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Streszczenie

Wyniki badan opublikowano w postaci 4 prac badawczych. Celem
przeprowadzonych badan in vitro, byta ocena potencjalu przeciwdrobnoustrojowego
nanoczastatek metali (NPs) w zapobieganiu kulawizn oraz zapaleniu wymienia (mastitis)
kréw mlecznych. Potrzeba przeprowadzenia badan wynika z ograniczonej skutecznosci
obecnych metod leczenia choréb zakaznych u bydla oraz rosngcej opornosci
drobnoustrojéw na antybiotyki. Zaréwno kulawizny jak i mastitis sa chorobami o duzym
znaczeniu ekonomicznym i zdrowotnym, a ich leczenie jest utrudnione ze wzgledu na
ztozong etiologi¢ oraz obecnos¢ patogendow opornych na standardowe terapie. W zwiagzku
z tym zasadniczym celem badawczym bylo ustalenie, czy NPs metali - takze te stosowane
w formie kompleksow wykazujacych potencjalny efekt synergistyczny - moga skutecznie
ogranicza¢ przezywalno$¢ patogendéw indukujacych te dwa schorzenia, jednoczesnie
pozostawa¢ bezpieczne w posrednim stosowaniu przez ludzi oraz bezposrednim
stosowaniu wobec zwierzat. Badania mialy wiec na celu ocene takze ich potencjalnej
przydatnosci praktycznej jako mozliwa nowa strategia w profilaktyce i leczeniu chorob

zakaznych u bydta.

Powszechna oporno$¢ patogendow na leki stanowi globalne zagrozenie
wptywajace nie tylko na zdrowie zwierzat, ale takze ludzi. Biorgc pod uwage rosnace
zapotrzebowanie na alternatywne strategie przeciwdrobnoustrojowe, Ww pracy
przedstawiono nowatorskie podejscie wykorzystujace NPs metali jako nowa alternatywe
profilaktyki i leczenia kulawizn oraz mastitis. Badania oparte byly na do§wiadczeniach
in vitro z wykorzystaniem patogendw wyizolowanych z racic krow ze stwierdzonymi
kulawiznami oraz tych wyizolowanych z mleka ¢wiartkowego pochodzacego od krow ze
zdiagnozowanym zapaleniem wymienia. Z materiatow biologicznych wyizolowano 5
szczepow bakteryjnych pochodzacych z owrzodzen racic, natomiast w probkach mleka
pochodzacych od krow mlecznych ze stwierdzonym subklinicznym zapaleniem
wymienia wyizolowano 6 szczepéw bakteryjnych, 1 gatunek algi oraz 18 szczepow
grzybiczych. Lacznie wykonano 1 314 podstawowych testow in vitro polegajacych na
ocenie przezywalnosci wyizolowanych patogendow po zastosowaniu pojedynczych NPs
metali m.in. srebra (AgNPs), ztota (AuNPs), miedzi (CuNPs), zelaza (FeNPs) lub zelaza
otoczkowanego weglem (FeCNPs) 1 platyny (PtNPs) w réznych stezeniach, oraz ich

wybrane kompleksy w celu oceny ich synergistycznego dziatania.



Pierwsza publikacja wchodzaca w dysertacje doktorska okreslata wlasciwosci
przeciwdrobnoustrojowe NPs metali, oceniajac ich potencjal aplikacyjny dla profilaktyki
kulawizn u bydta. W pierwszym etapie badan przeprowadzono izolacj¢ drobnoustrojow
z materiatu biologicznego (tkanki, ropa) pobranego z owrzodzen racic krow ze
stwierdzonymi problemami lokomocyjnymi spowodowanymi kulawiznami. Hodowle
mikroorganizmdéw prowadzono w warunkach tlenowych i beztlenowych, co pozwolito na
okreslenie szerokiego sktadu mikrobiologicznego probek. Zidentyfikowano tlenowe
bakterie Gram (-): Sphingomonas paucimobilis, Ochrobactrum intermedium 1 1 1I,
Ochrobactrum gallinifaecis oraz beztlenowa Gram (+) Actinomyces odontolyticus.
Wyizolowane drobnoustroje nie byly wczesniej powigzane z etiologia kulawizn, co
stanowi istotny wklad w rozwd¢j wiedzy na temat tej choroby. W kolejnym etapie
przeprowadzono charakterystyke fizykochemiczng zastosowanych NPs. Okreslono ich
morfologi¢, rozmiar, potencjal zeta oraz $rednice hydrodynamiczng. Wykazano, ze
wigkszo$¢ NPs miata ksztalt sferyczny a ich wielko$¢ byta zréznicowana. Potencjat zeta
byt przewaznie ujemny, z wyjatkiem CuNPs i czgséci ich komplekséw, co wskazuje na
réznice w stabilnosci 1 wlasciwosciach powierzchniowych badanych nanostruktur.
Kluczowa czg$¢ pracy stanowila ocena aktywnosci biobojczej NPs wobec
wyizolowanych bakterii. Uzyskane wyniki wykazaly istotne rdznice w skutecznosci
przeciwdrobnoustrojowej w zalezno$ci od rodzaju NPs oraz ich stgzenia. Najsilniejsze
dziatanie biobdjcze wykazaty AgNPs oraz CuNPs, ktore powodowaty znaczace obnizenie
zywotnos$ci wszystkich badanych szczepdw nawet przy niskich stezeniach. Z kolei PtNPs
oraz FeNPs wykazywaty bardzo stabe dziatanie biobdjcze lub jego brak, a w niektorych
przypadkach prowadzity do zjawiska hormezy, czyli zwigkszenia liczby komorek
bakteryjnych. Dodatkowo oceniono aktywno$¢  przeciwdrobnoustrojowa
nanokompozytow (AgAuNPs, AgCuNPs, AuCuNPs) tych NPs, ktére wykazywaly
najsilniejsze wlasciwosci przeciwdrobnoustrojowe, w celu oceny ich synergistycznego
dziatania. Wszystkie kompleksy charakteryzowaty si¢ wyzsza skutecznoscig biobdjcza
niz pojedyncze NPs, przy czym najsilniejsze dziatanie obserwowano dla kompleksu
AgCuNPs, ktory w stezeniach 6,25 - 12,5 mg/l obnizat Zywotno$¢ bakterii do 1 - 6 %.
Pozostate kompleksy rowniez wykazywaty dzialanie przeciwdrobnoustrojowe, jednak

nieco stabsze niz AgCuNPs.

Druga publikacja dotyczyla oceny wtasciwosci przeciwdrobnoustrojowych i

cytotoksycznych wybranych NPs 1 ich komplekséw w zwalczaniu patogenow



wywolujacych mastitis u bydta. W pracy przedstawiono wyniki kompleksowych badan
obejmujacych charakterystyke fizykochemiczng NPs (Ag, Au, Cu, Fe, Pt), oraz ocen¢ ich
aktywnos$ci biologicznej wobec mikroorganizméw izolowanych z mleka krow ze
stwierdzonym subklinicznym mastitis. Przeprowadzono takze analizy majace na celu
okreslenie ich wptywu na komoérki nabtonkowe ludzkie oraz bydlgce. W pierwszym
etapie okreslono morfologi¢ NPs oraz ich rozmiary. Nastepnie scharakteryzowano ich
wlasciwosci fizykochemiczne, takie jak potencjal zeta oraz srednice hydrodynamiczne,
co pozwolito oceni¢ ich stabilnos¢. Kolejnym etapem byta ocena cytotoksycznosci NPs i
ich komplekséw wobec komorek nabtonka gruczotu mlekowego bydta (BME - UV1)
oraz ludzkich komoérek HMEC. Wykazano, ze stosujac niskie stgzenia wigkszo$¢
badanych NPs nie wykazuje toksyczno$ci wobec bydlecych 1 ludzkich linii
komorkowych, jednak CuNPs oraz ich kompleksy wykazywaty dziatanie toksyczne przy
wyzszych stezeniach. Stwierdzono, ze cytotoksyczny wplyw NPs na komorki zalezy od
ich rodzaju i stezenia. W cze$ci mikrobiologicznej oceniono przezywalno$¢ bakterii,
grzybow 1 algi izolowanych z mleka kréow z potwierdzonym subklinicznym mastitis
(m.in. Streptococcus uberis, Staphylococcus sciuri, Escherichia coli, Staphylococcus
aureus, Citrobacter koseri, Serratia marcescens, Candida albicans, Candida glabrata,
Candida parapsilosis oraz Prototheca sp.) po zastosowaniu NPs. Najsilniejsze
wlasciwos$ci biobojcze wykazaly AgNPs, a takze w nieco mniejszym stopniu CulNPs.
AuNPs charakteryzowaly si¢ umiarkowang aktywnoscig, natomiast FeNPs oraz PtNPs
wykazywaty niskie lub brak dziatania przeciwdrobnoustrojowego. Istotnym elementem
badan byta analiza dzialania komplekséw NPs, gdzie wykazano efekt synergistyczny.
Najsilniejsze dzialanie przeciwdrobnoustrojowe wykazat kompleks AgCuNPs, ktory
znaczaco redukowat przezywalno$¢ zarowno bakterii, jak 1 grzybéw nawet przy niskich
stezeniach. Kompleks ten wykazal silne wtasciwosci biobojcze takze wobec Prototheca
sp. catkowicie niszczac komorki tego mikroorganizmu przy stezeniu 12,5 mg/l. Wyniki
te sg szczegolnie istotne, poniewaz patogen ten jest bardzo trudny lub niemozliwy do
zwalczenia w stadach. Zapalenie wymienia wywotane przez Prototheca sp. nie ma
obecnie opracowanego leczenia, dlatego uzyskane wyniki maja potencjat globalnej
innowacji. Kompleks AgAuNPs rowniez wykazywal wysoka skutecznos$c

przeciwdrobnoustrojowa, natomiast AuCuNPs byt najmniej efektywny.

W trzeciej publikacji przeprowadzono badania dotyczace oceny wilasciwosci

przeciwgrzybiczych NPs jako potencjalnej alternatywy dla tradycyjnych metod leczenia



zapalenia wymienia. Przeprowadzone badania obejmowaty zar6wno analiz¢ wtasciwosci
fizykochemicznych NPs, jak i ich aktywno$ci biologicznej wobec wybranych szczepow
grzybiczych. W pierwszym etapie przeprowadzono izolacj¢ 1 identyfikacje
drobnoustrojow z probek mleka od krow u ktérych stwierdzono subkliniczne zapalenie
wymienia. W probkach zidentyfikowano sze$¢ gatunkow: Candida albicans, Candida
glabrata, Candida parapsilosis, Diutina rugosa, Diutina rugosa var. rugosa oraz Diutina
catenulata. Nastgpnie okreslono charakterystyke NPs: AgNPs, AuNPs, CuNPs, PtNPs
oraz FeCNPs. Wynikiem przeprowadzonych analiz byto okreslenie morfologii, srednicy
hydrodynamicznej oraz potencjalu zeta. Wykazano, ze wickszos¢ NPs miata kulisty
ksztalt 1 podobne rozmiary, natomiast obserwowano takze obecno$¢ agregatow o
wigkszych rozmiarach. Gtéwnym celem badan byla ocena aktywnosci przeciwgrzybiczej
NPs wobec komorek grzybiczych a uzyskane wyniki wykazaly wyrazne roznice we
wrazliwosci pomiedzy gatunkami grzybdw. Najbardziej opornym gatunkiem na dziatanie
NPs byta C. glabrata, natomiast najbardziej wrazliwa byta D. catenulata. Sposrod
pojedynczych NPs najsilniejsze dziatanie grzybobojcze wykazaty AgNPs, ktore znaczaco
obnizaly przezywalno$§¢ wigkszo$ci szczepdw niezaleznie od zastosowanego stezenia.
Nieco stabsze efekty daty CuNPs, jednak ich aktywno$¢ byla nadal wysoka. Z kolei
AuNPs wykazaty slabsze dzialanie, a ich skutecznos¢ skorelowana byta z zastosowanym
stezeniem. Najstabsze efekty uzyskano dla PtNPs i FeCNPs, ktore wykazywaly
niewielkie lub brak dziatania grzybobojczego. Stosujac kompleksy NPs (AgCu, AgAu,
AuCu), zaobserwowano synergistyczne dzialanie, szczegdlnie w przypadku AgCuNPs,
ktory redukowal przezywalnos¢ wigkszosci badanych grzybdéw nawet o 97 % przy
najwyzszych stezeniach. AgAuNPs réwniez byl skuteczny, natomiast AuCuNPs
wykazywat najstabsze dziatanie spos$rod badanych kompleksow. Dodatkowo oceniono
wrazliwo$¢ badanych grzybow na standardowe leki przeciwgrzybicze metoda dyfuzyjno
- krazkowa. Wyniki wykazaly zrdéznicowang skutecznos¢ lekow a w niektorych

przypadkach nawet opornos¢ niektorych szczepow na ich dziatanie.

W czwartej publikacji przedstawiono wyniki oceniajagce biobdjczy potencjat
nanomateriatow w konteks$cie potencjalnego zwalczania grzybiczego zapalenia wymienia
u kréw, przy czym badania przeprowadzono na szczepach grzybdéw izolowanych z mleka
krow z subklinicznym mastitis. W wyniku identyfikacji mikroorganizméw z materiatu
biologicznego zidentyfikowano 7 rzadziej opisywanych w literaturze gatunkow grzybow,

takich jak Pichia kudriavzevii, Wickerhamiella pararugosa, Saccharomyces cerevisiae,



Cutaneotrichosporon mucoides, Wickerhamomyces anomalus, Coniochaeta hoffmannii
oraz Kluyveromyces marxianus. Nastgpnie przeprowadzono analizy obejmujace
charakterystyke fizykochemiczng zastosowanych NPs (Ag, Au, Cu, Pt oraz FeC), jak i
ocen¢ ich aktywno$ci przeciwgrzybiczej w roznych stezeniach oraz w formie
komplekséw (AgCu, AgAu, AuCu NPs). W pracy oznaczono takze wrazliwosci
szczepdw na standardowe leki przeciwgrzybicze metoda dyfuzyjno - krazkowa. Wyniki
wykazaty, ze przeciwgrzybicza aktywnos¢ NPs byla skorelowana z ich rodzajem,
stezeniem oraz zalezala od gatunku mikroorganizmu poddanemu doswiadczeniu.
Pojedyncze NPs charakteryzowaly si¢ nizszg skutecznoscia grzybobdjcza, przy czym
kolejnosc¢ aktywnosci NPs od najwyzszej do najnizszej byta nastgpujaca: Ag, Cu, Au, FeC
1 Pt. PtNPs wykazaly niemal brak dziatania biobdjczego, natomiast FeCNPs byty
skuteczne  jedynie wobec  wybranych szczepéw. Najwyzszg  skuteczno$¢
przeciwdrobnoustrojowa wykazywaly kompleksy NPs, szczegolnie AgCu, ktory
wykazywal najsilniejsze wlasciwosci biobdjcze wobec wszystkich analizowanych
szczepow, rownolegle wykazano zrdznicowang skuteczno$¢ standardowych lekow

przeciwgrzybiczych.

Podsumowujac, przeprowadzone badania wykazaty, ze NPs metali, szczegdlnie
AgNPs charakteryzuja si¢ silnymi wlasciwosciami przeciwdrobnoustrojowymi,
obejmujacymi zaréwno dzialanie przeciwbakteryjne wobec patogendéw indukujacych
kulawizny, mastitis, jak 1 przeciwgrzybicze wobec gatunkéw drozdzakéw wywotujacych
zapalenie wymienia u bydta - takze wobec tych wzglednie opornych na standardowe leki
przeciwgrzybicze. Najwyzsza skutecznos¢ przeciwdrobnoustrojowa obserwowano dla
nanokompozytow AgCuNPs, ktore przy odpowiednich stezeniach wykazuja jednoczesnie
niska toksyczno$¢ wobec komoérek nabtonka gruczotu mlekowego bydta (BME - UV1)
oraz ludzkich komérek HMEC. Uzyskane wyniki in vitro wskazuja na duzy potencjat
aplikacyjny tych materiatow jako alternatywy dla antybiotykoéw w leczeniu i profilaktyce
choréb zakaznych u bydta, oferujac jednocze$nie nowe podejscie do problemu o
charakterze globalnym, jakim jest rosngca oporno$¢ drobnoustrojow. Przeprowadzone
badania wnoszg istotny wklad w rozwo6j wiedzy dotyczacej chorob o podtozu
mikrobiologicznym, akcentujac znaczenie NPs jako potencjalnej, alternatywnej strategii
terapii. Uzyskane wyniki stanowig solidng podstawe do dalszych badan in vivo, ktore
pozwola oceni¢ mozliwosci klinicznego wykorzystania tych materialow w terapii

zapalenia wymienia i1 kulawizn u bydta. Zastosowanie tych rozwigzan w praktyce
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hodowlanej ma szans¢ funkcjonowac szeroka skalg, jednak warunkiem ich wdrozenia

pozostaje potwierdzenie skutecznos$ci 1 bezpieczenstwa dziatania NPs w praktyce.

Stowa kluczowe: nanotechnologia, zapalenie wymienia, kulawizny, mikroorganizmy,

lekoopornos¢.
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Summary

The findings of the present study were disseminated in the form of four research
articles. The primary objective of the conducted in vitro investigations was to evaluate
the antimicrobial efficacy of metal nanoparticles (NPs) in the context of prophylaxis
against lameness and bovine mastitis in dairy cattle. The rationale for undertaking this
research was grounded in the documented limitations of currently employed therapeutic
modalities for infectious diseases in cattle, compounded by the progressive emergence of
antimicrobial resistance among relevant pathogens. Both lameness and mastitis represent
conditions of substantial economic and veterinary significance, the clinical management
of which is particularly challenging due to their multifactorial etiology and the
widespread prevalence of pathogens refractory to conventional antimicrobial therapies.
Accordingly, the principal research objective was to determine whether metal NPs -
including those formulated as multicomponent complexes with potential synergistic
antimicrobial activity - are capable of effectively reducing the viability of etiological
agents responsible for the aforementioned conditions, while concurrently demonstrating
an acceptable safety profile with respect to both indirect human exposure and direct
administration in in vivo animal subjects. In this regard, the investigations were further
designed to assess the prospective practical applicability of such formulations as a novel
prophylactic and therapeutic strategy for the management of infectious diseases in dairy

cattle.

The widespread antimicrobial resistance of pathogenic microorganisms poses a
global threat to both animal and public health. In view of the growing demand for
alternative antimicrobial strategies, this dissertation introduces an innovative approach
that applies metal NPs as a prospective alternative for the prophylaxis and treatment of
lameness and bovine mastitis. The investigations were conducted on the basis of in vitro
experiments using pathogens isolated from the hooves of cattle diagnosed with lameness,
as well as from quarter milk samples obtained from cows diagnosed with mastitis. From
the collected biological materials, five bacterial strains were isolated from hoof lesions,
whereas microbiological analysis of milk samples derived from dairy cows with
subclinical mastitis yielded six bacterial strains, one algal species, and eighteen fungal
strains. In total, 1,314 primary in vitro tests were performed to evaluate the viability of
the isolated pathogens following exposure to individual metal NPs - including silver

(AgNPs), gold (AuNPs), copper (CuNPs), iron (FeNPs), carbon-coated iron (FeCNPs),
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and platinum (PtNPs) - administered at varying concentrations, as well as to selected NP

complexes, with the aim of assessing their potential synergistic antimicrobial activity.

The first publication comprised within the present doctoral dissertation
investigated the antimicrobial properties of metal NPs, evaluating their potential
applicability in the prophylaxis of lameness in cattle. In the initial phase of the study,
microorganisms were isolated from biological material - specifically tissue specimens and
purulent exudate - collected from hoof lesions of cattle presenting locomotor disorders
associated with lameness. Microbial cultures were conducted under both aerobic and
anaerobic conditions, thereby enabling the establishment of a comprehensive
microbiological profile of the examined samples. The following aerobic Gram (-)
bacterial species were identified: Sphingomonas paucimobilis, Ochrobactrum
intermedium 1 and 11, and Ochrobactrum gallinifaecis, as well as the anaerobic Gram (+)
bacterium Actinomyces odontolyticus. The isolated microorganisms had not previously
been implicated in the etiology of lameness, thereby constituting a significant
contribution to advancing scientific knowledge of this condition. In the subsequent phase,
comprehensive physicochemical characterization of the applied NPs was performed,
including determination of morphology, particle size, zeta potential, and hydrodynamic
diameter. It was demonstrated that the majority of the investigated NPs exhibited a
spherical morphology, although considerable variability in particle size was observed
across the examined preparations. The zeta potential was predominantly negative, except
for CuNPs and selected complexes thereof, indicating substantial differences in colloidal
stability and surface properties among the investigated nanostructures. A key component
of the study was the systematic evaluation of the biocidal activity of the NPs against the
isolated bacterial strains. The obtained results revealed significant differences in
antimicrobial efficacy as a function of both the type and concentration of the applied NPs.
The most pronounced biocidal effects were recorded for AgNPs and CuNPs, which
induced a substantial reduction in bacterial viability across all investigated strains, even
at relatively low concentrations. Conversely, PtNPs and FeNPs exhibited negligible or
none biocidal activity and, in certain instances, elicited a hormetic response, manifested
as a paradoxical increase in bacterial cell count. Furthermore, the antimicrobial activity
of nanocomposites - specifically AgAuNPs, AgCuNPs, and AuCuNPs - composed of NPs
demonstrating the most potent individual antimicrobial properties, was evaluated with the

aim of assessing potential synergistic interactions. All examined complexes demonstrated
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superior biocidal efficacy relative to their constituent individual NPs. The most potent
antimicrobial activity was observed with the AgCuNPs complex, which, at concentrations
ranging from 6.25 to 12.5 mg/L, reduced bacterial viability to 1 - 6 %. The remaining
complexes likewise exhibited considerable antimicrobial activity, albeit slightly lower

than that of AgCuNPs.

The second publication focused on evaluating the antimicrobial and cytotoxic
properties of selected NPs and their complexes for combating pathogens responsible for
bovine mastitis. The study presented the results of comprehensive investigations
encompassing the physicochemical characterization of NPs (Ag, Au, Cu, Fe, and Pt), as
well as the assessment of their biological activity against microorganisms isolated from
the milk of cows diagnosed with subclinical mastitis. Furthermore, analyses were
conducted to determine the effects of the investigated NPs on both human and bovine
epithelial cells. In the initial phase of the study, the morphology and particle size of the
NPs were determined, followed by characterization of their physicochemical properties,
including zeta potential and hydrodynamic diameter, to evaluate their colloidal stability.
The subsequent phase encompassed the assessment of the cytotoxicity of the NPs and
their complexes toward bovine mammary epithelial cells (BME-UV1) and human HMEC
cells. The results demonstrated that, at low concentrations, the majority of the investigated
NPs exhibited none cytotoxic effects toward either bovine or human cell lines; however,
CuNPs and their complexes displayed toxic effects at elevated concentrations. It was
established that the cytotoxicity of the NPs on cellular viability depended on both the type
and concentration of the applied nanostructures. In the microbiological component of the
study, the viability of bacteria, fungi, and algae isolated from the milk of cows with
confirmed subclinical mastitis - including Streptococcus uberis, Staphylococcus sciuri,
Escherichia coli, Staphylococcus aureus, Citrobacter koseri, Serratia marcescens,
Candida albicans, Candida glabrata, Candida parapsilosis, and Prototheca sp. - was
evaluated following NP treatment. AgNPs demonstrated the most pronounced biocidal
properties, while CuNPs also exhibited substantial antimicrobial activity, albeit to a
slightly lesser extent. AuNPs were characterized by moderate antimicrobial activity,
whereas FeNPs and PtNPs displayed negligible or no measurable antimicrobial effects. A
particularly important component of the study was the analysis of the antimicrobial
activity of NP complexes, which demonstrated synergistic interactions. The AgCuNPs

complex exhibited the most potent antimicrobial activity, significantly reducing the
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viability of both bacterial and fungal isolates even at low concentrations. This complex
also demonstrated potent biocidal activity against Prototheca sp., achieving complete
elimination at a concentration of 12.5 mg/L. These findings are of particular scientific
significance, given that this pathogen is notoriously difficult - and in many cases
impossible - to eradicate from dairy herds. To this date, no effective therapeutic protocol
has been established for mastitis caused by Prototheca sp.; consequently, the obtained
results may represent a globally innovative contribution to the development of novel
therapeutic strategies. The AgAuNPs complex likewise demonstrated high antimicrobial

efficacy, whereas AuCuNPs were the least effective among the evaluated formulations.

The third publication presented investigations evaluating the antifungal properties
of metal NPs as a prospective alternative to conventional therapeutic modalities for the
management of bovine mastitis. The conducted studies encompassed both the analysis of
the physicochemical properties of the NPs and the assessment of their biological activity
against selected fungal strains. In the initial phase of the study, microorganisms were
isolated and identified from milk samples collected from cows diagnosed with subclinical
mastitis. Six fungal species were identified: Candida albicans, Candida glabrata,
Candida parapsilosis, Diutina rugosa, Diutina rugosa var. rugosa, and Diutina
catenulata. Subsequently, the physicochemical characteristics of AgNPs, AuNPs, CuNPs,
PtNPs, and FeCNPs were determined. The performed analyses enabled the
comprehensive characterization of their morphology, hydrodynamic diameter, and zeta
potential. It was demonstrated that the majority of the investigated NPs exhibited a
spherical morphology with comparable particle sizes, although the presence of larger
aggregates was also noted. The primary objective of the study was to evaluate the
antifungal activity of the NPs against fungal cells, and the obtained results revealed
distinct interspecies differences in susceptibility to NP treatment. C. glabrata was
identified as the most resistant species, whereas D. catenulata demonstrated the highest
susceptibility. Among the individual NPs, AgNPs exhibited the most pronounced
fungicidal activity, significantly reducing the viability of the majority of the investigated
strains at all concentrations. CuNPs produced slightly attenuated effects; however, their
antifungal activity remained considerable. Conversely, AuNPs demonstrated markedly
weaker activity, with their efficacy exhibiting a concentration-dependent relationship.
The least pronounced effects were recorded for PtNPs and FeCNPs, which displayed

negligible or no measurable fungicidal activity. The application of NP complexes -
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specifically AgCuNPs, AgAuNPs, and AuCuNPs - resulted in synergistic antifungal
effects, most notably in the case of AgCuNPs, which reduced the viability of the majority
of the investigated fungal strains up to 97 % at the highest applied NP concentrations.
AgAuNPs likewise demonstrated considerable antifungal efficacy, whereas AuCuNPs
exhibited the weakest activity among the evaluated complexes. Furthermore, the
susceptibility of the investigated fungal strains to standard antifungal agents was assessed
employing the disk diffusion method. The results revealed considerable variability in drug
efficacy and, in certain instances, documented resistance of specific strains to

conventional antifungal treatment.

The fourth publication presented the results of investigations evaluating the
biocidal potential of nanomaterials for prospective control of fungal mastitis in dairy
cattle, with studies conducted on fungal strains isolated from the milk of cows with
confirmed subclinical mastitis. Microbiological identification of the isolated organisms
from the collected biological material yielded seven fungal species, infrequently
documented in the scientific literature: Pichia kudriavzevii, Wickerhamiella pararugosa,
Saccharomyces  cerevisiae, Cutaneotrichosporon mucoides, Wickerhamomyces
anomalus, Coniochaeta hoffmannii, and Kluyveromyces marxianus. Subsequently,
analyses were performed encompassing the comprehensive physicochemical
characterization of the applied NPs (Ag, Au, Cu, Pt, and FeC), as well as the evaluation
of their antifungal activity at varying concentrations and in the form of binary complexes
(AgCuNPs, AgAuNPs, and AuCuNPs). The susceptibility of the investigated strains to
standard antifungal agents was additionally determined employing the disk diffusion
method. The results demonstrated that the antifungal activity of the NPs depended on both
their type and concentration and was further influenced by the fungal species under
investigation. Individual NPs exhibited comparatively lower fungicidal efficacy, with the
following descending order of antimicrobial activity: Ag, Cu, Au, FeC, and Pt. PtNPs
demonstrated negligible biocidal activity, whereas FeCNPs were effective exclusively
against selected strains. The highest antifungal efficacy was observed with NP complexes,
particularly AgCuNPs, which showed the most pronounced biocidal activity against all
investigated fungal strains. Concurrently, considerable variability in the efficacy of

standard antifungal agents was demonstrated across the examined strains.

In summary, the conducted investigations demonstrated that metal NPs,

particularly AgNPs, exhibit potent antimicrobial properties, including antibacterial
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activity against pathogens that induce lameness and bovine mastitis, as well as antifungal
activity against yeast species causative of bovine mastitis, including those exhibiting
relative resistance to standard antifungal agents. The highest antimicrobial efficacy was
observed with AgCuNP nanocomposites, which, at appropriate concentrations,
demonstrated low cytotoxicity toward bovine mammary epithelial cells (BME-UV1) and
human HMEC cells. The in vitro results indicate considerable application potential for
these nanomaterials as a prospective alternative to conventional antibiotic therapy for the
treatment and prophylaxis of infectious diseases in cattle, while simultaneously offering
a novel approach to addressing the global challenge of progressive microbial resistance
to antimicrobial agents. The conducted studies constitute a significant contribution to
advancing scientific knowledge of microbiologically mediated diseases, underscoring the
potential of metal NPs as a viable therapeutic strategy. The results provide a substantive
foundation for the design and execution of subsequent in vivo studies, which will facilitate
the assessment of the clinical applicability of these nanomaterials for the treatment of
mastitis and lameness in cattle. The implementation of such solutions in livestock practice
holds considerable potential for wide-scale adoption; however, their practical application
remains contingent upon the unequivocal confirmation of both the efficacy and biosafety

of NPs.

Keywords: nanotechnology, udder inflammation, lameness, microorganisms,

antimicrobial resistance.
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Wykaz stosowanych skrotow

NPs - nanoczastki,

AgNPs - nanoczastki srebra;

AuNPs - nanoczastki ztota;

CuNPs - nanoczastki miedzi;

FeNPs - nanoczastki zelaza;

FeCNPs - nanoczgstki zelaza otoczkowane weglem;
PtNPs - nanoczastki platyny;

LKS - liczba komorek somatycznych;
CTMI10 - klotrimazol 10 pg;

KCAI10 - ketokonazol 10 pg;

FCN25 - flukonazol 25 pg;

FCNI10 - flukonazol 10 pg;

AMB20 - amfoterycyna B 20 ug;
NY100 - nystatyna 100 pg;

ECNI10 - ekonazol 10 pg;

FY1 - flucytozyna 1 pg.
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1. Wstep

1.1 Aktualne problemy w hodowli bydia mlecznego

Wspoélczesna produkcja zwierzeca - w tym produkcja mleka - funkcjonuje obecnie
w warunkach wyraznie r6znigcych si¢ od tych, ktore funkcjonowaty jeszcze kilkanascie
lat temu. W ciggu ostatnich lat nastapily istotne zmiany w organizacji produkcji
zwierzecej, a stale rosngce zapotrzebowanie na produkty pochodzenia zwierzecego
wymusito dziatania ukierunkowane na zwigkszanie wydajnosci produkcyjnej (Steinfeld,
2004). W praktyce oznacza to konieczno$¢ utrzymywania wysokiej efektywnosci
produkcji przy jednoczesnym zachowaniu zdrowia, dobrostanu oraz uzytkowosci

zwierzat.

Intensyfikacja produkcji mleka wigze si¢ jednak z wieloma wyzwaniami ktérym
nalezy sprosta¢. W warunkach wysokiej wydajnosci szczegdlnie klopotliwe staja si¢
choroby produkcyjne zwierzat, ktorych skutki nie ograniczaja si¢ wylacznie do
pogorszenia stanu zdrowia. Ich konsekwencje obejmujg takze obnizenie wydajnosci
mlecznej, pogorszenie dobrostanu oraz wzrost kosztow utrzymania i leczenia stada (Ndou
1 wsp., 2011). Zaburzenia zdrowotne wystepujace w stadach bydla mlecznego maja
charakter wielowymiarowy. Z jednej strony wptywaja bezposrednio na kondycje,
dobrostan zwierzat 1 ich zdolnos$¢ do produkeji mleka, z drugiej oddziatuja na ekonomike
gospodarstwa. Z tego wzgledu zdrowotnos¢ bydla mlecznego nalezy rozpatrywac nie
tylko jako zagadnienie weterynaryjne, lecz takze jako jeden z kluczowych elementow
warunkujacych prawidlowe funkcjonowanie nowoczesnych gospodarstw mlecznych
(Halasa i wsp., 2007). Szczegdlne znaczenie maja schorzenia wystepujace czgsto i
powtarzalnie, wymagajace ciaglych interwencji. Do tej grupy chordb naleza przede
wszystkim choroby konczyn prowadzace do kulawizn oraz zapalenia wymienia (mastitis)
(Fogsgaard i wsp., 2012; Ito i wsp., 2010). Kulawizny oraz mastitis naleza do najczesciej
wystepujacych problemow zdrowotnych w stadach bydta mlecznego i1 sa to jedne z
najbardziej kosztownych schorzen (Miglior i wsp., 2017; Fogsgaard i wsp., 2012).
Problemy zdrowotne bydia mlecznego moga mie¢ znaczenie nie tylko dla samych
zwierzat 1 ekonomiki produkcji, lecz takze dla zdrowia publicznego ze wzgledu na
konieczno$¢ stosowania srodkow terapeutycznych. Dotyczy to zwlaszcza narastajacej
opornosci patogenow na §rodki przeciwdrobnoustrojowe, ktora stanowi obecnie jedno z
istotnych wyzwan zar6wno w medycynie weterynaryjnej, jak i w ochronie zdrowia ludzi

(Levy & Marshall, 2004).
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1.2 Kulawizny jako istotny problem zdrowotny bydla mlecznego

Kulawizny naleza do jednych z najczgsciej wystepujacych problemow
zdrowotnych w stadach bydla mlecznego. Ich wystgpowanie wigze si¢ z miejscowym
procesem chorobowym w obrebie konczyn jak rowniez z pogorszeniem dobrostanu oraz
ograniczeniem wydajnosci uzytkowej zwierzat. Z tego wzgledu kulawizny nalezy
rozpatrywac jako problem o znaczeniu zdrowotnym, produkcyjnym i ekonomicznym

(Fleischer i wsp., 2001).

W stadach bydta wystepuje kilka rodzajow kulawizn, ktére moga mie¢ rozne
przyczyny. Jednym z istotnych czynnikéw etiologicznych sa bakterie, ktore moga
spowodowac¢ powazne infekcje skutkujac powstaniem ropni i wrzodow ktére nastepnie
prowadza do kulawizn. W zwiazku z tym kulawizny sg wielobakteryjng zakazng chorobg
przyjmujaca rozne postacie (Wilson-Welder 1 wsp., 2015). Jej etiologia jest najczgsciej
powigzana z infekcjami bakteryjnymi prowadzacymi do rozwoju zmian zapalnych w
obrgbie racic, skory oraz tkanki migdzypalcowej przybierajac rozne formy i wystepujac
gléwnie na powierzchni skdry migdzy racicami przednimi 1 tylnymi krow (Schroeder i

wsp., 2003).

Wsrod drobnoustrojow zwigzanych z kulawiznami szczegdlne znaczenie
przypisuje si¢ bakteriom z rodzaju Treponema, w tym m.in. 7. denticola, T. maltophilum,
T medium, T. putidum, T. phagedenis oraz T. paraluiscuniculi. Jednocze$nie podkresla
si¢ udziat takze innych mikroorganizmoéw, takich jak Guggenheimella spp., Borrelia spp.,
Porphyromonas spp. (Zinicola i wsp., 2015), Bacteroides spp., Campylobacter spp.,
Fusobacterium necrophorum oraz Dichelobacter nodosus (Knappe-Poindecker 1 wsp.,
2013). Tak szeroki zakres potencjalnych czynnikdw etiologicznych wskazuje na ztoZzony

charakter choroby.

Wezesne stadium kulawizny objawia si¢ jako czerwone wykwity skorne o
tagodnym 1 niewielkim obrzgku. W miarg postgpu choroby, zmiany moga stawac si¢
bolesne, tworzac charakterystyczne owrzodzenia (Orsel i wsp., 2018). Wyrdznia sie takze
zapalenie skory palca, ktore charakteryzuje si¢ powierzchownym stanem zapalnym skory
w okolicy brzegu koronki oraz opuszek. Inng postaciag jest zapalenie skory
migdzypalcowej (dermatitis interdigitalis), przebiegajace z tagodnymi zmianami
zapalnymi skory znajdujacej si¢ miedzy palcami. Do chorob racic zalicza si¢ rowniez

wrzod podeszwy (wrzoéd Rusterholza), zwigzany z uszkodzeniem rogu racicowego 1
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prowadzacy do powstania wrzodu podeszwy (Micinski & Micinski, 2019). Kolejna
postacig jest choroba Mortellaro, znana takze jako ,pigta truskawkowa”. Zmiany
chorobowe wystepuja gldéwnie w obrebie skory palcow 1 pigtek, gdzie rozwija si¢ stan
zapalny (Tung 1 wsp., 2021). W obrebie szpary migdzyracicowej moze wystepowac
réwniez zanokcica, czyli ropne zapalenie skory i tkanek migkkich, ktorego rozwoj wigze
si¢ z aktywnoscig bakterii beztlenowych (Micinski & Micinski, 2019). Do powstania
kulawizn moze réwnoczesnie dochodzi¢ takze na skutek urazow racic, takich jak

skaleczenia, skrecenia lub ztamania catych konczyn czy stawow.

Pomimo licznych badan, etiologia kulawizn oraz sktad mikrobiologiczny zmian
chorobowych nie zostaty dotychczas jednoznacznie okre§lone. Wyniki dostepnych analiz
sg czgsto niespdjne, co utrudnia jednoznaczne wskazanie drobnoustrojow kluczowych dla
rozwoju tej choroby (Krull i wsp., 2014). Z tego powodu nadal istnieje potrzeba
prowadzenia badan ukierunkowanych na dokladniejsze poznanie czynnikow
etiologicznych uczestniczacych w powstawaniu i przebiegu tej choroby. Ma to znaczenie
zarowno dla lepszego zrozumienia patogenezy kulawizn, jak i dla opracowywania

skuteczniejszych metod jej ograniczania w stadach bydta mlecznego.

1.3 Mastitis jako jedno z najwazniejszych schorzen bydla mlecznego

Zapalenie gruczolu mlekowego, czyli mastitis, jest jednym z najczesciej
wystepujacych schorzen u krow mlecznych. Choroba ta ma charakter wieloetiologiczny
1 stanowi istotny problem zdrowotny w hodowli bydta mlecznego na catym $wiecie
(Fogsgaard 1 wsp., 2012). Jego wystgpowanie wigze si¢ z pogorszeniem stanu zdrowia
zwierzat, obnizeniem dobrostanu oraz zaburzeniem prawidlowego funkcjonowania
gruczotu mlekowego. Mastitis najczesciej kojarzone jest z zakazeniami bakteryjnymi,
jednak jego etiologia nie ogranicza si¢ wyltacznie do bakterii. W rozwoju choroby moga
uczestniczy¢ rowniez grzyby oraz glony, w tym przedstawiciele rodzaju Prototheca spp.
(Jabtonska 1 wsp., 2024; Rakesh Ranjan 1 wsp., 2006). Z tego wzgledu zapalenie
wymienia nalezy traktowac jako chorobg o ztozonym podtozu. Czestos¢ wystgpowania
oraz sklad gatunkowy patogendw odpowiedzialnych za mastitis zaleza od wielu
czynnikdw m.in. warunkéw klimatycznych, systemu utrzymania zwierzat, zywienia,
higieny doju, ogdlnego stanu zdrowia stada, a takze wieku, rasy i wydajnosci mlecznej

kréw (Bogni 1 wsp., 2011; Megaj 1 wsp., 2023). Szczegolne znaczenie majg réwniez
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warunki §rodowiskowe, poniewaz cze¢$¢ czynnikéw etiologicznych - zwlaszcza grzyby -
moga pochodzi¢ ze $ciotki, powierzchni w oborze, sprzetu udojowego czy rak personelu
(Dworecka-Kaszak 1 wsp., 2012). Mastitis moze wystgpowaé w roznych postaciach:
klinicznej, subklinicznej oraz przewlektej. Jednym z podstawowych wskaznikow
diagnostycznych wykorzystywanych w ocenie stanu zdrowia gruczolu mlekowego jest
liczba komoérek somatycznych (LKS) w mleku. Wartosci przekraczajace 200 000
komorek/ml wskazujg na posta¢ subkliniczng, natomiast poziom powyzej 400 000
komorek/ml $wiadczy o postaci klinicznej (Bogni 1 wsp., 2011). Posta¢ kliniczna wiaze
si¢ zwykle z widocznymi objawami obejmujacymi zmiany makroskopowe w obrebie
wymienia oraz mleka. W przypadku postaci subklinicznej objawy zewnetrzne moga nie
wystepowac, co utrudnia jej wykrycie 1 sprzyja utrzymywaniu si¢ zakazenia w stadzie.
Jest to szczegllnie problematyczna forma, poniewaz moze dlugo pozostawac
niezauwazona, a jednoczesnie prowadzi¢ do obnizenia wydajno$ci mlecznej i
pogorszenia stanu zdrowia krow. Z kolei postaé przewlekta charakteryzuje sig
nawracajacymi infekcjami oraz utrzymujacym si¢ wysokim poziomem LKS, bez

jednoczesnego wzrostu liczby izolowanych patogendéw (Bakr i wsp., 2015).

Glowng role w rozwoju mastitis odgrywaja mikroorganizmy. Najczesciej
wskazywanymi czynnikami sg bakterie, zarowno Gram (+), jak i Gram (-). Wsréd bakterii
Gram (+) wymienia si¢ m.in. Streptococcus agalactiae, Staphylococcus spp. oraz
Streptococcus uberis, natomiast do bakterii Gram (-) zalicza si¢ m.in. Escherichia coli,
Enterococcus spp. oraz Mycoplasma spp. (Cheng & Han, 2020). Do najcze¢sciej
wskazywanych patogenow bakteryjnych naleza réwniez Staphylococcus aureus,

Streptococcus dysgalactiae oraz Staphylococcus epidermidis (Cheng 1 wsp., 2010).

Patogeny odpowiedzialne za zapalenie gruczolu mlekowego mozna podzieli¢ na
srodowiskowe oraz zakazne. Do patogendw $rodowiskowych naleza drobnoustroje
obecne w otoczeniu zwierzat, takie jak Escherichia coli, Streptococcus uberis, Klebsiella
spp., Enterobacter spp., Pseudomonas spp. oraz inne bakterie bytujace w srodowisku
hodowlanym (Klaas & Zadoks, 2018). Patogeny zakazne kolonizujg natomiast strzyki 1
gruczot mlekowy, a do tej grupy zalicza si¢ m.in. Staphylococcus aureus, Streptococcus

agalactiae, Mycoplasma bovis oraz Corynebacterium bovis (Kibebew, 2017).

Oprocz bakterii istotng role w etiologii mastitis odgrywaja takze grzyby.

Grzybicze zapalenie wymienia wystepuje rzadziej niz bakteryjne, jednak stanowi istotne
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zagrozenie dla zdrowia krow mlecznych. Czgsto$¢ wystepowania grzybiczego zapalenia
wymienia wzrasta szczeg6lnie w okresach podwyzszonej wilgotnosci i temperatury.
Udziatl zakazen grzybiczych w ogolnej liczbie przypadkow mastitis szacowany jest na 1
- 12 %, chociaz w niektorych badaniach odnotowywano warto$ci siggajace nawet 22 %
(Wawron i wsp., 2010; Zhou i wsp., 2013). Rdéznice te wynikaja przede wszystkim z
warunkéw Srodowiskowych, poziomu higieny oraz systemu utrzymania zwierzat w
danym gospodarstwie. W ograniczaniu wyst¢powania choroby kluczowe znaczenie ma
utrzymanie odpowiedniej higieny srodowiska oraz prawidlowych praktyk doju (Bogni i
wsp., 2011; Dworecka-Kaszak i wsp., 2012). Wsrod grzybow zwigzanych z zapaleniem
wymienia szczegdlne znaczenie przypisuje si¢ drozdzakom z rodzaju Candida, ktore
nalezg do najcze¢sciej identyfikowanych patogenéw w przypadkach grzybiczego mastitis
(Williamson & Di Menna, 2007). Wérod izolowanych gatunkow mozna takze wskazaé
m.in. C. albicans (Rakesh Ranjan i wsp., 2006), C. kefir, C. rugosa, C. krusei (Tarazona-
Manrique i wsp., 2019), a takze C. glabrata, C. tropicalis, C. pseudotropicalis 1 C.
parapsilosis (Jiang 1 wsp., 2024). Do rzadziej izolowanych nalezag roéwniez
przedstawiciele rodzaju Diutina, w tym D. rugosa (Moravkova i wsp., 2021). W
przypadkach grzybiczego zapalenia wymienia izolowane sg takze Cryptococcus spp.,
Rhodotorula spp., oraz Trichosporon spp., a takze Aspergillus spp., Geotrichum spp., czy
Saccharomyces spp. (Costa 1 wsp., 1993; Ksouri i wsp., 2015). Ze wzgledu na
niespecyficzne objawy bywaja btgdnie interpretowane jako infekcje bakteryjne, co moze
prowadzi¢ do nieodpowiedniego leczenia skutkujace w przewlektych stanach zapalnych

(Bakr 1 wsp., 2015).

Rzadziej spotykanym, lecz istotnym czynnikiem etiologicznym mastitis, sa glony
z rodzaju Prototheca. W ostatnich latach sg one coraz czesciej identyfikowane jako
przyczyna zapalenia wymienia. Mimo stosunkowo niewielkiej czgstosci wystepowania,
zakazenia wywolane przez Prototheca spp. stanowiag powazne wyzwanie terapeutyczne,
poniewaz drobnoustroje te charakteryzuja si¢ wysoka opornoscig na dostepne srodki
przeciwdrobnoustrojowe oraz konwencjonalne metody leczenia (Rakesh Ranjan 1 wsp.,
2006). Pomimo wdrazania programéw kontroli mastitis oraz postepu wiedzy dotyczacej
tej choroby, jej czegsto$¢ wystgpowania nie maleje, a niekiedy wykazuje tendencje

wzrostowg.

Szczegolnie niepokojacym zjawiskiem jest narastajagca opornos¢ drobnoustrojow

na antybiotyki, wynikajgca m.in. z ich nadmiernego i niewtasciwego stosowania (Cheng
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& Han, 2020). Aktualnie stosowane srodki terapeutyczne, obejmujace antybiotyki, leki
przeciwgrzybicze oraz inne alternatywne preparaty przeciwbakteryjne, czgsto nie
zapewniaja zadowalajacej skutecznosci. Problem ten dotyczy szczegoOlnie zakazen
wywotywanych przez drobnoustroje o wysokiej opornosci, a takze przypadkow zapalenia
wymienia, ktore moga by¢ nieodpowiednio zdiagnozowane i leczone niewlasciwie
(Jabtonska i wsp., 2024). W konsekwencji mastitis nadal pozostaje problemem o zasiegu
globalnym. Pomimo rozwoju produkcji zwierzgcej nadal brakuje w petni skutecznych
metod jego profilaktyki i leczenia (Fogsgaard i wsp., 2012). Narastajagca opornos¢
mikroorganizmoéw na $rodki przeciwdrobnoustrojowe stanowi dodatkowe wyzwanie nie

tylko w medycynie weterynaryjnej, lecz takze w medycynie ludzkiej.

1.4 Konwencjonalne leczenie i jego ograniczenia

Antybiotykoterapia  pozostaje  jednym z  podstawowych  narzedzi
wykorzystywanych w leczeniu choréb bydta mlecznego. Niegdys w celu zwigkszeniu
tempa wzrostu zwierzat oraz poprawie ich ogélnego stanu zdrowia antybiotyki dodawano
do paszy i wody przeznaczonej dla zwierzat gospodarskich. Dzialanie to sprzyjato
stymulowaniu ich wzrostu co jednocze$nie przyczyniato si¢ do wzrostu dochodow
producentéw (Bartlett i wsp., 2013). Wraz z postgpujaca intensyfikacja produkcji
zwierzgcej, pogorszeniem warunkOw utrzymania oraz obnizeniem poziomu dobrostanu
zwierzat w stadach bydta mlecznego, obserwowano czestsze wystepowanie mastitis oraz
kulawizn. Zjawisku temu towarzyszylo jeszcze wigksze upowszechnienie stosowania

antybiotykow (Garvey, 2022; Silva i wsp., 2021).

Obecnie wiele substancji przeciwdrobnoustrojowych stosowanych u zwierzat
gospodarskich nalezy do tych samych lub podobnych grup antybiotykow, ktore
wykorzystywane sg rowniez w medycynie ludzkiej (Cabello, 2006; Van den Bogaard &
Stobberingh, 2000). Konsekwencja nadmiernego 1 niekontrolowanego stosowania
antybiotykdw stalo si¢ narastanie oporno$ci mikroorganizmoéw, przez co nawet
stosunkowo tagodne zakazenia bakteryjne u ludzi moga by¢ obecnie trudne do leczenia
(Michael i wsp., 2014; Mulvey & Simor, 2009), poniewaz drobnoustroje te staty si¢ mniej
wrazliwe lub calkowicie niewrazliwe na dziatanie lekéw przeciwdrobnoustrojowych
(Vega & Gore, 2014). W wyniku presji selekcyjnej bakterie wrazliwe na dany antybiotyk

ulegaja eliminacji, natomiast szczepy oporne przezywaj3, namnazaja si¢ 1 mogg dalej
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rozprzestrzenia¢ geny opornosci (Read & Woods, 2014) stanowigc istotne zagrozenie dla
zdrowia publicznego (Barlow i wsp., 2008). Nalezy pamigtac, ze problem ten dotyczy
zaré6wno zdrowia zwierzat jak 1 ludzi (Levy & Marshall, 2004) poniewaz bakterie oporne
na antybiotyki mogg by¢ przenoszone ze zwierzat na cztowieka (Ansari i wsp., 2010).
Antybiotyki, ktére w przesztosci byly powszechnie naduzywane, w wielu przypadkach
utracity swoja skuteczno$¢, natomiast liczba nowych efektywnych terapeutycznych

preparatow mozliwych do zastosowania pozostaje ograniczona (Carlet i wsp., 2014).

Leczenie kulawizn jest szczegoélnie trudne ze wzgledu na lokalizacj¢ zmian
chorobowych, wieloczynnikowg etiologie schorzenia oraz ograniczenia dostgpnych
metod terapeutycznych. W praktyce hodowlanej stosuje si¢ rozne strategie leczenia,
sposrod ktorych najczesciej wykorzystywane sg kapiele racic oraz miejscowe opatrunki.
W obu przypadkach czesto stosowane sg antybiotyki (Wilson-Welder i wsp., 2015).
Antybiotykoterapia miejscowa jest wykorzystywana czgsciej niz leczenie ogdlne, jednak
dostepne dane wskazuja, ze zastosowanie antybiotykdw nie zawsze zapewnia oczekiwang
skuteczno$¢ terapeutyczng (Berry 1 wsp., 2012). Alternatywe dla antybiotykdéw stanowig
srodki nieantybiotykowe, takie jak siarczan miedzi, formalina, kwas nadoctowy oraz
roztwory kwasoéw organicznych. Ich stosowanie moze jednak wigza¢ si¢ z dziataniem
draznigcym na skore i tkanki zwierzat (Evans 1 wsp., 2016). W konsekwencji skuteczna
kontrola kulawizn nie powinna opiera¢ si¢ wytacznie na konwencjonalnym leczeniu
przeciwbakteryjnym. Ztozona etiologia choroby oraz narastajacy problem opornosci
bakterii na antybiotyki sprawiajg, ze obecnie nie istnieje jedna, jednoznacznie skuteczna
metoda leczenia kulawizn. W zwigzku z tym coraz wicksze znaczenie zyskuje
poszukiwanie nowych, alternatywnych strategii terapeutycznych, ktore moglyby
ogranicza¢ przezywalnos$¢ drobnoustrojow zwigzanych z kulawiznami oraz umozliwia¢

skuteczng kontrole infekcji bakteryjnych.

Podobne rozwigzania stosowane sg w przypadku leczenia mastitis - istotng role
odgrywa antybiotykoterapia, jednak w obu przypadkach jej skutecznos$¢ jest ograniczana
przez zlozong etiologi¢ chordb oraz narastajgce zjawisko opornosci drobnoustrojow na
srodki przeciwdrobnoustrojowe. Szacuje si¢, ze w 2018 roku okoto 50 % izolatow E. coli
oraz ponad 30 % izolatéw K. pneumoniae wykazywato opornos¢ na co najmniej jedng
grupe lekow przeciwdrobnoustrojowych. Na tle innych krajow europejskich Polska
charakteryzowata si¢ wysokim odsetkiem opornosci E. coli na aminopenicyliny,

wynoszacym 64,3 %, fluorochinolony - 34,7 %, cefalosporyny trzeciej generacji - 17,6
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%, oraz aminoglikozydy - 15,1 %. Jednoczes$nie odsetek izolatow S. aureus opornych na
metycyling, okreslanych jako MRSA, zmniejszyt si¢ w Polsce z 25,4 % w 2012 roku do
15,9 % w 2018 roku, co moze $wiadczy¢ o skutecznosci dziatan podejmowanych w celu
ograniczenia tego zjawiska (Mazinska & Hryniewicz, 2020). Mimo to w latach 2000-
2018 globalne zuzycie antybiotykdéw wzrosto o 65 % (Klein i wsp., 2018). W 2019 roku
w gospodarstwach w Stanach Zjednoczonych okoto 90 % wyizolowanych gronkowcow
koagulazo - wujemnych wykazywato oporno$¢ na co najmniej jeden S$rodek
przeciwdrobnoustrojowy. Tendencj¢ wzrostowa opornosci obserwowano rowniez w
przypadku penicyliny i erytromycyny, a takze w odniesieniu do stale narastajacej
wielolekoopornosci (Phophi i wsp., 2019). Czesto§¢ wystgpowania opornosci oraz
zmienno$¢ jej poziomu rdznig si¢ pomiedzy krajami i stanowig istotny wskaznik sposobu

oraz skali stosowania antybiotykéw (Chaudhary, 2016).

Dodatkowym wyzwaniem jest fakt, ze szczepy grzybow izolowane z mleka krow
ze zdiagnozowanym mastitis moga wykazywaé oporno$¢ na leki przeciwgrzybicze,
analogicznie do oporno$ci bakterii na antybiotyki (Bakr i wsp., 2015). W praktyce
weterynaryjnej identyfikacja gatunkowa grzybow nie zawsze jest wykonywana, przede
wszystkim ze wzgledu na ich rzadsze wystgpowanie w poroOwnaniu z czestoscia
wystgpowania zakazen bakteryjnych. Poniewaz bakterie sa najczgsciej uznawane za
glowny czynnik etiologiczny mastitis, leczenie zwykle opiera si¢ na antybiotykoterapii.
Takie postepowanie moze jednak sprzyja¢ wzrostowi czestosci wystgpowania
grzybiczego zapalenia wymienia (Bakr 1 wsp., 2015). Antybiotykoterapia stosowana w
leczeniu mastitis nie zawsze zapewnia skuteczny efekt terapeutyczny, zwlaszcza w
warunkach narastajacej opornosci bakterii. Ponadto niektore antybiotyki, takie jak
tetracyklina 1 penicylina, moga stanowi¢ dla grzyboéw zrédto azotu, wspierajac ich wzrost
1 rozw0j (Ghodasara & Gajbhiye, 2015). Oznacza to, ze leczenie mastitis oparte
wylacznie na antybiotykach moze by¢ nieskuteczne wobec czgéci czynnikow
etiologicznych, a jednocze$nie moze nasila¢ problem zakazen grzybiczych. Istotnym
czynnikiem utrudniajagcym zwalczanie szczepdw grzybiczych jest rowniez ich zdolnos$¢
do tworzenia biofilmu. Mechanizm ten zwigksza odporno$¢ drobnoustrojow na
niekorzystne warunki $srodowiskowe oraz ogranicza skuteczno$¢ stosowanych lekow
przeciwgrzybiczych (Asfour i wsp., 2022). W diagnostyce i badaniach nad mastitis
dominujace podej$cie koncentruje si¢ zazwyczaj na najczesciej izolowanych gatunkach

drobnoustrojow. Moze to ogranicza¢ pelne poznanie spektrum patogenow
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odpowiedzialnych za rozw6j choroby. Takie ukierunkowanie badan moze prowadzi¢ do
niedoszacowania znaczenia rzadziej izolowanych patogenow, ktére rowniez moga

wywotywac trudne do leczenia infekcje (Ksouri i wsp., 2015).

Narastajagcy  problem antybiotykoodporno$ci  sklania naukowcow do
intensywnego poszukiwania alternatywnych metod leczenia. W ostatnich latach
szczegblng uwage poswigca si¢ ocenie wlasciwosci biobodjczych naturalnych substancji
bogatych w zwiazki biologicznie aktywne. Do najczg¢sciej badanych nalezg ziota
zawierajace kwasy fenolowe, alkaloidy, flawonoidy, terpenoidy oraz olejki eteryczne (Li
1wsp., 2023) a takze produkty pszczele, takie jak jad pszczeli czy propolis (Cheng & Han,
2020). Wilasciwosci przeciwdrobnoustrojowe wykazuja rowniez biatka pochodzenia
zwierzecego, m.in. laktoferyna i B-laktoglobulina, bakteriocyny produkowane przez

bakterie, oraz nanoczastki (Radzikowski i wsp., 2020).

1.5 Nanotechnologia jako alternatywa dla konwencjonalnych metod leczenia

W ostatnich latach zainteresowanie badaczy coraz czgséciej koncentruje si¢ na
zastosowaniu nanotechnologii w réznych dziedzinach przemystu. Szczeg6lng uwage
poswigca si¢ metalicznym NPs, ktére wykazuja szeroki zakres wlasciwosci
biologicznych. Do najwazniejszych z nich naleza zdolno$¢ do transportu lekéw (Adeyemi
& Sulaiman, 2014), dziatanie przeciwwirusowe (Rai, Deshmukh, 1 wsp., 2016),
przeciwgrzybicze (Cruz-Luna i wsp., 2021) oraz przeciwpasozytnicze (Benelli, 2018).
Dzigki tym wlasciwosciom NPs znajduja zastosowanie w medycynie (Rai, Ingle, 1 wsp.,
2016), farmacji (Al-Farraj i wsp., 2023) oraz kosmetologii (Dhanjal i wsp., 2022).
Ponadto badania prowadzone w warunkach in vitro wskazuja na ich potencjalne
wlasciwosci przeciwnowotworowe (Abu-Dief 1 wsp., 2022). Zakres badan nad NPs
dynamicznie si¢ rozwija, zwlaszcza w kontekscie ich wykorzystania w zwalczaniu
infekcji bakteryjnych. Wynika to z ich unikalnych wtasciwosci fizykochemicznych oraz
zdolnos$ci do oddziatywania z komorkami drobnoustrojow. Aktywnos¢ biologiczna NPs
zalezy miedzy innymi od ich morfologii, wielkosci, ksztattu, sktadu chemicznego oraz

innych parametrow fizykochemicznych (Bashal i wsp., 2023; Khezerlou i wsp., 2018).

Nanoczastki moga by¢ syntetyzowane roznymi metodami, w tym biologicznymi,
chemicznymi oraz fizycznymi. Metody biologiczne uznawane sg za najbardziej przyjazne

srodowisku, poniewaz wykorzystuja organizmy zywe lub ich sktadniki, takie jak bakterie,
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wirusy (Thakkar i wsp., 2010), drozdze (Kowshik i wsp., 2003), grzyby (Sastry i wsp.,
2003), algi (Armendariz i wsp., 2004), a takze rosliny i ich ekstrakty (Ceylan i wsp., 2021;
Ekrikaya 1 wsp., 2021; Koca i wsp., 2018). Alternatywnie stosuje si¢ metody chemiczne
1 fizyczne, obejmujace wykorzystanie roznorodnych reagentoéw, m.in. promieniowania
UV, ultradzwigkow. Metody te czgsto wiazg si¢ jednak z uzyciem substancji toksycznych

dla $§rodowiska (Ijaz i wsp., 2020; Kumar i wsp., 2018).

W literaturze opisywane sg rozne rodzaje NPs metali, miedzy innymi AuNPs,
AgNPs, CuNPs, FeNPs oraz PtNPs. Dostepne dane sugeruja, ze ze wzgledu na ich
charakterystyke, moga stanowi¢ obiecujaca strategic w zwalczaniu infekcji na tle
bakteryjnym i grzybiczym. Jedng z kluczowych cech NPs w kontekscie ich zastosowania
przeciwdrobnoustrojowego jest ograniczenie lub brak zdolnosci bakterii do rozwijania
opornosci na ich dziatanie (Tang & Zheng, 2018). Mechanizmy aktywnoS$ci
przeciwdrobnoustrojowej NPs polegaja migdzy innymi na oddziatywaniu z powierzchnia
komorki mikroorganizmu, co prowadzi do uszkodzenia blony komoérkowej, zaburzenia
potencjatu blonowego oraz indukcji stresu oksydacyjnego (Lange i wsp., 2021;
Radzikowski 1 wsp., 2020). Takie wielokierunkowe dziatanie moze mie¢ istotne

znaczenie w ograniczaniu przezywalno$ci drobnoustrojow oraz w kontroli zakazen.

Mechanizmy 1 zakres dzialania NPs ma szczeg6lne znaczenie w przypadku chorob
o zlozonej etiologii, takich jak mastitis oraz kulawizny, w ktorych skuteczno$¢
konwencjonalnych metod leczenia moze by¢ ograniczona. NPs metali, dzigki swoim
wlasciwo$ciom przeciwdrobnoustrojowym 1 szerokiemu spektrum aktywnosci
biologicznej, moga wigc stanowi¢ alternatyw¢ lub uzupehnienie dotychczasowych
strategii terapeutycznych, zwlaszcza w kontek$cie narastajagcego problemu opornosci
drobnoustrojow na powszechnie stosowane $rodki przeciwdrobnoustrojowe. Wizja ta
stanowi perspektywiczny kierunek badan nad alternatywnymi metodami ograniczania

zakazen bakteryjnych i grzybiczych u bydta.
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2. Hipotezy badawcze, cel i zakres pracy

W pracy doktorskiej postawiono nastepujace hipotezy badawcze:

Hipoteza 1: NPs metali wykazujg istotne wiasciwosci przeciwdrobnoustrojowe wobec
bakterii 1 grzybow izolowanych od bydta ze zdiagnozowanym mastitis oraz

zmianami chorobowymi racic.

Hipoteza 2: Skuteczno$¢ przeciwdrobnoustrojowa nanomateriatow zalezy od rodzaju

metalu, zastosowanego stezenia NPs.

Hipoteza 3: Nanokompleksy bimetaliczne wykazujg efekt synergistyczny i silniejsze

dzialanie biobdjcze niz pojedyncze NPs.

Hipoteza 4: Niektore szczepy oporne na rutynowo stosowane leki przeciwgrzybicze
pozostaja wrazliwe na NPs, co wskazuje na ich potencjat jako alternatywy

dla klasycznych chemioterapeutykow.

Hipoteza 5: NPs o najwyzszej aktywnosci przeciwdrobnoustrojowej, stosowane w
odpowiednio dobranych dawkach, nie wykazujg istotnej cytotoksycznos$ci
wobec komorek linii komdérkowych ludzkich 1 bydlecych, co przemawia za

ich mozliwym bezpiecznym zastosowaniem w profilaktyce 1 terapii.

Celem przeprowadzonych badan byta ocena in vitro przeciwdrobnoustrojowych
wlasciwosci  nanomaterialow  oraz  ich  kompleksow  jako  potencjalnych
nieantybiotykowych §rodkéw stosowanych w profilaktyce mastitis oraz kulawizn bydta
na tle zakazen bakteryjnych i grzybiczych. Praca koncentrowala si¢ przede wszystkim na
ocenie potencjatu aplikacyjnego NPs do prowadzenia dalszych badan in vivo oraz
walidacji ich skutecznos$ci wobec konkretnych patogenow, co stanowi uzupetnienie

istotnej luki w dostepnej literaturze.
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Badania mialy na celu:

1. Ocen¢ aktywnos$ci przeciwdrobnoustrojowej Ag, Au, Cu, Pt, Fe/FeC NPs oraz
wybranych nanokompleksow wobec patogendw izolowanych od bydla ze

zdiagnozowanym mastitis 1 kulawiznami.

2. Porownanie skutecznosci pojedynczych NPs z nanokompleksami w celu wykazania
ewentualnego  efektu  synergistycznego oraz  ocen¢ ich  aktywnosci

przeciwdrobnoustrojowe;.

3. Oceng cytotoksycznosci wybranych NPs 1 ich kompleksow wobec komorek bydlecych

i ludzkich, aby okresli¢ zakres potencjalnie bezpiecznych stezen.

4. Wskazanie tych nanomateriatow, ktore maja najwigkszy potencjat do dalszych badan

in vivo 1 wdrozeniowych.

5. Wykazanie r6znic we wrazliwosci na NPs mikroorganizméw izolowanych od bydta ze

zdiagnozowanym mastitis 1 kulawiznami.

Zakres prac:
Publikacja 1 (P1).

Praca dotyczyta oceny in vitro wlasciwosci przeciwbakteryjnych Ag, Au, Cu, Fe,
Pt NPs oraz wybranych nanokomplekséw wobec drobnoustrojow wyizolowanych
ze zmian chorobowych konczyn bydla, szczegdlnie zwigzanych z kulawiznami.
Zakres obejmowat izolacje¢ 1 identyfikacj¢ bakterii z materiatu biologicznego,
charakterystyke fizykochemiczng NPs oraz ocen¢ przezywalnosci patogenow w
warunkach tlenowych 1 beztlenowych po zastosowaniu roznych stezen badanych
NPs. Najsilniejsze dziatanie biobojcze wykazaly AgNPs, CuNPs oraz ich
kompleksy.

Publikacja 2 (P2).

Praca obejmowata kompleksowa ocene wtasciwosci przeciwdrobnoustrojowych,
cytotoksycznych 1 fizykochemicznych wybranych NPs oraz nanokompleksow

wobec patogenéow izolowanych z mleka pochodzacego od krow ze
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zdiagnozowanym mastitis w szczegdlnosci bakterie 1 grzyby. Zakres badan
obejmowat analiz¢ przezywalno$ci drobnoustrojow izolowanych z mleka, ocene
bezpieczenstwa wobec komorek BME - UV1 1 HMEC oraz oceng witasciwosci
fizykochemicznych. W pracy wykazano przewage biobdjczego kompleksu

AgCuNPs oraz brak istotnej toksycznosci niskich stgzen wobec linii komérkowych.

Publikacja 3 (P3).

Publikacja koncentrowata si¢ na grzybiczym mastitis wywolywanym przez
Candida spp. 1 Diutina spp. Zakres pracy obejmowal izolacje i identyfikacje
grzybéw z mleka krow z subklinicznym mastitis, oceng wlasciwosci
fizykochemicznych NPs, analiz¢ przezywalnosci szczepéw po ekspozycji na
nanomateriaty oraz wrazliwosci na standardowe leki przeciwgrzybicze. Wykazano
wysoka aktywno$¢ przeciwgrzybicza, szczegdlnie dla ukladu AgCuNPs, przy

jednoczesnym zréznicowaniu wrazliwosci migdzy gatunkami.

Publikacja 4 (P4).

Praca stanowi rozwini¢cie badan nad grzybiczym mastitis 1 dotyczyla rzadziej
1zolowanych, ale klinicznie istotnych gatunkéw grzybow zwigzanych z zapaleniem
wymienia bydta. Zakres obejmowatl izolacj¢ i1 identyfikacj¢ siedmiu gatunkow
grzybow z mleka krow z subklinicznym mastitis, oceng wptywu Ag, Au, Cu, FeC,
Pt NPs oraz kompleksow AgCu, AgAu i AuCu na ich przezywalno$¢, a takze ocene
wrazliwo$ci na osiem standardowych preparatow przeciwgrzybiczych. W pracy
ponownie wskazano kompleks AgCuNPs jako uklad o najwyzszej aktywnosci
biobojczej 1 podkreslono przydatnos¢ wynikow jako podstawy do dalszych badan

in vivo.

3. Finansowanie

Badania przeprowadzone w publikacji 1 oraz 2 realizowane bytly w ramach
projektu pn. ,,NanoCow - opracowanie linii produktow do profilaktyki mastitis oraz

kulawizn na tle zakazen bakteryjno - grzybiczych” nr. POIR.01.01.01-00-2127/20.
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4. Materialy i metody

4.1. Material badawczy
4.1.1 Nanoczgstki

W publikacjach P1 - P4 wykorzystano NPs metaliczne syntezowane metodami

fizycznymi:

P1: W eksperymencie wykorzystane zostaty hydrokoloidy AgNPs, AuNPs, CuNPs,
FeNPs i PtNPs, zakupione w firmie Nano - Tech Polska (Warszawa, Polska).

P2: W doswiadczeniu wykorzystano NPs hydrokoloidalne Ag, Au, Cu i Pt, ktore zostaty
zakupione w firmie Nano - Tech Polska (Warszawa, Polska), natomiast FeNPs w

formie proszku, zostaty zakupione w firmie 3D - nano (Krakéw, Polska).

P3, P4: W badaniach uzyto hydrokoloidalne AgNPs, AuNPs, CuNPs i PtNPs zakupione
od firmy Nano - Tech Polska (Warszawa, Polska), natomiast FeCNPs pokryte

weglem w formie proszku, zostaty zakupione od firmy 3D - nano (Krakéw, Polska).

4.1.2 Material biologiczny

P1: Material biologiczny obejmowat probki tkanek, rope, rope z domieszka krwi oraz
réznego rodzaju wymazy pobrane od bydta rasy polskiej holsztynsko - fryzyjskiej, u
ktorych zdiagnozowano kulawizny. Prébki te pozyskano w trakcie rutynowej
korekcji racic. Z pobranego materialu biologicznego izolowano mikroorganizmy

ktore nastgpnie poddawano dalszym analizom.

P2: Probki mleka ¢wiartkowego pochodzacego od kréw z zapaleniem wymienia (LKS >
200 000/ml) pobrano z gospodarstw w okresie od lipca 2021 r. do marca 2022 r.

Nastepnie z pobranego mleka izolowano mikroorganizmy do dalszych badan.

Komoérki nabtonka gruczotu mlekowego bydla BME - UV1 zostaty zakupione w
banku komorek Instytutu Zooprofilaktycznego Lombardii 1 Emilii - Romanii
(Wlochy), natomiast ludzkie komorki HMEC zostaty pozyskane od firmy Thermo
Fisher Scientific. Wspomniane linie komoérkowe nastgpnie poddawane bylo testom

cytotoksycznosci z wykorzystaniem NPs.
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P3, P4: Probki mleka ¢wiartkowego pochodzacego od kréw z zapaleniem wymienia
(LKS>200 000/ml) pobrano z gospodarstw, ktére znajdowaty si¢ w wojewodztwach
mazowieckim i1 podlaskim (P3) oraz od kréw utrzymywanych w Rolniczej Stacji
Doswiadczalnej Wilanow - Obory w Polsce (wojewodztwo mazowieckie),
stanowigcg integralng cz¢s¢ Szkoty Gtownej Gospodarstwa Wiejskiego w Warszawie

(P4). Nastegpnie z pobranego mleka izolowano mikroorganizmy do dalszych badan.

4.2. Metody badawcze

4.2.1 Okreslenie morfologii nanoczastek: P1 - P4

Hydrokoloidy NPs sonifikowano przez 2 minuty przy mocy 500 W i
czestotliwosci 20 kHz przed wykorzystaniem ich w badaniach. Nastepnie krople
hydrokoloidéw o stezeniu 10 mg/l naniesiono na miedziane siatki formwarowe do
Transmisyjnego mikroskopu Elektronowego (TEM) o rozmiarze oczek 200 i powierzchni
3 mm’, (Agar Scientific, Stansted, Wielka Brytania) i pozostawiono do wyschniecia na
24 godziny. Morfologi¢ NPs okreslono poprzez analiz¢ obrazoéw uzyskanych za pomocg
TEM (TEM, JEM - 1220EX, JEOL, Tokio, Japonia). Obrazy NPs wykonano przy
napigciu 80 keV z kamerg Morada o rozdzielczos$ci 11 Mpx (Olympus Soft Imaging

Solutions, Miinster, Niemcy).

4.2.2 Okreslenie wlasciwosci fizykochemicznych nanoczastek: P1 - P4

W celu okre$lenia potencjatu zeta i rozktadu wielkosci NPs, przed przystapieniem
do analiz przygotowano odpowiednie stg¢zenia hydrokoloidéw poprzez zmieszanie
zakupionych NPs z woda destylowang, aby uzyska¢ stgzenie wynoszace 10 mg/l.
Potencjat zeta oraz srednica hydrodynamiczna NPs zostaty okre§lone przy uzyciu aparatu
Zetasizer Nano ZS (ZEN3500, Malvern Instruments, Malvern, Wielka Brytania). W celu
okreslenia wielkosci $redniej wielkoSci aglomeratéw okreslono rozklad S$rednicy

hydrodynamicznej metodg dynamicznego rozpraszania swiatta (DLS).
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4.2.3 1zolacja mikroorganizmow z materialu biologicznego: P1 - P4

W publikacji pierwszej, material biologiczny (probki tkanek, ropa, ropa z krwig
oraz inne wymazy pobrane od bydta, u ktérego zdiagnozowano kulawizny) umieszczono
w roztworze sterylnej NaCl, a nast¢pnie umieszczono w inkubatorze orbitalnym Stuart
SI500 z wytrzasarka (Reagecon Diagnostics Ltd., Shannon, Irlandia) na 24 godziny w
temperaturze 5 °C. Otrzymang zawiesing posiano na agarze Columbia z dodatkiem krwi
baraniej (Argenta, Poznan, Polska) oraz na agarze z infuzji moézgowo - sercowej
(Biomaxima, Lublin, Polska). Hodowle umieszczono w s$rodowiskach tlenowych i
beztlenowych w celu maksymalizacji mozliwosci zwigkszenia liczebno$ci réznych
izolowanych gatunkéw patogenow. W celu zapewnienia warunkéw beztlenowych,
hodowle przeprowadzono w aerostacie przy uzyciu generatora atmosfery beztlenowe;j

GENbag (bioMérieux, Warszawa, Polska).

W drugiej publikacji, w celu izolacji 1 wstepnej identyfikacji gatunkowej, mleko
¢wiartkowe bedace materialem biologicznym zostalo posiane na podiozach stalych i
ptynnych. Do hodowli szczepéw  wykorzystano  specjalistyczne  podtoza
mikrobiologiczne (Biomaxima, Polska): bulion odzywczy do ogdlnej hodowli
mikrobiologicznej, Mannitol Salt Lab Agar, Edwards Lab Agat z dodatkiem krwi
bydlecej, Chromogenic Uri - Colour Lab - Agar, MacConkey Lab - Agar, Salmonella -
Shigella Lab - Agar, Chromogenic Candida Lab - Agar, Rose Bengal Lab - Agar, TBX
Lab - Agar, Chromogenic E.coli Lab - Agar, bulion LB, Rogosa Lab - Agar,
Enterococcus Lab - Agar, podloze laktozowe Eijkmana, podtoze izolacyjne Prototheca
wedlug metodyki Pore'a (Pore, 1973) oraz agar dekstrozowy Sabourauda (Argenta,
Polska).

W trzeciej publikacji pobrane probki mleka ¢wiartkowego posiano na
specjalistyczne podtoza przeznaczone do hodowli grzybow, w tym agar Sabouraud z
chloramfenikolem (Bio - Rad, Hercules, CA, USA), Chromogenic Candida Lab - Agar
oraz DRBC Lab - Agar (Biomaxima, Lublin, Polska). Przygotowane hodowle

inkubowano w temperaturze 37 °C przez 24 - 48 godziny.

W czwartej publikacji pobrane mleko posiano na podlozach agarowych.
Wykorzystano wczesniej przygotowane podloza mikrobiologiczne przeznaczone do
hodowli grzybow, takie jak agar Czapek Dox Modified, podiloze agarowe z ekstraktem

drozdzowym 1 oksytetracykling (Pol - Aura, Warszawa, Polska), agar Sabourauda z
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chloramfenikolem (Bio - Rad, Hercules, Kalifornia, USA), agar DG - 18 (Graso - biotech,
Owidz, Polska) oraz DRBC Lab - Agar (Biomaxima, Lublin, Polska). Nast¢pnie hodowle

inkubowano w temperaturze 37 °C przez 24 - 48 godziny.

4.2.4 Identyfikacja mikroorganizmow: P1 - P4

W P1 wyhodowane mikroorganizmy wystano do zewnetrznego laboratorium w
celu identyfikacji przy uzyciu aparatu MALDI - TOF MS (Bruker, Poznan, Polska) oraz
urzagdzenia VITEK 2 (bioMérieux, Warszawa, Polska). Natomiast mikroorganizmy
wyhodowane w P2 - P4 zostaly zidentyfikowane wyltacznie za pomoca spektrometru
MALDI - TOF MS. W przypadku identyfikacji Prototheca sp. izolowana w ramach badan

P2, byta rozpoznana na podstawie morfologii kolonii oraz obrazu mikroskopowego.

Wykorzystanie tych aparatow jest istotne ze wzgledu na fakt, ze w niektérych
przypadkach wyizolowane patogeny nie byly wczes$niej taczone z chorobg. Uzyskane
wyniki byly zatem bardziej precyzyjne niz w przypadku standardowej identyfikacji
mikrobiologicznej. Aparatura ta jest obecnie szeroko stosowana w laboratoriach
mikrobiologii klinicznej ze wzglgedu na swoj duzy potencjal diagnostyczny wynikajacy z
rozwoju spektrometrii mas z jonizacjg/desorpcjg laserowg wspomagang matrycg z analizg

czasu przelotu.

4.3 DosSwiadczenie 1

P1. Kot, M.; Kalinska, A.; Jaworski, S.; Wierzbicki, M.; Smulski, S.; Got¢biewski, M. In
Vitro Studies of Nanoparticles as a Potentially New Antimicrobial Agent for the
Prevention and Treatment of Lameness and Digital Dermatitis in Cattle. Int. J. Mol. Sci.

2023, 24, 6146.

4.3.1 Ocena zywotnoSci bakterii po dzialaniu Ag, Au, Cu, Fe, Pt NPs i wybranych

kompleksow

Z kazdego wyhodowanego 1 zidentyfikowanego izolatu bakterii, przygotowano

zawiesing o gestosci optycznej 0,5 w skali McFarlanda (1,5 x 10® CFU/ml). Zawiesine
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naniesiono pipeta do 96 - dotkowej ptytki w objetosci 50 pl na kazdy dotek. Grupa
kontrolna sktadata si¢ z mieszaniny 50 pl sterylnej wody i 50 pl zawiesiny bakteryjne;.
W eksperymencie wykorzystano dostgpne na rynku AgNPs, AuNPs, CuNPs, FeNPs 1
PtNPs (Nano - tech Polska, Warszawa, Polska), ktore zostaty zsyntezowane metodami
fizycznymi. Z NPs wykorzystywanych w do$wiadczeniach przygotowano odpowiednie
rozcienczenia z woda destylowang. Nastepnie dodano po 50 pl hydrokoloidow NPs, tak
aby ich koncowe stezenia w dotku wynosity: dla pojedynczych nanoczastek: 1,56; 3,125;
6,25; 12,5125 mg/l; dla PtNPs: 0,625; 1,25; 2,5; 51 10 mg/l. Stezenia nanokompleksow
AgAu, AgCu, AuCu NPs wynosity 0,78; 1,56; 3,125; 6,25 i 12,5 mg/l. Zakresy stezen
zostaty dobrane na podstawie dostgpnej literatury oraz wstgpnych danych wilasnego
zespotu badawczego. Nizszy zakres dla PtNPs wynika z ich odmiennych wtasciwosci
fizykochemicznych i1 wigkszej aktywnosci katalitycznej w nizszych st¢zeniach, co jest
opisane w literaturze. Badania pilotazowe pozwolily zawegzi¢ zakres do wartos$ci
biologicznie istotnych. Kompleksy NPs powstaty poprzez polaczenie dwoch rodzajow
NPs w stosunku 1:1. Inkubacje przeprowadzono przez 24 godziny w temperaturze 37°C
w warunkach tlenowych 1 beztlenowych. Po 24 godzinach do kazdej studzienki dodano
10 pl odczynnika Presto Blue (Invitrogen, Waltham, MA, USA), a nastepnie odczytano
spektrofotometrycznie absorbancj¢ przy dlugosci fali 570 nm (Tecan, Durham, NC,
USA). Zywotno$¢ okreslono na poréwnujac uzyskane wyniki dla  grup
eksperymentalnych odnoszonych do grupy kontrolnej, przyjmowanej jako 100 %

przezywalnosci.

4.3.2 Analiza statystyczna

Dane analizowano za pomocg jednoczynnikowej analizy wariancji (ANOVA) z
wykorzystaniem oprogramowania STATGRAPHICS® Centurion XVII, wersja 17.2.05
(StatPoint Technologies, Inc., Warrenton, VA, USA).

4.4 Doswiadczenie 2

P2. Wierzbicki M, Kot M, Lange A, Kalinska A, Golebiewski M, Jaworski S. Evaluation
of the Antimicrobial, Cytotoxic, and Physical Properties of Selected Nano - Complexes
in Bovine Udder Inflammatory Pathogen Control. Nanotechnol Sci Appl. 2024, 17, 77-94
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4.4.1 Ocena przezywalnosci mikroorganizmow po dzialaniu Ag, Au, Cu, Fe, Pt NPs

i wybranych komplekséw

Z wychodowanych i zidentyfikowanych kolonii mikroorganizméw przygotowano
zawiesiny o gestosci optycznej wynoszacej 0,5 w skali McFarlanda. Zawiesing o
objetosci 100 pl pipetowano do dotkow ptytki 96 - dotkowej. Grupa kontrolna sktadata
si¢ z mieszaniny 100 pl sterylnej wody i 100 ul zawiesiny mikroorganizméow.
Przygotowano takze odpowiednie stezenia NPs ktorych wyjsciowe stezenie byto
regulowane woda destylowang. Nastepnie do dotkéw grup doswiadczalnych do ktérych
wczesniej dodano zawiesiny z mikroorganizmami dodano po 100 pl hydrokoloidow NPs,
aby uzyskaé nastepujace stezenia: 25; 12,5; 6,25; 3,125; 1,56 mg/l dla Ag, Au, Cu i Fe
oraz 10; 5; 2,5; 1,25; 0,625 mg/l dla Pt. Zakresy stgzen zostaly dobrane na podstawie
dostepnej literatury oraz wstgpnych danych wilasnego zespotu badawczego. Obnizony
zakres dla PtNPs wynika z ich specyficznych wilasciwosci fizykochemicznych oraz
wysokiej aktywnosci katalitycznej przy niskich stezeniach, co potwierdzaja doniesienia
literaturowe. Przeprowadzone badania pilotazowe pozwolily ograniczy¢ zakres do
poziomow istotnych biologicznie. Inkubacja mikroorganizméw z NPs trwala przez 24
godziny w temperaturze 37 °C. Nastepnie do kazdego dotka dodano 20 pl XTT z zestawu
do oznaczania proliferacji komorek XTT (Merck, Darmstadt, Niemcy) 1 kontynuowano
inkubacj¢ przez kolejne 24 godziny. Po tym czasie wykonano pomiar
spektrofotometryczny przy dlugosci fali 450 nm. Wyniki pordwnano z usrednionymi
odczytanymi wynikami spektrofotometrycznymi grupy kontrolnej, w ktorej
mikroorganizmy nie byly poddane dziataniu NPs i na tej podstawie obliczono procent
zywotno$ci komorek w grupie badanej. Analize analogiczng do opisanej powyzej
przeprowadzono dla komplekséw AgAu, AgCu, AuCu. Kompleksy NPs powstaty

poprzez potaczenie dwoch rodzajow NPs w stosunku 1:1.

4.4.2 Hodowla komorek BME - UV1 i HMEC

Komoérki BME - UV1 byty hodowane w pozywce DMEM/F12, RPMI - 1640 oraz
NCTC 135 (Thermo Fisher Scientific) w proporcji 5:3:3, wzbogaconym alfa - laktoza
(0,1 %), glutationem (1,2 mM), insuling bydlgca (1 pg/ml), hydrokortyzonem (1 pug/mL),
kwasem L - askorbinowym (10 pg/mL, Merck), holo - transferryng bydleca (5 pg/mL),
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10% FBS oraz antybiotykiem i srodkiem przeciwgrzybiczym (Thermo Fisher Scientific).
Komoérki HMEC byly hodowane w pozywce HUMEC Ready Medium zawierajacej
ekstrakt z przysadki bydlecej (BPE) w stezeniu 50 pg/ml, zestaw suplementéw HuUMEC
oraz antybiotyk 1 $rodek przeciwgrzybiczy (Thermo Fisher Scientific). Komorki
hodowano w temperaturze 37 °C w wilgotnej atmosferze zawierajacej 5 % CO2 1 95 %

tlenu.

4.4.3 Ocena zywotnosci komérek BME - UVl i HMEC po traktowaniu

nanoczastkami

W celu okreslenia zywotno$ci komorek przeprowadzono analize aktywnosci
metabolicznej z wykorzystaniem testu PrestoBlue HS (Thermo Fisher Scientific).
Komorki wysiano na plytke 96-dotkowa w gestosci 1x10* komodrek na dotek i
inkubowano przez 24 godziny. Nastepnie usuni¢to pozywke hodowlang i dodano
rozcienczenia NPs w §wiezej pozywce w stezeniach koncowych 0,1; 0,5; 1; 2 oraz 2,5
mg/1, po 100 pL na dotek. Grupe kontrolng stanowily komorki hodowane w pozywce bez
dodatku nanoczastek. Po 24 godzinach inkubacji usuni¢to pozywke i dodano 100 pL
swiezej pozywki zawierajacej 10 % odczynnika PrestoBlue HS. Po dwdch godzinach
inkubacji w inkubatorze do hodowli komorkowych zmierzono fluorescencje (dtugos¢ fali
wzbudzenia 560 nm, emisji 590 nm) przy uzyciu czytnika mikroptytek (Infinite M200,
Tecan, USA). Badanie wykonano w trzech niezaleznych eksperymentach, kazdy w trzech
powtorzeniach. Przed wlasciwg analizg aktywnos$ci metabolicznej komoérek oceniono
mozliwo$¢ interferencji nanoczastek z testem PrestoBlue (Thermo Fisher Scientific). Test
interferencji przeprowadzono w taki sam sposob jak analiz¢ wlasciwa, jednak bez

obecnosci komorek.

4.4.4 Analiza statystyczna

Analiza statystyczna zastosowana w badaniu wskaznika przezywalnosci
mikroorganizmoéw wyizolowanych z mleka pochodzacego od krow z mastitis, poddanego
dziataniu NPs: Ag, Au, Cu, Fe i Pt oraz wybranych kompleksow, zostata przeprowadzona

przy uzyciu jednoczynnikowej analizy wariancji (ANOVA) z wykorzystaniem

39



oprogramowania STATGRAPHICS® Centurion XVII, wersja 17.2.05 (StatPoint
Technologies, Inc., Warrenton, VA, USA).

Wyniki badan cytotoksycznosci NPs na linie komérkowe BME - UV1 i HMEC
zostaty poddane analizie statystycznej przy uzyciu wielowymiarowej analizy wariancji
(ANOVA) z wykorzystaniem oprogramowania GraphPad Prism 8 (wersja 9.2.0, San
Diego, CA, USA). Réznice miedzy grupami analizowano za pomocg testu Dunnetta.
Wyniki przedstawiono jako wartosci $rednie wraz z odchyleniami standardowymi.

Réznice o wartosci p < 0,05 uznano za statystycznie istotne.

4.5 DosSwiadczenie 3 i 4

P3. Kot, M.; Lange, A.; Jabtonska, W.; Kalinska, A.; Nasitowska, B.; Skrzeczanowski,
W.; Gotebiewski, M. Nanoparticles as New Antifungals in the Prevention of Bovine

Mycotic Mastitis Caused by Candida spp. and Diutina spp.- In Vitro Studies. Molecules
2025, 30,2086

P4. Kot, M.; Jablonska, W.M.; Lange, A.; Kalinska, A.; Gotebiewski, M. Nanomaterials
in the Management of Fungal Udder Inflammation in Cattle as an Effective Preventive

Strategy Based on In Vitro Studies. Biology 2026, 15, 412

4.5.1 Ocena przezywalnosci grzybow po dzialaniu Ag, Au, Cu, FeC, Pt NPs i

wybranych kompleksow

Z wyizolowanych szczepow grzybiczych przygotowano zawiesiny w roztworze
NaCl o gestosci optycznej odpowiadajacej 1,0 w skali McFarlanda. Nastepnie zawiesing
grzybowa nanoszono do dotkéw ptytek 96 - dotkowych w objetosci 50 pl na kazdy
dotek. Grupg kontrolng stanowita mieszanina 50 pl zawiesiny oraz 50 pl sterylnej wody,
co odpowiadalo 100 % przezywalno$ci mikroorganizméw. W  grupach
eksperymentalnych do 50 ul zawiesiny grzybowej dodawano 50 pl NPs. W przypadku
kompleksow przygotowywano je poprzez potaczenie r6znych rodzajow NPs w stosunku
1:1. Stezenia NPs w dotkach wynosily odpowiednio: 1,56; 3,125; 6,25; 12,5 oraz 25 mg/I
dla: Au, Ag, Cu, FeC NPs, natomiast dla PtNPs zastosowano st¢zenia: 0,625; 1,25;2,5; 5
oraz 10 mg/l. Zakresy stezen zostalty dobrane na podstawie dost¢pnej literatury oraz

wstepnych danych wlasnego zespotu badawczego. Badania pilotazowe pozwolily
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zawezi¢ zakres do wartosci biologicznie istotnych. Objetos¢ koncowa w kazdym dotku
wynosita 100 ul. Przygotowane ptytki zabezpieczano parafilmem w celu ograniczenia
parowania, a nast¢pnie inkubowano przez 24 godziny w temperaturze 37°C. Po tym
czasie do kazdego dotka, zarowno w grupach kontrolnych, jak i eksperymentalnych,
dodawano 20 pl odczynnika z zestawu do oznaczania proliferacji komoérek XTT (Merck,
Darmstadt, Niemcy). Plytki ponownie uszczelniano parafilmem i inkubowano przez
kolejne 24 godziny w temperaturze 37°C. Po zakonczeniu inkubacji przezywalnos¢
grzybéw oceniano na podstawie pomiaru absorbancji spektrofotometrycznej przy
dlugosdci fali 450 nm oraz dlugosci fali odniesienia 690 nm, wykorzystujac czytnik
ELISA Infinite M200 (Tecan, Durham, NC, USA). Uzyskane wyniki dla grup
eksperymentalnych odnoszono do grupy kontrolnej, przyjmowanej jako 100 %

przezywalnosci.

4.5.2 Ocena wrazliwoS$ci na Srodki przeciwgrzybicze metoda dyfuzyjno - krazkowa

Oceng wrazliwosci grzybow na $rodki przeciwgrzybicze przeprowadzono metoda
dyfuzyjno - krazkowa na stalych podtozach hodowlanych opisanych we wczesniejszej
cze$ci metodologii. Na powierzchni¢ podtoza rownomiernie nanoszono 100 ul zawiesiny
grzybiczej o gestosci optycznej odpowiadajace; 0,5 w skali McFarlanda, stosujac
technike  rozprowadzania  jalowa  glaszczka. Na tak  przygotowanych
szalkach Petriego przy uzyciu sterylnych peset umieszczano krazki zawierajace
nastepujace substancje przeciwgrzybicze: flucytozyne (1 pg; FY1), ekonazol (10 pg;
ECN10), ketokonazol (10 pg; KCA10), klotrimazol (10 pg; CTM10), flukonazol (10 pg;
FCNI10 oraz 25 pg; FCN25), amfoterycyng B (20 ng; AMB20) oraz nystatyne (100 ng;
NY100) (MASTDISCAST®, MAST GROUP, Wielka Brytania). Szalki inkubowano
przez 24 godziny w temperaturze 37°C. Po zakonczeniu inkubacji oceniano wrazliwo$¢
szczepoOw poprzez pomiar Srednicy stref zahamowania wzrostu wokot krazkow

wyrazonej w milimetrach (mm).

4.5.3 Analiza statystyczna

Analiza statystyczna obejmowata w szczegolno$ci ocene przezywalnosci

mikroorganizmow po ekspozycji na NPs oraz ich kompleksy. Dane analizowano przy
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uzyciu oprogramowania GraphPad Prism 9  (wersja 9.2.0, San Diego, CA,
USA). Roéznice miedzy grupami oceniano za pomocag jednoczynnikowej analizy
wariancji (ANOVA), a nastepnie przeprowadzano test post hoc Tukey’ego w celu
wykonania poréwnan miedzygrupowych. Wyniki przedstawiano jako $rednie odchylenie

standardowe. Za statystycznie istotne uznawano rdznice przy poziomie istotnosci p <

0,05.
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5. Wyniki

5.1 Doswiadczenie 1

P1. Kot, M.; Kalinska, A.; Jaworski, S.; Wierzbicki, M.; Smulski, S.; Golebiewski, M. In
Vitro Studies of Nanoparticles as a Potentially New Antimicrobial Agent for the
Prevention and Treatment of Lameness and Digital Dermatitis in Cattle. Int. J. Mol. Sci.

2023, 24, 6146

5.1.1 Identyfikacja wyizolowanych mikroorganizmow

W niniejszym badaniu z materialu biologicznego, wyizolowano Gram (-) bakterie
tlenowe Sphingomonas paucimobilis, Ochrobactrum intermedium 1, Ochrobactrum
intermedium 11 oraz Ochrobactrum gallinifaecis, a takze Gram (+) bakteri¢ beztlenowa
Actinomyces  odontolyticus. ~ Dostepna  literatura  dotyczaca  identyfikacji
mikroorganizmoéw zwigzanych z kulawiznami jest bardzo ograniczona. Bakterie
wyizolowane w niniejszym badaniu nie byly wczesniej identyfikowane z kulawiznami.
Izolacja 1 hodowla tych patogendéw jest trudna, co powoduje ograniczong liczbe
dostepnych zrodet oraz niedostateczny stopien zbadania problemu. W konsekwencji
niezwykle trudno jest odnies¢ uzyskane wyniki do doniesien innych autorow.

Jednoczesnie podkresla to potrzebg prowadzenia dalszych badan w tym obszarze.

5.1.2 Okreslenie morfologii i wlasciwosci fizykochemicznych nanoczastek

NPs ze wzgledu na swoje wlasciwosci, wykazuja szerokie spektrum zastosowan
oraz wysoki potencjal wykorzystania w réznych dziedzinach, jednak ich aktywnos¢
zalezy od charakterystyki fizykochemicznej (Khezerlou i wsp., 2018). Wszystkie NPs
analizowane w doswiadczeniu miaty morfologie sferyczng. Wyjatkiem byty CulNPs, u
ktérych trudno byto okresli¢ morfologie ze wzgledu na zanieczyszczenia
prawdopodobnie w postaci soli miedzi powstalych w wyniku rozpuszczania si¢ NPs.
Mimo to nie stwierdzono nieprawidtowosci w ich wygladzie. Zaobserwowano jednak
réznice w ich wielkos$ci. AgNPs zastosowane w przeprowadzonych analizach miaty
wielko$¢ 10 - 50 nm, podczas gdy NPs wykorzystane przez innych autoréw byty niemal
dwukrotnie wigksze (35 - 100 nm) (Kalinska 1 wsp., 2019). W przypadku CuNPs ich

wielko$¢ wynosita 1 - 10 nm, z kolei te zastosowane przez Kalinska 1 wsp. (2019) osiggaty
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rozmiary 0,5 - 80 nm. Potencjat zeta dla wigkszosci NPs osiggal wartosci ujemne (od -
3,66 do -26,2 mV), podczas gdy w przypadku CuNPs i AgCuNPs odnotowano wartos$ci
dodatnie (odpowiednio 7,75 mV i1 15,63 mV). W przypadku PtNPs wartosci byty bliskie
0 (-3,66 mV), natomiast najdalej od 0 znajdowaty si¢ AgNPs (-26,2 mV). Podobne wyniki
potencjatu zeta otrzymano w przypadku AgNPs, jednak wystapily réznice w przypadku
CuNPs, ktory w badaniu Kalinskiej i wsp. (2019) wynosit od -20,93 do -9,25 mV, podczas
gdy w przeprowadzonym eksperymencie osiagnat warto§¢ 7,75 mV. Srednica
hydrodynamiczna odzwierciedla $rednig wielko$¢ aglomeratow, ktora roznita sie¢ w
zalezno$ci od rodzaju NPs. Niektore pojedyncze NPs, takie jak Cu i Fe miaty tendencje
do tworzenia wigkszych aglomeratow, ale takze kompleksy, takie jak AgAuNPs i
AgFeNPs. NPs o najmniejszej sktonnos$ci do aglomeracji byly PtNPs. Rozmiary
badanych NPs rdznily si¢ migdzy soba. Najwieksze rozmiary byty charakterystyczne dla
FeNPs i PtNPs (5 - 100 nm), podczas gdy AgNPs i AuNPs byly mniejsze (odpowiednio
10 - 50 i 10 - 40 nm). Najmniejsze rozmiary osiagnety CuNPs (1 - 10 nm). Roéznice
odnotowano takze w $rednicach hydrodynamicznych NPs gdzie AgNPs wykorzystane w
badaniu wykazywaly mniejszy potencjat do tworzenia aglomeratéw. Warto$¢ ta wynosita
154,5 nm, podczas gdy u Kalinskiej i wsp. (2019) osiggata 262 nm. CuNPs zastosowane
w przeprowadzonych doswiadczeniach wykazywaly niemal dwukrotnie wigkszy
potencjat aglomeracyjny (580,70 nm) w poréwnaniu z wynikami Kalinskiej 1 wsp. (2019)

(288,6 nm).

5.1.3 Wiasciwosci biobojcze AgNPs, AuNPs, CuNPs, FeNPs i PtNPs wobec bakterii

wyizolowanych ze zmian chorobowych racic

Badania te wykazaly réznice w Zywotnosci patogenéw po zastosowaniu NPs,
zalezne zaréwno od zastosowanego st¢zenia jak i od rodzaju patogenu. AgNPs, AuNPs i
CuNPs wykazaty najsilniejsze dzialanie biobdjcze wobec badanych mikroorganizmow
przy wyzszych stezeniach (12,5 - 25 mg/1). Najwyzsze stezenie AuNPs (25 mg/l) obnizyto
zywotno$¢ trzech szczepdw - S. paucimobilis, O. gallinifaecis oraz A. odontolyticus -
odpowiednio do 14,80 %, 14,76 % 1 6,92 %. W przypadku AgNPs i CuNPs silny efekt
biobdjczy obserwowano juz przy nizszych stezeniach, odpowiednio 12,5 mg/11 6,25 mg/1.
AuNPs w stezeniach 1,56 mg/l 1 3,125 mg/l stymulowaly nieznaczny wzrost wybranych

patogendéw, z wyjatkiem O. intermedium 1, natomiast CuNPs w stezeniu 1,56 mg/l
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sprzyjaty wzrostowi A. odontolyticus. Z kolei S. paucimobilis okazal si¢ najbardziej
wrazliwym patogenem na dziatanie badanych NPs. Najskuteczniejsze dzialanie
przeciwbakteryjne wykazywaty AgNPs, podczas gdy PtNPs 1 FeNPs charakteryzowaty
si¢ najstabsza aktywnos$cig - w niektorych przypadkach nawet stymulowaty wzrost
bakterii, wskazujac na ich brak biobdjczego dziatania lub na zjawisko hormezy. Sposrod
wszystkich mikroorganizméw poddanych badaniom, na dziatanie FeNPs wrazliwos¢
wykazat jedynie O. intermedium 1, ktorego przezywalnos¢ po zastosowaniu 25 mg/l
obnizyla si¢ jedynie o 9 %. W przypadku pozostatych stezen i mikroorganizmow
zaobserwowano spadek przezywalnosci najwigcej o 2 % lub wzrost przezywalnosci.
Podobng tendencj¢ zobserwowano w przypadku PtNPs, jednak w tym przypadku
najwyzszy spadek przezywalnosci wyniost 3 %, w przypadku pozostatych stezen
zaobserwowano obnizenie przezywalnosci o 1 - 2 %, brak lub wzrost przezywalnosci w
zalezno$ci od stgzenia NPs oraz badanego mikroorganizmu. Z tego wzgledu FeNPs i

PtNPs nie zostaty wykorzystane w dalszej czesci doswiadczen.

5.1.4 Wilasciwosci biobojcze kompleksow AgNP, AuNP i CulNP wobec bakterii

wyizolowanych ze zmian chorobowych racic

Po zastosowaniu kompleksow NPs, we wszystkich przypadkach zaobserwowano
spadek poziomu patogenoéw. Ich nizsze stezenia wykazaly silniejsze wlasciwosci
biobdjcze w poroéwnaniu z wynikami uzyskanymi dla pojedynczych NPs. Niemniej
jednak wyzsze stezenia (12,5 mg/l) kompleksow NPs wykazaty silniejsze dziatanie
przeciwbakteryjne niz nizsze stezenia (0,78 mg/l). Kompleksem, ktory wykazat
najsilniejsze dziatanie przeciwbakteryjne byl AgCuNPs, natomiast AuCuNPs dzialaty
nieco stabiej. AgCuNPs w stezeniu 6,25 mg/l zmniejszyly zywotno$¢ patogendéw do 1,5
— 5 %. Podobnie jak w przypadku dziatania poszczegdlnych NPs - S. paucimobilis byt
najbardzie] wrazliwy na dziatanie kompleksow, podczas gdy O. intermedium 11 byt
najbardziej odporny. Niemniej jednak poziomy zywotno$ci wszystkich patogendéw ulegly
znacznemu obnizeniu przy zastosowaniu wybranych kompleksow NPs. W przypadku
AgAuNPs poziom przezywalno$ci mikroorganizméw poddanych dziataniu tego
kompleksu wynosito dla stezen 1,56-12,5 mg/l od 2 - 12 %. Z kolei po zastosowaniu
AgCuNPs przezywalno$¢ dla zastosowanych w do$wiadczeniu st¢zen wahata si¢ w

zalezno$ci od stezenia i badanego mikroorganizmu od 1 - 17 %. Kompleks AuCuNPs w
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stezeniach 1,56 - 12,5 mg/l obnizyt przezywalno$¢ mikroorganizmoéw od 2,5 - 20 %,
natomiast w przypadku O. intermedium 11, O. gallinifaecis 1 A. odontolyticus po

zastosowaniu stezenia 0,79 mg/l patogeny te osiagnely przezywalno$¢ na poziomie 89 %.

5.2 Doswiadczenie 2

P2. Wierzbicki M, Kot M, Lange A, Kalinska A, Golebiewski M, Jaworski S. Evaluation
of the Antimicrobial, Cytotoxic, and Physical Properties of Selected Nano-Complexes in

Bovine Udder Inflammatory Pathogen Control. Nanotechnol Sci Appl. 2024, 17, 77-94

5.2.1 Identyfikacja wyizolowanych mikroorganizmow

Z materialu biologicznego wyizolowano 10 mikroorganizméw: Streptococcus
uberis, Staphylococcus sciuri, Escherichia coli , Serratia marcescens , Citrobacter koseri,
Staphylococcus aureus, Candida albicans, Candida parapsilosis, Candida glabrata oraz

Prototheca sp.,

5.2.2 Okreslenie morfologii i wlasciwosci fizykochemicznych nanoczastek

Wszystkie NPs charakteryzowaty si¢ sferyczng morfologia 1 rozmiarami w
zakresie: 20 - 60 nm (AgNPs), 10 - 50 nm (AuNPs), 10 - 20 nm (CuNPs), 10 - 70 nm
(FeNPs) oraz 5 - 100 nm (PtNPs). W przypadku wielkosci badanych NPs, niewielkie
wymiary uzyskano dla AgAuNPs (do 50 - 60 nm) jednakze wielkos¢ CuNPs byta trudna
do okreslenia ze wzgledu na zanieczyszczenia 1 niska jakos¢. AgCuNPs 1 AuCuNPs
osiagnely najwigksze rozmiary (do 100 - 120 nm). Wykazywaly one ujemny potencjat
zeta, przy czym najbardziej ujemny potencjal odnotowano w przypadku FeNPs i AgNPs
(okoto -38 mV). AgCuNPs i AuCuNPs mialy potencjal najblizszy 0 (odpowiednio -13,2
1-18,9), co moze thumaczy¢ ich gorsza stabilnos¢ dyspersji. Wszystkie ustalone wartosci
$rednicy hydrodynamicznej osiggnety wartosci dodatnie: od 143,8 do 538 nm.
Najwieksze wartosci stwierdzono dla CuNPs (538 nm), natomiast nieco mniejsza wartos¢
uzyskano dla AuCuNPs (400,6 nm). Najmniejszg Srednic¢ hydrodynamiczng uzyskano
dla AgNPs.
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5.2.3 Badanie zywotnosci komorek BME-UV1 i HMEC po ekspozycji na nanoczastki

Przezywalno$¢ komorek BME-UV1 i HMEC oceniono za pomocg testu
PrestoBlue HS (Invitrogen, Waltham, MA, USA), okreslajacego aktywno$¢ metaboliczng
(oksydoredukcyjng) komoérek. Wyniki przezywalnosci komérkowej po ekspozycji na NPs
w stezeniach 0,1; 0,5; 1; 2 1 2,5 mg/l wykazaty spadek przezywalno$ci w obu liniach
komoérkowych po ekspozycji na CuNPs w stezeniach wyzszych niz 0,1 mg/l, podobnie
jak w przypadku zastosowanych kompleksow zawierajagcych CuNPs (AgCuNPs,
CuPtNPs, AuCuNPs, CuFeNPs). W przypadku pozostatych NPs cytotoksyczno$¢ wobec
komoérek BME-UV1 nie wystgpowata lub obserwowano ja jedynie przy najwyzszym
badanym stezeniu, jak w przypadku AgPtNPs i AgFeNPs. W komoérkach HMEC po
ekspozycji na PtNPs, FeNPs oraz na ich kompleksy odnotowano obnizenie
przezywalnosci o 10 - 15 % przy wyzszych badanych st¢zeniach. Dla pozostatych NPs
nie stwierdzono istotnej cytotoksycznosci w zadnej z linii komoérkowych. Dostgpna
literatura dotyczaca tego typu badan jest ograniczona, cho¢ istniejg doniesienia, ze AuNPs
wykazuja toksycznos¢ wobec réznych tkanek komorek ssaczych (Ahamed 1 wsp., 2010)
wyniki te jednak nie zostaly potwierdzone w przeprowadzonych analizach. Toksycznos¢
AuNPs wobec komorek ludzkich byta réwniez analizowana w innych do§wiadczeniach.
Uzyskane przez tych autorow wyniki wskazywatly na brak cytotoksycznosci wobec
komorek (Connor i wsp., 2005), co pozostaje zgodne z rezultatami uzyskanymi w

niniejszym eksperymencie.

5.2.4 Analiza zZywotno$ci mikroorganizmow wyizolowanych z mleka poddanych

dzialaniu nanoczgstek Ag, Au, Cu, Pti Fe.

Sposrod badanych NPs najsilniejsza aktywnos$¢ przeciwbakteryjna wykazywaty
AgNPs. Najbardziej wrazliwym gatunkiem na ich dziatanie byt S. uberis, dla ktorego przy
stezeniach powyzej 6,25 mg/l przezywalno$¢ wynosita 0 %. Taki sam efekt odnotowano
przy stezeniu 25 mg/l w przypadku S. marcescens oraz C. koseri. Chociaz S. sciuri byt
najbardziej oporng bakteria na dzialanie AgNPs, nawet przy najnizszym badanym
stezeniu (1,56 mg/1) jego przezywalnos$¢ wyniosta 16 %. W dostepnej literaturze dostepne
sa wyniki wskazujace, ze AgNPs w stezeniu powyzej 6,25 mg/l hamowat wzrost S. aureus
oraz S. uberis (Wernicki 1 wsp., 2014). W przypadku S. uberis przezywalno$¢ zostalta

zredukowana do zera juz przy nizszym stezeniu 6,25 mg/l, w poréwnaniu z wynikami
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dotyczacymi S. aureus uzyskanymi przez Wernickiego i wsp. (2014). Zywotnos¢ E. coli

osiggneta 5 % przy stezeniu 12,5 mg/l AgNPs.

Nieco stabszg aktywnos$¢ przeciwbakteryjng wykazywaty CuNPs, przy czym S.
sciuri byl najbardziej wrazliwy na ich dziatanie. Badanie Wernickiego i wsp. (2014)
wykazato rowniez, ze CuNPs w stezeniu 25 mg/1 catkowicie hamowat wzrost wszystkich
patogenow. Wyniki uzyskane w niniejszym badaniu wykazaty natomiast, ze nanoczastki
te, przy tym samym stezeniu 25 mg/l, redukowaty przezywalnos¢ patogendw o 86 - 98
%. W niniejszym badaniu stezenie 12 mg/l AgNPs zastosowano wobec S. aureus, co
poskutkowato redukcja przezywalnosci o 86 % - wartosci te sg zatem zblizone do

wynikow dostgpnych w literaturze (Dehkordi 1 wsp., 2011).

AuNPs charakteryzowaly si¢ nizsza skutecznoscig przeciwbakteryjng niz AgNPs
1 CuNPs. Najnizsza podatnos¢ na dzialanie AuNPs wykazywat S. sciuri, dla ktorej nawet
przy najwyzszym stezeniu przezywalnos$¢ utrzymywata si¢ na poziomie 66 %. Rowniez
E. coli wykazywala niska podatno$¢ na AuNPs w zakresie stezen 1,56 - 12,5 mg/l, przy
ktérych nie obserwowano istotnego wptywu lub odnotowano jedynie niewielkie
obnizenie przezywalnosci, maksymalnie o 3 %. Dopiero przy st¢zeniu 25 mg/l
przezywalno$¢ zmniejszyta si¢ o 83 %. Najbardziej wrazliwym gatunkiem na AuNPs byt
S. aureus, u ktdrego juz najnizsze badane st¢zenie (1,56 mg/l) obnizalo przezywalnos¢ o
74 %. Z kolei S. uberis wykazywat niskg wrazliwos¢ wobec AuNPs w zakresie 1,56-
3,125 mg/l, jednak przy ste¢zeniach powyzej 6,25 mg/l przezywalnos¢ spadata do 0 %.
Wedlug wyzej wspomnianych autorow, AuNPs wykazywaly stabsza aktywno$¢
przeciwdrobnoustrojowg w porownaniu z AgNPs oraz CuNPs, co pozostaje zgodne z

wynikami uzyskanymi w niniejszym badaniu.

PtNPs 1 FeNPs nie wykazywaly istotnej aktywnosci przeciwbakteryjnej lub ich
dzialanie bylo nieznaczne. Z tego wzgledu zostaly wykluczone z dalszej czesci
eksperymentu obejmujacej zastosowanie komplekséw NPs. W badaniu Wernickiego i
wsp. (2014) PtNPs wykazywaty najstabsze wlasciwosci biobojcze sposrod
analizowanych NPs, natomiast wyniki niniejszego eksperymentu wskazuja, ze PtNPs nie
tylko wykazywaty stabe wlasciwosci biobdjcze powodujac spadek zywotnosci
patogenow wylacznie przy najwyzszym badanym stezeniu (10 mg/l) co wyniosto

najwiece] o 9 % w przypadku C. koseri, natomiast dla pozostatych szczepow
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bakteryjnych najwicksze obnizenie przezywalno$ci wyniosto 6 %, lecz w niektérych

przypadkach nie wykazywaly one zadnego dzialania biobdjczego.

W odniesieniu do grzyboéw zwigzanych z mastitis PtNPs wykazywaty gltownie
brak lub niewielkg aktywnos$¢ biobdjcza, jednak przy stezeniu 10 mg/l przezywalnos¢ C.
glabrata osiagneta 69 %. Na FeNPs najbardziej wrazliwa byta C. parapsylosis dla
zastosowanego stezenia 25 mg/l, co skutkowato obnizeniem przezywalnosci o 37 %.
Stosunkowo stabg aktywnos¢ przeciwgrzybiczg wykazywaty rowniez AuNPs. Najnizszg
podatnoscia na ich dziatanie charakteryzowata si¢ C. albicans, u ktoérej spadek
przezywalno$ci obserwowano jedynie przy stezeniach 1,56 i 25 mg/l. Najbardziej
wrazliwym gatunkiem na AuNPs byla C. parapsilosis, natomiast st¢zenie 25 mg/l
obnizato przezywalnos¢ C. glabrata o 63 %, co stanowilo najwigkszy spadek

przezywalnos$ci odnotowany dla tych NPs.

Nieco silniejsza aktywnos$¢ przeciwgrzybicza wykazywaty CuNPs, szczegdlnie
wobec C. glabrata, C. parapsilosis oraz Prototheca sp., u ktérych przezywalnosé
obnizyta si¢ 0 23 - 34 % juz po zastosowaniu najnizszego stezenia (1,56 mg/l), natomiast

przy najwyzszym stezeniu (25 mg/l) spadta o0 99 - 88 %.

Najsilniejszag aktywnoS$¢ przeciwgrzybicza wykazywaly AgNPs. Najbardziej
wrazliwym mikroorganizmem na ich dziatanie byla Prototheca sp., gdzie przy
zastosowanym stezeniu 1,56 mg/l przezywalno$§¢ osiggata 21 %, natomiast po
zastosowaniu najwyzszego badanego st¢zenia (25 mg/l) spadta ona do 0 %. Inne badanie
sugerowato, ze AgNPs moga stanowi¢ rozwigzanie w kontroli tego patogenu (Ely 1 wsp.,
2022), co pozostaje zgodne z wynikami uzyskanymi w niniejszym badaniu. Wtasciwosci
biobdjcze AgNPs obserwowano dla C. albicans jedynie przy stezeniach wyzszych niz

6,25 mg/l, przy ktorych przezywalnos¢ obnizata si¢ o okoto 95 %.

5.2.5 Analiza zywotnosci mikroorganizmow wyizolowanych z mleka poddanych

dzialaniu kompleks6w nanoczgstek Ag, Au i Cu

Sposrdd badanych kompleksow AuCuNPs wykazywaly najnizsza aktywno$é
biobodjcza. E. coli, S. marcescens oraz C. koseri nalezaly do bakterii o najnizszej
podatno$ci na dziatanie tego kompleksu, przy czym wyrazng aktywnos$¢ biobojcza

obserwowano przy stezeniach powyzej 6,25 mg/l. Stezenia 0,78 - 3,125 mg/l dla tych
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patogenow nie wykazaty istotnej aktywnosci przeciwdrobnoustrojowej lub powodowaty
jedynie niewielkie obnizenie przezywalnosci. W przypadku S. marcescens, E. coli oraz
C. koseri przezywalno$¢ osiagneta 86 - 98 % w zalezno$ci od mikroorganizmu.
Najbardziej wrazliwymi bakteriami na AuCuNPs byty S. sciuri oraz S. aureus, u ktérych

przezywalnos$¢ przy najwyzszym stezeniu osiagneta 1,5 - 1,8 %.

Nieco wyzsza aktywno$¢ przeciwbakteryjng wykazywaly AgAuNPs, ktore
catkowicie niszczyty komorki S. uberis przy stezeniach 6,25 - 12,5 mg/l. Wrazliwo$¢ na
ten kompleks wykazata réowniez E. coli, dla ktérych przy najwyzszym stezeniu
przezywalno$¢ wynosita 1 %, a takze S. aureus z przezywalnoscig na poziomie 1,7 %.
Najnizsza podatno$¢ wykazywata natomiast C. koseri, dla ktérej przezywalnosé
osiagneta 94 % przy najnizszym stezeniu (0,78 mg/1), natomiast przy 12,5 mg/l osiagata

7,6 %, co bylo poréwnywalne z wynikami uzyskanymi dla pozostatych patogenow.

Najsilniejszg aktywnos$¢ biobojcza wykazywaly AgCuNPs, ktore juz przy
najnizszym stezeniu 0,78 mg/l obnizaly przezywalnos¢ patogenow, takich jak S. uberis,
S. sciuri, E. coli 1 S. aureus o0 95 - 97 %. W zakresie stezen 6,25 - 12,5 mg/l dla tego
kompleksu S. uberis wykazywat 0 % przezywalno$ci, podobnie jak S. marcescens przy
stezeniu 12,5 mg/l. C. koseri charakteryzowat si¢ najnizsza podatnos$cia przy najnizszym
badanym stezeniu (0,78 mg/l), jednak nawet w tych warunkach przezywalnos$¢ obnizata

si¢ o okoto 60 %.

Wyniki analizy przezywalnosci grzybow 1 glonéw poddanych dzialaniu
kompleksow NPs byty zblizone do rezultatow uzyskanych dla bakterii. Najstabsza
aktywno$¢ przeciwgrzybicza wykazywaly AuCuNPs. Najwieksza oporno$¢ na ich
dziatanie wykazywala C. parapsilosis, u ktorej zastosowanie stezenia 12,5 mg/I obnizato
przezywalno$¢ o 13 %. Chociaz C. albicans wykazywata niska wrazliwo$¢ na ten
kompleks, zastosowanie najwyzszego stezenia prowadzito do spadku przezywalnos$ci
wynoszacy 12,6 %. C. glabrata byta najbardziej wrazliwym drozdzakiem na dzialanie
AuCuNPs - juz najnizsze stgzenie obnizato jej przezywalno$¢ o prawie 50 %, natomiast

najwyzsze powodowato spadek o 80 %.

Najwigksza wrazliwos¢ na AgAuNPs 1 AgCuNPs wykazywatla Prototheca sp., u
ktorej najwyzsze stezenie 12,5 mg/l prowadzito do catkowitego zniszczenia komorek. W
przypadku pozostatych patogendw wraz ze wzrostem stezenia AgAuNPs obserwowano

nasilenie aktywnos$ci przeciwgrzybiczej. C. parapsilosis wykazywala najwieksza
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oporno$¢ na kompleks AgCuNPs, mimo to przy st¢zeniu 6,25 - 12,5 mg/l odnotowano

95 % spadek przezywalnosci.

NPs posiadaja zdolno$¢ do synergistycznych interakcji, dzigki czemu ich
kompleksy moga wykazywac silniejsze wtasciwos$ci biobdjcze przy nizszych stezeniach
niz wyzsze stezenia pojedynczych nanoczastek (Kalinska i wsp., 2019). Teoria ta zostata
potwierdzona w pozostatych badaniach (Kot i wsp., 2023) 1 pozostaje zgodna z wynikami

uzyskanymi w niniejszym badaniu.

5.3 Doswiadczenie 3

P3. Kot, M.; Lange, A.; Jabtonska, W.; Kalinska, A.; Nasitowska, B.; Skrzeczanowski,
W.; Gotgbiewski, M. Nanoparticles as New Antifungals in the Prevention of Bovine
Mycotic Mastitis Caused by Candida spp. and Diutina spp.—In Vitro Studies. Molecules
2025, 30, 2086.

5.3.1 Identyfikacja wyizolowanych mikroorganizmow

W przeprowadzonych badaniach wyizolowano 1 zidentyfikowano nastepujace
grzyby: Candida albicans, Candida glabrata, Candida parapsilosis, Diutina rugosa var.

rugosa, Diutina catenulata, Diutina rugosa.

5.3.2 Okreslenie morfologii i wlasciwosci fizykochemicznych nanoczastek

Wszystkie badane NPs wykazywaty sferyczng morfologig, co jest zgodne z
typowa charakterystyka tych uktadow i wskazuje na ich wzglednie jednorodna strukture.
Jedynie w przypadku CuNPs obserwowano nieregularny ksztatt, co moze sugerowac
obecno$¢ zanieczyszczen lub nieprawidtowosci zwigzanych z procesem syntezy.
Potencjat zeta badanych NPs przyjmowat zr6znicowane wartosci, jednak we wszystkich
przypadkach byl ujemny, co wskazuje na obecno$¢ wujemnego ladunku
powierzchniowego. CuNPs charakteryzowaty si¢ najmniej ujemnym potencjatem zeta (-
3,5 mV), co sugeruje ich niskg stabilno$¢ koloidalng; warto$¢ ta moze rowniez
wskazywa¢ na nieprawidtowosci fizykochemiczne wynikajace z procesu ich

wytwarzania. Sposrod pojedynczych NPs najbardziej ujemny potencjat zeta wykazywaty
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AgNPs (-35,2 mV), natomiast wsrod kompleksOw najnizsza warto$¢ odnotowano dla
AgPtNPs (-38,1 mV). Wartosci $rednicy hydrodynamicznej byly zréznicowane w
zalezno$ci od rodzaju NPs. Najwigksze wartosci dla pojedynczych NPs odnotowano w
przypadku FeCNPs (746,9 nm) oraz CuNPs (652,1 nm), natomiast sposrod kompleksow
najwiekszg $rednice hydrodynamiczng wykazywaty CuFeCNPs (743,7 nm). Najmniejsze
warto$ci uzyskano dla AgNPs (201,6 nm), a wéréd kompleksow dla AgPtNPs (106,1 nm).

5.3.3 Analiza zywotno$ci grzybéw wyizolowanych z mleka poddanych dzialaniu

nanoczastek Ag, Au, Cu, Pti Fe

Sposrod badanych NPs, AgNPs wykazywaly zblizony poziom aktywnos$ci
biobojczej niezaleznie od zastosowanego stezenia, jednak efekt ten byt zréznicowany w
zalezno$ci od gatunku grzyba. Najwigksza wrazliwo$¢ na ich dziatanie wykazywaly D.
rugosa oraz C. albicans, dla ktorych przezywalno$¢ w calym zakresie badanych stezen
utrzymywata si¢ na poziomie 5 - 7 %. Zblizone warto$ci przezywalnos$ci odnotowano
réwniez dla D. catenulata oraz C. parapsilosis, gdzie przy najwyzszym st¢zeniu (25 mg/1)
wynosita ona 8 %, natomiast przy najnizszym 6 %. W przypadku C. glabrata
przezywalnoS¢ przy najnizszym zastosowanym stezeniu byla wyzsza 1 wynosita 22 %.
Inne badania wykazatly, ze AgNPs posiadajg silne wtasciwosci przeciwgrzybicze wobec
roéznych szczepdw grzybow, w tym C. albicans oraz C. glabrata (Zhang i wsp., 2016), co
jest zgodne z otrzymanymi wynikami. Dane literaturowe potwierdzaja wrazliwos¢
grzyboéw z rodzaju Candida na AgNPs (Kim 1 wsp., 2008), co pozostaje zgodne z
wynikami przeprowadzonego badania, w ktorym wszystkie trzy szczepy Candida
wykazywaty wysoka wrazliwo$¢ na AgNPs. Wyniki przeprowadzonych badan sg zgodne
z dostepnymi obserwacjami innych autorow dotyczace C. glabrata, gdzie szczep ten
wykazywat niska przezywalno$¢ przy wyzszych stezeniach AgNPs (Hasanin 1 wsp.,

2022).

W przypadku AuNPs przezywalnos¢ patogendw wzrastata wraz ze spadkiem ich
stezenia. AuNPs wykazywaty stabszg aktywno$¢ biobojcza w porownaniu do AgNPs.
Najnizszg wrazliwos$¢ na dziatanie AuNPs wykazywaty C. albicans oraz C. glabrata, dla
ktorych przezywalnos$¢ wzrastata z 5 - 22 % przy st¢zeniach 25 - 6,25 mg/1 do 104 % przy
stezeniach 3,125 - 1,56 mg/l, co moze §wiadczy¢ o pojawieniu si¢ zjawiska hormezy. W

przypadku C. parapsilosis przezywalno$¢ w catym zakresie badanych stezen wynosita 6
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- 24 %, jednak przy najnizszym stezeniu (1,56 mg/l) odnotowano jej wzrost powyzej
100%. D. catenulata oraz D. rugosa var. rugosa bylty najbardziej wrazliwymi patogenami
na dziatanie AuNPs, dla ktorych przezywalno$¢ przy najwyzszym stezeniu wynosita 5 —
7 %, natomiast przy najnizszym stezeniu (1,56 mg/l) osiggata 11 — 15 %. W innym
badaniu C. albicans wykazywata zréznicowang oporno$¢ na AuNPs, natomiast C.
parapsilosis byta wrazliwa na te NPs (Wierzbicki i wsp., 2024). W przeprowadzonym
badaniu C. parapsilosis rtowniez wykazywala podatno$¢ na AuNPs, szczeg6lnie przy
stezeniach wyzszych niz 6,25 mg/L. Podczas gdy badanie Wierzbickiego 1 wsp. (2024)
wykazato redukcje przezywalnos$ci C. glabrata po zastosowaniu 25 mg/l AuNPs o 63 %,
z kolei w przeprowadzonym badaniu przezywalnos$¢ tego szczepu zostata zredukowana
az o 78 % takze przy najwyzszym stezeniu wynoszacym 25 mg/L. Khezerlou 1 wsp.
(2018) przeprowadzili badania z wykorzystaniem AuNPs, wykazujac ich skutecznos¢
wobec C. albicans. W przeprowadzonych analizach AuNPs byly skuteczne wobec

wiekszosci badanych szczepdw jedynie przy wyzszych stezeniach.

Badania wykazaly, Ze CuNPs wykazywaty wyzsza aktywno$¢ przeciwgrzybicza
w porownaniu do AuNPs, jednak nizsza niz AgNPs. D. catenulata byta najbardziej
wrazliwym patogenem na dziatanie CuNPs; przy stg¢zeniach 6,25 - 25 mg/1 przezywalnos¢
byta bardzo niska i wynosila okoto 2 %, natomiast przy st¢zeniach 1,56 1 3,125 mg/l
warto$ci te wzrastaly nieznacznie, osiagajac 4 — 5 %. W przypadku C. albicans, C.
glabrata, D. rugosa oraz D. rugosa var. rugosa wyzsze st¢zenia (12,5 1 25 mg/1) obnizaty
przezywalnos¢ do poziomu 1 — 7 %, natomiast wraz ze spadkiem stezenia obserwowano
jej wzrost, w niektorych przypadkach przekraczajacy 100%. Dla C. parapsilosis

przezywalnos$¢ przy stezeniach 6,25 - 25 mg/l miescita si¢ w zakresie 3 — 8 %.

FeCNPs wykazywaly nizsza aktywno$¢ przeciwgrzybicza w porownaniu do
CuNPs. W przypadku C. albicans, D. catenulata, D. rugosa oraz D. rugosa var. rugosa,
przy zastosowaniu najwyzszych stezen przezywalnos¢ tych patogendw miescila si¢ w
zakresie 37 — 61 %, natomiast wraz ze spadkiem st¢zenia obserwowano jej wzrost.
Najnizsza podatnos$¢ na dziatanie FeCNPs wykazywata C. glabrata, dla ktérej nawet
najwyzsze stezenia charakteryzowaly si¢ niska lub brakiem aktywnosci
przeciwgrzybiczej. Najbardziej wrazliwym patogenem byla natomiast D. rugosa var.
rugosa. Dane literaturowe wskazuja, ze FeNPs wykazujg aktywno$¢ przeciwgrzybicza
wobec Candida spp. (Yehia & Ali, 2020). W poréwnaniu z zastosowanym przez autorow

FeCNPs skutecznie hamowaly one wzrost C. albicans oraz C. parapsilosis.
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PtNPs wykazywaty najnizszg aktywno$¢ przeciwgrzybicza sposrdd wszystkich
badanych NPs. W przypadku analizowanych szczepow obserwowano jedynie niewielkie
obnizenie przezywalnosci lub jego brak, nawet przy najwyzszych stosowanych
stezeniach. PtNPs nie wywieraly istotnego wplywu na przezywalnos¢ grzybow nawet
przy najwyzszych badanych stezeniach. Ze wzgledu na niskg aktywno$¢
przeciwgrzybicza FeCNPs 1 PtNPs nie zostaly one uwzglednione w dalszych badaniach

nad ich zastosowaniem w kompleksach NPs.

5.3.4 Analiza zZywotnos$ci grzybow wyizolowanych z mleka poddanych dzialaniu

kompleksow nanoczastek Ag, Au i Cu

Kompleksy NPs wykazywaly efekt synergiczny i charakteryzowaty si¢ wyzsza
aktywno$cig przeciwgrzybicza niz pojedyncze NPs, cho¢ w ré6znym stopniu. AgAuNPs
wykazywaty podobng zalezno$¢ jak AgNPs, bez wyraznych zmian przezywalnos$ci w
zaleznosci od stezenia. C. albicans, C. parapsilosis, D. catenulata, D. rugosa oraz D.
rugosa var. rugosa byly najbardziej wrazliwe na dzialanie tego kompleksu, a
przezywalno$¢ w catym zakresie st¢zen wynosita 5 — 8 %. W przypadku C. glabrata
obserwowano nizszg skuteczno$¢ dzialania, przy czym przezywalno$¢ miescita si¢ w

zakresie 25 — 35 % w zaleznosci od stezenia.

AgCuNPs wykazywaly najwyzsza aktywno$¢ przeciwgrzybicza sposrod
wszystkich badanych NPs 1 ich kompleksow. W przypadku C. albicans, C. parapsilosis,
D. catenulata, D. rugosa oraz D. rugosa var. rugosa przezywalnos¢ przy najwyzszym
stezeniu wynosita okoto 2 %. Nieco nizsza wrazliwo$¢ obserwowano dla C. glabrata, dla
ktorej przezywalno$¢ wynosita okoto 10 %. Na podstawie otrzymanych wynikéw mozna
wnioskowac¢, ze kompleks AgCuNPs zastosowany w niniejszym badaniu wykazuje
istotng skuteczno$¢ przeciwdrobnoustrojowa, zgodng z obserwacjami pozostatych
autorow (Dlugosz 1 wsp., 2025). Zastosowanie tego kompleksu poskutkowalo znacznie
wyzsza skutecznoscig przeciwdrobnoustrojowa niz zastosowanie kazdego z tych NPs

oddzielnie (Martin-Perales 1 wsp., 2025).

AuCuNPs wykazywaly najnizsza aktywno$¢ przeciwgrzybicza sposrod
wszystkich badanych kompleksow, jednak ich dziatanie pozostawalo istotne. Najbardziej
wrazliwymi patogenami byly D. catenulata oraz D. rugosa var. rugosa, dla ktérych

najwyzsze st¢zenie obnizato przezywalnos¢ do poziomu 1 — 6 %, natomiast przy
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najnizszym stezeniu obserwowano jej wzrost do 20 — 41 %. Stezenia 12,5 - 25 mg/l
wykazywaly najwyzsza aktywno$¢ przeciwgrzybicza wobec C. albicans oraz C.
glabrata, obnizajac ich przezywalnos¢ do 1 — 1 1%, natomiast przy nizszych stezeniach
(1,56 - 6,25 mg/l) obserwowano jej wyrazny wzrost przezywalnosci. W przypadku C.
parapsilosis oraz D. rugosa rdwniez odnotowano wysoka aktywnos$¢ kompleksu, przy
czym dla stezen do 6,25 mg/l przezywalno§¢ miescita si¢ w zakresie 1 — 10 %. W
przypadku AuCuNPs stezenie 12,5 mg/L powodowato u Wierzbickiego 1 wsp (2024)
redukcje C. albicans 1 C. glabrata o ok. 80 %, natomiast w przeprowadzonym badaniu

wlasnym przy 12,5 mg/l wzrost zostat zahamowany o ok. 90 %.

5.3.5 Wyniki testu dyfuzyjno - krazkowego na wrazliwos¢ grzybow na leki

przeciwgrzybicze

Najwigkszg stref¢ zahamowania wzrostu (40 mm) odnotowano dla C. parapsilosis
po zastosowaniu preparatu KCA10, natomiast w przypadku CTM10 strefa ta wynosita 34
mm. Szczep C. glabrata po zastosowaniu 1 pg flucytozyny (FY1) wykazywat strefe
zahamowania o $rednicy 32 mm. Preparat KCA10 wykazywal wysoka skutecznos¢
wobec D. catenulata 1 D. rugosa, dla ktorych $rednice stref zahamowania wynosity po
30 mm. Inne badanie, przeprowadzone przez Hasanina 1 wsp. (2022) z udziatem C.
albicans, C. tropicalis, P. kudriavzevii oraz C. glabrata, wykazato, ze wszystkie izolaty
Candida byly wrazliwe na KCA, a strefy zahamowania wzrostu wynosity od 24,7 mm do
34,3 mm. W otrzymanych wynikach strefa zahamowania wzrostu dla jednego ze
szczepow - C. glabrata - byta mniejsza (14 mm $rednicy). Po zastosowaniu innych lekow
przeciwgrzybiczych wobec C. glabrata w przeprowadzonych analizach wykazano
jednak, ze szczep ten byl wrazliwy na FY1, dla ktérego $rednica strefy zahamowania
wynosita 32 mm. Ludwig i wsp. (2019) wskazali rowniez, ze sposrdd badanych lekow
przeciwgrzybiczych najwieksza skutecznos¢ wobec ich szczepow wykazywaty KCA oraz
FY. Pozostaje to zgodne z otrzymanymi wynikami, w ktérym najwiekszg $rednice strefy
zahamowania uzyskano dla KCA (22 mm). FY wykazywat natomiast nizszg skutecznos¢.
Najnizsza aktywno$¢ przeciwgrzybicza wykazywat flukonazol 10 pg (FCN10) wobec C.
parapsilosis, D. rugosa oraz D. catenulata, dla ktérych nie obserwowano stref
zahamowania wzrostu (0 mm). Inne dane publikacyjne wskazywaty wartosci MIC dla

komercyjnych lekéw przeciwgrzybiczych wobec D. rugosa. Wyniki wskazaly, ze FCN
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(MIC < 2 pg/mL) rowniez wykazywal skutecznos¢ (Montoya i1 wsp., 2019), jednak w
wyniku przeprowadzonego badania FCNI10 nie byl skuteczny ($rednica strefy
zahamowania: 0 mm). W przypadku szczepu D. rugosa var. rugosa po zastosowaniu
AMB20 uzyskano strefe¢ zahamowania o $rednicy 6 mm, podobnie jak dla C.
parapsilosis. Preparat AMB20 wykazywatl zréznicowang skuteczno$¢ w zaleznosci od
szczepu - dla C. albicans, C. glabrata, D. catenulata oraz D. rugosa uzyskano strefy
zahamowania o $rednicy 10 mm, natomiast dla C. parapsilosis 1 D. rugosa var. rugosa
wartosci te wynosity odpowiednio 8 mm 1 6 mm. Dodatkowo w przypadku C. glabrata
odnotowano strefy zahamowania o $rednicy 4 mm dla CTM10 oraz 8§ mm dla FCN10. Z
kolei inne doniesienie wskazuje wrazliwos¢ C. parapsilosis szczegdlnie na AMB,
CTM10, NY100 oraz KCA (100 mg) (Sukumar, 2012). Jednocze$nie jedynie 30 %

badanych szczepow wykazywato wrazliwos¢ na FCN (10 mg).

5.4 Doswiadczenie 4

P4. Kot, M.; Jablonska, W.M.; Lange, A.; Kalinska, A.; Gotebiewski, M. Nanomaterials
in the Management of Fungal Udder Inflammation in Cattle as an Effective Preventive

Strategy Based on In Vitro Studies. Biology 2026, 15, 412

5.4.1 Identyfikacja wyizolowanych grzybow

Wyniki identyfikacji patogenow wykazaty, ze wyizolowane szczepy to: Pichia
kudriavzevii, Wickerhamomyces pararugosa, Saccharomyces cerevisiae, Candida

mucoides, Wickerhamomyces anomalus, Candida hoffmannii, Kluyveromyces marxianus.

5.4.2 Morfologia nanoczastek i wlasciwosci fizykochemicznych nanoczgstek

Morfologia badanych NPs wykazata prawidlowy, sferyczny ksztatt, co jest zgodne
z typowymi cechami tych ukladow. Jedynie w przypadku CuNPs zaobserwowano
obecno$¢ zanieczyszczen, prawdopodobnie zwigzanych z procesem ich syntezy.
Potencjat zeta badanych NPs byt zréZznicowany. Najwigksza stabilno$§¢ wykazywaty

FeCNPs, natomiast nieco wigksze wahania pomiarowe odnotowano dla PtNPs.
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Najwicksze zrdznicowanie wartosci obserwowano dla AgNPs, AuNPs oraz CuNPs.
Analiza rozkladu wielko$ci wykazala obecnos¢ roznych frakcji wielkosciowych w
zalezno$ci od rodzaju NPs. W przypadku AgNPs, FeCNPs i PtNPs obserwowano dwie
frakcje wielkosciowe, dla AuNPs jedng frakcje, natomiast dla CuNPs az trzy odrgbne
frakcje wielkosciowe. Nie mniej jednak nie zaobserwowano anomalii w morfologii czy

wlasciwos$ciach fizykochemicznych NPs.

5.4.3 Analiza zywotno$ci grzybéw wyizolowanych z mleka poddanych dzialaniu

nanoczastek Ag, Au, Cu, Pti FeC

Najwyzsza przezywalno$¢ po ekspozycji na AgNPs obserwowano dla S.
cerevisiae, gdzie przy stg¢zeniu 25 mg/l wynosita ona 119 %, a przy 3,125 mg/l réwniez
przekraczata wartosci obserwowane w kontroli; dla pozostatych stezen miescita si¢ w
zakresie 90 - 96 %. AgNPs wykazywaly stosunkowo niska aktywnos$¢ wobec C.
hoffmannii, dla ktorej przezywalnos¢ wynosita 50 % przy najwyzszym stezeniu oraz 35
% przy najnizszym. W przypadku W. pararugosa przezywalnos¢ dla stezen 251 1,5 mg/1
wynosita 20 - 26 %. Najwigksza wrazliwo$¢ na dzialanie AgNPs wykazywaly C.
mucoides oraz W. anomalus, dla ktoérych obserwowano wyrazne obnizenie
przezywalno$ci w calym zakresie badanych stezen. Dostgpne dane literaturowe wskazuja,
ze zastosowanie AgNPs oraz jonéw srebra (Agt+) wobec S. cerevisiae skutecznie
redukowaty przezywalno$¢ komorek tego patogenu (Kudrinskiy 1 wsp., 2014), jednak
wyniki te nie byly zgodne z rezultatami uzyskanymi w przeprowadzonym
eksperymencie, gdzie najnizszy odnotowany poziom przezywalnosci dla S. cerevisiae
wynosit az 90,77 %. Inni autorzy badajac AgNPs oraz AuNPs, wykazali ich aktywno$¢
biobdjcza wobec patogendw wywolujacych mastitis (Neculai-Valeanu 1 wsp., 2021),
jednakze jak wspomniano wcze$niej w przeprowadzonym badaniu AgNPs nie
wykazywaty skuteczno$ci wobec S. cerevisiae. W kolejnym badaniu inni autorzy
wykazali, ze AgNPs otrzymane metoda zielonej syntezy wykazywaly wiasciwosci
biobodjcze wobec P. kudriavzevii oraz W. anomalus przy stezeniach odpowiednio 201 10
mg/L, catkowicie redukujac przezywalno$¢ tych szczepoéw do 0 %. Nizsze stezenia
rowniez wykazywaly wlasciwosci biobdjcze, jednak nie prowadzity do catkowitego
zniszczenia komodrek analizowanych szczepow (Motrenko 1 wsp., 2025). Poréwnujac te

dane z wynikami uzyskanymi w niniejszym badaniu, mozna stwierdzi¢, ze skuteczno$é¢

57



AgNPs roznita si¢ od tej opisanej w cytowanej publikacji. W przypadku P. kudriavzevii
zadne z zastosowanych stezen nie wykazywato pelnej aktywnosci biobojczej
prowadzacej do 100 % redukcji przezywalnos$ci szczepu. Szczep ten byt jednak podatny
na dzialanie AgNPs, przy czym zar6wno najnizsze, jak i najwyzsze zastosowane stezenia
wykazywaty zblizony efekt biobdjczy skutkujac w osiagnigciu przez mikroorganizmy
przezywalnosci 20 - 30 %. W badaniu Motrenko i wsp. (2025) W. anomalus wykazywat
wysoka opornos¢, natomiast w przeprowadzonym badaniu jego przezywalno$¢ byta niska
1 porownywalna z P. kudriavzevii. Z kolei w cytowanej pracy stezenie 10 mg/L wobec W.
pararugosa prowadzito do catkowitego zniszczenia komorek tego szczepu, podczas gdy

w otrzymanych wynikach nawet st¢zenie 25 mg/L nie wykazywato tak silnego dzialania.

AuNPs wykazywaly niska aktywno$¢ przeciwgrzybicza ponownie wobec S.
cerevisiae. W przypadku K. marxianus przezywalnos$¢ dla stezen 6,25 - 25 mg/l wynosita
16 - 18 %, natomiast przy nizszych stezeniach obserwowano jej gwattowny wzrost.
Podobna zalezno$¢ odnotowano dla C. hoffmannii, gdzie przezywalno$¢ wzrastata od 36
% do 148,8 % wraz ze spadkiem stezenia. W przypadku C. mucoides wyzsze stezenia
(12,5 - 25 mg/l) obnizaly przezywalno$¢ do 7 - 9 %, natomiast przy nizszych st¢zeniach
obserwowano jej wzrost. Podobny efekt obserwowano dla W. anomalus, gdzie przy
stezeniach 6,25 - 25 mg/l przezywalnos¢ wynosila okoto 10%, natomiast przy nizszych
stezeniach wzrastata do 54 % 1 145 %. W przypadku W. pararugosa przezywalno$é¢
pozostawata zblizona do warto$ci kontrolnych, natomiast dla P. kudriavzevii wynosita

okoto 7 % w wigkszos$ci stezen, z wyjatkiem najnizszego, gdzie byta wyzsza.

Najwigksza wrazliwos¢ na CuNPs wykazywata W. pararugosa, dla ktorej
przezywalnos¢ wynosita 5 % przy najwyzszym stezeniu oraz 19,5 % przy najnizszym. W
przypadku C. mucoides 1 P. kudriavzevii wyzsze stezenia (12,5 1 25 mg/l) obnizaly
przezywalnos¢ do 1 - 7 %, natomiast przy nizszych stezeniach obserwowano jej wzrost.
Dla K. marxianus 1 W. anomalus przezywalno$¢ przy stezeniach 6,25 - 25 mg/l wynosita
3-8%.S. cerevisiae wykazywalta wyzsze wartosci przezywalnosci niz pozostate szczepy,
natomiast w przypadku P. kudriavzevii wysokie stezenia obnizaty przezywalnos¢ do 2 %,

podczas gdy przy niskich st¢zeniach utrzymywata si¢ ona na poziomie okoto 100 %.

FeCNPs wykazywaly ograniczong aktywnos$¢ przeciwgrzybicza. Najwieksza
wrazliwos$¢ obserwowano dla P. kudriavzevii, dla ktorej przezywalnos¢ wynosita 16 %

przy najwyzszym stezeniu i wzrastala do 41 % przy najnizszym. W przypadku W.
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pararugosa przezywalno$¢ wynosita 28 % przy najwyzszym stezeniu oraz 40 % przy
najnizszym. Najnizszg podatno$¢ na dziatanie FeCNPs wykazywaly C. hoffmannii, S.

cerevisiae oraz C. mucoides.

PtNPs wykazywaty najnizszg aktywno$¢ przeciwgrzybicza sposrdéd wszystkich
badanych NPs. Jedynie w przypadku W. pararugosa obserwowano wyrazne obnizenie
przezywalnosci, mieszczace si¢ w zakresie 49 — 68 % w zaleznosci od zastosowanego

stezenia.

5.4.4 Analiza zywotnoSci grzybéw wyizolowanych z mleka poddanych dzialaniu

kompleksow nanoczastek Ag, Au i Cu

Najwieksza wrazliwo$¢ na dzialanie AgAuNPs wykazywala P. kudriavzevii, dla
ktorej przezywalno$¢ we wszystkich badanych st¢zeniach miescita si¢ w zakresie 5 - 8
%. W przypadku C. hoffmannii przezywalno$¢ wynosita 25 - 35 % w zaleznosci od
stezenia. Nieco nizsza, ale porownywalng wrazliwos$¢ obserwowano dla C. mucoides oraz
W. anomalus, dla ktéorych odnotowano wyrazne obnizenie przezywalno$ci w catym
zakresie badanych stgzen. Najnizsza podatno$¢ na dziatanie tego kompleksu wykazywata
S. cerevisiae, dla ktorej przezywalnos¢ byla wyzsza niz w przypadku pozostatych

szczepdw, szczegblnie przy najnizszym stezeniu.

AgCuNPs wykazywaly najwyzszag aktywnos$¢ przeciwgrzybiczg sposrod
badanych komplekséw. W przypadku P. kudriavzevii przezywalno$¢ przy najwyzszym
stezeniu wynosita okoto 2 %, natomiast wraz ze spadkiem st¢zenia obserwowano jej
wzrost, osiagajacy 4 - 7 % przy najnizszym stezeniu. C. hoffmannii, W. pararugosa oraz
K. marxianus wykazywaly przezywalnos¢ w zakresie 5 - 27 % w zalezno$ci od stgzenia.
Najnizszg wrazliwo$¢ ponownie obserwowano dla S. cerevisiae, dla ktérej przezywalnos¢

przy najwyzszym st¢zeniu wynosita okoto 44 %.

Najwigksza wrazliwo$¢ na dziatanie AuCuNPs wykazywata W. pararugosa, dla
ktorej najwyzsze stezenie obnizato przezywalno$¢ do 1 - 6 %, natomiast przy najnizszym
stezeniu obserwowano jej wzrost do 20 - 41 %. W przypadku K. marxianus przy
stezeniach 25 - 6,25 mg/] przezywalno$¢ wynosita 4 - 10 %. P. kudriavzevii wykazywala
wysoka wrazliwo$¢ na dzialanie tego kompleksu w wigkszosci badanych stezen,

natomiast przy najnizszym stezeniu przezywalnos¢ osiggata wartos¢ zblizong do kontroli.
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Podobnie jak w przypadku pozostatych kompleksow, S. cerevisiae wykazywata najnizsza
podatno$¢ na dziatanie AuCuNPs, utrzymujac wyzszg przezywalnos¢ w catym zakresie

badanych st¢zen.

5.4.5 Wyniki testéw  dyfuzyjno-krazkowych z  uzyciem substancji

przeciwgrzybiczych

Najwyzsza aktywnos¢ przeciwgrzybiczg wykazywaly CTM10 oraz KCA10, dla
ktorych w przypadku W. pararugosa odnotowano strefy zahamowania o S$rednicy
odpowiednio 52 mm i 40 mm. Szczep K. marxianus wykazywal réwniez wysoka
wrazliwo$¢ na CTMI10, osiagajac strefe zahamowania o $rednicy 32 mm. Wysoka
skuteczno$¢ obserwowano takze dla FCN25 wobec W. pararugosa, gdzie $rednica strefy
zahamowania wynosita 30 mm. KCA10 wykazywat ponadto wysoka aktywnos$¢ wobec
C. mucoides (30 mm) oraz W. anomalus (38 mm). Wyniki te wskazuja, ze skutecznosé
poszczegblnych substancji przeciwgrzybiczych byla zalezna od badanego szczepu.
Najnizsza aktywnos$¢ przeciwgrzybicza wykazywat FCN10 wobec P. kudriavzevii i W.
anomalus, dla ktérych nie obserwowano stref zahamowania wzrostu. Najmniejsze
warto$ci odnotowano rowniez dla AMB20 w przypadku P. kudriavzevii (3 mm) oraz dla
K. marxianus (4 mm). W przypadku W. pararugosa po zastosowaniu FCN10 uzyskano
strefe zahamowania o $rednicy 4 mm. Zastosowanie NY100 wobec P kudriavzevii
skutkowalo strefa zahamowania o §rednicy 7 mm, natomiast dla W. anomalus po uzyciu
FCN10 wynosita ona 6 mm. ECN10 wykazywal ograniczong aktywno$¢ wobec P
kudriavzevii (4 mm), natomiast dla pozostalych szczepéw warto$ci stref zahamowania
miescity si¢ w zakresie 14 - 22 mm, przy czym najwyzsze warto$ci obserwowano dla C.
mucoides oraz W. pararugosa (22 mm). AMB20 wykazywat najnizsza skuteczno$¢
wobec P. kudriavzevii, natomiast dla W. pararugosa zastosowanie FCN25 prowadzito do
uzyskania jednej z najwigkszych stref zahamowania (30 mm). Najnizszg podatnos$¢ na
dziatanie substancji przeciwgrzybiczych wykazywala P kudriavzevii, dla ktorej
obserwowano najnizsze wartosci stref zahamowania. Z kolei W. pararugosa
charakteryzowata si¢ najwyzsza wrazliwoscia, wykazujac liczne duze strefy
zahamowania, w tym 40 mm dla KCA10. Wyniki dostepne;j literatury wykazaty, ze AMB
stanowi skuteczng terapi¢ przeciwgrzybicza wobec wiekszosci znanych szczepoéw

(Stavrou i wsp., 2020). Wyniki te nie sg jednak w pelni zgodne z rezultatami uzyskanymi
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w niniejszym badaniu, w ktérym zaden ze szczepow nie wykazywat wrazliwo$ci na ten
lek przeciwgrzybiczy. W przeprowadzonym badaniu AMB20 powodowal powstawanie
najmniejszych stref zahamowania wzrostu dla analizowanych grzyboéw, osiagajac
maksymalng warto$¢ 16 mm dla szczepu W. pararugosa. Skuteczno$¢ tego leku byta
jednak zalezna od badanego szczepu. Stavrou i wsp. (2020) wykazali rOwniez - podobnie
jak w niniejszej pracy - ze K. marxianus oraz W. anomalus byly wzglgdnie oporne na
dziatanie AMB20. Wyniki wlasne wykazaty, ze K. marxianus byl najbardziej opornym
patogenem wobec AMB20, co potwierdzata strefa zahamowania wzrostu o $rednicy
jedynie 2 mm, podczas gdy w badaniu Stavrou i wsp. (2020) szczep ten wykazywat niskie
wartosci MIC dla AMB20. W tej samej pracy FY charakteryzowal si¢ niskimi
warto$ciami MIC wobec szczepdw K. marxianus, wynoszacymi §rednio 0,752 mg/L,
natomiast w niniejszym badaniu $rednica strefy zahamowania wzrostu klasyfikowata ten
szczep jako oporny. Najwyzsze $rednie wartosci stref zahamowania obserwowano dla
KCA10 w odniesieniu do réznych szczepdw, mieszczace si¢ w zakresie 14 - 40 mm.
Najnizsze $rednie warto$ci odnotowano dla FY1, ktory w wielu przypadkach nie
wykazywat aktywnos$ci przeciwgrzybiczej. Uzyskane wyniki wskazuja, ze KCA10 i
CTMI10 nalezaly do najbardziej skutecznych substancji, podczas gdy FY1 i FCN10
wykazywatly ograniczong aktywnos¢. P. kudriavzevii byta jednym z najbardziej opornych
patogendéw, co potwierdzaja niskie warto$ci stref zahamowania. Dane literaturowe
wskazuja, ze P. kudriavzevii wykazuje oporno$¢ na FCN (Ordaya i wsp., 2023), co zostalo
rowniez potwierdzone w niniejszym badaniu. Inni autorzy przeprowadzili badania nad
wrazliwoscig D. rugosa na AMB, FY oraz FCN, wykazujac oporno$¢ tego szczepu na
wszystkie wymienione substancje (Ming 1 wsp., 2019). W przeciwiefistwie do tych

wynikow, w naszym badaniu potwierdzono wrazliwos¢ D. rugosa na FCN25.
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6. Podsumowanie i wnioski

6.1 Doswiadczenie 1

P1. Kot, M.; Kalinska, A.; Jaworski, S.; Wierzbicki, M.; Smulski, S.; Golebiewski, M. In
Vitro Studies of Nanoparticles as a Potentially New Antimicrobial Agent for the
Prevention and Treatment of Lameness and Digital Dermatitis in Cattle. Int. J.

Mol. Sci. 2023, 24, 6146

Przeprowadzone badania stanowig istotny wktad w poszukiwanie alternatywnych
metod zwalczania choréb racic u bydta, w szczegdlnosci kulawizn. W pracy oceniono
wlasciwos$ci przeciwdrobnoustrojowe NPs wobec mikroorganizméw wyizolowanych z
materiatu biologicznego pochodzacego od krow z objawami kulawizn, takich jak S.
paucimobilis, O. intermedium, O. gallinifaecis oraz A. odontolyticus. Nalezy podkresli¢,
ze drobnoustroje te nie byly wczesniej jednoznacznie wigzane z kulawiznami, co

rozszerza aktualny stan wiedzy na temat etiologii tej choroby.

Uzyskane wyniki wykazaty, ze wlasciwos$ci biobdjcze NPs s3 zalezne od ich
rodzaju oraz stezenia. Najwyzsza aktywnos¢ przeciwdrobnoustrojowa wykazaty AgNPs
oraz CuNPs, ktore znaczaco redukowaty przezywalno$¢ badanych patogenow nawet przy
stosunkowo niskich st¢zeniach. PtNPs oraz FeNPs wykazywaty bardzo ograniczong
aktywnos¢, a w niektorych przypadkach obserwowano nawet wzrost przezywalno$ci

bakterii, co wyklucza ich zastosowanie terapeutyczne w analizowanym zakresie.

Szczegodlnie istotnym wynikiem bylo potwierdzenie efektu synergii pomiedzy
NPs. Nanokompleksy, zwlaszcza AgCuNPs, wykazywaly wyraznie silniejsze dziatanie
przeciwdrobnoustrojowe niz pojedyncze NPs, prowadzac do niemal catkowitej redukc;ji
przezywalnosci patogenéw nawet przy nizszych stezeniach. Jednocze$nie wykazano
zroznicowang wrazliwos¢ poszczegdlnych drobnoustrojéw, co potwierdza zlozony,

wieloczynnikowy charakter kulawizn.

6.2 Doswiadczenie 2

P2. Wierzbicki M, Kot M, Lange A, Kalinska A, Gotgbiewski M, Jaworski S. Evaluation
of the Antimicrobial, Cytotoxic, and Physical Properties of Selected Nano-

Complexes in Bovine Udder Inflammatory Pathogen Control. Nanotechnol Sci Appl.
2024, 17, 77-94
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Badania koncentrowaly si¢ na ocenie potencjalu NPs jako alternatywy dla
antybiotykow w kontroli mastitis u bydta mlecznego. Analizie poddano dziatanie AgNPs,
CuNPs, AuNPs, FeNPs oraz PtNPs i ich kompleksow wobec szerokiego spektrum
patogenow izolowanych z mleka krow ze zdiagnozowanym subklinicznym mastitis, w

tym S. uberis, S. aureus, E. coli, S. marcescens, C. albicans oraz Prototheca sp.

Uzyskane wyniki wykazaty, ze najwyzsza aktywno$¢ przeciwdrobnoustrojowa
wykazuja AgNPs i1 CuNPs, natomiast AuNPs charakteryzujg si¢ umiarkowang
skuteczno$cia. FeNPs oraz PtNPs wykazywaty niewielkie lub brak dziatania biobdjczego.
Szczegolnie istotne bylo potwierdzenie, ze nanokompleksy, w tym przede wszystkim
AgCuNPs, wykazuja znacznie wyzsza skuteczno$¢ niz pojedyncze NPs, co potwierdza

efekt synergii.

Waznym elementem pracy byla ocena cytotoksycznosci NPs wobec komorek
BME-UV1 oraz HMEC. Wykazano, Ze przy niskich st¢zeniach NPs nie wykazujg istotnej

toksycznosci, co ma kluczowe znaczenie dla ich potencjalnego zastosowania w praktyce.

Uzyskane wyniki wskazuja, ze NPs, szczeg6lnie w formie kompleksdéw, moga
stanowi¢ skuteczng alternatywe¢ dla antybiotykéw w leczeniu mastitis. Jednakze ich

zastosowanie w praktyce wymaga dalszych badan, zwlaszcza w warunkach in vivo.

6.3 Doswiadczenie 3

P3. Kot, M.; Lange, A.; Jablonska, W.; Kalinska, A.; Nasitowska, B.; Skrzeczanowski,
W.; Gotgbiewski, M. Nanoparticles as New Antifungals in the Prevention of

Bovine Mycotic Mastitis Caused by Candida spp. and Diutina spp.—In Vitro
Studies. Molecules 2025, 30, 2086

Przeprowadzone badania dotyczyty oceny wlasciwosci przeciwgrzybiczych NPs
wobec patogenoéw izolowanych z mleka kréw z subklinicznym mastitis, w tym C.
albicans, C. glabrata, C. parapsilosis, D. catenulata oraz D. rugosa. Patogeny te
stanowig istotny problem kliniczny ze wzgledu na rosngcg oporno$¢ na standardowe

leczenie przeciwgrzybicze.

Uzyskane wyniki wykazaty, ze AgNPs, CuNPs oraz AuNPs wykazuja istotng

aktywnos$¢ przeciwgrzybicza, przy czym ich skuteczno$¢ byta zalezna od st¢zenia oraz
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gatunku mikroorganizmu. Najwicksza oporno$¢ wykazywata C. glabrata, natomiast

najwyzszg wrazliwo$¢ obserwowano dla D. catenulata.

Podobnie jak w innych badaniach, kluczowe znaczenie miat efekt synergii.
Nanokompleksy, szczegdlnie AgCuNPs, wykazywaly znacznie wyzsza skuteczno$¢ niz
pojedyncze NPs. Jednocze$nie wykazano, ze PtNPs i FeNPs wykazuja ograniczong
aktywno$¢ przeciwgrzybicza, jednak w porownaniu z dzialaniem tych kompleksow

wobec bakterii, grzyby sg bardziej wrazliwe na ich dziatanie.

Wyniki wskazuja, ze NPs moga stanowi¢ skuteczng alternatywe dla klasycznych
lekow przeciwgrzybiczych, zwlaszcza w przypadku szczepéw opornych. Jednakze

konieczne sg dalsze badania w warunkach in vivo.

6.4 Doswiadczenie 4

P4. Kot, M.; Jablonska, W.M.; Lange, A.; Kalinska, A.; Gotgbiewski, M. Nanomaterials
in the Management of Fungal Udder Inflammation in Cattle as an Effective

Preventive Strategy Based on In Vitro Studies. Biology 2026, 15,412

Badania stanowig rozwini¢cie wcezesniejszych analiz 1 koncentrujg si¢ na rzadziej
identyfikowanych patogenach grzybiczych zwigzanych z mastitis, takich jak P
kudriavzevii, W. pararugosa, S. cerevisiae, C. mucoides, W. anomalus, C. hoffmannii oraz

K. marxianus.

Uzyskane wyniki wykazaty, ze nanokompleksy wykazuja najwyzszg aktywnos¢
przeciwgrzybicza, przy czym najbardziej skuteczny byl AgCuNPs, a nastgpnie AgAuNPs
oraz AuCuNPs. Wéréd pojedynczych NPs najwyzsza skuteczno§¢ wykazywaty AgNPs i
CuNPs, natomiast AuNPs mialy umiarkowang aktywnos¢, z kolei FeNPs 1 PtNPs niska.

Wykazano réwniez istotne roéznice w wrazliwo$ci poszczegdlnych gatunkow.
Najbardziej opornym szczepem byt S. cerevisiae, natomiast najwyzszg wrazliwosé
wykazywata W. pararugosa. Poréwnanie z klasycznymi lekami przeciwgrzybiczymi

wykazato, ze niektére NPs moga przewyzsza¢ ich skutecznos$¢.

Uzyskane wyniki wskazuja, ze NPs mogg by¢ skutecznym narzedziem w kontroli

grzybiczego mastitis, jednak ich zastosowanie wymaga dalszych badan.
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Abstract: Digital dermatitis (DD) is the second most prevalent disease in dairy cattle. It causes signif-
icant losses for dairy breeders and negatively impacts cows’ welfare and milk yield. Despite this, its
etiology has not been entirely identified, and available data are limited. Antibiotic therapy is a practi-
cal method for managing animal health, but overuse has caused the evolution of antibiotic-resistant
bacteria, leading to a loss in antimicrobial efficacy. The antimicrobial properties of metal nanoparticles
(NPs) may be a potential alternative to antibiotics. The aim of this study was to determine the biocidal
properties of AgNPs, CuNPs, AuNPs, PtNPs, FeNPs, and their nanocomposites against pathogens
isolated from cows suffering from hoof diseases, especially DD. The isolated pathogens included
Sphingomonas paucimobilis, Ochrobactrum intermedium 1, Ochrobactrum intermedium II, Ochrobactrum
gallinifaecis, and Actinomyces odontolyticus. Cultures were prepared in aerobic and anaerobic environ-
ments. The viability of the pathogens was then determined after applying nanoparticles at various
concentrations. The in vitro experiment showed that AgNPs and CuNPs, and their complexes, had
the highest biocidal effect on pathogens. The NPs’ biocidal properties and their synergistic effects
were confirmed, which may forecast their use in the future treatment and the prevention of lameness
in cows, especially DD.

Keywords: silver; copper; gold; platinum; iron; nanoparticles; nanocomposites; lameness; digital
dermatitis; dairy cows

1. Introduction

Modern livestock production is significantly different to the realities of farming over
the last 15 to 20 years, even though this is a relatively short period of time. The continu-
ously growing demand for animal products has made it necessary to boost production to
meet global consumer needs. Activities aimed at maximizing livestock performance have
been initiated to this end [1]. The incidences of lameness reflect the misconduct of dairy
producers and a failure of duty associated with proper breeding practices, which has led to
poor hoof health. Unfortunately, these actions, including negligence, have resulted in cows
suffering pain associated with lameness, which has led to a deterioration in animal health
status and welfare [2]. Lameness is one of the most common diseases found in dairy herds,
and it results, globally, in the greatest financial losses to breeders [3]. It is mainly caused by
bacterial infections, which lead to hoof dermatitis and clinical lameness [4].

Digital dermatitis (DD) is a polybacterial infectious foot disease complex caused
by multiple bacterial agents [5]. Important etiological factors for lameness include
Treponema spp. such as T. denticola, T. maltophilum, T. medium, T. putidum, T. phagedenis, and
T. paraluiscuniculi. Treponema spp. are the most frequently isolated etiological agent for DD;
however, the available literature also indicates other isolates, such as Guggenheimella spp.,
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Borrelia spp., Porphyromonas spp. [6], Bacteroides spp., Campylobacter spp., Fusobacterium
necrophorum, and Dichelobacter nodosus [7].

Despite the prevalence of digital dermatitis, the etiological agent and microbial com-
position are not completely determined, and the results from the available literature are
not consistent [8]; therefore, in order to explore the bacterial factors that result in DD, it is
necessary to conduct further research to expand our knowledge of it.

Various approaches are used to treat DD, but the most common forms, due to the
location of the infection, are hoof baths and bandage dressings. In both cases, however,
antibiotics are used [5]. It is more common to use localized antibiotic therapy than a general
treatment, but reports vary, indicating that antibiotic treatment is not sufficiently effective in
all cases. Tetracycline, oxytetracycline, erythromycin, lincomycin, and tiamulin are the most
common antibiotics used in footbaths [9]; non-antibiotic alternatives include copper sulfate,
formalin, peracetic acid, and organic acid solutions. Unfortunately, despite their antibacterial
properties, some of these treatments adversely affect the animals by irritating the skin [10].

Previous studies have indicated that antibiotic use in the treatment of digital dermatitis
does not provide consistently successful results [11]. Consequently, an effective treatment
for digital dermatitis cannot be clearly determined due to the limited effect of the antibiotics
and the complexity of the polybacterial infectious disease. As a result, it is crucial that we
look for new, alternative solutions that will help effectively treat bacterial infections. One
of these solutions is the use of nanotechnology, especially metal nanoparticles.

Both the physical and chemical properties of nanoparticles differ depending on the par-
ticle, which affects their antimicrobial properties. The differences in antibacterial activity are
affected by the nanoparticles’ surface area to volume ratio [12], shape, size (1-100 nm) [13],
and surface properties such as the zeta potential [14].

Previous reports have confirmed nanoparticles” antibacterial activity against med-
ically important pathogens, including those species that are resistant to conventional
treatments—this demonstrates their potency and efficacy. Silver nanoparticles (AgNPs)
are effective, even against multidrug-resistant (MDR) bacteria such as methicillin-resistant
Staphylococcus aureus [15] and Staphylococcus epidermidis [16], erythromycin-resistant
Streptococcus pyogenes, ampicillin-resistant Escherichia coli, and multidrug-resistant
Pseudomonas aeruginosa [17]. AgNPs also reduce biofilm formation in S. aureus [18]. More-
over, gold nanoparticles (AuNPs) destroy the MDR cells of P. aeruginosa [19]. These strong
antimicrobial properties suggest that nanoparticles could be used as an alternative to an-
tibiotics, and may become an innovative agent against various pathogens, among other
bacteria isolated from diseased hooves. The available references indicate that there are
variations associated with the biocidal properties of nano-platinum (PtNP) based on their
method of synthesis [20]; for instance, green synthesized PtNPs effectively destroy bacterial
cells [21]. The literature also confirms the antibacterial effects of green synthesized iron
(FeNPs) [22] and copper (CuNPs) nanoparticles [23].

Nanoparticle complexes demonstrate synergistic effects towards each other, enhancing
their antimicrobial properties; however, these effects have not been entirely established
for all combinations due to the variety of nanoparticles. The most important fact is that
nanoparticles have no toxic influence on bovine or human cells [24], which is crucial for
animal and human safety if we are going to consider using nanoparticles in the future as a
potential disinfectant product.

The main goal of the current research was to determine the biocidal effects of AgNPs,
CulNPs, AuNPs, PtNPs, FeNPs, and their nanocomposites on pathogens isolated from tissue
samples, pus, pus and blood, and other swabs from the limbs of cattle diagnosed with lame-
ness. The isolated pathogens included Sphingomonas paucimobilis, Ochrobactrum intermedium
I and Ochrobactrum intermedium 11, Ochrobactrum gallinifaecis, and Actinomyces odontolyticus.
These microbes have been associated with DD for the first time, which is significant, and
contributes greatly to the literature and to scientific development. The conducted experi-
ment also determined the main characteristics of both the selected nanoparticles and their
complexes, such as morphology, zeta potential, size, and hydrodynamic size distribution.
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Despite DD being among the most frequent diseases in cattle herds, the etiological
agents and the alternatives for its treatment have not been sufficiently established. The
described correlations suggest that the use of multiple types of NPs could be a beneficial
solution for the control of the microorganisms responsible for DD, while the results of
the study will improve our knowledge of DD and present a possible alternative for its
treatment and prevention.

2. Results
2.1. Identification of the Isolated Microorganisms

In the present study, the Gram-negative aerobic bacteria Sphingomonas paucimo-
bilis, Ochrobactrum intermedium I and Ochrobactrum intermedium II, and Ochrobac-
trum gallinifaecis, and the Gram-positive anaerobic Actinomyces odontolyticus were iso-
lated from biological material obtained from the limbs of cattle diagnosed with lameness.
Two analytical instruments, the MALDI-TOF MS and the VITEK 2, were used to identify
the isolated microorganisms; this made the identification precise and reliable. Nowadays,
the MALDI-TOF MS is used in clinical microbiology laboratories because of its potential
for the development of matrix-assisted laser desorption ionization time-of-flight mass
spectrometry. The VITEK 2 is a compact system that uses colorimetric reagent cards that
are incubated and interpreted automatically using a database containing well-described
strains. This fact is important, especially as the isolated pathogens had not previously been
connected with the digital dermatitis disease. The obtained results were, therefore, more
precise than standard microbiology analysis. Tables 1 and 2 present the extracted report
information that enabled the identification of the isolated microorganisms.

Table 1. Pathogens identified using the MALDI-TOF MS, including score value and NCBI identifier.

Matched Pattern Score Value NCBI Identifier
Ochrobactrum gallinifaecis 1.76 215590
Ochrobactrum intermedium 1 2.0 94625
Ochrobactrum intermedium 11 1.78 94625

Table 2. Pathogens identified using the VITEK 2, including the biochemical information for the
identification of the isolated microorganisms.

Identified Microorganism

Actinomyces odontolyticus

Biochemical properties

Identified microorganism

Biochemical properties

dGAL - LeuA + ELLM + PheA + dMNE - BGURI -
dCEL + TyrA + APPA - dGLU - URE - PVATE -
SAC - ARB - NAG - BGLUi - ARG - AIFUC -
BGALi - AARA - AGALi - BMAN - AMANIi - dXYL +
MTE - ESC + BdFUC - BNAGI - AARAF +
PHOS + IARA - dRIB2 - OPS - PyrA -
GRAM + MORPH - AERO + ProA + dMAL +
Sphingomonas paucimobilis
APPA - ADO - PyrA - IARL - dCEL + BGAL -
H2S - BNAG - AGLTp - dGLU + GGT — OFF -
BGLU - dMAL + dMAN - dMNE + BXYL - BAlap -
ProA - LIP - PLE - TyrA + URE + dSOR -
SAC - dTAG - dTRE + CIT - MNT - 5KG -
ILATk - AGLU + SUCT - NAGA - AGAL - PHOS -
GlyA - ODC - LDC - IHISa - CMT - BGUR -
O129R - GGAA - IMLTa - ELLM + ILATa -

“_u

“+” found concordance of biochemical characteristics of the bacteria; not found concordance of biochemical

characteristics of the bacteria.
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2.2. Determination of the Nanoparticles’ Morphology and Their Complexes

All nanoparticles, apart from CuNPs, presented in Figure 1, have a spherical morphol-
ogy. In contrast, it was difficult to estimate the morphology of CuNPs due to contaminations
and their size. The CuNPs and their complexes contained contaminants, probably in the
form of copper salts formed by the dissolution of the nanoparticles.

Figure 1. Transmission electron microscopy (TEM) images of the studied nanoparticles and their
complexes. (A)—AgNPs, (B)—AuNDPs, (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)—PtFeNDPs.
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2.3. Determination of Physicochemical Properties of Nanoparticles and Their Complexes

The data presented in Table 3 show that the zeta potential for most of the NPs achieved
negative values (from —3.66 to —26.2 mV), while CuNPs and CuAgNPs achieved positive
values (7.75 mV and 15.63 mV, respectively). PtNPs achieved values close to 0 (—3.66 mV),
while the value that was found to be farthest from 0 was for AgNPs (—26.2 mV).

Table 3. Physicochemical properties of selected nanoparticles and their complexes.

Zeta Potential (mV) Hydrodynamic Diameter (nm)
Nanoparticle
Values Average Values Average

—26.30 157.20

Ag —25.80 —26.20 152.10 154.50
—26.50 154.20
4.54 987.00

Cu 8.80 7.75 363.00 580.70
9.92 392.10
—3.10 221.10

Pt -3.09 —3.66 148.80 171.23
—4.79 143.80
—17.50 201.50

Au —18.40 —18.00 187.90 189.50
—18.10 179.10
—19.10 300.70

Fe —19.10 —18.83 314.70 311.27
—18.30 318.40
—21.50 518.00

AuAg —18.90 —20.57 425.60 455.67
—21.30 423.40
—24.50 179.60

PtAg —21.40 —23.80 183.70 178.70
—25.50 172.80
—16.50 366.40

FeAg —15.90 —15.87 350.40 353.53
—15.20 343.80
14.70 238.20

CuAg 16.90 15.63 244.50 243.27
15.30 247.10

The hydrodynamic diameter represents the average agglomerate size, which varies
depending on the type of nanoparticle. Certain nanoparticles tended to form larger ag-
glomerates, including single nanoparticles such as CulNPs, and FeNPs, but also complexes
like AuAgNPs and AgFeNPs. The nanoparticle with the least tendency to agglomerate
was PtNPs.

The sizes of the studied NPs differed from each other. The largest sizes were charac-
teristic for FeNPs and PtNPs (5-100 nm), while AgNPs and AuNPs were smaller (10-50
and 10-40 nm, respectively). The smallest sizes were typical for CuNPs (1-10 nm). The
obtained results are presented in Table 4.
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Table 4. Size distribution of nanoparticles based on TEM images.

Nanoparticle Size (nm)
AgNPs 10-50
CuNPs 1-10
FeNPs 5-100
PtNPs 5-100
AuNPs 1040

2.4. Biocidal Properties of AuNPs, AGQNPs, PtNPs, CuNPs, and FeNPs against Microorganisms
Isolated from Hoof Lesions

Bacterial cell viability was presented as a percentage [%], where the control group was
always stated as 100%. The bacterial cell viability of the control group was compared to the
bacterial cell viability of the experimental groups, and the obtained results are presented
in Table 5.

Table 5. Viability analysis of the microorganisms isolated from ulcerated hoof sores and exposed to

Au, Ag, Pt, Cu, and Fe nanoparticles.

Nanoparticles Sphingomonas Ochrobactrum Ochrobactrum Ochrobactrum Actinomyces
(ppm) paucimobilis intermedium 1 intermedium 11 gallinifaecis odontolyticus
Control group 100 £+ 3.6 100 4.2 100 4+ 2.25 100 £+ 7.86 100 + 0.01
Au 1.56 102.12 4+ 3.54 86.17 £ 4.3 101.86 + 4.2 106.96 + 12.22 103.57 4+ 1.44
Au 3.125 1044 +£29 85.64 7.9 103.25 + 3.8 101.9 £ 15.06 104.6 +£1.23
Au 6.25 954+ 26 76.76 £ 3.1% 101.72 + 1.9 101.64 + 3.98 104.92 4+ 0.27
Au 125 942 + 3.7 6215 +4.6* 99.8 + 3.6 70.68 £7.29 * 68.68 +7.69 *
Au 25 148 £06* 424 +12* 95.2 +£3.7 14.76 £ 0.95 * 6.92+09*
Ag1.56 712 £ 0.08 * 168 £1.8* 8.21+03* 12.82 +£0.33 * 47.96 + 8.83 *
Ag3.125 411 +£0.51* 76+02* 6.63 +0.8* 12.24 +0.29 * 36.56 £ 2*
Ag6.25 3.37 £0.08 * 544+03* 552 +0.6* 13.39 +£0.94 * 28.73 £ 5.31*
Ag125 323 +£014* 424+01* 56+01%* 12.36 +£ 0.28 * 6.82 +0.04 *
Ag25 3.26 +£0.21* 2.1+0.05*% 448 +04* 11.52 +£0.79 * 5.66 + 1.56 *
Pt 0.625 995+ 1.8 101.2 £2.6 108.4 £ 4.5 114.96 + 2.41 97.30 £+ 3.37
Pt1.25 100.6 £ 2.2 102.7 £3.1 10712 + 34 113.39 + 4.55 97.7 +£0.93
Pt2.5 101.6 £ 4.2 1024 +£19 103 £ 3.6 10942 + 2.4 99.19 £+ 0.39
Pt5 99.2 +35 105.6 £ 2.1 101.7 £5.1 104.61 + 8.68 103.54 4+ 6.43
Pt 10 99.8 +1.2 1072 +£1.2 102.4 + 2.1 104.13 +1.9 98.18 +1.92
Cu 1.56 349 +0.1* 672 +04* 69.7 £45* 12.68 +0.14 * 101.57 £+ 2.32
Cu 3.125 336 +02*% 6.7 £0.3* 59+03* 1194 +£0.29 * 63.04 £ 6.8*
Cu 6.25 312 4+0.1* 54+01* 47 +0.1* 9.44 + 0.38 443 +0.89 *
Cul2b 242 +£0.31* 2.54 +0.05* 3.3+0.05* 7.75 £+ 0.39 3.66 +0.2*
Cu 25 234 +£0.15* 215+01* 29+0.1* 7.09 + 047 224 +0.22*%
Fe 1.56 101.15+1.9 98.12 4.6 106.6 +4.3 113.68 4 13.62 99.67 + 1.96
Fe 3.125 101.7 £ 2.2 99.1 +£5.3 106.4 + 3.7 104.34 +11.2 101.99 £+ 2.07
Fe 6.25 103+ 1.4 96.4 + 3.2 1075+ 1.9 101.97 £+ 3.8 102.32 £1.23
Fe 12.5 107.6 + 3.4 942 4+ 2.7 108.4 +4.7 106.24 £+ 8.9 100.4 + 2.25
Fe 25 113.2 £ 2.7 81.2+21* 110.7 £ 7.2 119.28 4.8 101.49 4+ 0.92
p-value <0.01 <0.01 <0.01 <0.01 <0.01

* Significant differences in comparison to control (p < 0.05); average values & SD from four repetitions.

These studies indicated that there were differences in the viability of pathogens af-
ter the nanoparticles were applied, depending on the pathogen and nanoparticle con-
centrations. Ag, Au, and Cu nanoparticles demonstrated the strongest biocidal activity
against the tested microorganisms when they were in higher concentrations (12.5-25 ppm).
The highest concentration of AuNPs (25 ppm) reduced the viability of three strains,
Sphingomonas paucimobilis, Ochrobactrum gallinifaecis, and Actinomyces odontolyticus, by
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14.80%, 14.76%, and 6.92%, respectively. In the case of AgNPs and CuNPs, a strong biocidal
effect was observed at the lower concentrations of 12.5 ppm and 6.25 ppm, respectively.
AuNPs, at concentrations of 1.56 ppm and 3.125 ppm, promoted increases in selected
pathogens by an insignificant amount, excluding Ochrobactrum intermedium I; concentra-
tions of CuNPs at 1.56 ppm promoted the growth of Actinomyces odontolyticus. Sphingomonas
paucimobilis was the most susceptible pathogen to the antibacterial effects of the selected
NPs. AgNPs exhibited the most effective antibacterial activity, while, in contrast, platinum
and iron nanoparticles had the least activity—in some instances even promoting bacterial
growth. FeNPs and PtNPs, therefore, were not used in the latter part of the experiment.

2.5. Biocidal Properties of AuNP, AgNP, and CuNP Complexes against Microorganisms Isolated
from Hoof Lesions

Data regarding the biocidal properties of NPs complexes against isolated bacteria are
presented in Table 6. There was a decrease in the levels of pathogens for all nanoparticle
complexes. Lower concentrations of nanocomplexes showed more potent biocidal prop-
erties in comparison to the results from individual nanoparticles. Nevertheless, higher
concentrations (12.5 ppm) of nanoparticle complexes showed more powerful antibacterial
activity than lower concentrations (0.78 ppm). The complex that demonstrated the strongest
antibacterial effect was AgCulNPs, whereas the CuAuNP complex had the weakest effect.
The AgCuNP complex, at a concentration of 6.25 ppm, decreased the pathogens’ viability
to 1.5-5%. Therefore, further studies should probably use this at higher concentrations,
especially in herd conditions. As with the effects of individual nanoparticles, Sphingomonas
paucimobilis was most susceptible to the complexes, while Ochrobactrum intermedium Il was
the most resistant. Nevertheless, the levels of all pathogen viabilities were decreased using
the selected nanoparticle complexes.

Table 6. Viability analysis of the microorganisms isolated from ulcerated hoof sores and exposed to
AuNP, AgNP, and CuNP complexes.

Nanoparticles Sphingomonas Ochrobactrum Ochrobactrum Ochrobactrum Actinomyces
(ppm) paucimobilis intermedium 1 intermedium 11 gallinifaecis odontolyticus
Control group 100 £ 5.6 100 + 6.88 100 + 4.67 100 + 3.69 100 + 2.04
AgAu0.78 1124 +£0.25* 297 £0.2* 2924 £0.22* 369 £0.13* 37.89 £0.3*
AgAu 1.56 11.56 + 0.65 * 9.11 £0.58 * 9.59 £ 0.56 * 6.92 £ 0.08 * 89+£0.12*
AgAu 3.125 11.75 £ 0.61 * 9.17 £ 0.29 * 9.81 £0.7* 6.84 + 0.21 552+ 0.76*
AgAu 6.25 11.23 +£0.51 * 9.34 £ 0.66 9.01 £0.53 * 6.7 £0.35* 3.87 £0.58 *
AgAu 125 9.68 = 0.74 11.4+£038* 815£0.8* 62+04* 212 £0.05*
AgCu0.78 125+ 1.03* 9.26 +£ 0.25 % 1521 +£1.1% 1254 +1.1% 16.5 + 0.46 *
AgCu 1.56 8.46 +0.51 % 8.53 +0.47 * 928 +1.16* 6.66 & 0.96 * 5.88 + 0.56 *
AgCu 3.125 74+£099% 767 £135* 9.85 £1.51* 454 1+024% 495+ 0.95*
AgCu 6.25 49 +£021*% 599 +0.17 % 516 £0.21*% 192 +0.12* 271 £011*%
AgCu 125 342 £0.71 5.02 £0.36 * 483 £0.36* 1.1+ 0.06* 211+012*
CuAu 0.78 12.06 £ 0.78 * 1218 £1.98 * 89.7 £ 6.24 62.13 £16.1* 89.13 £ 0.82
CuAu 1.56 945+ 0.21*% 599 £+ 0.17 % 9.16 £0.21 % 9.16 £ 0.12 % 20.03 £2.73 *
CuAu 3.125 924 £09* 75+£0.16* 824 £0.24 5.69 £0.02 * 8.86 £0.11*
CuAu 6.25 252+071* 5.02 £0.36* 583 £0.36* 3.12+0.01*% 6.71 £0.11*
CuAu 12.5 445+021*% 491 +£03* 4.56 £ 0.05* 2.56 + 0.01 * 321 £0.05%
p-value <0.01 <0.01 <0.01 <0.01 <0.01

* Significant differences in comparison to control (p < 0.05); average values & SD from four repetitions.

3. Discussion

In recent years, antibiotic resistance has become a significant problem, affecting both
animals and humans [25,26]. Nowadays, researchers and breeders are facing new chal-
lenges, and one of these is the growing number of pathogens that are resistant to the most
popular drugs. The overuse of antibiotics has led to this resistance [27]. These drugs were
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used not only in the treatment of farm animals, but also often as a prevention method [28,29].
Antibiotics that were widely abused have now lost their efficacy, and there is a lack of
new, effective antibiotics to replace them [30]. Due to their properties, nanoparticles have
a broad range of uses and high potential in diverse fields; however, their properties are
dependent on their physicochemical characteristics. Previous studies have also confirmed
their antiviral, antifungal, and antiparasitic properties [31].

Most significantly, nanoparticles have a strong affinity for bacterial cells, resulting
in protein denaturation, and contribute to the formation of free radicals that lead to the
disruption of DNA replication and pathogen protein expression [32]. They also damage
cell membranes and mitochondria, leading to cell death [33]. Crucially, the bacterial cell is
incapable of developing resistance to nanoparticles. Therefore, as an antimicrobial agent,
they can be a great alternative to antibiotics [34].

In a study by Berry et al. [11], lincomycin HCI soluble powder was used in the
treatment of digital dermatitis in the form of a paste under a dressing; however, after
11 months of antibiotic therapy, the disease recurred. In addition, the treatment of different
forms of digital dermatitis has resulted in different outcomes. The use of oxytetracycline for
infection treatment of the interdigital cleft was less effective compared to using it to treat
lesions on the heels [35]; therefore, it is challenging to recommend an effective treatment
for DD.

Results from Wernicki et al. suggested that the antibacterial properties of PtNPs
depended on the method used to synthesize them. There are reports by Wernicki et al. [20]
that suggest that antimicrobial properties were lacking in PtNPs synthesized using physical
methods. In this study, we used PtNPs obtained by physical methods, and their effect on
isolated lameness bacteria confirmed the findings reported by Wernicki et al., indicating that
their antibacterial properties were quite low. Moreover, in the case of bacteria associated
with lameness, not only was PtNPs’ poor antibacterial effect observed, but it also promoted
the bacteria’s growth. However, it is worth noting that the study by Wernicki et al. was
conducted on mastitic bacteria isolated from cattle. Moreover, there is a shortage of cases
to refer to in the available literature. The results of our study concerning the effect of PtNPs
were similar to FeNPs, resulting in an increase in bacterial viability. The available literature
indicates that green synthesized nanoparticles have antibacterial properties [22], while
those we used in our research promoted the growth of bacteria (except for O. intermedium I,
where the viability slightly decreased).

The biocidal efficacy of nanoparticles depends on, among other factors, the cell wall
structures of the bacteria, which is related to whether the bacteria is Gram-negative (G-) or
Gram-positive (G+) [36]. The literature indicates that AuNPs show antibacterial activity
against both G- and G+ bacteria, however, this is dependent on the AuNPs concentration.
According to Shamaila et al. [37], lower concentrations were sufficient to demonstrate
the antibacterial activity of AuNPs against G- bacteria but not against G+ bacteria. The
current study did not confirm these results, in which the most resistant bacteria to AuNPs
were the G- O. intermedium 11, S. paucimobilis, and O. gallinifaecis and the G+ bacterium A.
odontolyticus. Low concentrations of nanocolloids promoted the growth of bacteria, except
for O. intermedium 1, where even the lowest concentration (1.56 ppm) showed some minimal
antibacterial activity. There was a decrease in pathogen titers for all bacterial isolates for
concentrations of 12.5-25 ppm. A concentration of 25 ppm demonstrated the strongest
biocidal activity against G+ A. odontolyticus bacteria.

The available publications indicate that AgNPs exhibit antibacterial activity against
both G- and G+ bacteria [38]. The results obtained in this experiment confirmed these re-
sults. After the application of AgNPs, a reduction in the quantities of each pathogen was ob-
served to varying degrees, according to the concentration of AgNPs. The G+ A. odontolyticus
was the most resistant bacteria to the activity of these nanoparticles, whereas G- bacteria
were the most susceptible.

Alizadeh et al. [39] investigated the effects of AgNPs on G- bacteria. The study
demonstrated that they were more effective at high concentrations (>10 ppm) compared
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to low concentrations (<10 ppm). Han et al. [40] found that AgNPs at concentrations
of 0.06-0.98 ppm showed antibacterial activity against both G- and G+ bacteria. In the
current study, the efficacy of AgNPs was correlated with their concentration, and they were
effective even at the lowest concentration (1.56 ppm), confirming the results from Alizadeh
et al. and Han et al.

Regarding the effectiveness of CuNPs, there are certain discrepancies in the literature
associated with the relationship between the way they are synthesized and their biocidal
capacity. Shankar et al. [41] applied green-synthesized CuNPs, which showed antibacterial
activity against both G- and G+ bacteria; Chowdhury et al. [42] used nanoparticles obtained
using the chemical reduction method. Their nanoparticles showed stronger antibacterial
activity against G- than G+ bacteria, which is consistent with our results. The G+ bacterium
A. odontolyticus exhibited the strongest resistance to CuNPs, in contrast to G- bacteria. A
study conducted by Dugal et al. [43] indicated CuNPs’ antibacterial potential against G-
bacteria at concentrations of 19.60 ppm, which is also consistent with the results of the
current study. Despite the high agglomerate-forming potential of the CuNPs (580.7 nm)
used in our experiment, they exhibited strong antibacterial properties, which may be related
to their small size (1-10 nm).

A study by Kaliniska et al. [24] showed AgNPs and CuNPs” antibacterial properties
against G+ and G- bacteria. Their AgNPs had a similar zeta potential value to the results of
the conducted experiment. However, there were noticeable differences in the zeta potential
of CulNPs, which had values from —20.93 to —9.25 mV, while in the current experiment
the value was 7.75 mV. There were also differences in the sizes of the NPs. AgNPs in
this experiment measured 10-50 nm, while those used by Kaliriska et al. were almost
twice this size (35-100 nm). In the case of CuNPs, which in our experiment were 1-10 nm,
those used by the by Kaliniska et al. were 0.5-80 nm. Differences also appeared in the
hydrodynamic diameters of NPs, whereas in our study the AgNPs used in the experiment
showed less potential for forming agglomerates. At 154.5 nm, the potential was 262 nm for
Kaliriska et al. The CuNPs in our study showed almost double the potential (580.70 nm)
in comparison with the results from Kaliriska et al. (288.6 nm). Nevertheless, both the
nanoparticles in our study and Kalifiska et al.’s studies showed good bactericidal activity.
Despite these differences, AgNPs and CuNPs both showed antibacterial activity, which
is consistent with the results of our study. Lange et al. [44] used AgNPs that had very
similar zeta potential (—26.7 mV) and hydrodynamic diameter (154.1 nm) values to the
nanoparticles used in our experiment. However, the zeta potential of the AgCuNP complex
(—9.09 mV) in the studies by Lange et al. differed significantly from the value for the
complex obtained from our experiment, which took a positive value of 15.63 mV. Despite
this, the antimicrobial activity against G+ and G- bacteria in Lange et al.’s study and our
study was similar. Research by Belyakova et al. [45] indicated that CuNPs and AgNPs
had antibacterial activity against Fusobacterium necrophorum, Treponema spp., and Borrelia
spp- bacteria, which are etiological factors that lead to lameness. Our results confirmed
these nanoparticles’ strong antibacterial activity against the isolated bacteria associated
with lameness.

AuNPs were found to promote growth in the studied bacteria, which was not con-
firmed by other sources in the available literature, including bacteria not even associated
with lameness. However, there are available reports that indicate that AuNPs had no
antibacterial activity, or that they exhibited biocidal activity only at high concentrations,
which is consistent with our results [46]. There are also reports that AuNPs exhibited
antimicrobial activity against G- and G+ bacteria, but this was due to the matching of the
nanoparticles’ functional groups [19], which was not applied in our experiment. In contrast,
the AuAgNP and AuCulNP complexes showed strong antibacterial properties even at low
concentrations. Similar synergistic interaction results were observed by Lange et al. [44],
who pointed out that nanoparticles can disrupt bacteria biofilm and that this phenomenon
is important in, for example, bovine mammary gland inflammation.
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The available literature is very limited concerning the bacteria associated with DD,
and the bacteria isolated for this study have never been associated with digital dermatitis.
Therefore, the authors compared the effect of metal NPs on microorganisms, differentiating
them in relation to the structural differences between the walls of gram-negative and
gram-positive bacteria, which affected their susceptibility to external environmental factors.
Isolating and making cultures of these pathogens is challenging, which means the number
of available sources is limited and the issue itself is under-researched. Therefore, it is
exceedingly difficult to address the reports of other authors. On the other hand, this fact
also suggests the importance of conducting further research in this field.

Perhaps the discrepancies in the effects of nanoparticles on the aerobic and anaerobic
species that were isolated from diseased hooves were due to the anaerobic species’ nature,
the structure of the cells and their composition, the metabolic processes of the bacteria, and
the characteristic features of the species [33]. In any case, there has been no research in this
direction, and this requires further development of the topic.

4. Materials and Methods
4.1. Isolated Bacteria Cultures

Biological material (tissue samples, pus, pus and blood, and other swabs from the
cattle diagnosed with lameness) was placed in a saline solution and then inserted into a
Stuart orbital incubator SI500 shaker (Reagecon Diagnostics Ltd., Shannon, Ireland) for 24 h
at 5 °C. The resulting suspension was seeded onto a Columbia agar + blood /Chocolate
agar, CASA (Argenta, Poznan, Poland) and onto brain-heart agar (Biomaxima, Lublin,
Poland). The cultures were placed in aerobic and anaerobic environments to maximize
the possibility of increasing the numbers of the different isolated pathogen species. The
bacterial culture was processed in an aerostat using a GENbag anaer atmosphere generator
(bioMérieux, Warsaw, Poland). Material from the cultivated colonies was diagnosed using
a MALDI-TOF MS (Bruker, Poznan, Poland) and a VITEK 2 (bioMérieux, Warsaw, Poland)
to verify the species that had been isolated.

4.2. Nanoparticles

Commercially available nanoparticles, AuNPs, AgNPs, CuNPs, FeNps, and PtNPs,
which were used in the experiment, were obtained from Nano-tech (Warsaw, Poland).
Nanoparticle hydrocolloids were sonicated for 2 min at 500 W and 20 kHz before their use
in tests.

4.3. Determination of the Nanoparticles’” Morphology

The morphology of the nanoparticles obtained from Nano-Tech Poland was deter-
mined by analyzing transmission electron microscopy (TEM) images. The nanoparticles
were viewed using a JEM-2000EX transmission electron microscope (JEOL). The nanoparti-
cles” hydrocolloid was sonicated for two minutes and then applied to a molding TEM grids
(Formvar on 3 mm 200 mesh Cu grids, Agar Scientific, Stansted, UK) and left to dry for
24 h. Images of the nanoparticles were taken at a voltage of 80 keV.

4.4. Determination of the Physicochemical Properties of Nanoparticles

The zeta potential and size distribution were determined using a Zetasizer Nano ZS
(ZEN3500, Malvern Instruments, Malvern, UK). The average size of selected nanoparticles
was measured by transmission electron microscopy and by dynamic light scattering (DLS)
in order to determine the hydrodynamic size (average agglomerate size).

4.5. Determination of Bacterial Viability after Treatment with Nanoparticles and Their Complexes

A suspension of bacteria was prepared from each isolate at an optical density of 0.5
on the McFarland scale (1.5 x 10 CFU/mL). The suspension was pipetted into a 96-well
plate at a volume of 50 pL per well. The experiment used commercially available AuNPs,
AgNPs, CuNPs, FeNPs, and PtNPs (Nano-tech, Warsaw, Poland), which were extracted
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using physical methods. Following that, 50 uL each of nanoparticle hydrocolloids were
added so that the final NP concentrations were as follows: for single nanoparticles—1.56,
3.125, 6.25, 12.5, and 25 ppm; for PtNPs—0.625, 1.25, 2.5, 5, and 10 ppm. The concentrations
for the nanocomplexes were 0.78, 1.56, 3.125, 6.25, and 12.5 ppm. Incubation was carried
out for 24 h at 37 °C under anaerobic conditions. After 24 h, 10 pL of Presto Blue reagent
(Invitrogen, Waltham, MA, USA) was added to each well and the absorbance was read
spectrophotometrically at 570 nm (Tecan, Durham, NC, USA). Viability was determined
from the following formula:

absorbance of the experimental sample

absorbance of the control sample x100%

The data were analyzed using one-way analysis of variance (ANOVA) in STATGRAPHICS®
Centurion XVII, version 17.2.05 software (StatPoint Technologies, Inc., Warrenton, VA, USA).

5. Conclusions

The conducted in vitro study confirmed that AuNPs, AgNPs, and CuNPs have an-
tibacterial activity against selected digital dermatitis pathogens and confirms their syn-
ergistic effect, however their effects varied according to their concentrations. AgNPs
and CuNPs exhibited the strongest antibacterial properties, whereas the most active com-
plex was AgCuNPs (p < 0.05). The highest concentration tested for AuNPs was 25 ppm,
and this reduced the viability of Sphingomonas paucimobilis, Ochrobactrum gallinifaecis, and
Actinomyces odontolyticus by 14.80%, 14.76%, and 6.92%, respectively. In the case of AgNPs
and CuNPs, a strong biocidal effect was observed at the lower concentrations of 12.5 ppm
and 6.25 ppm, respectively. The AgCulNP complex, at concentrations of 6.25 and 12.5 ppm,
decreased pathogen viability to 1-6%. PtNPs and FeNPs showed very weak antibacterial
activity, and, in certain cases, selected NPs that promoted bacterial growth; in contrast, all
nanocomplexes reduced pathogen viability. The study suggests that AgCuNPs may pro-
vide an alternative to antibiotics in the treatment of digital dermatitis, but further in vivo
experiments are required to confirm their biocidal properties under herd conditions.
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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/1 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.'

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.” 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.’

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,” 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,® antiviral properties,®
antifungal,® anti-parasitic,” therefore, they are very often used in medicine,® pharmacy,” and cosmetology.'® In vitro
studies also confirm anticancer activities of nanocomposites.'!

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.'*'* 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

18,19

including: bacteria, viruses,'* but also yeasts,'> fungi,'® algae,'” as well as land plants, their extracts, and even

submerged plants,**!

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.”**> 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.”* 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.?

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.?®’

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,”® 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, Poznan, 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, Miinster, Germany). Samples were prepared by placing droplets of hydrocolloids at a concentration of 10 mg/1
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.*”*°

The Cell Culture of BME-UVI 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 pg/mL, Merck), bovine holo-transferrin (5 pg/
mL, Thermo Fisher Scientific), hydrocortisone (1 pg/mL, Merck), L-ascorbic acid (10 pug/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 pg/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 1x10* 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/
1 at 100 puL 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 pL 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 1x10* cells per well, and then incubated for 24 hours. After incubation, the
culture medium was removed and 100 pL 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 uL 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 uL
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-UVI and HMEC Cells After Treatment with

Nanoparticles

To obtain morphological images of the BME-UV 1 and HMEC cell lines, 5x10” 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 ug/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),>' and Sabouraud dextrose agar (all from Argenta, Poland). Subsequently, the selected colony samples were
subjected to identification on a MALDI-TOF MS (Bruker, Poznan, 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 pL, 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/1 for
Au, Ag, Cu and Fe, and 10, 5, 2.5, 1.25, 0.625 mg/1 for Pt. The incubation of the microorganisms with nanoparticles was
carried out for 24 hours at 37 °C. Then, 20 uL 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 (ROYS)

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 pg/mL) and sonicated for 30 min before use. The inoculum of
microorganisms (1.5 x 10% cells per well) with the tested nanoparticles (final volume 100 pL) was placed in 96-
well plates and incubated at 37 °C for 2 hours. A DCFDA reagent was prepared according to protocol, and 10 pL
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 p-Slide 8-well-chambered coverslip (Ibidi, Grifelfing, Germany) with 6 uL of alginate with
E. coli, S. aureus, C. albicans, or Prototheca sp. Alginate beads were crosslinked with 50 mM calcium chloride (Cellink,
Goteborg, 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 Brétéche 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 pg/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 pug/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), 1050 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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Figure | 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.

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.
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Table | 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 —382 127.5 143.8 25-80
-39.2 130.4
—-36.0 173.6

Au -31.0 -32 142.5 187.7 10-60
-31.4 191.0
-336 229.6

Cu -23.8 -22.9 643.7 538 10-50
-23.0 5447
-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 —-385 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 -134 —-13.2 142.7 204.2 10100
-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

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-UV| 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,
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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 (AgCulNPs, 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
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Figure 2 Toxicity of (A) - BME-UVI cells and (B) - HMEC cells, after treatment with nanoparticles using the PrestoBlue assay. Examination of the cell membranes’ integrity:
(C) - epithelial BME-UVI 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/]) 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-UV| 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/
1. 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/1 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 Streptococcus | Staphylococcus | Escherichia | Serratia Citrobacter Staphylococcus Candida Candida Candida Prototheca
(mgll) uberis sciuri coli marcescens koseri aureus albicans parapsilosis glabrata 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
Aul.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 62.66x1.75% 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 19.6x1.53* 107.82+0.72 | 69.09+1.80* 97.01+2.8 69+5.2%
Aul2.5 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*
Agl.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* 5.241.29* 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*%
Agb.25 0 16.2+1.68* 4.9+1.76* 3.7£1.2% 5.7+0.42* 17.1£0.7 1* 5.96+0.87* 16.28+1.63* 35.83+0.53* 8.46+0.4*
Agl2.5 0 16.8+2.57* 4.8+2.05* 2.740.2% 4.6x1.05% 14.6+0.7 1* 4.24+0.12* 10.72+0.43* 11.61+£4.04* 5.210.13*
Ag25 0 18.4£0.91* 3.4+].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+7.81 106.7242.13 103.13£2.12 94.66+0.53 96.4+1.2
Ptl.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
Ptl0 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
Cul.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* 66.46x1.02*% 77.18+0.19*
Cu3.125 17.2x1.91% 11.2+1.57* 37.5£1.37* 95.4+3.7 51.748.31* 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+826* | 61.71%6.11% 10.02+0.13* 77.34+0.5*%
Cul2.5 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*
Fel.56 111.9+84 109.3+£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£1.53 101.6x1.5
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*% 116.74£5.5 106.4+£2.22 122+4.6* 97.7+2.83 98.7+17.5 101.194£3.83 | 99.71£3.68 102.31£0.63 100.7£0.9
Fel2.5 141.4+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* 115.94£4.02 106.1£2.63 13245.6* 98.3+4.91 99.6+28.5 104.631£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/1), 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 Profotheca 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/1 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/1. 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/1
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 (ROYS)

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 Streptococcus | Staphylococcus | Escherichia | Serratia Citrobacter Staphylococcus Candida Candida Candida Prototheca
(mgll) uberis sciuri coli marcescens koseri aureus albicans parapsilosis glabrata 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* 21.243.68* 94.3+3.51 3.5£0.13* 118.18+6.32 | 85.44+2.46* 64.78+2.32* 52.36+2.8*
AgAul.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+051* 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* 2.940.13* 2.8+0.18* 5.0£0.39* 3.240.17* 4.81£0.13* 40.54+4.89* 37.26+0.37* 2.440.11%
AgAul2.5 0%* 7.0+0.28* I.1+0.46* 4.2+0.56* 7.6£0.67* |.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* 18.2740.62*
AgCul.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% 31.5240.62* 5.28+0.14*
AgCu3.125 4.1£0.36* 3.240.62% 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*
AgCul2.5 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% 101.24£3.42 106.848.78 103.1+£6.93 65.9+9.66* 115.01£5.84 | 99.48+1.38 47.42+0.68* 70.2+1.5%
CuAul.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 2.740.22* 11551+426 | 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% (INEINES 2.2+0.29* 68.23+8.78* | 89.62+0.84 28.65+0.17* 28.6+0.7%
CuAul2.5 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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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).

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 Profotheca 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
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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/1. 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,** 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.** 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,*® 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.”® 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(I), 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.

4
marcescens, M. luteus.>>*

The survival of mastitic pathogens was studied by Wernicki et al.>

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/I 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.*®
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,*®
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/1), but also, in some cases, showed no biocidal properties at
all. A study by Dehkordi et al*” showed that 10 pg/mL AgNPs inhibited the growth of S. aureus by 90%. A study carried
out by Abdel-Rahman et al’® 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.>” Tests on AgNPs suspended in gel conducted by
Jain et al*® also showed biocidal properties against E. coli, S. aureus, and also C. albicans at 12.5 ug/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.*

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 al*' 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.”® This

l,42 l,27 and is also consistent with

theory was confirmed in the studies by Kot et al,” as well as those performed by Lange et a
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.*****

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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Abstract: Bacterial infections are the primary cause of mastitis in dairy cattle. Fungal mastitis
occurs in 1-12% of cases. Antibiotic therapy, the standard treatment for mastitis, has led
to antibiotic-resistant bacteria, reducing treatment efficacy and increasing fungal mastitis
occurrence. Antibiotics lack biocidal effects on fungi, which often exhibit resistance to anti-
fungal agents. This study evaluated the antifungal properties of nanoparticles (NPs) against
Candida albicans, Candida glabrata, Candida parapsilosis, Diutina rugosa var. rugosa, Diutina
catenulata, and Diutina rugosa. Tested NPs included gold (AuNPs), silver (AgNPs), copper
(CuNPs), iron with hydrophilic carbon coating (FeCNPs) (1.56-25 mg/L), and platinum
(PtNPs) (0.625-10 mg/L), along with their complexes. Minimum inhibitory concentration
(MIC) and minimum fungicidal concentration (MFC) at 0.75-25 mg/L for AuNPs, AgNPs,
CuNPs, and FeCNPs and 0.313-10 mg/L for PtNPs, as well as fungal sensitivity to standard
antifungals, were determined. Each strain showed different sensitivities depending on
the NPs used and their concentrations. C. glabrata was the most resistant to nanoparticles,
while D. catenulata was the most susceptible. PtNPs and FeCNPs showed no or weak
biocidal properties. Some mycotic-resistant strains were sensitive to nanoparticles. This
study indicates a high in vitro antifungal potential for the application of nanoparticles,
especially AgCuNPs, as a new effective non-antibiotic agent for the prevention and control
of mycotic mastitis in dairy cattle.

Keywords: mastitis; Candida spp.; Diutina spp.; nanoparticles; fungi; dairy cattle; mycotics

1. Introduction

Mastitis, also known as udder inflammation, occurs in dairy cattle and is a multi-
etiological complex disease, most often associated with an etiological agent such as bacteria.
The most common contributors to mastitis are bacteria, such as Escherichia coli, Staphylo-
coccus aureus, Streptococcus uberis, Streptococcus dysgalactiae, Streptococcus agalactiae, and
Staphylococcus epidermidis [1]. Although mastitis is most often mentioned in the context of
bacterial infections, it is not limited to this etiological agent. It is a fact that bacteria are most
often isolated from infected quarters of the udder; however, mastitis can also be induced by
fungi, but at a much lower frequency. These include species of yeasts and molds. The most
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commonly isolated mastitis-inducing yeast is Candida spp.: C. kefir, C. rugosa, C. krusei [2],
C. glabrata, C. tropicalis, C. pseudotropicalis, and C. parapsilosis [3]. Another decidedly less
frequently isolated mastitis-inducing species is Diutina spp., e.g., D. rugosa [4]. In recent
years, the occurrence of protothecal mastitis has also been increasingly reported; this type
of mastitis is caused by a pathogenic alga of the genus Prototheca, which is particularly
resistant to conventional treatment [5]. Mixed-type infections are also common. The fungi
that cause mastitis are classified as environmental pathogens. Their occurrence is signif-
icantly influenced by the environment. Although fungal mastitis is much less common
than bacterial mastitis, leading to its effects being underestimated, it should be noted that it
still poses a serious threat to animal health. Fungal species isolated from milk from cows
with confirmed mastitis exhibit resistance to antifungal drugs similar to that exhibited by
bacterial strains to antibiotics, which means that strains targeted by biocides have varying
susceptibility. In addition, in veterinary practice, the identification of the type of fungi is not
performed due to their rarer occurrence. At the same time, bacteria are more frequently the
main etiological factor in the development of mastitis, leading to the adoption of a treatment
strategy using antibiotics, which in turn leads to an increase in the incidence of fungal
mastitis [6]. Unfortunately, it is not only that antibiotic treatments might be ineffective due
to increasing antibiotic resistance among bacterial strains but also that some antibiotics can
act as nutrients for fungal strains. Examples of such types of antibiotics that are in popular
use are tetracycline and penicillin—these contain nitrogen, which fungi treat as a source of
energy to support their growth [7]. Therefore, antibiotic-based mastitis treatment does not
give producers confidence that it will provide a positive biocidal effect against the most
common etiological agents, and at the same time, the treatment may intensify the problem
of fungal mastitis. It should be remembered that fungal strains, like bacteria, also have
characteristic mechanisms for defense, including the ability to form biofilm, which makes
them more resistant to unfavorable conditions in the external environment and, therefore,
more resistant to applied antifungal agents [8].

The purpose of this study was to determine the basic physicochemical properties
of the utilized nanoparticles (AuNPs, AgNPs, CuNPs, FeCNPs—iron NPs coated with
carbon—and PtNPs) and nanoparticle complexes that showed the strongest biocidal activ-
ity, as well as to determine their antifungal properties against one of the most commonly
isolated—Candida spp. (C. albicans, C. glabrata, and C. parapsilosis)—and some of the less
commonly isolated species, D. rugosa var. rugosa, D. catenulata, and D. rugosa, isolated
from the milk of cows diagnosed with subclinical mastitis. In addition, the sensitivity of
the isolated microorganisms to available antifungal substances was determined (ampho-
tericin B 20 g/L, econazole 10 g/L, flucytosine 1 g/L, fluconazole 10 g/L, fluconazole
25 g/L, ketoconazole 10 g/L, clotrimazole 10 g/L, and nystatin 100 g/L) using the disc
diffusion method. This study also determined the minimum inhibitory concentration
(MIC) and minimum fungicidal concentration (MFC) of AgNPs, AuNPs, CuNPs, PtNPs,
FeCNPs—iron NPs coated with carbon—and their complexes at concentrations of 0.75,
1.56, 3.125, 6.25, 12.5, and 25 mg/L; 0.313, 0.625, 1.25, 2.5, 5, and 10 mg/L were used for
PtNPs. This research provides insight into and perspective on the potential application
of nanoparticles in practice for the prevention of mastitis. This is the first publication in
the literature that builds on such a wide variety and comprehensiveness of the conducted
analyses, targeting pathogens that have so far been underestimated. The results fill the
gaps in previous studies and make an incredibly valuable contribution to the development
of research on the control of fungal mastitis in dairy cows using NPs. This is an evaluation
of a potential prevention method for herds affected by fungal mastitis based on nanoparti-
cles, while allowing effective prophylaxis in healthy udders; however, in vivo studies are
also required.
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2. Results
2.1. The Distribution and Occurrence of Isolated Pathogens from Quarter Milk Samples

The preliminary results of tests to identify fungal species for further study are pre-
sented in Table 1, which shows the quantitative and qualitative distribution of isolated
microorganisms. Out of 67 milk samples, the majority either did not contain microorgan-

isms (32.84%) or had bacterial strains isolated from them (35.82%). In contrast, 20.89% of
samples contained fungal strains, which were then subjected to identification.

Table 1. A summary of isolated strains from collected quarter milk samples.

Sample N Presence [%]
no growth 22 32.84
contamination 4 5.97
mixed 1 1.49

one strain 0 0

yeasts and fungi 14 20.89
bacteria 24 35.82
algae 2 2.99

2.2. Identification of the Isolated Fungi

In the conducted studies, the following fungi were isolated: C. albicans, C. glabrata, C.
parapsilosis, D. rugosa var. rugosa, D. catenulata, and D. rugosa. The colonies that were grown
were identified using a MALDI-TOF MS apparatus (Bruker, Poznari, Poland). Fungal
identification was based on mass spectrometry, and the results are shown in Table 2.

Table 2. Identified fungal strains.

Species Score NCBI Number
Candida albicans 2.11 5476
Candida glabrata 2.08 5478
Candida parapsilosis 2.24 5480
Diutina rugosa 2.14 5481
Diutina rugosa var. rugosa 222 5481
Diutina catenulata 2.16 45,537

2.3. Nanoparticle Morphology

The morphology of the nanoparticles is presented in Figure 1. The images of the
nanoparticles were taken with a transmission electron microscope (TEM) and illustrate
the morphology of the metal nanoparticles used in the experiment. All of the tested
nanoparticles show a spherical morphology, which follows the morphological standard for
nanoparticles, indicating that they have a standardized quality. Only in the case of CuNPs
was an atypical appearance observed, which suggests the presence of impurities, probably
due to the nanoparticle production process (this is especially evident in the images in
Figure 1C,M).

2.4. Physicochemical Properties Analysis of the Nanoparticles: Hydrodynamic Diameter (nm) and
Zeta Potential (mV)

Figure 2 shows the basic physicochemical properties of the nanoparticles and their
complexes used in this experiment, namely the hydrodynamic diameter, which determines
the size of the formed agglomerate. Table 3 presents the detailed numerical values of the
physicochemical parameters.
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700 nm B 100 nm

100 nm 100 nm
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Figure 1. Nanoparticle images taken using a transmission electron microscope (TEM). (A)—AgAu,
(B)—AuFeC, (C)—CuAg, (D)—CuAu, (E)—CuPt, (F)—CuFeC, (G)—FeCAg, (H—PtAg, (I)—PtAu,
(J)—PtFeC, (K)—Ag, (L)—Au, (M)—Cu, (N)—FeC (iron NPs coated with carbon), (O)—Pt.
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The size distribution of the nanoparticles shown in Figure 2 indicates that three
separate size assemblages were present. Two different size assemblages were observed for
CuNPs (Figure 2C); the smallest assemblage of nanoparticles measured about 1 nm, while
the largest oscillated around 1000 nm. There were also two size assemblages for AuCuNPs
(Figure 2H), but here, the smallest assemblage was 7-20 nm and the largest was 40-300 nm,
while most nanoparticles were around 100 nm. Double-size assemblages also occurred for
the AuPtNP complex, whose lowest values were 40-100 nm and whose highest values were
200-300 nm. Triple-size assemblages occurred for the AgCuNP (Figure 2F) and AuAgNP
(Figure 2G) complexes. In the first case, the nanoparticles in the size assemblages were less
than 1 nm, less than 10 nm, and about 100 nm, while the AuAgNP complex had values
above 10 nm, with the larger assemblages being about 100 nm; this complex also had the
largest of all size assemblages, at 4000-6000 nm. In the case of the other nanoparticles and
complexes, most values were around 100 nm, but some values reached as high as 500 nm.

The zeta potential of the nanoparticles and their complexes was determined using
dynamic laser scattering under electrophoretic conditions, the results of which are shown
in Supplementary Figure S1. The zeta potential for some nanoparticles took various values,
but all of them were negative. The greatest variation in the measurements of this parameter
was observed for the AgCuNP complex (Supplementary Figure S1F), and slightly less
for AuCuNPs (Supplementary Figure S1H), AuPtNPs (Supplementary Figure S1J), and
FeCCulNPs (Supplementary Figure SIN). Small variations between measurements were
observed for the other nanoparticles.

Table 3. Zeta potential measurement values, size distribution, and polydispersity index (PdI) for
the nanoparticles.

Average Hydrodynamic Zeta Potential (mV) PdI
Diameter (nm)
Nanoparticles Standard Standard Standard
Average Deviation Average Deviation Average Deviation
Ag 201.6 43 —35.2 1.7 0.4 0.0
Au 295.9 96.2 —14.8 1.2 0.5 0.1
Cu 652.1 174.0 -3.5 0.5 0.4 0.3
Pt 310.2 162.0 —15.3 7.1 0.6 0.2
FeC 746.9 290.0 —27.8 0.9 0.8 0.8
AgAu 308.3 139.2 —30.0 2.5 0.6 0.2
AgCu 378 45.6 -19.7 8.1 0.7 0.0
AgPt 106.1 28.7 —38.1 3.6 0.4 0.1
AgFeC 216.3 3.0 —35.7 1.0 0.3 0.1
AuCu 119.7 7.0 —234 14 0.3 0.0
AuPt 356.5 43.7 —25.3 34 0.7 0.0
AuFeC 165 14.00 —18.0 2.0 0.3 0.0
CuPt 158.8 52.4 —16.8 6.2 0.4 0.1
CuFeC 743.7 373.9 -21 45 0.8 0.2
PtFeC 399 136.8 —20.6 0.4 0.5 0.1

The largest hydrodynamic diameters for single nanoparticles were observed for FeC-
NPs (iron NPs coated with carbon) (746.9 nm) and CulNPs (652.1 nm), while the complex
with the highest average hydrodynamic size was the CuFeCNP complex, reaching 743.7 nm.
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The smallest diameter was observed for AgNPs (201.6 nm), while the smallest complex
was AgPtNPs, reaching 106.1 nm.

A Saw Dattstor: iy ety B Sum Cmbtaten by ety
Eu g 4

........

Figure 2. The hydrodynamic diameter of the nanoparticles. (A)—Ag, (B)—Au, (C)—Cu, (D)—FeC
(iron NPs coated with carbon), (E)—Pt, (F)—AgCu, (G)—AuAg, (H)—AuCu, (I)—AgPt, (J)—AuPt,
(K)—CuPt, (L)—FeCAg, (M)—FeCAu, (N)—FeCCu, (O)—FeCPt.

Negative zeta potential values indicate the type of surface charge on the nanoparticles.
Among the single nanoparticles, CuNPs had the least negative zeta potential (—3.5 mV),
indicating low colloidal stability, but when considering the morphology of the nanoparticles
used in this study, this value indicates physicochemical abnormalities, most likely related
to the formation process. The AgNPs had the most negative value among the single
nanoparticles (—35.2 mV), while among the complexes, AgPtNPs had the most negative
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value (—38.1 mV). In general, the zeta potential values indicated the samples had moderate
to low stability. The highest PdI value was observed for FeC (0.8 £ 0.8), while the lowest was
observed for AgFeC (0.3 & 0.1). A PdI value approaching 1 indicates high polydispersity
and high particle size variation.

2.5. Laser Emission Spectroscopy Studies of the Tested Nanoparticles

Laser emission spectroscopy allowed the confirmation of the presence of the tested
NPs; Ag (328.069 and 338.289 nm) (Figure 3a,b), Pt (306.471 nm) (Figure 3c), Fe (259.837 and
259.940 nm) (Figure 3d), Cu (324.754 nm) (Figure 3e), and Au (267.595 nm) (Figure 3f) were
contained in all dispersed aqueous suspensions tested. The results showed that the highest
peak intensity occurred in suspensions containing single nanoparticles, the exception being
PtNPs. These differences may be due to the uneven distribution of the dried nanoparticles.
It is worth noting the low intensity of Pt peaks, which indicates the low content of these
nanoparticles in the volume of the liquid tested.
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Figure 3. Laser emission spectroscopy studies of selected NPs using different spectral lengths.
Where the (a—f) diagram shows measurements for the studied nanoparticles, for different lengths of
the spectra.
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2.6. Elemental Composition Tests of Nanoparticles (EDX—Energy-Dispersive X-Ray)

The results of the EDX analysis with standard deviations are presented in Table 4. The
study confirmed the presence of NPs. The number of NPs varied depending on the type of
NPs, and the differences could be due to the formation of agglomerates.

Table 4. EDX analysis of tested nanoparticle.

Element Mean Weight Value [%] Mean Atomic Value [%]
A 91.45 £ 2.06 95.31 £ 1.01
AgAu &
Au 8.57 £2.07 4.87 £1.22
A 85.08 £ 2.05 77.09 £ 2.86
AgCu &
Cu 14.92 £2.05 22.92 +2.86
Ag 16.69 + 0.71 4.05 +£1.01
AgleC Fe 48.13 £+ 11.03 2341 +10.22
C 35.20 4+ 11.53 71.81 £11.38
A 6.49 £+ 1.62 11.13 £ 2.62
AgPt &
Pt 93.51 £ 1.62 88.99 £+ 2.40
Au 22.37 £5.30 8.60 £+ 2.32
AuCu
Cu 77.63 £ 5.30 91.40 £2.32
Au 1.69 + 1.02 0.43 £ 0.26
AuFeC Fe 11.17 £7.83 2.79 £2.20
C 87.43 £+ 8.87 97.11 +£2.28
Au 88.55 + 1.94 88.45 +1.93
AuPt
Pt 11.61 £ 1.96 11.52 +£1.97
Cu 294 +2.50 0.79 £+ 0.69
CuFeC Fe 32.32 +0.88 9.64 £+ 0.62
C 64.64 + 3.27 89.53 +1.28
Cu 1.74 + 0.98 448 £1.76
CuPt
Pt 98.49 + 0.61 95.52 £1.76
Pt 2.69 +1.37 0.43 +£0.33
PtFeC Fe 8.30 £5.36 220 4+1.27
C 89.20 £ 6.82 97.91 +1.32
Ag 100 £ 0.0 100 £ 0.0
Au 100 £ 0.0 100 £ 0.0
Cu 100 £ 0.0 100 £ 0.0
FeC Fe 2691 £+ 4.65 7.37 £ 1.60
e
C 73.09 £ 4.65 92.63 £+ 1.60
Pt 100 £+ 0.0 100 £+ 0.0

2.7. Fungicidal Properties of the Tested Nanoparticles

The survival rate results of the isolated fungal strains are presented in Figures 4-11.

2.7.1. Silver Nanoparticles

As shown in the results presented in Figure 4, AgNPs showed similar levels of biocidal
activity regardless of the applied concentration; however, the activity varied depending
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on the fungal strain. The applied AgNPs showed the strongest biocidal properties against
D. rugosa and C. albicans, whose survival rate in both cases for each applied concentration
was 7-5%. Similar survival rates were also observed for D. catenulata and C. parapsilosis;
the survival rate for the highest concentration of 25 mg/L was 8%, while for the lowest
concentration, it was 6%. In the case of C. glabrata, the survival rate for the lowest applied

concentration was 22%.

Candida parapsilosis Candida albicans Candida glabrata

viability [%]
viability [%]
viability [%]

concentration [mg/L] concentration [mg/L] concentration [mg/L]

Diutina catenulata Diutina rugosa Diutina rugosa var rugosa
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Figure 4. Viability (%) of the fungal strains exposed to silver nanoparticles. The results are presented
as the mean =+ standard deviation, and asterisks (*) show statistically significant differences (p < 0.05)
compared with the control group.

2.7.2. Gold Nanoparticles

Figure 5 shows that in the case of AuNPs, pathogen survival increased as the concen-
tration decreased. These nanoparticles showed weaker biocidal properties than AgNPs.
The applied nanoparticles showed the weakest antifungal properties against the C. al-
bicans and C. glabrata, whose survival rate increased from 5-22% for a concentration of
25-6.25 mg/L to 104% for a concentration of 3.125-1.56 mg/L. In the case of C. parapsilosis,
across all concentrations, the survival rates were 6-24%, but for the lowest concentration of
1.56 mg/L, there was an increased survival rate, reaching more than 100%. D. catenulata and
D. rugosa var. rugosa were the most sensitive pathogens to AuNPs, where the survival rate
for the highest concentration was 5-7%, and that for the lowest concentration, 1.56 mg/L,
was 15-11%.

2.7.3. Copper Nanoparticles

As shown in Figure 6, overall, CuNPs showed improved antifungal properties com-
pared to AuNPs but worse antifungal properties compared to AgNPs. D. catenulata was the
most susceptible pathogen to CulNPs; at concentrations of 6.25-25 mg/L, it showed very
weak survival rates of about 2%, whereas at concentrations of 1.56 and 3.125 mg/L, the
values increased, but not significantly, with a survival rate of only 4-5%. In the case of C.
albicans, C. glabrata, D. rugosa, and D. rugosa var. rugosa, high concentrations, i.e., 12.5 and
25 mg/L, reduced the survival rate to 1-7%, while with decreasing concentrations, there
was an increase in survival rate, reaching more than 100% in some cases. In contrast, the
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survival rate of strains such as C. parapsilosis for concentrations of 6.25-25 mg/L ranged
from 3% to 8%.

Candida parapsilosis Candida albicans

Candida glabrata

viability [%]
viability [%]

concentration [mg/L] concentration [mg/L) concentration [mg/L]

Diutina catenulata Diutina rugosa

Diutina rugosa var rugosa
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Figure 5. Viability (%) of the fungal strains exposed to gold nanoparticles. The results are presented

as the mean =+ standard deviation, and asterisks (*) show statistically significant differences (p < 0.05)
compared with the control group.
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Figure 6. Viability (%) of the fungal strains exposed to copper nanoparticles. The results are presented

as the mean =+ standard deviation, and asterisks (*) show statistically significant differences (p < 0.05)
compared with the control group.
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2.7.4. Iron Nanoparticles Coated with Carbon

According to Figure 7, FeECNPs—iron NPs coated with carbon—achieved worse effects
than CuNPs. In the case of C. albicans, D. catenulata, D. rugosa, and D. rugosa var. rugosa,
when the highest concentrations were used, the survival rates of these pathogens oscillated
around 37% to 61%, which increased as the concentration decreased. The most resistant
pathogen to the FeCNPs was C. glabrata, for which even the highest concentrations showed
low or no fungicidal properties, and the most susceptible was D. rugosa var. rugosa.

Candida parapsilosis Candida albicans Candida glabrata

viability [%)]
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concentration [mg/L] concentration [mg/L]
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Figure 7. Viability (%) of the fungal strains exposed to iron nanoparticles. The results are presented

as the mean =+ standard deviation, and asterisks (*) show statistically significant differences (p < 0.05)
compared with the control group.

2.7.5. Platinum Nanoparticles

As presented in Figure 8, by far the worst results of all the tested nanoparticles
regarding fungicidal activity were observed for PtNPs. For all other strains, PtNPs showed
poor or no decrease in survival, even for the highest concentrations. Due to the weak

antifungal activity of iron and platinum nanoparticles, they were not considered for further
study of their effects in nanocomplexes.

2.7.6. Silver—Gold Nanocomplex

Figure 9 illustrates that the nanoparticle complexes showed synergistic effects and
achieved stronger fungicidal properties than single nanoparticles, but to varying degrees.
The AgAuNP complex showed a similar tendency to AgNPs based on the fact that there
were no rapid increases or decreases in the level of a given strain in relation to the con-
centration of nanoparticles. Strains such as C. albicans, C. parapsilosis, D. catenulata, D.
rugosa, and D. rugosa var. rugosa were most sensitive to the complex, with survival rates for
each concentration ranging from 5 to 8%. In the case of C. glabrata, the applied complex

showed lower efficacy, but nevertheless, the survival rate was 25-35%, depending on
the concentration.
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Figure 8. Viability (%) of the fungal strains exposed to platinum nanoparticles. The results are

presented as the mean =+ standard deviation, and asterisks (*) show statistically significant differences

(p < 0.05) compared with the control group.
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Figure 9. Viability (%) of the fungal strains exposed to silver—gold nanocomplex. The results are

presented as the mean =+ standard deviation, and asterisks (*) show statistically significant differences
(p < 0.05) compared with the control group.

2.7.7. Silver—Copper Nanocomplex

Regarding Figure 10, the complex that showed the strongest fungicidal activity among

all the tested individual nanoparticles and nanocomplexes was AgCuNPs. For strains of C.
albicans, C. parapsilosis, D. catenulata, D. rugosa, and D. rugosa var. rugosa, the survival rate at
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the highest concentration was about 2%. Slightly weaker antifungal activity was observed
for C. glabrata, whose survival rate was 10%.
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Figure 10. Viability (%) of the fungal strains exposed to silver—copper nanocomplex. The results are
presented as the mean =+ standard deviation, and asterisks (*) show statistically significant differences
(p < 0.05) compared with the control group.

2.7.8. Gold—Copper Nanocomplex

As indicated in Figure 11, the AuCuNP complex demonstrated the weakest fungicidal
properties among the complexes, but its effect was nevertheless strong. The most sensitive
pathogens to this complex were D. catenulata and D. rugosa var. rugosa, in which the highest
concentration reduced the survival rate to 1-6%; however, an increase in survival rate at
the lowest concentration was also observed (20—41%). Concentrations of 12.5-25 mg/L
showed the strongest fungicidal properties against C. albicans and C. glabrata, reducing their
survival to 1-11%, but at lower concentrations (1.56-6.25 mg/L), their survival increased
rapidly. Strong biocidal properties were also observed in the case of C. parapsilosis and D.
rugosa, in which, up to a concentration of 6.25 mg/L, the survival rate oscillated between 1
and 10%.

2.8. Minimum Inhibitory Concentration (MIC) and Minimum Fungicidal Concentration (MFC)
Results After Incubation with Selected NPs

Based on the results presented in Table 5, it is possible to provide a detailed description
of the effects of nanoparticles on particular strains of fungi. The results in the table represent
the MIC and MFC after NP treatment.

Table 5 shows the pathogens for which MIC and MFC were obtained. If no MIC or
MEFC was obtained for a particular nanoparticle, the nanoparticle’s data were excluded.
For strains for which one of the measurements could not be determined, “-” is marked in
the table.
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Figure 11. Viability (%) of the fungal strains exposed to gold—copper nanocomplex. The results are
presented as the mean =+ standard deviation, and asterisks (*) show statistically significant differences

(p < 0.05) compared with the control group.

Table 5. Minimum inhibitory concentration (MIC) and minimum fungicidal concentration (MFC)

evaluated for six isolated fungal strains.

Pathogen Species NP Type MIC (mg/L) MEFC
Ag 6.25 12.5
Diutina rugosa var. rugosa Cu 125 125
AgAu 6.25 25
AgCu 25 25
Ag 3.125 12.5
Candida parapsilosis AgAu 6.25 25
AgCu 12.5 25
Ag 12.5 12.5
Candida albicans AgAu 12.5 25
AgCu 25 25
Ag 12.5 12.5
Candida glabrata AgAu 12.5 25
AgCu 25 25
Ag 3.125 12.5
Au 12.5 25
Cu 25 -
Diutina catenulata Fe 12.5 -
AgAu 6.25 12.5
AgCu 0.75 12.5

AuCu 3.125 3.125
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Table 5. Cont.

Pathogen Species NP Type MIC (mg/L) MEFC
.y Ag 6.25 12.5
Diutina rugosa
AgCu 25 25

2.9. Antifungal Disc Results

The sensitivities of the isolated microorganisms to available mycotic substances using
the disc diffusion method are presented in Table 6.

Table 6. Zones of inhibition for pathogen growth after the application of commercially available
discs with antifungal agents. Applied agents: FCN25—fluconazole, 25 g/L; FCN10—fluconazole, 10
g/L; ECN10—econazole, 10 g/L; KCA10—ketoconazole, 10 g/L; AMB20—amphotericin B, 20 g/L;
FY1—flucytosine, 1 g/L; CTM10—clotrimazole, 10 g/L; and NY100—nystatin, 100 g/L.

Concentration of Zones of
Pathogen Species Applied Agent the Mycotic (g/L) Inl;i)l?ition (mm;
iameter)

Diutin:zugggsa var fluconazole 25 12
fluconazole 10 8
econazole 10 14
ketoconazole 10 20
amphotericin B 20 6
flucytosine 1 10
clotrimazole 10 22
nystatin 100 8
Candida parapsilosis fluconazole 25 18
fluconazole 10 0
econazole 10 15
ketoconazole 10 40
amphotericin B 20 6
flucytosine 1 16
clotrimazole 10 34
nystatin 100 8
Candida albicans fluconazole 25 22
fluconazole 10 20
econazole 10 14
ketoconazole 10 22
amphotericin B 20 10
flucytosine 1 12
clotrimazole 10 14

nystatin 100 14
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Concentration of Zones of
Pathogen Species Applied Agent the Mycotic (g/L) Inl;i)l?ition (mm;
iameter)

Candida glabrata fluconazole 25 18
fluconazole 10 8

econazole 10 16

ketoconazole 10 14

amphotericin B 20 10

flucytosine 1 32

clotrimazole 10 8

nystatin 100 18

Diutina catenulata fluconazole 25 28
fluconazole 10 0

econazole 10 20

ketoconazole 10 30

amphotericin B 20 10

flucytosine 1 20

clotrimazole 10 22

nystatin 100 16

Diutina rugosa fluconazole 25 28
fluconazole 10 0

econazole 10 20

ketoconazole 10 30

amphotericin B 20 10

flucytosine 1 20

clotrimazole 10 32

nystatin 100 16

The largest growth inhibition zone (40 mm) was obtained for C. parapsilosis after
KCA10 treatment, while after CTM10 treatment, the zone of inhibition was 34 mm. The C.
glabrata strain, after using flucytosine 1 ug (FY1), had a growth inhibition zone with a radius
of 32 mm. The KCA10 formulation was particularly effective against the D. catenulata and D.
rugosa strains, reaching zones of inhibition of 30 mm for both strains. In contrast, the worst-
performing agent was fluconazole 10 pug (FCN10) for the strains C. parapsilosis, D. rugosa,
and D. catenulata, with values of 0 mm. D. rugosa var. rugosa with AMB20 applied reached
a zone size of 6 mm, as did C. parapsilosis with the same agent. The AMB20 formulation
also showed high efficacy with C. parapsilosis, C. albicans, C. glabrata, D. catenulata, and D.
rugosa, resulting in inhibition zones of 10 mm for each of these strains. It is worth pointing
out that the AMB20 formulation demonstrated different efficacies depending on the fungal
strain. For C. parapsilosis and D. rugosa var. rugosa, the zones of inhibition were 8 mm, 6 mm,
and 6 mm, respectively. In contrast, the highest values, 10 mm each, were obtained for C.
albicans, C. glabrata, D. catenulata, and D. rugosa. Growth inhibition zones of 4 mm were
obtained for the C. glabrata strain using CTM10 and 8 mm using FCN10.
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3. Discussion

There are limited reports in the available literature of studies on the effects of NPs on
fungal strains isolated from cows diagnosed with mastitis. However, among the available
reports, a similar study was conducted by Zhang et al. [9]. In this study, silver nanoparticles
(AgNPs) were shown to have potent antifungal activity against various fungal strains,
including C. albicans and C. glabrata. In a study by Wierzbicki et al. [10], C. albicans was
highly resistant to nanoparticles, but C. parapsilosis was sensitive to AuNPs. In our study, C.
parapsilosis was susceptible to AuNPs, especially at concentrations higher than 6.25 mg/L.
While a study by Wierzbicki et al. showed that the survival rate of C. glabrata after treatment
with AuNPs was reduced by 62%, in our research, the survival rate was reduced by as
much as 78% at the highest concentration of 25 mg/L. In their case, 25 mg/L CuAuNPs
induced an 80% reduction in the pathogen’s colonies, while in our case, growth was
inhibited by 93%. D. rugosa also ranks among rare fungi responsible for mastitis in cattle.
D. rugosa infections are new to the veterinary literature. Kim et al. [11] determined the
sensitivity of fungi to AgNPs using a broth microculture method. Sensitivity was tested for
strains such as Candida and Trichophyton mentagrophytes, with the nanoparticles showing
antifungal activity against both genera, which is consistent with our study, in which all
three Candida strains showed high sensitivity to AgNPs. Khezerlou et al. [12] conducted
a study on AuNPs, which showed efficacy against C. albicans. In our study, AuNPs were
effective against most of the strains tested only at higher concentrations. A study by Yehia
and Ali [13] showed that iron nanoparticles (FeNPs) generated antifungal activity against
Candida spp. Compared to the drug AMB20, which they also used, the FeNPs were more
effective in inhibiting the growth of C. albicans and C. parapsilosis. As reported by Osama
et al. [14], AgNPs, CuNPs, and their complexes are effective in reducing pathogen survival
in mastitis cases. The high effectiveness of complexes of these nanoparticles was proven in
this study, where the average survival rate for all concentrations of AgCuNPs for all strains
was only 11%. Fan et al. [15] reported that AgNPs are more effective against fungi and
yeast compared to CuNPs; however, the results obtained in our study differ from the study
by Fan et al.

In the case of mastitis caused by D. rugosa, according to Bhordia et al. [16], the pathogen
is sensitive to some commercial drugs, such as FCN. It has been proven repeatedly that
D. rugosa is also resistant to AMB20. Our study also confirms this fact concerning resis-
tance to AMB20 and sensitivity to FCN25. The results of a study by Paredes et al. [17]
showed that, against the mentioned strain, AMB20 showed an average minimum inhibitory
concentration (MIC) value of 0.66 mg/L, while the MIC for FCN averaged 0.81 mg/L.
A determination of the sensitivity of antifungal drugs commonly found in human and
veterinary medicine was carried out by Stavrou et al. [18]. They further described that
AMB is an excellent antifungal therapy against most known strains. On the other hand, a
paper by Al-abedi and Khalil [19] showed that 50% of C. parapsilosis strains were sensitive
to FCN, 45% were sensitive to KCA, 25% were sensitive to NY, and 75% were sensitive to
AMB20. Another study conducted by Hasanin et al. [20] involving C. albicans, C. tropicalis,
P. kudriavzevii, and C. glabrata showed that all the Candida isolates used were sensitive to
KCA, with zones of inhibition ranging from 24.7 mm to 34.3 mm. In our case, the zone of
inhibition for one of the strains, C. glabrata, was lower (14 mm in diameter), indicating that
the strain was resistant to KCA. However, after applying other antifungals to C. glabrata,
we proved that this strain is sensitive to FY1, as the zone of inhibition here was 32 mm
(diameter). Our results confirm the results obtained by Hasanin et al. for C. glabrata, in
which this strain showed low survival only at higher concentrations of AgNPs. Hasanin
et al. also calculated MIC values for AgNPs. Against C. albicans, they obtained MIC values
of 0.7 pg/mL and 1 pg/mL. Against C. glabrata, the values were 2.7 ug/mL and 4 pg/mL.



Molecules 2025, 30, 2086

18 of 28

Ludwig et al. [21] also conducted MIC tests on AgNPs against C. albicans; the lowest in-
hibitory concentration was 0.21 mg/L, while against C. parapsilosis, it was 1.69 mg/L. They
calculated MIC values for commercial antifungal drugs as well, which we tested using the
disc diffusion method. The results of the study by Ludwig et al. are consistent with those
obtained in our experiments, which were conducted on 96-well plates, as shown by the
efficacy of AgNPs against various Candida strains. Ludwig et al. reported that, against
their strains, KCA and FY proved to be the most effective treatment among the other
mycotics tested. This agrees with our disc test, in which the largest diameter for the zone of
inhibition was obtained for KCA (22 mm). FY, on the other hand, showed worse efficacy
in our study. Another paper by Montoya et al. [22] also focused on the determination of
MIC values for commercial mycotics conducted against D. rugosa. The MIC determined
for AMB20 was <1 pg/mlL, indicating that this formulation had high efficacy against D.
rugosa. FCN (MIC < 2 ug/mL) was also effective; however, in our study, FCN10 was not
effective (diameter, 0 mm). Sukumar [23] conducted a study on C. parapsilosis, proving that
these strains were sensitive specifically to AMB (100 U), CTM10, NY100, and KCA (100 mg).
However, only 30% of the strains tested were sensitive to FCN (10 mg).

Pointing out the potential of using nanoparticles in practice, it is also worth highlight-
ing their effect on cells. A study by Chen et al. [24] conducted toxicity tests of AgNPs against
red blood cells. The study showed that the hemolysis of these cells varied depending on
the NP dose and particle size. Smaller NPs, i.e., reaching 15 nm, showed higher hemolytic
capacity than larger ones reaching 50 and 100 nm. A similar conclusion was drawn by Kim
et al. [25], whose study pointed out that larger NP sizes (100 nm versus 30 nm) showed less
toxicity to blood cells. Similar studies were conducted on chicken embryo blood cells [26].
AgNPs at 2 mg/L in these studies showed a negative effect of these nanoparticles on the
morphology of red blood cells, leading to anisocytosis and an increase in the number of
immature erythrocytes. Still, they did not lead to hemolysis of these cells. Similar results
were obtained in a study by Aseichev et al. [27], in which the hemolysis of nanoparticles
decreased with increasing nanoparticle size (5, 10, and 20 nm), but the tests conducted for
Au concentrations of 20 uM did not cause hemolysis. Other results were obtained in a study
by Purohit et al. [28], whose research showed the toxicity of AuNPs to human red blood
cells, but the application of a coating of bovine serum albumin on the NPs caused them to
exhibit much lower hemolysis. A study by Kote et al. [29] examining the effects of CuNPs
on red blood cells indicated that low concentrations of these NPs (1 mg/mL) and a size
of 22 nm showed no toxicity to these cells. Similar results were obtained by Abdulwahab
et al. [30], who conducted an experiment on different concentrations of CuNPs: 200, 100, 50,
25,12.5, and 6.25 mg/L. The study showed that red blood cell hemolysis for a concentration
of 100 mg/L was less than 5%. However, it is worth highlighting that the survival rate of
red blood cells varies depending not only on the size and concentration of NPs but also on
the methods of their synthesis, which should be taken into account when considering the
possibility of using NPs in practice.

A similar tendency is observed for other cells, for example, human mammary epithelial
cells (BME-UV1) and human microvascular endothelial cells (HMEC), on which studies
were conducted by Wierzbicki et al. [10], showing that among the Ag, Au, Cu, Fe, PtNPs and
their complexes, only CuNPs and copper-containing complexes showed a reduction in the
survival of the aforementioned cells at concentrations higher than 1 mg/L. Slight toxicity
(10-15%) was also noted for the highest concentrations. Similar results were obtained
by Radzikowski et al. [31] using BME-UV1 cells, which showed that concentrations of
0.5-5 mg/L of AuNPs showed no toxicity to these cells. Another study by Lange et al. [32]
using HFFF2 lineage cells and 1 ug/mL Ag, Au, and Cu NPs showed no toxicity. The
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indicated reports suggest great potential for the use of nanoparticles in the prevention of
fungal mastitis, but differences in the effects of individual NPs must be considered.

The mechanisms of action of nanoparticles differ, with different potential mechanisms
of action in the prevention of mastitis. Silver nanoparticles slowly release silver ions. These
ions are highly reactive and can interact with bacterial/yeast cell components, and they
can bind to thiol groups in the pathogen’s proteins and enzymes, thereby interfering with
essential cellular processes like energy production and replication. The literature indicates
that AgNPs are able to enter the pathogen’s cytoplasm and interact with their DNA and
ribosomes, which results in DNA condensation and, later, mutations. Ribosomes, the
cellular machinery responsible for translating genetic information into functional proteins,
are directly targeted by nanoparticles, leading to the disruption of protein synthesis. This
interference halts the production of essential proteins required for bacterial growth and
metabolism [33,34]. Based on the findings reported by Diugosz et al. [35], it can be inferred
that the silver—copper nanoparticle systems (Ag-Cu) utilized in the present study exhibit
significant antimicrobial efficacy, consistent with the observations made for nanoparticles
synthesized in deep eutectic solvents (DESs). Although not explicitly defined as a chemi-
cal “complex”, the Ag-Cu system is understood as a coexistent formulation comprising
both silver (AgNPs) and copper nanoparticles (CulNPs) within a unified matrix. The in-
corporation of these metallic nanoparticles into DES-based systems has been shown to
improve their physicochemical stability under variable environmental conditions while
maintaining sustained bioactivity over time. Similarly, this was also proven in the work
of Martin-Perales et al. [36], in which the combination of silver and copper in a single
“system” showed significantly better antimicrobial efficacy than the individual metals used
separately. The synergy of silver and copper nanoparticles is based on their complementary
properties, where silver releases the Ag+ ions mentioned many times before, while copper
also releases Cu?* ions. The material used in Martin-Perales et al.'s Ag-Cu@ZIF-8 work was
characterized by high porosity, which allows for efficient deposition and controlled release
of metal ions, further aiding their long-term performance in the system. The bimetallic
bonding of the commercial nanoparticles themselves, as in our study, also creates the
conditions for the ion release demonstrated in the mentioned works. Such properties are
particularly important in the context of increasing antimicrobial resistance, as the synergy
between metals enhances effectiveness against infections, including mastitis.

Research on the application of nanoparticles directly to the udder is still in progress,
and some commercially available products are already offered to breeders. Nevertheless,
scientific data on the agents discussed in this article, among others, are still lacking in terms
of safety. Furthermore, in vitro studies are still common. One paper, authored by Garibo
Ruiz et al. [37], involves testing nanoparticles in vivo. The aim of the Garibo Ruiz et al.
study was to evaluate the effects of Argovit-C, which contains AgNPs, on the susceptibility
of S. aureus and S. dysgalactiae to antibiotics in cows suffering from mastitis. The results
of the in vivo experiments indicated that Argovit-C AgNPs significantly improved the
susceptibility of S. aureus and S. dysgalactiae to a wide range of antibiotics. These results
mean that nanoparticles, which were the main target in our study as well, could be a
promising tool in overcoming drug resistance in veterinary medicine. However, survival
studies using fungal strains isolated from the affected udder are not practiced, and therefore,
this represents a major research gap.

AgAu complexes showed varying efficiency values for various organisms. Such
complexes form a complex “interface” structure, which can affect their catalytic activity.
Reports indicate that the distribution of silver and copper in AgCu nanoparticles is not
conducive to the generation of optimal active sites for interaction with pathogens. Copper
may oxidize more readily to form CuO on the surface, which may alter antifungal activity
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compared to pure silver nanoparticles. Interactions between metals can cause one metal to
suppress the activity of another [38,39]. However, in a study by Medina et al. [40], AgCu
showed better antimicrobial activity than monometallic nanoparticles. It was pointed out
that the crucial element influencing the effectiveness of a given method is the difference in
the methods of experiments. The article by Medina et al. presents the results of a study on
the antibacterial properties of nanocomposites based on titanium (TiOy), however, which
were modified with gold (Au), silver (Ag), copper (Cu), and their complexes (Ag-Cu). The
article states that Ag-Cu complexes had the lowest minimum bactericidal concentration
(MBCQ). In our study, we obtained the same results with those complexes. Other in vitro
studies, however, confirmed that the addition of Ag and Cu NPs to cosmetic cow udder
care products synergizes the effects of these mixtures, which also provides an effective
method of mastitis prevention, further indicating the potential and new opportunities to
discover synergistic biocidal properties of NPs [41].

For bacterial infections, bimetallic nanoparticles (in our case in complexes) show
stronger antibacterial properties compared to single nanoparticles, which was also shown
in a literature review by Daimari et al. [42]. The research cited by the authors also showed
that nanoparticles in complexes have strong activity against antibiotic-resistant bacteria
and exhibit anti-inflammatory and antibacterial properties against pathogens that cause,
for example, skin diseases or pneumonia.

An article by Madkhali et al. [43] discusses the impact of Fe;O4 NPs (iron oxide
nanoparticles) on reducing biofilm formation by Candida strains, especially compared to
traditional fluconazole treatment. Our study did not include testing against biofilms, but it
is significant that the results of efficacy against fungi varied depending on the concentration
of FeCNPs. According to the paper, different concentrations of Fe3O4 NPs affected fungal
resistance, which corresponds with our results, in which FeCNPs showed a significant
relationship between concentration and efficacy. In our study, we observed that efficacy
was lower at higher concentrations, although none of the concentrations studied showed
total fungal death. In contrast, lower concentrations appeared to be more effective against
pathogens, which may suggest that too-high concentrations may unnecessarily decrease
the activity of nanoparticles.

According to our observations, PtNPs showed the worst results in our antifungal
tests. All remaining nanoparticles showed better results in reducing the survival rate of
fungi. PtNPs had no significant effect on fungal survival, even at the highest concentrations,
which is in line with the results described in the article by Chlumsky et al. [44], in which
they were also found to be less effective in biofilm inhibition. In that article, Chlumsky et al.
also studied PANPs, which instead showed 80% inhibition of the growth of planktonic cells
and biofilm, achieving 80% CFU reduction at a concentration of 44.5 mg/L, making them
more promising candidates for antifungal and antibacterial applications.

Several investigations have explored how nanoparticles affect fungal strains from
mastitis-affected cows. While some studies have found that AgNPs and CulNPs have
strong antifungal activity, others, like PtNPs, have shown limited efficacy, particularly in
biofilm inhibition. This underscores the need for additional in vivo safety testing of such
compounds in the field of animal health.

Another important matter is the physicochemical characteristics of NPs, which affect
their biocidal properties. Pdl is an indicator that can indicate the homogeneity of particles in
solution and determines monodispersity when its value is less than 0.1. This parameter can
also signal the aggregation of nanoparticles [45]. In the presented research, all samples were
characterized by a higher PdI value, meaning that the hydrocolloids were not homogeneous
(Table 3). However, the most similar to monodisperse samples were AgFeC and AuCu,
reaching PdI values of 0.3, while values indicating the greatest polydispersity were present
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in FeC (iron NPs coated with carbon) and CuFeC samples (Pdl = 0.8). All analyzed
nanoparticles exhibited varying sizes of nanoparticles. The hydrodynamic diameter of
all types of nanoparticles exceeded 100 nm; however, in the TEM analysis (Figure 1),
individual nanoparticles showed small sizes but clustered to form agglomerates. In zeta
potential measurements (Table 3), despite a hydrodynamic diameter of more than 100 nm,
AgNPs and Ag complexes (AgAu, AgPt, AgFeC) had values around +30 mV, which
is considered the limit of colloidal stability and points to monodisperse rosins without
aggregates. Nanoparticles characterized by a zeta potential of £20 mV have short-term
stability, while those with zeta potentials < &5 mV aggregate quickly [46]. In our research,
only Cu had a zeta potential of less than —5 mV. Considering the results obtained, all types
of nanoparticles were able to form agglomerates, even if they showed a zeta potential of
more than £30 mV, due to the high PdI values as well as the large size of the hydrodynamic
diameter, especially since, when visualized by TEM, individual nanoparticles showed
small sizes.

Regarding the antifungal properties of metal nanoparticles, the effect they exhibit
is influenced by many factors, such as shape, size distribution, surface chemistry, and
agglomeration. It is recognized that smaller nanoparticles have a higher surface-to-volume
ratio, so they exhibit better antifungal properties [47]. One of the mechanisms by which
nanoparticles interact with microbial cells is the release of ions that can contribute to
generating reactive oxygen species and thus damage cells [48]. In addition to this, the
antifungal action of metal nanoparticles involves changes in the cell wall, causing surface
changes and the formation of pits and deformations, as well as penetration into cells
and interaction with internal structures [49]. In the presented study, metal nanoparticles,
due to the formation of agglomerates, probably did not penetrate the fungal cells, but
they contributed to their destruction in another way—by interacting with the cell wall or
secreting toxic ions, which should be investigated in future studies providing additional
information about the up-and-coming antifungal solution of metal nanoparticles and
their composites.

4. Materials and Methods
4.1. Biological Material and the Isolated Fungi Cultures

Quarter milk samples were taken from 20 herds containing dairy cattle of the Polish
Holstein-Friesian breed. The farms, which kept 10 to 60 milking cows, were located in the
Mazowieckie and Podlaskie provinces. Samples were collected between September 2023
and April 2024 from cows that had subclinical or clinical forms of mastitis present in at
least one teat (SCC above 200,000/mL). After disinfecting the teats with 70% ethanol for
30 s, milk samples were collected in sterile tubes (n = 67), and microbiological cultures
were then performed. Specialized media dedicated to fungal cultures were used, including
Sabouraud Chloramphenicol Agar (Bio-Rad, Hercules, CA, USA), Chromogenic Candida
Lab-Agar, and DRBC Lab-Agar (Biomaxima, Lublin, Poland). The prepared cultures were
incubated at 37 °C for 24-48 h. The colonies that were grown were then identified using a
MALD-TOF MS apparatus (Bruker, Poznan, Poland).

4.2. Nanoparticles

The nanoparticles used in the experiment were purchased from a commercially avail-
able source. The silver, gold, copper, and platinum nanoparticles were purchased from
Nano-tech (Warsaw, Poland), while the iron nanoparticles coated with carbon were pur-
chased from 3D-nano (Krakow, Poland).
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4.3. Determination of the Nanoparticles” Morphology

The morphology of the purchased nanoparticles was determined using images taken
with a transmission electron microscope (TEM, JEM-1220EX, JEOL, Tokyo, Japan).

A hydrocolloid containing the nanoparticles and distilled water was prepared before
the images were taken. The prepared mixture was then sonicated (for 2 min), and then the
prepared hydrocolloids were placed on molding TEM grids (Formvar on 3 mm 200 mesh
Cu grids, Agar Scientific, Stansted, UK). The Formvar grids were then allowed to dry for
24 h at room temperature, after which the images were taken by applying a voltage of
80 keV to the prepared grids.

4.4. Determination of the Physicochemical Properties of the Nanoparticles

To determine the zeta potential and size distribution of the nanoparticles, hydrocol-
loids were prepared by mixing nanoparticles and distilled water to obtain a concentration
of 10 ppm. Then, a Zetasizer Nano ZS apparatus (ZEN3500, Malvern Instruments, Malvern,
UK) was used to perform the analyses. Dynamic light scattering (DLS) was used to deter-
mine the hydrodynamic magnitude.

4.5. Laser Emission Spectroscopy Studies of the Nanoparticles

Prior to laser emission spectroscopy studies, dispersed aqueous suspensions contain-
ing Ag, Au, Cu, Pt, and FeC (iron NPs coated with carbon) NPs and nanocomplexes of
AgAu, AgCu, AgPt, AgFeC, AuCu, AuPt, AuFeC, CuPt, CuFeC, and PtFeC were spotted
with a disposable pipette onto 2-inch-diameter Dummy CZ-5i silicon wafers (Microchem-
icals, Ulm, Germany) and vacuum dried at 50 °C (BMT Vacucell 22L, Brno-Zabrdovice,
Czech Republic). The process was repeated 10 times.

Laser emission spectroscopy was carried out in the experimental setup according to
Nasitowska et al. [50]. The plasma was generated using a pulsed Nd:YAG laser, Brio model,
by Quantel, wavelength 1064 nm, accumulation (shots number) 1, pulse duration 4 ns,
pulse energy 46 mJ, gate delay 500 ns, gate width 500 ns. The laser beam was incident
perpendicular to the surface of the sample. The radiation emitted by the plasma was
recorded with a spectrometer using an optical head and optical fiber. For each suspension
tested, 3—4 measurements were made by moving the sample surface along the x-axis by
1 mm.

4.6. Elemental Composition Tests of Nanoparticles (EDX—Energy-Dispersive X-Ray)

Elemental composition studies were performed using an energy-dispersive X-ray
(EDX) detector coupled to FEI's Quanta 250 FEG microscope, according to the methodology
of Zieliriska-Gorska et al. [51].

4.7. Determination of Fungal Viability After Treatment with Nanoparticles and Their Complexes

Suspensions were prepared from the isolated fungi. The cultured fungi were dissolved
in a solution of sterile NaCl solution. The prepared suspensions had a value of 1.0 McE.
The control group was a mixture of 50 uL of sterile water and 50 uL of fungal suspension.
Nanoparticle complexes were created by combining two types of nanoparticles in a ratio of
1:1. This mixture was then vortexed. The experimental groups contained 50 uL of fungal
suspension, to which 50 uL of nanoparticles was added at different concentrations: 1.56,
3.125, 6.25,12.5, and 25 mg/L for Au, Ag, Cu, and FeCNPs (iron NPs coated with carbon)
and 0.625, 1.25, 2.5, 5, and 10 mg/L for PtNPs. The prepared suspensions and nanoparticle
concentrations were pipetted into 96-well plates so that each well contained 100 pL of
the mixture. The prepared plates were protected with parafilm to reduce evaporation of
the suspensions and were then placed in an incubator for 24 h at a temperature of 37 °C.



Molecules 2025, 30, 2086

23 of 28

After this time, 20 uL of XTT Cell Proliferation Assay Kit reagent (Merck, Darmstadt,
Germany) was added to each well. The plate was again sealed with parafilm and placed in
an incubator for another 24 h. The results were read using spectrophotometric absorbance
at a measurement wavelength of 450 nm and a reference wavelength of 690 nm (Elisa
reader Infinite M200, Tecan, Durham, NC, USA). The control group had a fungal survival
rate of 100%, to which the survival rates in the experimental groups were compared.
Numerical criteria were estimated, according to which the biocidal properties of NPs
were evaluated as follows: excellent: viability 0-3%; very strong: viability 4-15%; strong:
viability 16-30%; good: viability 31-50%; moderate: 51-78%; weak: viability 80-99%;
inactive: viability > 100%. The data were analyzed using one-way analysis of variance
(ANOVA) in GraphPad Prism 9 software (version 9.2.0, San Diego, CA, USA). Differences
at p < 0.05 were considered statistically significant.

4.8. Preparation of Fungus Suspensions for Additional Experimental Analysis

The previously identified fungal strains were screened on specialized selective media:
Yeast Extract Peptone Dextrose Agar (YPD) (Merck, Darmstadt, Germany), Dichloran-rose
Bengal Chloramphenicol Agar (DRBC), Candida Ident Agar (Biomaxima, Lublin), and
Sabouraud Dextrose Agar (Bio-Rad, Hercules, CA, USA). The strains were cultured on the
media for 24 h at 37 °C and then suspended in a 0.9% solution of sterile NaCl, resulting in
a suspension density equal to 0.5 on the McFarland scale (OD = 0.5).

4.9. Determination of the Minimum Inhibitory Concentration (MIC)

The determination of the minimum inhibitory concentration (MIC) was conducted on
a 24-well plate in the presence of Glucose Chloramphenicol Broth (GCB) (Pol-Aura, Warsaw,
Poland). Serial dilutions of the AgNPs, AuNPs, CuNPs, PtNPs, FeCNPs (iron NPs coated
with carbon), AgCuNPs, AgAuNPs, and AuCulNPs were performed on the plates using
concentrations of 1.56, 3.125, 6.25, 12.5, and 25 mg/L, while 0.625, 1.25, 2.5, 5, and 10 mg/L
concentrations were used for PtNPs. The pathogen suspension preparation was carried out
in accordance with Section 4.8 of this paper prior to the process. Previously prepared fungal
suspensions were added to each well after the serial dilutions were conducted. Each plate
included a positive control well (without nanoparticles) and a negative control well (without
a pathogen or nanoparticles). The plates were then incubated for 24 h at a temperature of
37 °C. After the incubation period, the results were analyzed by determining the presence
or absence of turbidity in the wells at the respective concentrations. The absence of turbidity
at a given concentration indicated the MIC.

4.10. Determination of the Minimum Fungicidal Concentration (MFC)

The pathogen suspension preparation was carried out in accordance with Section 4.8
of this paper prior to the process. The day following the MIC determination, an experiment
was conducted to determine the minimum fungicidal concentration (MFC). After incubating
the MIC plates for 24 h, a portion of the solution was taken from the wells with a sterile
inoculating loop. The sample was then transferred to plates containing the solid media
listed in previous sections of the methodology. These plates were incubated for 24 h at 37 °C.
After this time, the results were read by taking pictures of the plates using an Interscience
Scan 4000 (Interscience, Saint-Nom-la-Bretéche, France), and the MFC was determined by
observing pathogen growth. The absence of growth on the plate indicated the minimum
biocidal concentration of the nanoparticles used.

4.11. Evaluation of the Susceptibility to Antifungal Agents Using the Disc Diffusion Method

The pathogen suspension preparation was carried out in accordance with Section 4.8
of this paper prior to the process. The pathogen suspensions were carpet-seeded. A 100 pL
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fungal suspension was sampled and distributed equally over the entire surface of the Petri
dish, which contained the solid media listed in previous sections of the methodology, using
the swab rotation technique. Antifungal discs were applied directly to the dishes with
previously inoculated pathogens using the spread plate method. The time between the
inoculation of the pathogen suspension and the application of the discs did not exceed
30 min. Discs containing the following antifungal substances were applied to the plates:
fluconazole, 10 g/L (FCN10); fluconazole, 25 g/L (FCN25); econazole, 10 g/L (ECN10);
ketoconazole, 10 g/L (KCA10); amphotericin, B 20 g/L (AMB20); flucytosine, 1 g/L (FY1);
clotrimazole, 10 g/L (CTM10); and nystatin, 100 g/L (N'Y100) (MASTDISCAST®, MAST
GROUP, Bootle, UK). The discs were applied using sterilized tweezers; both antifungal
discs and blank discs were applied to each dish. The blank discs were moistened each time
with 15 pL of 0.9% (9 g/L) NaCl solution as a control. The plates prepared in this way
were incubated in an inverted position for 24 h at 37 °C. After this time, the results were
evaluated by measuring the zone of inhibition for the fungal growth in millimeters.

5. Conclusions

The resistance of pathogens to antimicrobial agents is increasing and is a major problem
in the treatment of basic infections in animals and in humans, to whom resistant pathogens
spread. This is now a global problem that scientists around the world are working to solve.
Among the isolated strains, C. glabrata was the most resistant to NPs, but the survival rate
of this strain as well as the other strains after NP treatment indicated their high sensitivity
to NPs. The nanoparticles showed a synergistic effect, indicating that combining them
provides increased biocidal properties. The biocidal properties of NPs varied depending on
the concentration and type of NPs. Nevertheless, Ag, Au, Cu, and their complexes showed
biocidal properties; in contrast, FeC and PtNPs showed no or weak effects. Only Diutina spp.
was susceptible to FeCNPs, with a survival rate of 37-53% after application of the highest
concentration. PtNPs showed no biocidal properties. All complexes showed very strong
biocidal properties, especially AgCuNPs. This complex demonstrated significant antifungal
activity, reducing the survival of some strains by up to 90% even at low concentrations
(1.5 mg/L) suggesting that this complex should be included in further in vivo studies.

Despite the promising biocidal properties of NPs and their high potential for the
prevention and management of mastitis, several key issues need to be addressed. It should
be kept in mind that nanotechnology and the use of NPs is still a developing subject;
therefore, the effects of the long-term use of NPs on livestock health are unknown, and this
issue thus requires further research. In the context of their use in practice, it is necessary
to consider the type of nanoparticles as well as their origin, methods of synthesis, and
physicochemical properties, which affect not only their biocidal properties but also their
safety of application. The results of the conducted studies indicate that NPs may be an
effective new alternative in the prevention of fungal mastitis, which in turn could lead to an
increase in milk yields and improve the quality of dairy products and animal welfare. The
use of nanoparticles in the prevention of mastitis has the potential to modernize breeding
practices in the future. Regarding the potential for nanoparticles to be used in the future for
the direct prevention of mastitis, it is necessary to conduct thorough studies on their safety
in the context of contact with cells. Cell assays will make it possible to determine whether
formulations containing nanoparticles interacting with the tissues of a living organism are
safe and whether their use leads to unwanted side effects, such as inflammatory reactions or
toxicity. However, before nanoparticles reach direct applications, their use in inflammation
prevention may be based on surface applications, where their interaction with living cells
does not occur. The nanocomplexes could, for example, be used to decontaminate milking
equipment or other tools that have come into direct contact with pathogens from the milk of
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cows suffering from mastitis. However, implementing the use of NPs in practice requires not
only confirming their in vivo efficacy and safety but also adapting them for use in practice.
Monitoring possible side effects in dairy production will also be an important aspect.

Supplementary Materials: The supporting information can be downloaded at: https://www.mdpi.
com/article/10.3390/molecules30102086/s1. Supplementary Figure S1: The zeta potential of the
nanoparticles. (A)—Ag, (B)—Au, (C)—Cu, (D)—FeC, (E)—Pt, (F)—AgCu, (G)—AuAg, (H)—AuCu,
(D—AgPt, J)—AuPt, (K)—CuPt, (L)—FeCAg, (M)—FeCAu, (N)—FeCCu, (O)—FeCPt.
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Abbreviations

The following abbreviations are used in this manuscript:

NPs nanoparticles

AgNPs silver nanoparticles

AuNPs gold nanoparticles

CulNPs copper nanoparticles

FeCNPs iron nanoparticles with hydrophilic carbon coating
PtNPs platinum nanoparticles

AgCuNPs  silver-copper nanoparticle complex
AgAuNPs  silver-gold nanoparticle complex
AuCuNPs  gold—copper nanoparticle complex
AgPtNPs silver—platinum nanoparticle complex
AgFeCNPs  silver-iron nanoparticle complex
AuPtNPs gold—platinum nanoparticle complex
AuFeCNPs  gold-iron nanoparticle complex
CuFeCNPs  copper-iron nanoparticle complex

MIC minimal inhibitory concentration
MEFC minimal fungicidal concentration
FCN10 fluconazolel0 g/L

FCN25 fluconazole 25 g/L

ECN10 econazole 10 g/L

KCA10 ketoconazole 10 g/L

AMB20 amphotericin B 20 g/L

FY1 flucytosine 1 g/L

CTM10 clotrimazole 10 g/L

NY100 nystatin 100 g/L
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Simple Summary

The incidence of fungal udder inflammation is increasing, negatively affecting the welfare
of dairy cattle and reducing milk production. This disease is often associated with the
intensive use of antibiotics, whereas effective methods of controlling fungal infections
remain limited. The aim of this study was to evaluate the antimicrobial activity of nanopar-
ticles against fungi responsible for udder inflammation. The activity of several types of
metal nanoparticles and their complexes against isolated fungal strains was evaluated. The
results showed that most of the tested nanoparticles effectively inhibited fungal growth
even at low concentrations. Importantly, some strains resistant to standard antifungal
drugs remained sensitive to nanoparticles. The most effective combinations reduced fungal
survival by up to 90%. The results indicate that nanomaterials may be a valuable tool in
the future for preventing and supporting the treatment of fungal mastitis, reducing losses
in livestock farming and the excessive use of traditional drugs.

Abstract

Fungal mastitis is rare but poses a significant problem for dairy farmers. It is often under-
estimated and under-researched, with most studies and treatments focusing on bacterial
infections. Antibiotics are ineffective against fungi, and they exacerbate fungal mastitis.
This study aimed to determine the antifungal properties of silver (Ag), gold (Au), copper
(Cu), iron with a hydrophilic carbon coating (FeC), and platinum (Pt) nanoparticles (NPs)
at five different concentrations, as well as their complexes, on the survival of fungal strains
such as Pichia kudriavzevii, Wickerhamiella pararugosa, Saccharomyces cerevisiae, Cutaneotri-
chosporon mucoides, Wickerhamomyces anomalus, Coniochaeta hoffmannii, and Kluyveromyces
marxianus. The strains’ susceptibility to 8 standard antifungals, along with MIC (minimal
inhibitory concentration) and MFC (minimal fungicidal concentration) after NP treatment,
was assessed. Clotrimazole and ketoconazole (10 nug) were most effective, while fluconazole
(10 pg) and flucytosine (1 ug) showed the weakest activity. The AgCuNP complex demon-
strated the strongest biocidal activity against all isolated strains, while FeCNPs and PtNPs
showed very weak or no biocidal properties. The study’s results provide a basis for further
in vivo research, indicating the great potential of nanoparticles in combating fungal mastitis,
providing an innovative solution against infections caused by drug-resistant pathogens.
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1. Introduction

Mastitis is mainly caused by bacteria of various origins. It is the main etiological agent
with which mastitis is mainly associated. The bacteria’s distribution and frequency of occur-
rence depend on many factors, including the country’s climate, type of housing system, the
feed’s nutritional level, whether milking hygiene is used and properly maintained, and
overall animal health [1], age, breed, and milk yield [2]. Therefore, the distribution varies
significantly; however, it is possible to introduce a categorization by which pathogens
isolated from the diseased udder can be classified. There are two categories, environmental
and contagious pathogens, based on bacterial origin. Environmental pathogens are present
in the immediate environment in which the animal resides and include Escherichia coli,
Streptococcus uberis, Klebsiella spp., Enterobacter spp., Pseudomonas spp. [3], Serratia spp.,
Streptococcus equinus, Enterococcus faecalis, and Enterococcus faecium [4]. Meanwhile, infec-
tious pathogens, i.e., those that colonize the cow’s udder or teats, include Staphylococcus
aureus, Streptococcus agalactiae, Mycoplasma bovis, and Corynebacterium bovis [5]. Another
division allows mastitis to be classified into three further forms: clinical, subclinical, and
chronic. The main determinant that classifies the stage of mastitis is the somatic cell count
(SCCQ) in the milk. It is estimated that an SCC of more than 200,000 in 1 mL is evidence
of the subclinical form, while a value exceeding 400,000 indicates the clinical form. The
chronic form is indicated when mastitis recurs with high frequency and when SCC levels
remain consistently high, but there is no increase in the number of pathogens. A diagnosis
of mastitis is also possible by visually assessing the health of the udder and the organolep-
tic quality. In the case of clinical mastitis, the cow’s udder can be red, there is visible
swelling, and there may be changes in the appearance of the milk, such as a change in
color or structural changes and the presence of lumps. Subclinical inflammation is more
challenging to diagnose visually because it is not characterized by any external symptoms.
Therefore, a mastitis diagnosis should be based mainly on an evaluation of SCC levels
and an examination of the microbiological quality of the milk. However, it is estimated
that subclinical conditions in the herd are far more common than clinical ones, but their
detection is decisively lower.

The second etiological factor that leads to mastitis is fungi. Fungal strains are classified
as environmental pathogens found in the animal’s direct environment. The literature
reports that they are isolated, e.g., from bedding, floors, dirty milking equipment, and
from the hands of personnel [6]. The literature reports many different species isolated
from diseased udders, including those of the Cryptococcus genus: C. neoformans, C. albidus,
C. flavus, C. laurentii, and C. luteolus; of the Rhodotorula genus: R. glutinis, R. minuta, and
R. rubra; and of the Trichosporon genus: T. cutaneum [7]; as well as Aspergillus amstelodami,
Aspergillus fumigatus, Geotrichum candidum, and Saccharomyces spp. (e.g., S. fragilis) [8].
Various yeast species are commonly isolated, with Candida spp. being the most frequently
identified species in milk from cows diagnosed with mastitis [9]. In the literature, as well as
in the diagnostic field, the main focus is often on the specific species, which can be limiting
in terms of a full, comprehensive diagnosis and understanding of the entire spectrum of
pathogens that can contribute to the development of mastitis. This approach is due to the
fact that in different parts of the world, these particular species are the most commonly
isolated. It is estimated that the most common isolates include strains such as C. kefyr,
C. krusei, C. rugosa, C. albicans, and C. parapsilosis [6]. These are the strains on which
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further testing and analysis are most often carried out to study their mechanisms of activity.
Unfortunately, this approach leads to the neglect of other pathogens that, although less
common, can also cause infections that are more difficult to treat.

Fungal mastitis in dairy cows is often underdiagnosed and undertreated because
routine diagnostics and research tend to focus primarily on bacterial infections. Infec-
tions caused by yeasts can occur in subclinical, chronic, or acute forms, and their under-
recognition may result in subtle clinical signs or misinterpretation as bacterial mastitis.
Consequently, these infections may persist unnoticed, leading to chronic udder inflamma-
tion, reduced milk yield, and challenges in herd management. Highlighting fungal mastitis
is therefore essential for comprehensive diagnosis and for developing effective preventive
and therapeutic strategies [10].

The next rare etiological agent is an algae of the genus Prototheca. Although cases of
infection caused by this pathogen are relatively rare, they should not be underestimated.
Protothecal mastitis poses a serious therapeutic challenge, mainly due to the high resistance
of this microorganism to available antimicrobials [11].

In the treatment of mastitis, which is most often caused by bacteria, the predominant
method of treatment is antibiotic therapy. Unfortunately, the use of antibiotics leads to an
imbalance of the bacterial microflora, including the elimination of protective bacteria that
shield the organism from infection. As a result, fungi multiply, increasing the problem of
mastitis and making it more difficult to treat effectively. It is also worth noting that, in the
context of global antibiotic resistance, antibiotics have become less effective in the treatment
of mastitis. Their use may not only be ineffective but also contribute to the intensification of
the fungal mastitis problem [12].

An increase in the incidence of fungal infections most often occurs in late winter and
early spring, when there are high humidity and high temperatures [13]. It is estimated that,
of all cases of mastitis, the incidence of fungal mastitis is about 1-12% [14]. However, there
are also reported cases where fungal mastitis occurred in 22% of cases [15]. This value varies
depending on the country, prevailing weather conditions, maintenance of milking hygiene,
and conditions in the barns. For this reason, there are also differences in the composition of
fungal strains. In order to reduce rates of mastitis, it is necessary to maintain hygiene levels
in the immediate environment in which the animals are located, as well as the hygiene of
the teats. This includes litter hygiene and the general cleanliness of the housing, as well as
maintaining milking hygiene practices: disinfection of the teats, disinfection and proper
use of milking apparatuses, protection of the teats after milking, and general maintenance
of the udder’s health [2].

Mastitis is a global problem, and despite constant developments in livestock produc-
tion, there is still a lack of effective alternatives for the prevention and treatment of this
disease, which reduces animal welfare and exposes dairy producers to financial losses [16].
Resistance of pathogens to antimicrobial agents is increasing and is a major problem in
the treatment of basic infections in not just animals, but also in humans to whom resistant
pathogens spread. It is now a global problem that scientists worldwide are working to solve.
With antibiotic-associated problems and the difficulty in treating fungal diseases, metal
nanoparticles (NPs) are being discussed in the context of substances that have biocidal
potential. They have many properties (antibacterial, antifungal, antiviral) [17]; however,
one of the most useful properties, in terms of their biocidal activity, is their high affinity for
pathogenic cells. Metal NPs can disrupt microbial cells by inducing reactive oxygen species
(ROS) production. Elevated ROS levels damage cellular components, particularly lipids
in the cell membrane, leading to loss of membrane integrity, increased permeability, and
ultimately cell death. Assessment of membrane integrity is therefore an important measure
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of the fungicidal effect of NPs, as it reflects both direct physical interactions of NPs with
the membrane and oxidative damage caused by ROS [18].

Most research studies have focused on combating bacterial mastitis, while fungal
mastitis—particularly cases caused by rarely isolated and poorly characterized fungal
strains—remains largely neglected. This represents a significant knowledge gap, as these
rare pathogens, like bacterial ones, pose a threat to animal health and may have implications
for human health. Moreover, there is limited research on effective antifungal strategies for
these uncommon strains. Recently, the biocidal properties of nanoparticles, especially metal
nanoparticles, have gained attention, offering a promising avenue to address this unmet
need in antifungal therapy. The above-mentioned issues constitute a research problem that
necessitated further investigation. Nanoparticles hold considerable promise for further
investigation, particularly in the context of in vivo testing. However, in order to confirm
their high biocidal potential, it was necessary to conduct tests.

Therefore, the primary objective of this study was to determine the effect of silver (Ag-
NPs), gold (AuNPs), copper (CuNPs), platinum (PtNPs), iron with hydrophilic carbon coat-
ing (FeCNPs), and their combinations (AgCuNPs, AgAuNPs, AuCulNPs) on the survival
of seven fungal strains isolated from bovine mastitis, including Pichia kudriavzevii, Wicker-
hamiella pararugosa, Saccharomyces cerevisiae, Cutaneotrichosporon mucoides, Wickerhamomyces
anomalus, Coniochaeta hoffmannii, and Kluyveromyces marxianus. These fungal species are
rarely isolated in routine diagnostics, partly due to their low prevalence; however, they are
clinically relevant, as they have been associated with bovine mastitis. Therefore, further
research focusing on these rarely isolated pathogens is necessary to better understand their
role in the disease and to improve diagnostic and therapeutic strategies. The concentrations
of nanoparticles tested were 1.56, 3.125, 6.25, 12.5, and 25 mg/L, and for PtNPs 0.625, 1.25,
2.5,5, and 10 mg/L. The concentrations of the nanoparticles were selected based on ranges
commonly reported in the literature to allow meaningful comparison with previous studies.

The secondary objectives were to determine MIC (minimal inhibitory concentration)
and MFC (minimal fungicidal concentration) after application of NPs. The study also
tested the effect of common standard mycotic agents—flucytosine (1 g/L), econazole,
ketoconazole, clotrimazole, fluconazole (10 g/L), amphotericin B (20 g/L), fluconazole
(25 g/L), and nystatin (100 g/L) on the survival of isolated strains—in order to assess
the biocidal potential of NPs. These findings provide a strong foundation for future
in vivo studies to evaluate the clinical applicability of these nanoparticles in treating bovine
mycotic mastitis.

2. Materials and Methods
2.1. Biological Material

For the study, quarter milk was collected from Polish Holstein-Friesian cows with
diagnosed subclinical mastitis (above 200,000/ mL somatic cell count in a particular teat).
Cows were kept at the Wilanéw-Obory Agricultural Experimental Station in Poland (Ma-
zowieckie county), which is an integral part of the Warsaw University of Life Sciences. The
animals included in the study come from a dairy farm where routine breeding practices are
carried out as an inherent part of the production cycle. To maintain lactation, reproduction
is conducted, and calves are a natural part of this process. Some of the female calves remain
on the farm as breeding stock used to replenish the herd. Therefore, the animals used in the
study are an integral part of the farm’s resident population and were not sourced externally
specifically for the purposes of the experiment. Samples were taken in the spring. The
milk was collected during evening milking when the milking apparatus detached from the
cow’s teats. Then, before the milk sample was taken, the teat was disinfected with 70%
ethanol and wiped dry. Milk was collected into sterile tubes, which were then placed into a
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portable refrigerator. The samples were transported within 30 min at 5 °C to the Warsaw
University of Life Sciences microbiology laboratory.

2.2. Isolation of Fungi Strains and Identification

Immediately after transport to the laboratory, microbiological inoculations were per-
formed. Previously prepared microbiological media dedicated to fungal culture, such as
Czapek Dox Modified Agar, Oxytetracycline Yeast Extract Agar Base (Pol-Aura, Warsaw,
Poland), Sabouraud Chloramphenicol Agar (Bio-Rad, Hercules, CA, USA), DG-18 Agar
(Graso-biotech, Owidz, Poland), and DRBC Lab-Agar (Biomaxima, Lublin, Poland), were
used. The cultures were then incubated at 37 °C for 24-48 h. Fungal colonies that differed
morphologically were selected from the performed cultures and then inoculated onto new
media. The cultures were then sent to an external laboratory for identification using a
MALDI-TOF MS apparatus (Bruker, Poznan, Poland).

2.3. Determination of the Nanoparticles’” Morphology

The nanoparticles used in the experiment were purchased from Nano-tech (Warsaw,
Poland), except for the iron nanoparticles, which were purchased from 3D-nano (Krakow,
Poland). The manufacturer of the nanoparticles indicates that they were synthesized using
physical methods. In the experiment, nanoparticles from different production batches
were used: AuNPs (batch no. 40Z/03/2023), CuNPs (batch no. 499M/02/2023), AgNPs
(batch no. 160E/10/2025), PtNPs (batch no. 22P/06/2021), and FeCNPs (batch no. 551312).
To determine the morphology of the nanoparticles, a mixture of NPs was prepared with
distilled water, which was then sonified. After that, this mixture was applied to TEM
Formvar on 3 mm 200 mesh Cu grids (Agar Scientific, Stansted, UK). The formvar grids
were then allowed to dry, and images were taken with a JEM-2000EX transmission electron
microscope (JEOL, Akishima, Tokyo, Japan) with a voltage of 80 keV.

2.4. Determination of the Physicochemical Properties of the Nanoparticles

The experiment, the zeta potential and hydrodynamic size of the nanoparticles were
determined using a Zetasizer Nano ZS apparatus (ZEN3500, Malvern Instruments, Malvern,
UK). A 10 mg/L mixture of nanoparticles diluted with distilled water was prepared.
The zeta potential was measured in four independent measurements (n = 4), while the
hydrodynamic size distribution was determined by dynamic light scattering (DLS) based
on three independent measurements (1 = 3).

2.5. Determination of Fungal Viability After Treatment with Nanoparticles and Their Complexes

Fungal suspensions were prepared with OD = 1 McF from the isolated strains using
NaCl. The prepared suspension was pipetted into 96-well plates in a volume of 50 uL per
well. 50 pL of sterile water were added to the wells that constituted the control groups
(100% survival rate). To the remaining wells, 50 pL of nanoparticles were added so that
the concentrations in the wells were 1.56, 3.125, 6.25, 12.5, and 25 mg/L for Au, Ag, Cu,
and FeC NPs, and 0.625, 1.25, 2.5, 5, 10 mg/L for Pt NPs. The range of nanoparticle
concentrations was selected to cover a broad spectrum of potential biological effects and to
allow the assessment of dose-response relationships. Each concentration was pipetted in
six replicates. The prepared plates were placed at 37 °C for 24 h, and then 20 pL of XTT
Cell Proliferation Assay Kit reagent (Merck, Darmstadt, Germany) was added to each well
of the control and experimental groups. The plates were incubated again at 37 °C for 24 h.
After this time, the survival results were read using spectrophotometric absorbance at a
measurement wavelength of 450 nm and a reference wavelength of 690 nm (ELISA Infinite
M200 reader, Tecan, Durham, NC, USA).
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2.6. Determination of the Minimum Inhibitory Concentrations (MIC) and Minimum Fungicidal
Concentrations (MFC)

For MIC determination, sterile 24-well plates were used, into which Glucose Chloram-
phenicol Broth (GCB) liquid medium (Pol-Aura, Warsaw, Poland) was pipetted at 1 mL
per well. The nanoparticles were then pipetted using serial dilution. In this way, the final
concentrations of nanoparticles in each individual well were the same as for the 96-well
plate experiment, i.e., for AgNPs, AuNPs, CuNPs, PtNPs, FeCNPs, AgCuNPs, AgAuNPs,
and AuCulNPs: 1.56, 3.125, 6.25, 12.5, 25 mg/L, while for PtNPs, concentrations of 0.625,
1.25,2.5,5, 10 mg/L were used. Then, 10 uL of fungal suspension (OD = 0.5 McF) was
added to each well. The positive control was a well containing 1 mL of liquid medium along
with 10 uL of the fungal suspension to verify that the medium was sufficient for pathogen
growth. On the other hand, the negative control contained only 1 mL of liquid medium to
determine the working environment’s sterility and assess the risk of contamination of the
plate. The plate was then incubated for 24 h at 37 °C. Subsequently, the occurrence of MIC
was assessed as the concentration at which the well was free of turbidity at the bottom.

On the day the MIC results were read, an experiment was conducted to determine
the MFC by performing inoculations from suspensions contained in the wells of a 24-well
plate. The cultures were performed on solid microbiological media. Such cultures were
then incubated for 24 h at 37 °C. MFC was the concentration for which no growth occurred
on the media.

2.7. Evaluation of the Susceptibility to Antifungal Agents Using the Disk Diffusion Method

On the dedicated fungal culture media mentioned earlier in the methodology, carpet
inoculations were performed using 100 uL of fungal suspension OD = 0.5 McF. Disks
containing the following antifungal substances were then placed on the Petri dishes: flucy-
tosine (1 g/L), econazole, ketoconazole, clotrimazole, fluconazole (10 g/L), amphotericin B
(20 g/L), fluconazole (25 g/L) and nystatin (100 g/L) (MASTDISCAST®, MAST GROUP,
Liverpool, UK). The prepared Petri dishes were incubated for 24 h at 37 °C with the medium
lying down. The size of the zone of growth inhibition was then determined.

2.8. Statystical Analysis

The statistical analysis specifically concerned the survival tests of microorganisms
after treatment with nanoparticles and their complexes (determination of fungal viability).
Data were analyzed using GraphPad Prism 9 software (version 9.2.0, San Diego, CA, USA).
Differences between groups were evaluated using one-way analysis of variance (ANOVA)
followed by Tukey’s post hoc test for group comparisons. Graphs and visualizations were
generated in GraphPad Prism 9. Mean standard deviation is indicated in the figures. The
differences at p < 0.05 were considered statistically significant and are marked with an
asterisk on the figures.

3. Results
3.1. Identification of the Isolated Fungi

The results of pathogen identification indicated that the isolated strains were P. ku-
driavzevii, W. pararugosa, S. cerevisiae, C. mucoides, W. anomalus, C. hoffmannii, K. marxianus.
Fungal identification results are shown in Table S1.
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3.2. The Nanoparticles” Morphology, Physicochemical Properties Analysis of the Nanoparticles:
Hydrodynamic Diameter (nm) and Zeta Potential (mV)

The basic physicochemical properties of the tested nanoparticles are presented in
Figures 1-3. Figure 1 illustrates the morphology of the NPs, Figure 2 presents their size
distribution, and Figure 3 shows the zeta potential.

100 nm

Figure 1. Morphologies of NPs, where (A)—Ag; (B)—Au; (C)—Cu; (D)—FeC; (E)—Pt.

The morphology (Figure 1) of the tested nanoparticles showed the proper shape, which
is in accordance with the standard normal characteristics of morphological features. Only
in the case of CulNPs (Figure 1C) was a presence of impurities observed, probably related
to the nanoparticle production process.

The zeta potential (Figure 2) of the tested NPs differed from each other. The most
stable was FeCNPs (Figure 2D), while slightly larger measurement fluctuations were shown
by PtNPs (Figure 2E). In contrast, Ag, Au, and CuNPs (Figure 2A-C) showed the largest
measurement fluctuations.

As for the size distribution of NPs (Figure 3), differences in the amounts of size
fractions were observed. Two size fractions were evident for Ag, FeC, and Pt NPs
(Figure 3A,D,E). A single fraction was observed for AuNPs (Figure 3B), while as many as
three different size fractions occurred for CulNPs (Figure 3C).
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Figure 2. Zeta Potential (mV) of NPs, where: (A)—Ag; (B)—Au; (C)—Cu; (D)—FeC; (E)—Pt.
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3.3. Fungicidal Properties of the Tested Nanoparticles

All tested nanoparticles differed in terms of showing biocidal properties and were de-
pendent on their type and concentrations. The survival rates observed in the experimental
groups (i.e., after nanoparticle treatment) were directly compared with the control group,
which represented 100% pathogen survival. A synergistic effect of NPs was observed due
to which the most fungicidal complex was AgCu NPs, followed by slightly less biocidal
properties exhibited by AgAu and CuAu NPs, followed by significantly less biocidal prop-
erties exhibited successively (with a decreasing trend of biocidal properties) by NPs of Ag,
Cu, Au, FeC, Pt NPs.

In some cases, the survival rates exceed 100%, which may indicate growth-promoting
effects at low nanoparticle concentrations. This phenomenon is called hormesis, where
a substance exhibits biocidal properties at high concentrations but stimulates microbial
defense mechanisms at low concentrations.

Since the nanoparticles were commercially obtained and production methods were
unspecified, differences in surface chemistry, coatings, or residual stabilizers may affect the
observed antifungal activity.

3.4. Survival Rate of Fungal Strains After Application of AGQNPs

As shown in Figure 4, the highest resistance to the applied AgNPs was observed in
the case of S. cerevisiae, whose survival rate at 25 mg/L reached 119% compared to the
control group, and this increase was statistically significant (p < 0.05). The survival rate
at 3.125 mg/L also showed a statistically significant difference compared to the control
(p < 0.05), while for the other concentrations, the survival rate settled around 90-96% with
no statistically significant differences (p > 0.05). These nanoparticles also showed a weak
biocidal effect against C. hoffmannii, where, at the highest concentration, the survival rate
was 50%, and 35% compared to the control group at the lowest concentration; however,
these differences were not statistically significant (p > 0.05). In the case of W. pararugosa,
the survival rate for the applied concentrations of 25 and 1.5 mg/L ranged from 20% to
26%, and these reductions were statistically significant compared to the control group
(p <0.05). C. mucoides and W. anomalus were most susceptible to the biocidal effects of these
NPs, showing statistically significant reductions in survival rate at all tested concentrations
compared to the control group (p < 0.05).

3.5. Survival Rate of Fungal Strains After Application of AuNPs

Figure 5 illustrates that the applied nanoparticles showed the weakest antifun-
gal properties against S. cerevisiae, with a statistically significant decrease in survival
compared to the control group only at 6.25 mg/L (p < 0.05). The survival rate of K.
marxianus for concentrations of 6.25-25 mg/L decreased to 16-18%, and these reductions
were statistically significant for all tested concentrations, while for 3.125-1.56 mg/L,
there was a rapid increase in survival rate compared to the control group. A simi-
lar trend was observed for C. hoffmannii, with an increase from 36% (6.25 mg/L) to
148.8% (3.125 mg/L); all concentrations except 3.125 mg/L were statistically significant
(p < 0.05). The effect of AuNPs on the survival of C. mucoides was effective for concentra-
tions of 12.5-25 mg/L (7-9% survival, p < 0.05), while for a concentration of 6.25 mg/L,
there was an increase to 94%, which was not statistically significant (p > 0.05) compared
to the control group, and further increases at lower concentrations were statistically
significant (p < 0.05). The same was observed for W. anomalus, which showed statistically
significant reductions at all tested concentrations (p < 0.05); however, the increase for a
concentration of 3.125 mg/L was not as pronounced as with the previously mentioned
strains. At concentrations of 6.25-25 mg/L, the survival rate of W. anomalus was 10%,
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while a concentration of 3.125 mg/L showed a lower biocidal effect, resulting in 54%
survival, and the lowest concentration of 1.56 mg/L resulted in an increase to 145%,
both statistically significant (p < 0.05) compared to the control group. In the case of
W. pararugosa, survival was not statistically significantly different from the control at
any concentration (p > 0.05). P. kudriavzevii survival was 7% across all concentrations;

statistically significant reductions were observed at all concentrations except 1.56 mg/L,
which was not significant (p > 0.05).

Caniochaeta hoffmannii Cutaneotrichosporon mucoides Kluyveromyces marxianus
150+ 150+ 150
= 100+ = 100- = 1001
; z >
.E 50 5 504 ,g 50
* * W
0 o [T_EZ73 T o
g L -
& d 4
O\Q .éa.g ‘O\Q
& & &
00 (4] :P
concentration [mg/L] concentration [mg/L] concentration [mg/L]
Saccharomyces cerevisiae Wickerhamomyces anomalus Wickerhamiella pararugosa
2004 150+ 150+
*
= = 100- =
z Y | 2 £
5 ; 5 2
i -] i 2] ]
o}sﬁ P P <
&
& © <
concentration [ma/L] concentration [mg/L] concentration [mg/L]
Pichia kudriavzevii
150+
=
2
E
L]
H

concentration [mg/L]

Figure 4. Survival rate of isolated fungal strains after application of silver nanoparticles. Statistically
significant differences are marked with an asterisk (p-value < 0.05).
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Figure 5. Survival rate of isolated fungal strains after application of AuNPs. Statistically significant
differences are marked with an asterisk (p-value < 0.05).

3.6. Survival Rate of Fungal Strains After Application of CuNPs

As presented in Figure 6, W. pararugosa was the most susceptible pathogen to CuNPs,
with statistically significant reductions in survival at all tested concentrations (p < 0.05)
compared to the control group, where for the highest concentration the survival rate was
5% and 19.5% for the lowest concentration. In the case of C. mucoides and P. kudriavzevii,
high concentrations (12.5 and 25 mg/L) reduced the survival rate to 1-7% compared to
the control group, and these reductions were statistically significant (p < 0.05), while for
low concentrations, survival increased; for C. mucoides at 3.125 mg/L and for P. kudriavzevii
at 3.125 mg/L, the differences were not statistically significant (p > 0.05). In contrast, the
survival rate of K. marxianus and W. anomalus ranged from 3% to 8% for concentrations of
6.25-25 mg/L, with statistically significant reductions at all tested concentrations (p < 0.05)
compared to the control group. A strain that did not show such low survival rates for
high concentrations was S. cerevisiae, which showed statistically significant reductions at
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all tested concentrations (p < 0.05); although high concentrations (25-12.5 mg/L) of NPs
reduced the survival rate of P. kudriavzevii to 2%, the survival rate for low concentrations

was 100%.
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Figure 6. Survival rate of isolated fungal strains after application of CuNPs. Statistically significant
differences are marked with an asterisk (p-value < 0.05).

3.7. Survival Rate of Fungal Strains After Application of FECNPs

The results shown in Figure 7 confirm that only in the case of P. kudriavzevii did FeC
NPs show notable biocidal activity, with statistically significant reductions in survival at
all tested concentrations (p < 0.05) compared to the control group. P. kudriavzevii was
susceptible to the highest concentration, with a survival rate of 16%, which then increased
with decreasing concentrations, reaching 41% at the lowest concentration. A slightly lower
biocidal effect was observed for W. pararugosa, with statistically significant reductions at all
concentrations (p < 0.05) compared to the control group; survival at 25 mg/L reached 28%,
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while at the lowest concentration, it was 40%. The most resistant pathogens to FeC NPs

were C. hoffmannii, C. cerevisiae, and C. mucoides.
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Figure 7. Survival rate of isolated fungal strains after application of FeCNPs. Statistically significant

differences are marked with an asterisk (p-value < 0.05).

3.8. Survival Rate of Fungal Strains After Application of PtNPs

As demonstrated in Figure 8, the worst results of all the tested nanoparticles regarding

fungicidal activity were observed for PtNPs. Only in the case of W. pararugosa was a

decrease in survival rate observed, with statistically significant reductions at all tested

concentrations (p < 0.05), up to 49-68% compared to the control group, depending on the

concentration of nanoparticles used.
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Figure 8. Survival rate of isolated fungal strains after application of PtNPs. Statistically significant
differences are marked with an asterisk (p-value < 0.05).

3.9. Survival Rate of Fungal Strains After Application of AGQAuNPs

As depicted in Figure 9, P. kudriavzevii was the most sensitive to this complex, with
statistically significant reductions in survival at all tested concentrations (p < 0.05), ranging
from 5 to 8% compared to the control group. The survival rate of C. hoffmannii was 25-35%,
depending on the concentration, with statistically significant reductions at all concentrations
(p < 0.05). Slightly lower biocidal activity, but still comparable to P. kudriavzevii, was
observed for C. mucoides and W. anomalus, with both showing statistically significant
reductions at all concentrations (p < 0.05) compared to the control group. The most
resistant strain to this complex was S. cerevisiae, which showed statistically significant
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reductions at all concentrations except 1.56 mg/L, where the decrease in survival was not
statistically significant (p > 0.05).
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Figure 9. Survival rate of isolated fungal strains after application of AgAuNPs. Statistically significant
differences are marked with an asterisk (p-value < 0.05).

3.10. Survival Rate of Fungal Strains After Application of AgQCuNPs

As shown in Figure 10, the survival rate of P. kudriavzevii at the highest concentration
was about 2% compared to the control group, with statistically significant reductions at all
tested concentrations (p < 0.05). As the concentration decreased, the survival rate of the
pathogens increased, with statistically significant differences observed at each concentra-
tion (p < 0.05). For the previously mentioned pathogens at the lowest tested concentration,
the survival rate was 4-7% (p < 0.05) compared to the control group. C. hoffmannii, W.
pararugosa, and K. marxianus showed survival rates oscillating between 5% and 27%, de-
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pending on the concentration, all statistically significant (p < 0.05) compared to the control
group, while the most resistant strain was S. cerevisiae, for which the lowest concentra-

tion of 1.56 mg/L showed a statistically significant reduction (p < 0.05), and the highest
concentration reduced its survival rate to 44% (p < 0.05).
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Figure 10. Survival rate of isolated fungal strains after application of AgCuNPs. Statistically signifi-
cant differences are marked with an asterisk (p-value < 0.05).

3.11. Survival Rate of Fungal Strains After Application of AuCuNPs

Figure 11 illustrates that the most sensitive pathogen to this complex was W. pararugosa,
with statistically significant reductions in survival at all tested concentrations (p < 0.05),
where the highest concentration reduced the survival rate to 1-6%; however, an increase
in survival rate at the lowest concentration was also observed (20-41%, p < 0.05) com-
pared to the control group. Strong biocidal properties were observed for K. marxianus at
concentrations of 25-6.25 mg /L, with survival rates of 4-10%, all statistically significant
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(p < 0.05) compared to the control group. P. kudriavzevii showed strong susceptibility to this
complex at all concentrations, with statistically significant reductions (p < 0.05), except for
the lowest concentration, 1.56 mg/L, for which the survival rate was 100% (p < 0.05). As in
the previous nanocomplex tests, S. cerevisiae was the most resistant pathogen to AuCuNPs,

with statistically significant reductions at all concentrations (p < 0.05) compared to the
control group.
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Figure 11. Survival rate of isolated fungal strains after application of AuCuNPs. Statistically signifi-
cant differences are marked with an asterisk (p-value < 0.05).
3.12. Minimum Inhibitory Concentration (MIC) and Minimum Fungicidal Concentration (MFC)

Table 1 shows the results indicating the concentrations of individual nanoparticles and
their complexes, for which MIC and MFC values were estimated for each isolated strain.
If the MIC or MFC for a specific nanoparticle could not be determined, the data for that
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nanoparticle were excluded. In cases where one of the measurements was not available for

“w o

a strain, a “-” is indicated in the table.

Table 1. Minimum Inhibitory Concentration (MIC) and Minimum Fungicidal Concentration (MFC)
of selected NPs tested on the isolated strains.

Pathogen Species Type of NP MIC (mg/L) MEFC
Pichia kudriavzevii Ag 6.25 6.25
AgAu 12.5 12.5
AgCu 12.5 12,5
Wickerhamiella pararugosa Ag 3.125 12.5
Au 25 -
AgAu 3.125 12.5
AgCu - 25
Saccharomyces cerevisiae Ag 6.25 12.5
AgAu 12.5 25
AgCu 12.5 12.5
Cutaneotrichosporon mucoides Ag 3.125 25
AgAu 6.25 25
AgCu 25 -
Wickerhamomyces anomalus Ag 25 -
AgAu 6.25 12.5
AgCu 12.5 25
Coniochaeta hoffmannii Ag 1.56 6.25
Au 25 -
AgAu 6.25 12.5
Kluyveromyces marxianus Ag 6.25 12.5
AgAu 12.5 12.5
AgCu 12.5 12.5

3.13. Antifungal Disk Results

Table S2 shows the numerical values indicating the diameter of the zone of growth
inhibition of isolated fungal strains after the application of standard antifungal agents.

The most effective antimicrobials were clotrimazole 10 pg (CTM10) and ketoconazole
10 pg (KCA10), which showed growth-inhibition zone values of 52 mm and 40 mm against
W. pararugosa, respectively. The K. marxianus strain also obtained a zone of 32 mm using
CTM10. Similarly, a high inhibition zone value of 30 mm was achieved for the W. pararugosa
strain when fluconazole 25 pg (FCN25) was applied. The KCA10 formulation also showed
high efficacy against the C. mucoides strain, reaching a zone of 30 mm. High values were
also observed for W. anomalus after the application of KCA10, obtaining a zone of 38 mm.
These results suggest that the effectiveness of individual antimicrobial preparations varies
depending on the fungal strain. The worst-performing agent was fluconazole 10 ug (FCN10)
for the strains P. kudriavzevii and W. anomalus, with values of 0 mm. The smallest growth-
inhibition zone, 3 mm, was obtained for P. kudriavzevii using amphotericin B 20 ug (AMB20).
After AMB20 treatment, K. marxianus had a growth-inhibition zone of 4 mm, while W.
pararugosa, using FCN10, also had a zone of 4 mm. In the case of P. kudriavzevii, the
application of nystatin 100 pug (NY100) yielded a growth-inhibition zone of 7 mm, while W.
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anomalus achieved a zone of 6 mm with FCN10. Econazole (ECN10) was slightly effective
against P. kudriavzevii, reaching an inhibition zone size of 4 mm. The application of this
antifungal against the remaining strains resulted in inhibition zones ranging from 14 mm to
22 mm, reaching the highest value (22 mm) for C. mucoides and W. pararugosa. AMB20 was
least effective against the P. kudriavzevii strain, achieving a growth-inhibition zone of only
3 mm. A growth-inhibition zone with a radius of 30 mm was obtained for W. pararugosa
using FCN25, which was one of the largest. The most resistant strain to the antifungal
substances was P. kudriavzevii, which had the lowest values for its growth-inhibition zones.
On the other hand, the least resistant pathogen was W. pararugosa, which had the highest
number of large inhibition zones, including a value of 40 mm for KCA10. The highest
average for the zones of inhibition was observed for KCA10 against various strains, with
average values ranging from 14 mm to 40 mm. The worst average for the inhibition
zones was observed for FY1, which repeatedly had a value of 0 mm, meaning no growth
inhibition. Based on the above results, it can be suggested that some agents, such as KCA10
and CTM10, were particularly effective against many of the strains, while others, such as
FY1 and FCN10, showed less potency. The P. kudriavzevii strain proved to be one of the most
challenging pathogens for antifungals, as evidenced by its multiple low inhibition zones.

4. Discussion

This study is focused on strains that are rarely isolated and, consequently, little known
in the scientific literature. The lack of available data on these strains and the small number of
analyses that have been carried out indicate a clear gap in existing research, demonstrating
the neglect of this area in microbiological research. Although there are many papers in the
literature examining similar issues, most of them focus on bacteria [19,20], highlighting how
limited the focus has been on less common strains, including those analyzed in this study.
This kind of research is a valuable contribution, but it still mostly involves widespread
bacteria, leaving a gap in knowledge about rare, infrequently isolated microorganisms. In
their paper, Stavrou et al. [21] describe that AMB is an excellent antifungal therapy against
most known strains. However, this is not fully consistent with our study results, where
no strains were sensitive to this antifungal. In our study, AMB20 resulted in the smallest
diameters of growth-inhibition zones for the fungi used in the study, reaching the highest
value of 16 mm for W. pararugosa. The effectiveness of this antifungal, however, varied
depending on the strain. Stavrou et al. proved in their study (as in our study) that K.
marxianus and W. anomalus were relatively resistant to AMB20. In our study, K. marxianus
was the most resistant pathogen to AMB20, as shown by the 2 mm zone of inhibition,
whereas in the study by Stavrou et al., this strain showed low MIC values for AMB20. In
the same study, FY showed low MIC values for K. marxianus strains, averaging 0.752 mg/L,
whereas in our study, the zone of inhibition classified the strain as resistant. Literature
data report that P. kudriavzevii is resistant to FCN [22], which was also confirmed by our
study. Ming et al. [23] conducted a study on the susceptibility of D. rugosa to AMB, FY, and
FCN. They proved that D. rugosa showed resistance to AMB, FY, and FCN. In comparison
to our study, the sensitivity of D. rugosa was confirmed for FCN25. Kudrinskiy et al. [24]
conducted a study on the use of AgNPs and silver ions (Ag+) against S. cerevisiaze. AgNPs
effectively reduced the survival rate of S. cerevisiae cells; however, this was not consistent
with the results obtained in our experiment, where the lowest survival rate obtained for
S. cerevisine was as high as 90.77%. Neculai-Valeanu et al. [25], when testing AgNPs and
AuNPs, demonstrated that they did have biocidal activity against mastitic pathogens;
however, as mentioned above, in our work AgNPs were not effective against S. cerevisiae
and C. hoffmannii. Another study conducted by Motrenko et al. [26] showed that AgNPs
obtained by green synthesis showed biocidal properties against P. kudriavzevii and W.
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anomalus for concentrations of 20 and 10 mg/L, consecutively reducing their survival rate
to 0%. Lower concentrations also showed biocidal properties but did not fully destroy the
cells of these strains. Comparing these data with the obtained results, the potency of AgNPs
differed from the cited article. In the case of P. kudriavzevii, none of the tested concentrations
showed full biocidality, which would reduce the survival rate of this strain by 100%. It was,
however, a susceptible strain to AgNPs, where the lowest and highest tested concentrations
resulted in a similar biocidal effect. In the case of Motrenko’s study, W. anomalus showed
high resistance, while in our study; its survival rate was low, comparable to P. kudriavzevii.
On the other hand, in the cited article, a concentration of 10 mg/L of W. pararugosa resulted
in the complete destruction of 100% of the cells of this strain, while in our study, even a
concentration of 25 mg/L did not show such strong properties. These differences may be
due to the way NPs are synthesized—those used in our study were synthesized by the
manufacturer using physical methods. The observed differences in biocidal activity among
the nanoparticles may be attributed to the synthesis methods. Factors such as ion release,
nanoparticle aggregation, and interactions with microbial cell walls can all influence efficacy.
For example, nanoparticles synthesized by physical methods may differ in size, surface
charge, and dispersion stability, which can affect the rate of ion release and the extent of
interaction with microbial cells. These physicochemical properties likely contribute to the
variations in antifungal activity observed in our study [27]. NPs are strongly influenced
by their physicochemical properties, especially their surface modification and aggregation
tendency. In studies comparing stabilized and unstabilized AgNPs, antifungal efficacy was
associated with increased aggregate stability obtained through stabilization with polymers
and surfactants [28]. Among the stabilizing agents tested, surfactants—especially sodium
dodecyl sulfate (SDS)—showed the most pronounced enhancement of fungistatic and
fungicidal activity, which was attributed to the synergistic effect of NPs stabilization and
the intrinsic antifungal activity of the surfactant itself [29]. NPs have been identified as
key factors influencing interactions with microbial cells. Smaller NPs and specific particle
shapes have been found to exhibit increased antibacterial activity, reflecting more effective
contact with and disruption of microbial cell envelopes [28]. The aggregation of AgNPs on
the cell surface also contributes to cell membrane damage, further confirming the role of
the physicochemical properties of nanoparticles in determining antifungal efficacy [30].

The superior antifungal activity of the AgCulNP complex observed in this study may
be explained by several potential mechanisms. Ag and Cu NPs are known to exert biocidal
effects through ion release, generation of ROS, and disruption of microbial membranes.
The combination of Ag and Cu could enhance these effects through synergistic interactions.
Although the precise mechanism for the enhanced activity of AgCuNP remains to be
understand, previous studies support the idea that dual-metal nanoparticles can display
higher antimicrobial efficacy compared to single-metal formulations. A recent synergistic
mechanistic study [31] on NPs demonstrated that the presence of Cu in the nanoparticle
formulation increases the bioavailability of Ag™ ions by both accelerating Ag™ release and
reducing its sequestration by proteins in the medium. Importantly, the synergistic effect
was observed only when nanoparticles were present, indicating that direct interaction
between the nanoparticle surfaces and microbial cells contributes to the enhanced activity.
These combined effects—ion release, reduced Ag* binding, and nanoparticle-mediated
surface interactions—provide a plausible explanation for the superior biocidal efficacy of
the AgCuNP formulation.

In the viability tests conducted, it was occasionally observed that the survival rates
of microorganisms after exposure to low concentrations of nanoparticles exceeded 100%.
This indicates that, in these cases, low nanoparticle concentrations promoted the growth of
fungal strains. Such phenomena are not uncommon in tests involving potential biocidal
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agents and are referred to as hormesis. Hormesis occurs when a microorganism’s growth
is stimulated by low (subinhibitory) concentrations of a biocidal substance, while higher
concentrations inhibit growth [32]. Exposure to subinhibitory concentrations can lead to
evolutionary adaptations that enhance microbial survival and contribute to the develop-
ment of resistance under adverse environmental conditions [33]. This effect is particularly
important to consider in the context of applying nanoparticles in the field. On one hand,
low concentrations may be safe for animal cells but could promote the development of
microbial resistance. On the other hand, high concentrations effectively prevent resistance
by destroying microbial cells; however, it may pose risks to the user.

The aim of the study was to evaluate the potential biocidal properties of selected
nanoparticles against specific fungal strains. However, in order to reliably assess the
potential for practical application of NPs, it is necessary to also consider aspects related to
their safety. A key element in this regard is the analysis of cytotoxicity against animal cells
and antifungal properties against pathogen cells. Such studies, using nanoparticles from the
same source as those used in the present experiment, have previously been conducted by
Wierzbicki et al. [19]. Low concentrations of NPs showed no cytotoxic activity against BME-
UV1—human mammary epithelial cells and HMEC—human microvascular endothelial
cells. Only CuNPs, along with complexes containing these NPs, showed moderate toxicity
against BME-UV1 cells. High concentrations of NPs were correlated not only with biocidal
potency against pathogens, but also with cytotoxicity against HMEC cells. Nevertheless,
for the higher tested concentrations, cytotoxicity against these cells was observed only
at the level of 10-15%. It is worth noting that the cited results on the effects of NPs on
cells came from the same source and were synthesized in the same way—using physical
methods. Therefore, in order to reliably assess their biocidal potential and safety for cells, it
is necessary to take into account possible differences in the effects of nanoparticles obtained
and produced by other methods, as well as removing analytical limitations such as the lack
of cytotoxicity studies on human and animal cells.

5. Conclusions

The results of this study provide preliminary, in vitro evidence that nanoparticles may
exhibit antifungal activity relevant to fungal mastitis. These findings are exploratory and do
not allow conclusions regarding their in vivo efficacy or clinical application. Nevertheless,
they support the need for further research, including in vivo studies, to better assess the
potential of nanoparticle-based formulations as antifungal agents. Continued investigation
into the effectiveness of various antifungal compounds, particularly against fungi that are
infrequently isolated from mastitis cases, remains essential for the development of future
therapeutic and management strategies. It is crucial to notice that further in vivo studies
are required to evaluate dosage, delivery route, tissue persistence, and host safety before
any therapeutic application can be proposed.

Understanding differences in efficacy between therapies, including traditional and
modern antifungal agents, is essential for improving the treatment of fungal infections.
A review of the literature confirms that some strains show resistance to conventional
treatments while highlighting the potential of nanoparticles as alternative antifungal agents.
The study revealed significant variation in nanoparticle effects and demonstrated their
synergistic antifungal activity. Their efficacy depended on both the type of nanoparticles
used and their concentration. Additionally, differences in the sensitivity of individual
strains to these nanoparticles were observed. Among the isolated strains, nanoparticle
activity followed the order (from most to least effective): AgCu, AgAu, CuAu, Ag, Cu,
Au, Fe, and Pt. The strain S. cerevisiae showed the highest resistance to the nanoparticles,
whereas W. pararugosa was the most sensitive.
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According to the existing literature, several studies have reported that the application
of nanoparticles at low concentrations appears to be well tolerated in various human and
animal cell lines. However, these observations are based on previously published data
and cannot be directly inferred from the results of the present study. While nanoparticles
therefore represent a promising subject for further investigation, particularly in the context
of in vivo testing, their safety profile requires careful evaluation in appropriately designed
studies. Under laboratory conditions, they exhibit potent biocidal properties, indicating
their potential as an alternative to traditional antibiotics and antifungals. Research findings
in the literature also highlight their efficacy against both bacteria and fungi. However,
as nanoparticles are a relatively new field of study, their use should be approached with
caution and under strict supervision. The potential long-term effects of their use remain
unclear and must be carefully considered.
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