) - FeNPs, (E) - PtNPs, (F) - 
AgFeNPs, (G) - AuAgNPs, (H) - AuFeNPs, (I) - CuAgNPs, (J) - CuAuNPs, (K) - CuPtNPs, (L) - CuFeNPs, (M) - PtAgNPs, (N) - PtAuNPs, (O) - PtFeNPs.
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The largest values were found for CuNPs (538 nm), while a slightly smaller value was obtained for the CuAuNP complex 
(400.6 nm). The smallest hydrodynamic diameter was obtained for AgNPs. The sizes of the nanoparticles used in the 
experiment are shown in Table 1. Small measurements were obtained for AgAuNP and AuNP complexes (up to 50–60 
nm), as well as for CuNP (10–50 nm); however, the size of the nano-copper NP was difficult to determine due to 
impurities and poor quality. The AgCuNP and CuAuNP complexes reached the largest sizes (up to 100–120nm).

Nanoparticle Interference Study Using the PrestoBlue HS Test, and CyQUANT LDH 
Cytotoxicity Assay (Thermo Fisher Scientific)
The results of the interference test, with nanoparticles at concentrations of 0.1, 0.5, 1, 2, and 2.5 mg/l, are shown in 
Supplementary Figure S1. There was no significant observable interference between the nanoparticles and their com-
plexes, and the PrestoBlue HS test for any of the tested concentrations. This indicated that this assay does not interfere 
with the results and could be used for the rest of the experiment with BME-UV1 and HMEC cells.

Testing the Viability and Cell Membrane Integrity of the BME-UV1 and HMEC Cells 
After Nanoparticle Treatment
The viability of BME-UV1 and HMEC cells was determined using a PrestoBlue HS assay that measured cell 
oxidoreductive activity. The results of cell viability after treatment with nanoparticles at concentrations of 0.1, 0.5, 1, 

Table 1 Zeta Potential (mV), Hydrodynamic Diameter (Nm), and Size (Nm) of the Used 
Nanoparticles and Complexes

Nanoparticle Zeta Potential (mV) Hydrodynamic Diameter (nm) Size (nm) 

Values Average Values Average Values 

Ag −39.3 −38.2 127.5 143.8 25–80 
−39.2 130.4 

−36.0 173.6 

Au −31.0 −32 142.5 187.7 10–60 
−31.4 191.0 
−33.6 229.6 

Cu −23.8 −22.9 643.7 538 10–50 
−23.0 544.7 

−22.0 425.8 

Pt −32.1 −32.8 251.1 283.2 125 
−33.3 456.4 
−33.0 142.1 

Fe −38.0 −38.5 58.77 285.8 5–85
−39.3 154.5 

−38.1 644.2 

AgAu −31.8 −35.3 128.7 165.6 5–50
−38.0 147.0 

−36.2 221.1 

AgCu −13.4 −13.2 142.7 204.2 10–100 
−13.8 267.7 

−12.5 202.1 

CuAu −19.1 −18.9 191.9 400.6 10–120 

−18.9 456.2 
−18.7 553.6 
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2, and 2.5 mg/L are shown in Figure 2, where A is the viability of the BME-UV1 cells and B is the viability of HMEC 
cells. Significant decreases in cell viability were observed for BME-UV1 and HMEC cells after treatment with copper 
nanoparticles at concentrations higher than 0.1 mg/L and for copper nanoparticle complexes (AgCuNPs, CuPtNPs, 
CuAuNPs, CuFeNPs). For other nanoparticles, toxicity to BME-UV1 cells did not occur or occurred only at the highest 
concentration tested, for example, for AgPtNP and AgFeNP complexes. For HMEC cell viability after treatment with Pt 

Figure 2 Toxicity of (A) - BME-UV1 cells and (B) - HMEC cells, after treatment with nanoparticles using the PrestoBlue assay. Examination of the cell membranes’ integrity: 
(C) - epithelial BME-UV1 cells and (D) - HMEC cells, after treatment with nanoparticles. 
Notes:*Indicates significantly statistical differences from control (C) at p>0.05.
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and Fe nanoparticles and their complexes, a toxicity of 10–15% was observed for the higher tested concentrations. For 
other nanoparticles, toxicity for either cell lines was not observed.

The integrity of cell membranes after the treatment of the epithelial BME-UV1 and HMEC cells with nanoparticles at 
concentrations of 0.1, 0.5, 1, 2, and 2.5 mg/l was assessed using an assay that measured the lactate dehydrogenase (LDH) 
enzyme secreted from the cells, an elevated level of which indicates cell damage. The results are shown in Figure 2, 
where C is the integrity of the BME-UV1 cell membrane and D is the integrity of HMEC cell membrane. In relation to 
the influence of nanoparticles on BME-UV1 cells, CuNPs and its complexes reduced LDH secretions at all concentration. 
A similar effect was observed for FeNPs and PtFeNPs. However, increased perforation of cell membranes occurred at 
a concentration of 0.1 mg/L with AgPtNP, AgAuNP, AgFeNP, and AuFeNP complexes. In contrast, in the case of the 
HMEC cell line, CuNPs and its complexes as well as FeNPs decreased LDH secretions. The higher concentrations tested 
(2 and 2.5 mg/l) for single AgNPs as well as for AgCuNP, AgAuNP, and AgFeNP complexes also resulted in a decrease 
in spontaneous LDH secretions. Increased perforation of cell membranes for this line was observed for concentrations of 
0.1–0.5 mg/l for AgNPs, and 0.1mg/l for AuFeNPs complex.

Morphology Analysis of the BME-UV1 and HMEC Cells After Nanoparticle Treatment
The morphology of the BME-UV1 cells was evaluated after treating the cells with nanoparticles at a concentration of 2.5 mg/ 
l. Images were taken at 200x magnification. The images are shown in Supplementary Figure S2. The morphology of the cells 
after treatment with nanoparticles did not change; however, an increase in the number of rounded cells was observed for the 
cells that were treated with AgNPs or its complexes, indicating potential toxicity. HMEC cells were also treated with 
nanoparticles at a concentration of 2.5 mg/L, and their morphology was evaluated by taking images at 200x magnification. 
The morphology of the cells did not change after treatment with nanoparticles, as shown in Supplementary Figures S2 and S3.

Identification of Selected Pathogens
The identification of cultured pathogens was carried out using a MALDI-TOF instrument (Bruker, Poznan, Poland), which 
compares the molecular weight of biomolecules in the sample to a database, allowing the species or type of microorganism 
present in the sample to be determined. The results of the identification process are presented in Supplementary Table S1.

Viability Analysis of the Microorganisms Isolated from Mastitic Milk Treated with Au, 
Ag, Pt, Cu, and Fe Nanoparticles
Among the tested nanoparticles, AgNPs exhibited the strongest antibacterial properties as shown in Table 2. S. uberis 
were the most susceptible bacteria to its effect: for concentrations above 6.25 mg/l the survival rate was 0%. The same 
results were obtained using a concentration of 25 mg/l against S. marcescens and C. koseri. Though S. sciuri were the 
most resistant bacteria to the influence of nano-silver, even for the lowest concentration (1.56 mg/l) of applied 
nanoparticles the survival rate decreased to 16%. Slightly weaker results were observed for CuNPs, with S. sciuri 
being most susceptible to their effects. Gold nanoparticles were less effective than AgNPs and CuNPs. The greatest 
resistance to AuNPs’ action was shown by S. sciuri, where, for the highest concentration, the survival rate was still 66%. 
E. coli was also resistant to AuNP concentrations of 1.56–12.5 mg/l, having no effect or slightly reducing survival by 
a maximum of 3%; while at the highest concentration of 25 mg/l, survival dropped by as much as 83%. The most 
sensitive bacteria to nano-gold were S. aureus, where even the lowest concentration (1.56 mg/l) reduced their survival 
rate by 74%. S. uberis, on the other hand, exhibited resistance to AuNP concentrations of 1.56–3.125 mg/l, but for higher 
concentrations than 6.25 mg/l, the survival rate was 0%. PtNPs and FeNPs showed no or minor antibacterial properties 
(the maximum reduction in survival rate was 9%) even for the highest concentrations; therefore, they were excluded from 
the next part of the experiment, in which nanoparticle complexes were used.

In the case of mastitic fungi, PtNPs mainly showed no or minor biocidal properties; however, for a concentration of 
10 mg/l the survival rate of C. glabrata decreased by 61%. C. albicans were most susceptible to FeNPs at a concentration 
of 25 mg/l, reducing their survival rate by 75%. For the remaining concentrations’ effectiveness on the isolated fungi and 
algae, no reduction in survival greater than 8% was observed after the application of FeNPs and PtNPs. Poor bioactive 
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Table 2 Viability Analysis of the Bacteria, Fungi, and Algae Isolated from Mastitic Milk Treated with Au, Ag, Pt, Cu, and Fe Nanoparticles

Nanoparticles 
(mg/l)

Streptococcus 
uberis

Staphylococcus 
sciuri

Escherichia 
coli 

Serratia 
marcescens 

Citrobacter 
koseri

Staphylococcus 
aureus 

Candida 
albicans 

Candida 
parapsilosis 

Candida 
glabrata

Prototheca 
sp.

Control group 100±12.5 100±2.44 100±4.33 100±3.7 100±1.04 100±11.8 100±.6.01 100±9.26 100±0.5 100±1.4

Au1.56 97.8±3.08 99.8±3.04 103.3±23.2 93±5.8 84.4±3.80 26.8±1.80* 98.39±3.70 62.66±1.75* 99.65±0.34 87±6.2

Au3.125 93.1±6.98 105.4±3.23 103.0±1.38 81±1.56 98.0±3.18 23.9±0.93* 106.86±0.88 66.63±1.75* 96.30±0.84 82.2±3.6*

Au6.25 0* 94.7±1.77 94.0±12.1 65±3.4* 89.6±2.37 19.6±1.53* 107.82±0.72 69.09±1.80* 97.01±2.8 69±5.2*

Au12.5 0* 88.4±1.74 97.1±1.54 13.7±4.0* 74.9±4.17* 16.6±0.72* 110.64±6.74 67.55±1.46* 83.04±0.71* 56.1±1.7*

Au25 0* 66.5±10.4* 17.1±6.46* 3.8±0.2* 38.9±2.6* 17.0±0.90* 85.37±13.8* 68.26±1.41* 37.62±0.8* 51.62±4.8*

Ag1.56 13.3±5.78* 16.2±1.23* 9.61.01* 8.4±0.25* 6.3±0.96* 26.0±0.62* 96.71±3.62 42.69±3.54* 79.37±0.27* 21.14±0.3*

Ag3.125 3.3±2.30* 15.3±1.37* 5.2±1.29* 5.4±1.87* 5.7±0.22* 21.7±0.37* 71.14±9.3* 28.80±3.61* 39.60±0.85* 13.16±0.15*

Ag6.25 0 16.2±1.68* 4.9±1.76* 3.7±1.2* 5.7±0.42* 17.1±0.71* 5.96±0.87* 16.28±1.63* 35.83±0.53* 8.46±0.4*

Ag12.5 0 16.8±2.57* 4.8±2.05* 2.7±0.2* 4.6±1.05* 14.6±0.71* 4.24±0.12* 10.72±0.43* 11.61±4.04* 5.21±0.13*

Ag25 0 18.4±0.91* 3.4±1.68* 0* 3.3±2.26* 2.1±0.82* 4.96±0.03* 5.19±0.26* 12.96±0.24* 0*

Pt0.625 116.5±11.4 91.1±3.98 100.2±4.52 102±2.3 98.9±5.27 96.1±7.81 106.72±2.13 103.13±2.12 94.66±0.53 96.4±1.2

Pt1.25 114.2±15.9 99.3±7.39* 102.4±2.63 109±4.5 100.2±9.00 97.3±2.57 101.06±3.26 98.87±5.66 92.07±0.56 94.8±0.6

Pt2.5 117.9±5.89 93.5±1.86 105.8±4.42 99±2.1 95.0±1.94 96.4±21.9 105.91±3.79 95.46±2.18 89.11±4.17 94.7±4.1

Pt5 100.6±14.0 96.9±2.14 101.0±44.2 99±3.9 94.1±6.70 96.0±23.1 110±2.67 101.55±8.68 89.77±5.4 98.4±0.8

Pt10 124.8±29.2 96.8±3.16 105.0±0.35 95±2.3 91.5±5.31 94.2±34.5 111.10±2.67 100.80±10.62 69.17±2.63* 98.2±1.87

Cu1.56 67.0±24.1* 28.8±2.09* 87.9±2.48 98.4±4.8 70.7±2.85* 27.4±14.1* 112.39±1.98 71.58±0.53* 66.46±1.02* 77.18±0.19*

Cu3.125 17.2±1.91* 11.2±1.57* 37.5±1.37* 95.4±3.7 51.7±8.31* 27.7±15.6* 109.58±0.40 68.17±0.76* 31.57±0.74* 76.12±1.8*

Cu6.25 2.5±4.03* 5.6±0.73* 4.4±0.79* 35±3.4* 5.3±1.58* 14.8±0.68* 52.23±8.26* 61.71±6.11* 10.02±0.13* 77.34±0.5*

Cu12.5 7.9±0.62* 4.2±0.27* 2.5±0.56* 4.5±0.41* 4.5±1.07* 15.8±0.42* 2.73±0.36* 54.08±3.42* 6.85±0.06* 53.64±0.12*

Cu25 7.9±0.87* 4.9±0.17* 1.8±0.30* 3.0±0.28* 4.7±1.06* 14.0±0.64* 1.45±0.09* 12.44±0.17* 4.88±0.19* 12±0.01*

Fe1.56 111.9±8.4 109.3±3.41 108.7±0.82 104±9.08 95.8±.1.93 102.0±2.4 97.08±4.33 100±7.14 100.49±1.53 101.6±1.5

Fe3.125 128.2±9.2* 108.0±8.92 112.7±8.2 106±2.6 99.4±4.16 101.3±15.9 111.83±2.02 101.56±10.49 103.22±0.41 99.6±0.4

Fe6.25 138.2±7.2* 116.7±5.5 106.4±2.22 122±4.6* 97.7±2.83 98.7±17.5 101.19±3.83 99.71±3.68 102.31±0.63 100.7±0.9

Fe12.5 141.4±7.7* 117.7±1.38 107.9±7.8 136±3.4* 98.2±2.26 96.0±20.2 94.35±8.30 72.72±17.82* 101.62±1.23 103.2±0.6

Fe25 143.6±6.1* 115.9±4.02 106.1±2.63 132±5.6* 98.3±4.91 99.6±28.5 104.63±5.04 63.97±1.35* 102.04±0.28 104.3±2.4

p-value <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05

Notes: * Significant differences in comparison to control (p≤0.05); average values ± SD from four repetitions.
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properties were also shown by AuNPs. The most resistant fungi to its effects were C. albicans, where a reduction in 
survival was observed for concentrations of 1.56 and 25 mg/l. C. parapsilosis were the most sensitive fungi to nano-gold, 
while the 25 mg/l concentration reduced the survival of C. glabrata by up to 62%, which was the greatest decrease in 
viability observed after the application of this nanoparticle. Slightly higher antifungal properties were exhibited by 
CuNPs, especially against C. glabrata, C. parapsilosis, and Prototheca sp., in which their viability decreased by 23–34% 
after applying the lowest concentration (1.56 mg/l), while for the highest concentration (25 mg/l), a decrease in survival 
to 2.5–12% was observed. The strongest antifungal properties were exhibited by AgNPs, and the most sensitive fungus to 
these nanoparticles were Prototheca sp., where a concentration of 1.55 mg/l decreased survival rate to 21%, while, when 
the highest tested concentration of 25 mg/l was applied, survival fell to 0%. The most resistant fungus to AgNPs were 
C. albicans; however, the biocidal properties of the nanoparticles were only observed for concentrations higher than 
6.25 mg/l, decreasing viability by 95%.

Viability Analysis of Microorganisms Isolated from Mastitic Milk Treated with Au, Ag, 
and Cu Nanoparticle Complexes
Among the tested nanoparticle complexes presented in Table 3, CuAuNPs showed the lowest biocidal properties. E. coli, 
S. marcescens, and C. koseri were the most resistant bacteria to the effect of this complex, where the tested concentra-
tions showed biocidal activity above 6.25 mg/l. Concentrations of 0.78–3.125 mg/l for these pathogens showed no or 
minor antibacterial properties, and the maximum decrease in survival rate reached 12% for S. marcescens. The most 
sensitive bacteria to CuAuNPs were S. sciuri and S. aureus, in which survival rates at the highest concentration were 
reduced to 1.5–1.8%. Slightly superior antibacterial properties were characterized by the AgAuNP complex, which fully 
destroyed the bacterial cells of S. uberis at concentrations 6.25–12.5 mg/l. Also susceptible to this complex were E. coli, 
which, for the highest concentration of nanoparticles, had a survival rate of 1%, and also S. aureus, with a survival rate of 
1.7%. However, the most resistant bacteria were C. koseri, for which the survival rate decreased by only 6% for the 
lowest concentration (0.78 mg/l), while for 12.5 mg/l it reached 7.6%, which is comparable to the other results. The 
strongest biocidal properties were demonstrated by the AgCuNP complex, which at the lowest concentration of 0.78 mg/l 
reduced the survival rate of pathogens such as S. uberis, S. sciuri, E. coli, and S. aureus by 95–97%. S. uberis, for 
concentrations of 6.25–12.5 mg/l for this complex showed 0% survival, as did S. marcescens for concentrations of 
12.5mg/l. C. koseri proved to be the most resistant bacteria for the lowest concentration (0.78 mg/l), however, the 
survival rate nevertheless decreased by about 60% after using this concentration.

The results of the viability analysis of fungi and algae treated with nanoparticle complexes were similar to the results 
obtained from the nanoparticle complexes used against mastitic bacteria. The weakest antifungal activity was exhibited 
by the CuAuNP complex. The most resistant fungi were C. parapsilosis, where the application of the highest 
concentration (12.5 mg/l) reduced survival by 13%. Although C. albicans were resistant to this complex, applying the 
highest concentration led to a decrease in survival rate to 2.58%. C. glabrata were the most sensitive of the fungi to 
CuAuNPs, where the lowest concentration reduced their survival rate by 50%, while the highest concentration caused an 
80% reduction. The fungi that was most sensitive to the AgAuNP and AgCuNP complexes were Prototheca sp., where 
the highest concentration of 12.5 mg/l resulted in overall cell death. For the other pathogens, as the concentration of the 
AgAuNPs increased, it exhibited stronger antifungal properties. Of these pathogens, C. parapsilosis showed the greatest 
resistance to this most active complex, but nevertheless, showed a 95% decrease in viability at the highest concentration.

Determination of Reactive Oxygen Species (ROS)
Figure 3 shows the level of reactive oxygen species (ROS) after the application of AgCuNP, AgAuNP, and CuAuNP 
complexes. The highest number of reactive oxygen species analyzed across all tested bacteria and the yeast C. albicans, 
was observed after adding the AgCuNP complex to the culture medium. It was this complex that showed the strongest 
biocidal properties in reducing the survival rate of the tested pathogens. In the case of other tested microorganisms, such 
as C. parapsilosis, C. glabrata, and Prototheca sp., the greatest increase in the amount of ROS was observed after the 
application of the AgAuNP complex.
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Table 3 Viability Analysis of the Bacteria, Fungi, and Algae Isolated from Mastitic Milk Treated with Au, Ag, and Cu Nanoparticle Complexes

Nanoparticles 
(mg/l)

Streptococcus 
uberis

Staphylococcus 
sciuri

Escherichia 
coli 

Serratia 
marcescens 

Citrobacter 
koseri

Staphylococcus 
aureus

Candida 
albicans 

Candida 
parapsilosis 

Candida 
glabrata

Prototheca 
sp.

Control group 100±3.1 100±8.04 100±4.54 100±2.44 100±1.69 100±3.7 100±8.45 100±1.12 100±0.61 100±2.6

AgAu0.78 4.6±0.07* 5.9±0.35* 3.4±0.06* 21.2±3.68* 94.3±3.51 3.5±0.13* 118.18±6.32 85.44±2.46* 64.78±2.32* 52.36±2.8*

AgAu1.56 4.8±0.18* 6.4±0.37* 2.6±0.19* 3.3±0.21* 6.9±1.16* 3.6±0.13* 70.04±0.75* 71.73±2.73* 55.47±0.54* 17.84±0.12*

AgAu3.125 2.1±0.21* 6.4±0.27* 2.6±0.17* 2.8±0.21* 5.4±0.51* 3.6±0.13* 7.42±0.75* 59.39±2.59* 49.44±0.23* 7.2±0.24*

AgAu6.25 0* 6.3±0.30* 2.9±0.13* 2.8±0.18* 5.0±0.39* 3.2±0.17* 4.81±0.13* 40.54±4.89* 37.26±0.37* 2.4±0.11*

AgAu12.5 0* 7.0±0.28* 1.1±0.46* 4.2±0.56* 7.6±0.67* 1.7±0.10* 4.76±0.05* 7.91±0.65* 25.39±1.39* 0*

AgCu0.78 5.3±1.20* 5.0±0.46* 3.2±0.45* 22.3±4.80* 41.1±6.61* 3.6±0.31* 42.59±10.17* 88.90±1.61 38.71±0.33* 18.27±0.62*

AgCu1.56 4.7±0.67* 4.0±0.16* 2.8±0.41* 4.7±3.43* 4.9±0.85* 3.4±0.32* 3.88±0.18* 82.57±1.26* 31.52±0.62* 5.28±0.14*

AgCu3.125 4.1±0.36* 3.2±0.62* 2.3±0.29* 2.5±0.66* 4.0±0.85* 2.9±0.19* 3.07±0.21* 45.91±2.67* 27.16±0.50* 3.84±0.17*

AgCu6.25 0* 2.1±0.05* 1.9±0.06* 1.8±0.16* 2.7±0.32* 2.2±0.19* 2.72±0.12* 5.50±0.35* 24.95±0.22* 1.23±0.02*

AgCu12.5 0* 1.7±0.06* 2.0±0.03* 0* 2.6±0.10* 2.1±0.14* 1.78±0.09* 4.50±0.06* 20.06±0.12* 0*

CuAu0.78 103.2±3.64 60.9±13.0* 101.2±3.42 106.8±8.78 103.1±6.93 65.9±9.66* 115.01±5.84 99.48±1.38 47.42±0.68* 70.2±1.5*

CuAu1.56 70.7±3.14* 13.8±2.31* 98.3±3.61 86.8±12.7 100.9±2.50 26.5±10.6* 117.60±3.83 97.75±16.08 40.79±0.15* 64.87±0.9*

CuAu3.125 6.5±2.75* 4.1±0.90* 97.5±2.78 88.1±3.08 97.6±4.27 2.7±0.22* 115.51±4.26 94.31±0.77 34.87±0.09* 52.6±0.9*

CuAu6.25 3.0±0.34* 1.7±0.30* 27.0±3.09* 55.9±1.70* 11.1±1.14* 2.2±0.29* 68.23±8.78* 89.62±0.84 28.65±0.17* 28.6±0.7*

CuAu12.5 2.5±0.21* 1.5±028* 3.8±0.06* 1.7±0.39* 3.0±0.65* 1.8±0.19* 12.58±0.06* 86.92±2.65* 19.18±0.14* 9.2±0.14*

p-value <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05

Notes: *Significant differences in comparison to control (p ≤ 0.05); average values ± SD from four repetitions.
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Assessment of Microbial Invasion After Treatment with AgNPs, AuNPs, CuNPs, and 
Their Complexes
The invasion of E. coli, S. aureus, C. albicans, and Prototheca sp. was assessed with an alginate bead model in which the 
beads were bioprinted. Determination of invasion of microorganism from the alginate gel bead after treatment with 
AgNPs, AuNPs, CuNPs, and their complexes was assessed using turbidity analysis and confocal microscopy assessment 
of the biofilm produced. Turbidity analysis, which also shows alginate beads, demonstrated that, in the case of E. coli and 
S. aureus, invasion was inhibited by AgNPs and AgNP complexes (AgCuNPs, AgAuNPs) (Figure 4A). Biofilm analysis, 
which was carried out using a confocal microscope after the staining of live and dead cells, confirmed the effectiveness of 
the AgNPs and AgNP complexes in inhibiting invasion in the case of E. coli and S. aureus (Figure 4B). In addition, in the 
case of E. coli, an increase in the number of dead cells was observed after the use of CuNPs, AuNPs, and the CuAu 
complex. Concerning S. aureus, the same nanoparticles led to a reduction in the number of cells in the biofilm that had 
been formed. Treating C. albicans with nanoparticles significantly increased the resulting number of dead cells, which 
was particularly apparent in the cases of CuNPs and AuNPs, and their complexes. Furthermore, AgNPs and AgNP 
complexes, as well as the CuAu complex, increased the number of dead Prototheca sp. cells in the biofilm.

Discussion
In studies evaluating the biocidal effectiveness of nanoparticles against pathogens, in the context of their potential use in 
practical applications, it is essential to determine not only their effect on pathogen survival but also to assess the survival 
of cells—in this case, bovine BME-UV1 cells and human mammary epithelial cells (HMEC). This is a crucial issue, as 
highly toxic nanoparticles in high concentrations could lead to cell death, damaging animals’ and humans’ health. For 
this reason, this study was conducted to determine the effects of Ag, Au, Cu, Fe, and Pt NPs, and their complexes, against 
cells that would be exposed to nanoparticles in practical use. The study showed that, indeed, certain nanoparticles exhibit 

Figure 3 The level of reactive oxygen species after incubation of the tested microorganisms with AgCuNP, AgAuNP and CuAuNP complexes. Statistically significant 
differences are marked with an asterisk (p-value>0.05).
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Figure 4 The assessment of microbial invasion with alginate bead (bioprinted) model. Microorganisms in alginate were bioprinted on 8-well culture plates and treated with 
nanoparticles at a concentration of 2.5 mg/l; Ag - silver nanoparticles, Cu - copper nanoparticles, Au - gold nanoparticles and its complexes (AgCu, AgAu, CuAu). Untreated 
beads were considered to be controls - C. (A) The assessment of culture-medium turbidity after treating beads containing microorganisms with nanoparticles. Red 
arrowheads indicate alginate beads. (B) Merged confocal microscope images of stained microorganisms in a biofilm formed on a culture dish (marked in blue) and dead cells 
(marked in green).
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toxicity against BME-UV1 bovine cells, especially CuNPs in concentrations above 0.1 mg/l. All tested complexes 
containing copper nanoparticles acted similarly. AgPtNP and AgFeNP complexes were also toxic, however only at the 
highest concentration—2.5mg/l. Cu nanoparticles also showed toxicity to human HMEC cells, at the same concentration 
observed for BME-UV1 bovine cells. The available literature is limited with respect to such studies; while there are 
reports presented by Ahmed et al,32 stating that AuNPs show toxicity to a variety of tissues from mammalian cells, this 
result was not actually confirmed by the authors’ performed analyses. The toxicity of gold nanoparticles against human 
cells was also tested by Connor et al.33 The results obtained by these authors showed a lack of cytotoxicity against the 
cells, which is consistent with the results obtained in the current experiment.

The cell-membrane integrity assay determines the level of the enzyme lactate dehydrogenase (LDH), which increases 
with cell damage. In the case of the BME-UV1 cells, CuNPs and all of the Cu complexes decreased LDH secretions; 
however, elevated levels of this enzyme were observed for AgPtNPs, AgAuNPs, AgFeNPs, and AuFeNPs. In a study by 
Kalinska et al, elevated levels of LDH were observed after treatment with AgNPs and AgCuNPs,28 which is partially 
consistent with the results obtained here. In the current study, analysis conducted on the HMEC cell line showed that 
increased cell perforation occurred after the application of low concentrations of AgNPs and AuFeNPs. The results 
obtained by Kalinska et al only confirmed increased leakage for 0.5mg/l AgNPs.28 In recent years, due to the growing 
problem of antibiotic resistance, there has been a growing interest in new antibacterial agents based on metal nanopar-
ticles and metal ions. The literature also shows studies on the antibacterial effect of some new metal chelates containing 
Cu(II), VO(II), Pd(II), Fe(III), Zn(II), and Mn(II) ions. Zones of growth inhibition were observed after administration of 
the complexes in various microorganisms, both gram-positive and gram-negative bacteria such as E. coli, B. subtilis, S. 
marcescens, M. luteus.34,35

The survival of mastitic pathogens was studied by Wernicki et al.36 Among the pathogens isolated by these authors 
were E. coli, S. aureus, S. uberis, C. albicans, and C. crusei. In their research, the authors tested the biocidal properties of 
Au, Ag, Pt and Cu NPs. Their study showed that the applied nanoparticles’ strongest biocidal properties were exhibited 
by AgNPs and CuNPs against all pathogens, which is consistent with the results obtained in the current experiment. In 
these authors’ study, AgNPs at a concentration of 12.5 mg/l inhibited the growth of all pathogens, while concentrations 
above 6.25 mg/l inhibited the growth of S. aureus and S. uberis. In contrast, in the current study, a concentration of 
12.5 mg/l resulted in the survival rate of S. aureus being reduced by 86%. In the case of S. uberis, its survival rate was 
reduced to 0 even at the lower concentration of 6.25 mg/l, in comparison to S. aureus, in the studies by Wernicki et al.36 

E. coli viability decreased to 5% for a concentration of 12.5 mg/l AgNPs. The study by Wernicki et al showed that 
25 mg/l CuNPs fully inhibited the growth of all pathogens. Results obtained by the authors of the current study showed 
that these nanoparticles, at the same concentration of 25 mg/l, reduced the survival of pathogens by 86–98%. According 
to these authors, AuNPs showed weaker antimicrobial activity in comparison to AgNPs and CuNPs, which is consistent 
with the current study’s obtained results. PtNPs showed the weakest biocidal properties in the study by Wernicki et al,36 

while the current study’s results showed that PtNPs not only showed poor biocidal properties, only causing a decrease in 
pathogen viability at the highest tested concentration (10 mg/l), but also, in some cases, showed no biocidal properties at 
all. A study by Dehkordi et al37 showed that 10 µg/mL AgNPs inhibited the growth of S. aureus by 90%. A study carried 
out by Abdel-Rahman et al38 also indicated the antibacterial properties of AgNPs against S. aureus, B. subtilis, S. 
marcescens, E. coli; however, used NPs were synthesized with biogenic method using extract of Moringa Oleifera.

In the current study, a concentration of 12 mg/l of AgNPs was tested on S. aureus: the survival rate was reduced by 
86%; thus the values are similar to those obtained by Dehkordi et al.37 Tests on AgNPs suspended in gel conducted by 
Jain et al39 also showed biocidal properties against E. coli, S. aureus, and also C. albicans at 12.5 μg/mL. The authors 
reported that gram-negative bacteria were more susceptible to the NPs’ effects than gram-positive bacteria. Nanoparticles 
exhibit antifungal activity against C. glabrata and C. parapsilosis as proven by Mekky et al.40 Mastitis caused by 
Prototheca sp. is a particular problem in dairy herds due to its high resistance to all disinfectants. A study conducted by 
Ely et al41 suggested that AgNPs may provide a solution in the control of this algae, and this was in accordance with the 
results obtained in the current study, since the survival rate of Prototheca sp. for these nanoparticles at a concentration of 
25 mg/l, decreased to 0, which demonstrates their strong biocidal properties. Similar results were observed for NP 
complexes of AgCu and AgAu. Nanoparticles have the ability to interact synergistically, allowing their complexes to 
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exhibit stronger biocidal properties at lower concentrations than the higher concentrations of single nanoparticles.28 This 
theory was confirmed in the studies by Kot et al,42 as well as those performed by Lange et al,27 and is also consistent with 
the results obtained in the current study. One of the main purposes of the conducted research, was to determine the 
biocidal properties of nanoparticles against mastitic pathogens. However, the literature also indicates that there are other 
nanostructures such as metal ions that exhibit antimicrobial, antifungal and anticancer properties, which may also provide 
a new solution for combating pathogens.43,44

Conclusion
There is a growing number of research reports exploring alternative substances for the prevention and treatment of 
bovine udder inflammation caused by bacteria, fungi and even algae, or a combination of these etiological factors, which 
may find application in dairy cattle. One of the most promising approaches is to target research toward nanotechnology 
due to their biocidal properties. In vitro experiments have shown that silver, copper, and gold nanoparticles, and their 
complexes, exhibit no toxicity to bovine or human cells while showing the greatest biocidal potential against pathogens 
causing mastitis in cattle. AgCuNP concentrations of 6.25 and 12.5 mg/l have been shown to inhibit the proliferation of 
mastitis pathogens such as S. uberis, E. coli, C. albicans, and Prototheca sp. by up to 100%. Candida sp. and Prototheca 
sp. are pathogens that are difficult or impossible to control with antibiotics in herds. Mastitis induced by Prototheca sp. 
currently has no developed treatment; therefore, the obtained results have the potential for global innovation; however, it 
is necessary to test the biocidal properties of nanoparticles under field conditions. A bacterial cell inhibition of 98% was 
observed for S. aureus, an infectious indicator pathogen of mastitis. Additionally, this indicates the high potential of these 
solutions under field conditions, as this bacterium is one of the most difficult to treat, especially in dairy cows, due to its 
resistance to the most common antibiotics. The biocidal properties of selected nanomaterials have proven to be active 
agents for mastitis prevention but are harmless to bovine and human cells. The results suggest that they could be used in 
practical applications by breeders worldwide; however, it is necessary to test the biocidal properties of nanoparticles 
in vivo.
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