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AAO Anodic aluminium oxide

AC Alternating current

AFM Atomic force microscopy
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DC Direct current

DLS Dynamic light scattering
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MFC Microbial fuel cell

MIC Minimum inhibitory concentration
MRSA Methicillin-resistant Staphylococcus aureus
NFC Near-field communication

NPs Nanoparticles

OCP Open circuit potential
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RE Reference electrode

RFIDRadio frequency identification system
ROS Reactive oxygen species

SCE Saturated calomel electrode

SAED Selected area electron diffraction
SEM Scanning electron microscopy
SPEScreen-printed electrode

TEM Transmission electron microscopy
TiINT Titania nanotube

WE Working electrode

WHO World Health Organization

XRD X-ray diffraction

YEPD Yeast extract peptone dextrose
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INTRODUCTION

Infectious disease is caused by various microorganisms including bacteria,
fungi and viruses. Today, drug-resistant infections are responsible for
approximately 700.000 deaths per year globally. However, it is estimated, that
antimicrobial resistant (AMR) caused deaths will increase to 10 million by
2050 [1]. This AMR infections would be responsible for costs as high as 100
trillion USD worldwide [2]. Furthermore, treats of AMR infections are
growing exponentially, especially in Africa, Russia and Asia including China.
Nowadays, AMR infections kill around 25 000 patients in Europe each year
with associated cost in European Union of 1.5 billion EUR per year [3]. If no
action is taken, this would also affect Europe’s economy and could lead in a
decrease of the total GDP from 1% to 4.5% by 2050. In order to prevent the
multidrug-resistant bacteria caused infections, the development of novel
antimicrobials is required.

The rising numbers of drug-resistant pathogens is one of the greatest
challenges facing the research community. According to the Rémling et al.,
up to 80 % of human infections caused by bacteria involve biofilm-assisted
microorganism. For instance, the biofilm-forming bacteria are responsible for
tissue infections, such as chronic wound infection, chronic otitis media,
endocarditis, cystic fibrosis-associated lung infections, etc. [4]. Recently,
WHO released the list of 12 antibiotic resistant bacteria, including species
such as Acinetobacter baumannii, Pseudomonas aeruginosa or
Staphylococcus aureus MRSA, etc. that pose the greatest threat to human
health and for which new antimicrobial agents are desperately needed [5]. It
is urgently necessary to find out a smart solutions or novel antimicrobial
agents which could help to solve this problem.

One of the promising strategy that helps to combat with these highly
resistant bacteria is the usage of engineered nanoparticles (NPs). These
nanometre-scale materials have unique properties compared to their bulk
composites. Due to their large surface to volume ratio, NPs could enhance the
treatment efficiency minimizing side effects through their precise targeting
mode of action [6]. It is commonly accepted that NPs with biocidal properties
as ZnO, Cu, CuO, Cu;0, Ag, Au, MgO offer novel applications, including
prevention of biofilm formation and control of microbial colonization on
different surfaces [7]. Current investigations supported that transition metal
ferrite NPs as well as their metal-substituted forms could possess
antimicrobial activity against various microorganisms and might be used as
the promising antimicrobial agent. Despite the remarkable properties of these
magnetic NPs, the antimicrobial activity against broad spectrum of bacteria
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and fungi, especially those attributed to antidrug-resistant strains, is still
unknown. In order to enlarge the existing knowledge and stimulate further
works regarding the metallic and semiconductor NPs and their potency for
antimicrobial activity, these nanostructures were fabricated and investigated
herein and the main results are highlighted in this dissertation.

Major goal

To synthesize the metallic and semiconductor NPs and investigate their

antimicrobial activity against various bacteria and fungi species.

v

v

v

Obijectives

To compare the antimicrobial activity of titanium oxide-based coatings,
decorated with copper (I) oxide NPs with anodically formed copper (I1)
oxide films on the Cu substrate.

To provide the anticorrosion, decorative and antimicrobial properties for
food packing alumina foil via depositing Ag nanowire arrays.

To synthesize different in size cobalt ferrite NPs using the hydrothermal
approach and to prove their size-dependant antimicrobial behaviour.

To fabricate the novel L-lysine amino acid stabilized iron-substituted
cobalt ferrite NPs and to determine their antimicrobial activity dependence
on the cobalt content in the NPs.

To investigate the influence of stabilizing shell of superparamagnetic
cobalt ferrite NPs on their antimicrobial efficacy against several bacteria
and fungi strains.

To synthesize ultra-small gold and magnetite-gold NPs stabilized with
D,L-methionine amino acid and asses their antimicrobial behaviour against
antibiotic resistant bacteria, in particular S. enterica, S. aureus MRSA and
A. baumannii.

Scientific novelty

Cuz0/TiO,, CuO/TIiNT and CuO/Cu coatings were tested as potential
antimicrobial surfaces for the first time. It was found that anodically
oxidized copper surfaces possessed higher antimicrobial activity than
Cu20/TiOz, Cu.O/TINT coatings against several micromycetes.
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v" The extremely thin porous AAO films (thickness < 1 um) have been grown
on the food packing Al foil and further decorated in gold tints via Ag
nanowires electrodeposition. For the first time, antimicrobial activity of
this film was highlighted as a promising way to improve the food storage.

v’ For the first time, the dependency of antimicrobial behaviour of cobalt
ferrite NPs on their size, chemical composition and shell has been shown.

v" It has been shown for the first time, that ultra-small gold and magnetite-
gold hybrid NPs exhibit the potential antimicrobial properties against
multidrug resistant bacteria such as S. enterica, S. aureus MRSA and
A. baumannii.

Statements of defence

v" Black copper (1) oxide coatings possess the higher antimicrobial activity
against micromycetes than copper (1) oxide-based coatings.

v Thin porous AAO films with encapsulated metallic Ag nanowires, as thin
as < 1.0 um, provide the antimicrobial, decorative and anticorrosive
properties for food packing alumina foil.

v" Cobalt ferrite NPs are promising antimicrobial agent and exhibit the size,
core and shell composition-dependent antimicrobial activity against
various bacteria and fungi strains.

v" Ultra-small gold (~2 nm) and magnetite-gold hybrid NPs inhibit the
multidrug-resistant bacteria, such as Salmonella enterica, Staphylococcus
aureus MRSA and Acinetobacter baumannii with the final concentration
of 30 mg L.

Contribution of the author

All coatings and NPs were fabricated, fractioned and collected by the
author of this dissertation. Author also conducted all antimicrobial
assessments and MIC determinations, as well as preparation the samples for
SEM, TEM and confocal microscopy analysis. Furthermore, author took part
in the analysis of experimental results, design of graphical illustration and
preparation of scientific publications. Additionally, the obtained results were
referenced by author in numerous international conferences and, of course,
author wrote this dissertation himself. All non-original works are referenced.
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1. LITERATURE REVIEW

1.1. Synthesis of nanomaterials

The history of nanomaterials usage has started even before Christ (BC). In
fact, humans started to use ceramic matrixes, consisting of natural asbestos
nanofiber more than 4500 years ago [8]. Furthermore, the ~ 5 nm in diameter
PbS NPs were used as a hair dye in the Ancient Egypt [9]. However, people
were not be able to understand process in nm scale at this period of life,
therefore the usage of such nanomaterial was more incidental. Since the first
report by Michael Faraday in scientific area of colloidal gold NPs synthesis in
1857, a large number of publications based on NPs, nanomaterials and
nanocomposites preparation, stabilization and new synthesis routes have been
written by many scientific groups. In the broadest term, the fabrication of
nanomaterials refers to the design, construction and manipulation of materials
with dimensions that are typically in the range of 1 to 100 nm. Basically, the
nanoscale materials are synthesized by different techniques, which usually can
be classified into two main ways: “top-down” and “bottom up” [10]. Since the
approach of nanomaterials fabrication starts from bulk materials, in generally
it belongs to the top down techniques (Fig. 1).
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Figure 1. Schematic illustration of various fabrication route of nanomaterials [10].

Top-down synthesis approach belongs to technologies, which involves
fabrication of nanomaterials by breaking down certain parts from larger or
bulk material (macro-crystalline) substrate. It employs several methods as
mechanical (crushing, milling or grinding), physical (optical lithography,
direct laser writing), chemical (templated etching, anisotropic dissolution),
and others depending on the requirements of the novel architectures [11].
Worth noticing that the physical top-down routes remain irreplaceable in the
field of microelectronics and are still using to produce highly-ordered patterns
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on the semiconductor substrates. However, this methods usually are not
suitable for fabrication of uniformly shaped materials, especial very small NPs
(1-20 nm). The main disadvantages of this synthesis route are the imperfection
of the surface structure, insufficient homogenous chemical composition, the
crystallographic structure damage, and high amount of defects. These
limitations has a negative impact on the surface chemistry and physical
properties of the final nanostructured product.

During the last few years, the fabrication of nanomaterial via bottom-up
approach has been increasingly utilized [12]. Contrary to top-down method,
bottom-up technology involves the synthesis routes, which start by stacking
atoms onto each other on the top of a base substrate. Due to this process, atoms
gives rise of crystal planes, which also stack further onto each other, resulting
in the formation of nanostructures. This synthesis route is used more often due
the possibility to form uniformly sized, shaped, and distributed nanomaterials.
It should be noticed that fabricated nanoscale materials can possess
significantly different properties depending on the synthesis route applied.
Three widely known chemical (molecular self-assembly, sol-gel,
hydrothermal, solvothermal, co-precipitation, thermal decomposition,
electrodeposition), physical (microwave irradiation, ion beam techniques,
physical vapour deposition) and biological (use a bacteria, fungi or plants to
reduce metal ions) classes of methods, which belong to bottom-up techniques
are used for synthesis of NPs [13]. As can be observed from Fig. 2,
approximately 90 % of magnetic NPs are fabricated using chemical synthesis
route, whereas the physical and biological approach take place with 8 and 2 %
respectively. The most reported processes for the synthesis of ferrites are
chemical, including several types as co-precipitation (28 %), thermal

decomposition (9%), hydrothermal (26%), and microemulsion (20%) [14].
Chemical methods (90%): Physical methods (8%): Biological methods (2%):

Electrochemical
Electron beam
lithography
3%

Gas phase
deposition

aser-induced

pyrolysis
=N 14%

TN

Figure 2. Methods used for magnetic NPs synthesis, divided into three main
categories and their percentage usage.

Hydrothermal,  co-precipitation,  thermal  decomposition  and
electrodeposition methods, which were used in this work, will be described in
the following section in more detail.
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1.1.1. Hydrothermal and co-precipitation synthesis route

The hydrothermal technique has been one of the most attractive synthesis
route, garnering interest from different kind of scientists and technologists of
various disciplines, particularly from 1990s [15]. Hydrothermal synthesis is
usually defined as the heterogeneous chemical reaction or crystal growth
process in agueous or non-aqueous solutions under high temperature (>
100 °C) and pressure (greater than a few atmospheres) conditions [16]. In case
of hydrothermal fabrication the solvent plays very important role due to the
physical action as the P, T, and chemical action, as reactant or solvent. In order
to control the nucleation of a desired phase or its homogeneity, size, shape or
dispersity the surfactants, chelates and other capping agent additives are used,
which play the key role. The surface of fabricated nanomaterials could be
altered to hydrophobic or hydrophilic depending upon the applications [15].
During the crystal growth process, the presence of surfactant helps to control
the crystal size and morphology. Besides that, in surface modification the pH
of the mixture, isoelectric point (pl) and dissociation constant (pK,) of the
surface modifiers are very important in the surface modification too. If the pH
are less than (pKa), the surfactant molecules do not dissociate. Furthermore,
below pl, the surface of metal oxide NPs is surrounded by positive charge and
hydroxyl groups. There is no chemical reactions occurring between modifier
and the nanomaterial surface, but it can attach to the NPs surface through a
strong hydrogen bonding. On the other hand, at higher pH than pK, value,
dissociation of surfactant starts resulting in a chemical interaction between the
dissociated part of surface modifier and OH. from the surface of metal oxides
NPs [17]. Thus, the modifier molecules attach to the NPs surface by
dehydration reaction. In fact, mass transfer, charge balance, pH, and the
surfactant of the actual system might be fixed for most of the synthesis by
considering the chemical reactions [15].

Returning to the hydrothermal synthesis operations in laboratory, it’s
necessary to discuss about the apparatus required for this work. Nanomaterials
growth under hydrothermal conditions requires a corrosion-resistant vessel
capable withstand high temperature and pressure. On top of that, these
facilities must operate routinely and reliably in such extreme conditions. The
highly corrosive solvent (reaction mixture) is placed into the container called
autoclave, which is usually designed with corrosion resistant materials such
as quartz, stainless steel, cobalt, nickel or others. Furthermore, in order to
protect the main part of autoclave from highly corrosive mixture and extreme
pH conditions, the Teflon-lined capsules or noble metal tubes are used during
the hydrothermal treatments. The Teflon lined autoclave containing the
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reaction mixture is placed into the electrically heated furnace for providing
desired temperature. Recently, the hydrothermal synthesis were combined
with other physical and chemical techniques such as microwaves, ultrasonic,
mechanical or electrochemical assisted reactions in order to enhance the
process Kinetics and reduce the experiments duration, which is important from
the economical aspect. With an increasing demand for new advanced
composite nanostructures, the hydrothermal approach offers a unique method
for coating of various compounds such as metals, plastics, ceramics or
polymers as well as for fabrication of powders or nano-scale materials (Fig.
3). Hence, the hydrothermal method is becoming, probably, one of the most
valuable fabrication ways in recent years due to a high quality of
nanostructured products. However, the knowledge on the nucleation,
crystallization, self-assembly, and growth mechanism on the nanomaterial,
especially those combined with additional energy physical-chemical
techniques in hydrothermal synthesis solution are still complicated and are not
well understood [18].

RIS S Ll J=
Figure 3. TEM images of upconversion n

hydrothermal treatment: (a) NaYF4: Mn/Yb/Er, (b) NaYF4: Gd/Yb/Er, (c) NaGdF4:
Yb/Er, (d) NaLuF4: Gd/Yb/Er [19].

Another synthesis technique, which is very similar to hydrothermal
synthesis and belongs to aqueous solution approaches is called co-
precipitation. Co-precipitation is one of the nanomaterials synthesis route,
mostly cited in the literature as method used for magnetic, iron-based NPs
fabrication. From the paper published in 1981 about magnetic NPs synthesis
in acidic and alkaline aqueous solutions, this approach is still used in many
laboratories for magnetic NPs, especial iron oxides or ferrites synthesis [20].
For the fabrication of iron oxide and metal ferrite NPs by co-precipitation
route, Fe(lll) and Me(ll) salts (where the Me(ll) is a d-block transition metal
as Co, Fe, Mn, Ni and others) are suspended into alkaline solution (usually
consisting of NaOH, NH;OH, N(CHj3)4OH), at the temperature below 100 °C,
thus resulting in the formation of magnetic NPs. This process can be described
by following equation:

Fe?* (ag) + Fe®* (aq)+80H" (aq)—Fes04 (s) + 4H.0 (I) (1)
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The size, shape and composition of obtained nano-scaled products highly
depend on the parameters such as temperature, ionic strength, pH,
type/concentration of alkaline agent and the molar ratio between Me(ll) and
Fe(lll) cations [21]. Kerroum et al., have shown that varying the pH of the
synthesis mixture in the range between 9 and 12 both structure (mainly size
and shape as illustrated in Fig. 4) and magnetic properties have been changed.
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Figure- ;.v'ﬁ::l\)lﬂiﬂmages of ZnFe,O4 NPs fabricated by ¢
different pH values: a) 9, b) 10, ¢) 11 and d) 12 [22].

0-precipitation method at

As highlighted by Pereira et al., it is possible to reduce the particle size at
least 6 times via changing the sodium hydroxide base to alkanol amines in
particular to isopropanolamine and diisopropanolamine [23]. More recently,
Vikram and co-workers have showed that stability and size differences of
fabricated citric acid stabilized FesOs, y-Fe,O3 and y-FeOOH NPs strongly
depend on Fe?*/Fe®" ratio [24]. However, the NPs obtained by this route tend
to form agglomerates and hence should be stabilized by low molecular weight
surfactants or functionalized polymers. On the other hand this method has
some advantages as low cost, fast, and reproducible for fabrication of high
purity products. In addition, by this synthesis way it is not necessary to use
hazardous organic solvents as well as treatments under the high pressure or
temperature [25].

1.1.2. The synthesis by thermal decomposition route

Another popular wet synthesis route for iron oxide NPs fabrication is based
on the thermal decomposition of organometallic precursors in the absence of
oxygen at elevated temperatures in high-boiling point organic solvents bath
containing stabilizing agents [21]. This method has been demonstrated to be
the most successful approach for the synthesis of iron oxide or metal ferrite
NPs due to better controls of their size and shape and high-quality
monodispersion [14].

Iron oxide NPs have been fabricated using pyrolysis of different precursors
such as pentacarbonyl iron (Fe(CO)s) [26], iron acetylacetonate (Fe(acac)s)
[27], Prussian blue (Fes[Fe(CN)e14H,0]), iron oleate complex [28],
ferrocene (Fe(CsHs)2) [29], and others [30]. In these syntheses, organic
solvents containing fatty acids or amines, such as oleic acid and
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hexadecylamine are usually used as stabilizing agents. These solvents possess
a high-boiling point value required for effective thermal decomposition
reaction, which normally occur at temperatures between 200-320 °C [21]. In
fact, the morphology of obtained products (especially size and shape) highly
correlate with the selected ratio between the concentration of organometallic
precursors, stabilizing agents and solvent. Besides that, the reaction time,
temperature, aging period also plays an important role for thermal
decomposition reaction being the important factors that influence the final
nanomaterials morphology [30]. The reactivity of precursors, as well as their
concentrations, may also be crucial for the precise control on the size and
shape of nanoobjects. In general, the longer chain length of applied fatty acid
leads to the slower reaction rate [30]. In order to accelerate it and decrease the
reaction temperature, the alcohols or primary amine additives have been used.

The thermal decomposition method is superior compared to others
synthesis methods due to a simple possibility to prepare the highly
monodispersed magnetic NPs with a narrow size distribution. For instance,
Chen et al., fabricated iron oxide NPs via decomposition of ferric
oxyhydroxide, oleic acid, and 1-octadecene. The obtained NPs was further
coated with polysiloxane-containing copolymer (Fig. 5 a) and was used as
effective mediators for photothermal therapy [31].

Lu et al., have successfully synthesized the spherical and cubic-shaped
(Fig. 5 a, b, respectively) magnetic cobalt ferrite (CoFe2O4) NPs by thermal
decomposition of Fe(lll) and Co(ll) acetylacetonate compounds in the
presence of oleic acid and oleyamine as surfactants and octadecanol as an
accelerating agent. The reaction of CoFe,O4 NPs production are described by
following equation [32]:

. - - 2 ool o . B ‘
Figure 5. TEM images of Fe;0. (a) [31] and CoFe;O4 (b, ¢) [33] NPs fabricated
by thermal decomposition route.

They also found that NPs shape can be varied between the sphere, cube
and star-like in the range of 4-30 nm via changing the surfactant concentration,

23



precursor ratio and the reaction time. The obtained NPs were applied for
production of oriented carbon nanotubes. The authors also suggest to use as-
obtained NPs for biomedical applications, however the fabricated products are
mainly dispersible in organic solvents. The iron oxide or metal ferrite NPs
produced by thermal decomposition method are usually hydrophobic and
prone to aggregation under the physiological conditions. This disadvantage
implied that these NPs are not applicable for biomedical applications,
requiring more procedures and further surface modification rendering them
soluble in aqueous solution, which increase the price of final products.
Nevertheless, the synthesis of iron oxide and metal ferrite NPs by thermal
decomposition way still receive a great deal of scientists’ attention due to their
promising applications in biomedicine, catalysis, and magnetic data storage
[33].

1.1.3. Electro-inspired techniques for fabrication of nanostructures

Electrodeposition is a unique fabrication method whereby many kinds of
nanomaterials including metals, metal oxides, bimetals, alloys, polymers, etc.
can be successfully synthesized [34]. Several electrochemical methods can be
assessed for fabrication of nanostructured materials, such as AC, DC, CV
deposition. In general, this technique is associated with the electro-inspired
redox reactions on the electrode surface, which usually is immersed in the
solutions containing the metal ions. The electrons act herein as a “fuel” for the
synthesis of nanomaterials and can reduce or oxidize atoms, ions or molecules
in the solution bulk as well as at the conductive. During electrodeposition, the
reduction reactions take place at the cathode, whereas those occurring at the
anode are called oxidation reactions. In some cases the electrodeposition is
carried out in the 3-electrodes cell configuration, consisting of working,
counter, and reference electrodes. During the electrochemical process, the WE
is negatively polarized with respect to the auxiliary electrode, resulting in
positively charged metal ions reduction to their metallic form at the electrode
surface in the electrolyte bath. The as-synthesized products possess high
purity compact film, dense and strongly adhered to the substrate. Furthermore,
the electrodeposition process can be easily adapted to industry due to its
following characteristics — low cost, fast production rate and high
reproducibility and thus play a huge role in nowadays coating and surface
technology [35].

In order to control the electrodeposition at the nanoscale dimensions, the
fundamentals about the formation of crystal association and its growth on the
electrode surface are very important. The final product can be affected by a
series of factors such as concentration of electrolyte, temperature, the type of
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substrate and method used for electrodeposition. Furthermore, the nucleation
of nanomaterials on the electrode surface depend on the structure of the
substrate, free surface energy, adhesion energy, lattice orientation of the
electrode surface and crystallographic lattice mismatch at the
nucleus/electrode interface [36]. The first step of metallic crystal formation is
the nucleation of the metal on the substrate surface, which tends to occur
preferentially at the sites of electrode containing defects or others impurities
such as inclusions, holes, oxide layers. As illustrated in Fig. 6 A, the
nucleation process have several stages: firstly, the hydrated ions diffuse
towards the electrolyte/electrode interface (i), at the second stage, ions that
reached interface undergo partial desolvation (ii). These desolvated forms are
adsorbed at the substrate surface (iii), forming the complete desolvation
structures called the local crystal nuclei (iv) [37].
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Figure 6. Schematic illustration of the (A) nucleation and crystallization (B)
processes on a surface with crystal plane dislocation [34].

Fig. 6 B depicts possible ion attachment places during the crystallization
step on electrode surface with crystalline plane dislocation. Accordingly,
when the ion at position (a) achieves the electrode surface it can be attached
through electron transfer process into the following sites: on the crystal lattice
as an adsorbed atom (b) on a step (c) or in a corner (d) [37]. The nanoscale-
material nucleation and growth Kinetics depend on the method used to
formation of electrodeposits. The electrodeposition of metal NPs on the
substrate from electrolyte involves nucleation, which depends on diffusion-
limited growth. Both cases can affect the particles size and their dispersion
[38]. The chemical nature of both metal and substrate determines the type of
nucleation (progressive or instantaneous) as well as whether the growth will
follow the Frank van der Merve (layer-by-layer), Volmer-Weber (island) or
Stranski-Krastanov (mixed layer and island) growth model [39]. It is notable,
that electrodeposition reaction might be controlled via commonly used
mechanisms: charge-transfer, diffusion, chemical reaction and crystallization
[40]. The design and composition of electrolyte bath selected for
electrodeposition as well as its pH, temperature and presence of additive are
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very important and can strongly modulate the structure or electrolyte/electrode
interface, the charge or mass transfer kinetics. These factors are crucial for
electrodeposition technique. For instance during the reduction of metals such
as cobalt, nickel or iron acidic electrolyte containing sulphur and chloride ions
are commonly utilized in order to avoid passivation of metals [41]. Recently,
Jia et al., have deposited highly dispersed Ag NPs with a size distribution in
the range of 5-20 nm from the acidic electrolyte containing 10 mmol L*
AgNO;3 and 10 mmol L™ NaNOs on the ITO surface (Fig. 7 aand b). The final
product was assessed by CV analysis, which shows two Ag oxidation peaks
at 390 and 780 mV that are attributed to oxidation of Ag(0) to Ag(l) and the
second one belongs to oxidation of Ag(l) to Ag(ll), respectively [42], as
illustrated in Fig 7 c.
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Figure 7. SEM images of bare ITO (a) and electrodecorated with Ag NPs structures
(b). In (c) CV curves of bare ITO (a curve) and ITO modified with Ag NPs (b curve),
both recorded in 0.1 mol Lt NaOH at a scan rate of 100 mV s are shown [43].

Radi et al., highlighted the Cu-Cu.O core shell NPs of different shapes and
size deposited on H-terminated Si(100) substrate by using one-step
electrochemical technique. They found that by controlling the concentration
of electrolyte the Cu-based products can exhibit cubic, cuboctahedral and
octahedral morphology. They also have noted that it is possible to obtain
different size and density of NPs by varying the deposition time under even a
few seconds (<6 s) [44].

Various nanomaterials, in shape of nanorods, nanobelts, NPs, nanowires,
etc., have been successfully synthesised by template-assisted
electrodeposition techniques [45]. As templates for fabrication of suitable
nanomaterial arrays anodic aluminium oxide (AAO) films, polycarbonate
filter membranes, and di-block copolymer matrixes have been widely used
[46]. Template synthesis method are cost-effective and may be used for mass
production of nanowires with controlled geometry and morphology. For
instance, aluminium anodization exhibites two types of Al.Os films: barrier
type oxide and porous oxide films. It has been experimentally confirmed that
the thickness of barrier-type AAO film is directly proportional to the applied
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potential [47]. In order to obtain porous oxide films on alumina surface, the
anodization process is performed usually in the acidic electrolytes of
phosphoric, sulphuric or oxalic acid [47]. In order to form highly ordered
porous structure, the aluminium samples anodization usually is conducted in
two stages following the illustration presented in Fig 8 [48].
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Figure 8. Schematic illustration of the template-assisted electrochemical fabrication
route of the Cu nanowires [48].

According to Masuda suggestion [49], high ordered AAO honeycomb-like
structure films can be obtained just via two steps anodizing of high purity and
smooth Al surface under the conditions characteristic for the solution applied.
As highlighted by Masuda, after the first prolonged anodizing step under the
potentiostatic mode, the oxide layer is removed chemically from the substrate
surface. The surface of the metallic aluminium after complete removal of the
porous oxide layer is textured with nano-scaled concave features. These
concaves act as a pore nucleation sites during the second anodization. After
the second anodization under the same bath voltage and temperature, the
highly ordered self-organized porous structure on aluminium substrate is
achieved. In general, the structure of self-ordered porous AAO is usually
defined by several parameters such as pore diameter, interpore distance,
porosity, pores density, barrier layer thickness, and pore wall thickness [47].
These structural parameters of porous AAO are known to be dependent on the
anodizing conditions: applied voltage value, electrolyte temperature, pH and
type of acid [50]. AAO pores can further be filled with various metals,
semiconductors and polymers by electroless and electrodeposition methods
[46]. Various factors influence the deposition process into the matrix pores:
starting from the composition of solution applied, its pH and temperature to
the thickness of AAO film and its barrier layer, and the diameter of pores [46].
A typical nanowire production process consist of two main stages:
electrochemical reduction of the cation at the bottom of AAO pores and
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template removal. Electrodeposition of metal or semiconductor nanowires can
be inspired by direct, alternating or pulse current. In order to remove the
template of AAO, the phosphoric acid is used. The obtained products exhibit
wire-like morphology as illustrated in Fig 9 a, b, c.

Figure 9. SEM micrographs of Pd (a), Pt (b) and Ni (c) nanowires electrodeposited
in the AAO template pores [45, 51, 52].

The major advantage of the above described techniques is the relatively
high filling ratio of the AAO pores, the homogeneity of obtained products,
and excellent repeatability [53]. There are many papers in scientific area that
report a successful fabrication of metal and semiconductor-based nanowire
arrays in AAO template through electrochemical deposition route [46]. It has
been shown, that electrodeposition can be adapted for fabrication of large
variety of nanowired materials including CuO [54], CdS [55], ZnO [56], Ag
[57], Ni [58], Fe [59], Co [60], etc.

1.2. Nanomaterials as efficient antimicrobial agents

Microorganism infections are a major cause of chronic infections and
humans mortality. In accordance to World Health Organization (WHO)
information, the infectious diseases are the second dominating cause of deaths
worldwide, resulting in almost 25 % of all global deaths. Furthermore, the
situation is even worse in regions like Africa, where the infectious disease are
responsible for over 50-52 % of deaths [7]. Besides, it is known that
microorganisms such as bacteria are becoming resistant to the common
antibiotics and further complicate the problem. From the discovery of
Penicillin by A. Fleming in 1928 till the discovery of Ceftalorine in 2015, the
resistance of bacteria to antibiotics is widely reported in scientific area.
Recently, WHO released the list of 12 antibiotic resistant bacteria that pose
the greatest threat to human health and for which new antimicrobial agents are
desperately needed [5]. In nowadays, the rising numbers of drug-resistant
pathogens is one of the greatest challenges facing the research community.
More attention is required to find out a smart solutions or novel antimicrobial
agents which could help to solve this problem. One of the promising
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alternatives that possess significant antimicrobial activity against a various
bacteria or fungi species are the nano-antimicrobials or engineered
nanomaterials, including NPs, nanocomposites and nanogels [61]. In the
current chapter the antimicrobial behaviour of metal, metal ferrites and metal
oxide NPs or their hetero-nanostructures will be described thoroughly.

1.2.1. Ag-based structures as potential antimicrobial agent

A huge number of papers in scientific area revealed that Ag NPs are one
of the most popular inorganic NPs used for inhibition of human’s pathogen.
Since ancient Greece and Egypt, Ag has been known as noble metal that has
a promising antiseptic properties. This, probably lead that Ag-based materials
have the largest commercialization due to its enhanced biological activity.
Nowadays, it is incorporated into numerous of products such as plastics,
textile, cosmetics, food packing materials, medicine products as implants,
catheters or wound dressings [62]. Furthermore, Ag-based nanomaterials
possess some advantages such as the ability to release the Ag ions from solid
surface, thus enabling long-term antimicrobial activity, because its ionic form
is more active against microorganisms [63]. It is notable, that the antimicrobial
efficiency of Ag NPs has been assessed with more than 650 disease-causing
microbes and has shown a positive inhibition effect [64]. Besides that Ag-
based materials are low toxic or even not toxic to humans. Currently, the
scientific community are discovering various other applications of Ag NPs
along with its bactericidal characteristics. As highlighted by Ruparelia et al,
Ag NPs exhibited the antifungal effect, especially in contact with Candida
albicans yeast [65]. Furthermore, it was reported that Ag NPs can affect
microorganisms via synergistic effect when combined with conventional
antibiotics. According to Hwang’s investigations, spherical-shaped, 3 nm in
diameter Ag NPs exhibited the minimal inhibitory concentration (MIC) values
of 0.25-2 ug mL* against Gram-positive (E. faecium, S. aureus, S. mutans)
and Gram-negative (E. coli, P. aeruginosa) bacteria species [66]. In this paper
no significant differences between antibacterial activity against Gram-positive
or Gram-negative cell were observed, however in general it is widely reported
that Ag NPs has more potent against Gram-negative than Gram-positive
bacteria [67]. It was also shown, that Ag NPs alone or in combination with
commonly used antibiotics as Ampicillin, Chloramphenicol and Kanamycin
can inhibit pathogenic bacteria strains. However, in combination with
antibiotics, the antimicrobial activity was more effective due to the synergistic
effect with the MIC values equaling to 0.375-0.75 ug mL™* (Table 1).

Another important feature of Ag NPs is their ability to prevent and disturb
the biofilms based on medically relevant microorganisms. Additionally, a high
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number of papers report that Ag NPs or Ag-based structures can successfully
affect microbes, but in fact most of these studies, especially the part of
antimicrobial assessments have done as killing individual organisms in
“planktonic state”. Generally, microorganisms can naturally accumulate on a
wide variety of solid surfaces, thus forming the self-produced extracellular
polymeric matrix of microbial communities that are called biofilms.

Table 1. Antimicrobial activity of Ag NPs and a few commonly used antibiotics
alone or in combination with each other against human pathogenic bacteria [66].

MIC, L?
Bacteria = e

species NPgs Ampicillin Chloramphenicol Kanamycin

E. faecium 0.25 2%0_375* 4%0.375* 2%0.75*
S. aureus 0.5 4%0,5* 2%0.75* 4ﬂ0.375*
+Ag * +Ag . +Ag *

S. mutans 2 2—>0.375 4—0.5 4—0.375
E. coli 2 g0 375" 42%%0 5° 470 375*
. +Ag +Ag +Ag

P.aeruginosa 0.5 2-3505" 1—0.375" 2—50.375"

“The Ag NPs additives concentration was equal to 0.1 ug mL?, whereas the antibiotic concentration
was set to be 0.5 ug mL™?, respectively.

These structures are responsible for several disease such as cystic fibrosis,
endocarditis or periodontal disease [68]. It is also known that commonly used
antibiotics exhibit limited efficiency against biofilms. The NPs combination
with antibiotics has shown promising results and has attracted considerable
interest of scientific community. Recently Radzig et al., discovered
hydrolyzed casein-stabilized Ag NPs (8.3 nm in diameter) that inhibit biofilms
formation of E. coli, P. aeruginosa and S. proteamaculans in concentrations
ranging between 4 and 20 ug mL™ [69]. As highlighted by Loo et al., the
combination of Ag and curcumin NPs (the size of NPs was in the range of
10 - 35 nm) at a concentration of 100 pg mL™ can affect more than 50 % of
established bacterial biofilms based on P. aeruginosa and S. aureus [70].
Ansari’s group has showed that gum arabic (GA) capped-Ag NPs (5-10 nmin
size) against multi-drug resistant biofilm forming P. aeruginosa exhibit the
concentration dependent inhibition of biofilms colonizers on the surface of
plastic catheters [71]. They also found that treatment of catheters with GA-Ag
NPs at 50 ug mL* leads to 95 % inhibition of bacterial colonization.

It should be noticed, that the properties of Ag NPs such as particle size,
surface charge, shape, dispersity or stabilizer are important and have impact
on their antimicrobial behaviour. It has been reported that the size of NPs
correlate inversely with antimicrobial activity, due to higher active surface
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area and the higher activity of smaller NPs [72]. For instance, the dependency
of Ag NPs charge to antimicrobial activity was also examined. As highlighted
by Badawy et al., positively charged Ag NPs were more effective in
comparison with the same size but negatively charged ones against few
Bacillus species. The effect is attributed to the stronger electrostatic
interactions with the cell membrane [73]. With reference to the Ag NPs shape,
nanoplates were reported to possess higher bacteria killing efficiency than
spherical-shaped, rod-shaped structures or even Ag* ions (in the form of
AgNQO;). These observations were related to their higher exposure area and
the more easily ionic dissolution from the lattice facets of truncated triangular
Ag NPs crystals [74].

The mechanism of Ag NPs toxicity to microorganisms is still not clearly
understood, however several ideas are suggested to be involved as illustrated
in Fig. 10. The ionic dissolution of Ag* ions from Ag NPs crystals as well as
the ability to release chemisorbed ions at the particles surface play a key role
in the antibacterial activity of Ag NPs and are recognized by many scientists
[75]. As highlighted by Xiu et al., Ag dissolution to Ag* did not happened
under anaerobic conditions, thus increasing the viability of tested E. coli
bacteria. They also found that in comparison with MIC of Ag NPs under
aerobic conditions, three orders of magnitude higher concentration of Ag NPs
did not affect the bacteria in anaerobic environment.

4A : Electrostatic &
interaction of AgNP

| with cell membrane
48 : Membrane | —<
damage (lipid
oxidation) by Ag* and
ROS

= |
3A : Organelle damage 7=
via interaction with
sulfur and phosphor
groups
3B : DNA damage via _<
nucleotide oxidation
3C : DNA and organelle
damage via oxidative
stress \_

2A : Mitochondrial
damage

2B :Direct generation
of ROS

2C : Generation of ROS
by damaged

mitochondria
Diffusion (1A) or
endocytosis (1B)

Figure 10. Mechanisms proposed for the interaction of Ag NPs with bacteria cells
[68].

Authors also proposed that antibacterial activity could be controlled by
modulating Ag* release through the oxygen availability, which strongly
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modulate the Ag oxidation and Ag* release process [76]. For comparison it
was shown that Ag ions can attach to the microorganism cell wall and possibly
penetrate through the interaction with sulphur-containing proteins resulting in
the formation of pits or even large holes within cell membrane [73]. This non-
native cell wall structure might be responsible for its collapsed potential,
dissipation of proton motive force and depletion of intracellular ATP levels
[68]. Besides that, Ag NPs or ionic Ag form can generate high level of reactive
oxygen species (ROS) leading to the oxidative damage of bacteria’s proteins,
lipids or even DNA [77]. These reasons highly influence the impact of bacteria
growth and survival. However it should be noticed that the Ag NPs or Ag-
based structures affect the multiple cell structures via several possible
pathways. This is likely one of the main factors that explain such broad-
spectrum of antimicrobial activity of these NPs.

1.2.2. Antimicrobial activity of copper, copper oxide and hydroxide nanostructures

Copper has been known as material with biocide properties since the
ancient Greeks in the time of Hippocrates (400 BC) when it was used for
pulmonary diseases, wounds healing and also for drinking water purification.
Recently, copper and its compounds have been used as potential antimicrobial,
antifungal and antiviral agent [78]. For instance, CuSQO4, copper based
complex or Cu-containing polymers are used as antibacterial and antifungal
agents. Unfortunately, copper compounds, especially in large amount, may be
toxic to humans and other organisms as well as cause environmental hazards.
According to literature, the toxicity of Cu based compounds is ranked as
Cu?* > nano Cu® > nano Cu(OH), > nano CuO > micron scale Cu [79].
However, its nanometre-scale form might be replaced to avoid these
consequences.

Copper NPs acquired much attention as novel antimicrobial material due
to its multitoxicity behaviour against a wide range of microorganisms
including pathogens, and virus. According to U.S. Environmental Protection
Agency, this material should be capable of killing 99.9 % of most bacteria
within 2 h contact [80]. Besides that, copper NPs fabrication as well as bulk
material is cheap and cost effective. Furthermore, in ambient conditions these
NPs oxidize and form Cu,O or CuO oxide NPs, which are relatively stable in
terms of chemical and physical properties [81]. These copper oxides or
hydroxides in particular Cu2O, CuO or Cu(OH). possess antimicrobial effects
too [82]. More recently, DeAlba-Montero et al., reported that Cu NPs, Cu-
amino acids or EDTA-Cu chelates exhibit antibacterial activity agains E. coli,
S aureus and E. faecalis with MIC values of 20-40, 5-10 and 20 mmol L7,
respectively [83]. Authors also found that more effective bactericidal
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properties were obtained with Gram-negative bacteria species due to its
thinner cell wall structure. Nishino et al., highlighted the antimicrobial activity
of extremely high surface area CuO-based coatings produced by different
photochemical reactions against S. aureus and E. coli bacteria. The clear
inhibition zones around square-shaped samples were observed after 24 h
exposure (Fig. 11 a, b) [84].

(a)  Staphylococcus aureus Escherichia coli

Figure 11. Antimicrobial behaviour of flower like CuO samples fabricated by
different photo-induced methods against Gram-positive S. aureus and Gram-negative
E. coli bacteria strains in the agar plates after 24 hours exposure at 37 °C [84].

The authors attribute this effect to photo-induced Cu?* generation and its
ability to produce ROS such as 05, OH- radical or even H,O,. These active
species cause disruptions during amino acid biosynthesis and thus leads to the
bacterial death [85]. However, it should be noticed that this proposed
mechanism of action is not confirmed by real evidence. Other researchers
hypothesized that copper based NPs can penetrate inside the cell and
inactivate enzymes due to its interaction with —SH groups resulting in the
protein denaturation. According to Gopalakrishnan et al., copper oxide NPs
interact with cell wall, damaging it and causing its higher permeability [86].
Unfortunately, besides previously mentioned statements, the mechanism of
antimicrobial activity of copper or copper oxides NPs are still not clear and
new advanced research on this topic are desperately required.

1.2.3. Crystal structure and antimicrobial properties of metal ferrite NPs

Ferrites, d-element metal oxides with spinel structures, are ones of the most
important magnetic NPs. Based on the crystal structures and magnetic
properties, the ferrites are classified into four main groups including spinel,
garnet, hexaferrite, and orthoferrite [87]. Spinel ferrite due to its excellent
magnetic properties and potential in various application areas such as catalyst,
biomedicine, water, and wastewater treatment have received increasing
attention in the past decade and will be further described herein.

Spinel ferrites have general chemical formula of MFe;O. with a face-
centered cubic structure, where M is attributed to any divalent metal cations
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such as Ni?*, Co?*, Mn?*, Cu®*, Fe?*, Zn?*, Cd?*, etc. This material’s unit cell
contains of 8 tetrahedral sites and 16 octahedral sites, which are occupied by
M?* and Fe** ions [88] as presented in Fig. 12.
o ' Pad © Oxygen
p— 7T © A-Atom Tetrahedral site
© B-Atom Octahedral site

(a) (b) (c)
Figure 12. Spinel ferrite unit cell structure (a) and their octahedral interstice (b)
or tetrahedral interstice (c).

Depending on the position of M(I1) and Fe(lll) in the crystal lattice, the
known forms of these structures are called normal, inverse and mixed
structures [89]. In the case with normal ferrites, the 8 divalent metal ions M(11)
occupy tetrahedral sites, whereas 16 trivalent Fe** ions occupy the octahedral
sites. For inverse spinel ferrites (e.g., magnetite or cobalt ferrite) half of the
Fe* ions are distributed between 8 tetrahedral and 8 octahedral sites and all
M(11) ions occupy the octahedral sites [88].

Spinel ferrites belong to soft magnetic materials group except the CoFe20s4,
which possess high magneto-crystalline anisotropy, high coercivity at room
temperature, and saturation magnetization value equal to 80 emu g [90]. It
should be highlighted, that the size of cobalt ferrite NPs highly influence the
magnetic properties: if the NPs size are less than 10 nm, the
superparamagnetic behaviour is observed [91]. However, for ultra-small
CoFe,O4 NPs (diameter less than 2 nm) the paramagnetic properties dominate.
Furthermore, doping of CoFe.O. NPs with other metals as nickel, manganese,
zinc, iron, etc. allows variations in their properties that are frequently required
for biomedical applications, for example the usage as antimicrobial agent. It
is commonly accepted that cobalt ferrite nano-powder exhibit antimicrobial
properties and might be used as a drug delivery system, where the
concentration of antibiotic could be minimized due to its synergistic effect
with carriers. Inspired by this purpose, many scientists groups tried to
fabricate novel cobalt or metal substituted ferrite NPs that shows high killing
efficiency to bacteria. As reported by Sanpo et al., 42 nm-sized cobalt ferrite
NPs fabricated by sol-gel techniques reduced the viability of E. coli bacteria
almost 40 %. Furthermore, authors found that the cobalt substitution with
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transition metals as Cu, Zn, Mn and Ni with the final formula of
Coo5XosFe204 leads to the improvement of their antimicrobial behaviour.
Almost the same size (44-40 nm) CoosCuosFe204 and CoosZnosFe.0s NPs
inhibit the bacteria survival more than 45 and 50 % respectively [92]. Lopez-
Abarrategui et al., highlighted the citric acid coated manganese ferrite NPs

(~ 5 nm in size) and it’s conjugate with antifungal peptide antimicrobial
activity against Candida albicans yeast with MIC value of 250 ug mL%. The
antifungal activity of peptide-modified MnFe.Os NPs showed higher
efficiency with MIC values of 100 pg mL? [93]. According to Samavati’s
investigations, the antimicrobial activity depend on the amount of Cu in cobalt
ferrite NPs synthesized by co-precipitation method (size of the NPs varying
from 20-32 nm), with final formula as CuxCoi-«Fe,O4, where x = 0, 0.3, 0.5,
0.7 and 1.0. They figure out that all tested NPs possess antibacterial activity,
however the higher killing efficiency is achieved with CuFe,O4 NPs [94]. On
the one hand the high antimicrobial efficiency is advantage due to opportunity
to reduce drug concentration. On the other hand the doping of cobalt ferrite
NPs with metals as Zn, Cu or Ni that are known as good antimicrobial agents
might result in increased toxicity and would require additional optimization
and further investigations. Besides that, the mechanism of spinel ferrites
antimicrobial behaviour is still not completely understood, however some
possible ideas are already highlighted. One most possible way for
antimicrobial activity of these NPs is different oxidation rate, which lead to
the generation of cations such as Mn?*, Ni%*, Zn?* or Co?* etc. released from
the metal-substituted spinel NPs and can penetrate into the bacteria cell. These
cations could interact with negatively charged components as phosphate
groups and thus inactivate bacteria or even cause the death of it [95]. Another
proposed mechanism state that ions or even whole NPs penetrate trough cell
membrane or interact with it and thus promotes the ROS production. These
active oxide species (in particular O%, ‘OH-, H.O,, etc.) are powerful
oxidizing agents and readily destroy microbe cell. Summarizing the reported
hypothesis it is clear that antimicrobial properties of spinel ferrite NPs
antimicrobial properties strongly depend on the chemical composition of NPs,
especially on the content of M(11) in the typical spinel structure.

1.2.4. Gold NPs as efficient drug against microorganisms

Gold NPs have attract considerable interest of scientific community due to
their properties as convenient surface conjugation, chemical stability, readily
size control, easily modifiable and nontoxic to mammalian cells or animals
[96]. Furthermore, these NPs can exhibit the antimicrobial activity against
some bacteria and fungi strains including species, such as A. tumefaciens,
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M. oryzae, etc. [97]. However the antimicrobial behaviour of these NPs are
weaker in comparison with Ag NPs. Most of the published papers highlighted
that the size of Au NP plays a huge role in their antimicrobial potency. In fact,
it was reported that only ultra-small gold NPs (size less than 2 nm) could
exhibit the antibacterial activity. However there are several studies which
confirmed that larger gold NPs also shows antimicrobial or antifungal activity
especially if the NPs are functionalized by antimicrobial materials as
antifungal peptides, proteins or other drug conjugates. For instance, Mohamed
et al., reported that spherical, 25 nm in size gold NPs, possess the MIC values
equal to 200 ug mL? against C. psudotuberculosis bacteria. In order to
enhance this activity authors combine the action of Au NPs with laser light
(520 nm, 20 mW) for exposure time of 5 min, resulting in the decrease in the
MIC value at least two times [98]. As highlighted by Payne et al., Au NPs-
kanamycin conjugates showed the reduced MIC values against Gram-positive
S. epidermidis and Gram-negative E. aerogenes when comparing them with
free kanamycin [99]. Similar observations were obtained by Rattana et al.,
who evaluated the activity of gallic acid and its mixture with Au NPs against
food-borne pathogenic bacteria species P. shigelloides and S. flexneri. They
found that the mixture consist of gallic acid and Au NPs demonstrated
significantly lower MIC values than pure gallic acid [100]. The mechanism of
antimicrobial activity of gold NPs is still not well understood, however some
suggestions are already highlighted. These NPs are capable to attach to the
bacteria cell membrane due to electrostatic interactions, thus disrupt its
integrity and cause cell death. It was hypothesized that Au NPs can generate
the holes in cell wall leading the leakage of cell organelles and bind to the
DNA, thus inhibiting transcription process [101]. For the ultra-small NPs is
mostly accepted, that it cause bacteria imbalance resulting in an increase of
ROS production that culminate in cell death [102].
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2.  MATERIALS AND METHODS

2.1. Materials and chemicals

2.1.1. Reagents

In this project, all chemicals were of analytical grade and used as received
without further purification unless otherwise stated. The main chemicals
which were used in this research are given in table 2:

Table 2. The list of chemical reagents used during PhD project and the suppliers
where they were purchased.
Reagent Source
Sulfuric acid (H2S0.), 95-98 %
Nitric acid (HNO3), 70 %
Boric acid (H3BOs), 99.5 %
Sodium hydroxide (NaOH), 98.8 % Eurochemicals
Acetone ((CH3)2.CO), 99.8 %
Ethylene glycol ((CH,0OH)), 99 %
Acetic acid (CH3;COOH), 99.8 %
Ammonium fluoride (NH4F), 98 % Merck
Copper acetate (Cu(CHsCOO), H,0), 98 %
Magnesium acetate (Mg(CHsCOOQ),-4H,0), 99 %
Ammonium heptamolibdate (NH4)sM070244H20), 99 %
Silver nitrate (AgNO3), 99 %
Magnesium sulfate (MgS0O.), 99.99 %
Triethanolamine (N(C2H4OH)3), 98 %
Cobalt chloride (CoCl,'6H20), 97 %
Iron(111) sulfate (Fe2(SO4)3xH-0), 97 %
Citric acid (HOC(COOH)(CH,COOH),), 99.5 %
Iron(11) chloride (FeCly4H,0), 99 %
Iron(l11) chloride (FeCls-6H20), 99 %
L-lysine (H2N(CH2):CH(NH2)COzH), 98 %
Cobalt acetylacetonate (Co(CsH705)2), 97 %
Oleic acid (CH3(CH2)7CH=CH(CH_);COOH), 72 %
Trimethylamine N-oxide ((CHs)sN(O)), 98 %
Dibenzyl ether (CeHsCHzOCH2C6H5), 98 %
Iron(l11) acetylacetonate (Fe(CsH702)2), 97 %
Tetrachloroauric(l11) acid (HAuCls-4H,0), 99.9 %
D,L-methionine (CsH13NO,S), 99 %
Trisodium citrate (HOC(COONa)(CH,COONa)>), 99 %

Sigma-Aldrich
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L-ascorbic acid (CsHsOs), 99 %
Potassium chloride (KCI), 99 %
Nafion, 5 %

Milli-Q distilled water (DI, 18.2 MQ‘cm) was used for the preparation of
all solutions, synthesis and rinsing of NPs and electrode surfaces.

2.1.2. Materials and microorganisms growth media

All materials as well as the microorganism growth media which were used
in this research are listed in Table 3:

Table 3. The list of materials and microorganism growth media used during PhD
project and the suppliers where they were purchased.

Material Source
Aluminium foil (Al), 99.7 %
Platinum foil
Aluminium foil (Al), 99.99 %

Titanium foil (Ti), 99.7 % Sigma-Aldrich
Carbon rod (C), 99.95 %
Screen-printed electrodes Dropsens
Saturated calomel electrode Gamry
Nutrient agar?
Nutrient broth®
Sabouraud CAF agar®
Yeast extract peptone dextrose agar (YEPD)¢ Liofilchem
RPMI-1640¢
M9 5Xf
LB medium?

32 g L* yeast extract, 1 g L™ meat extract 5 g L™* peptone, 5 g L sodium chloride and 15 g L™* agar;
®1 g L™ glucose, 15 g L™ peptone, 6 g L™ sodium chloride and 3 g L™ yeast extract;

40 g L glucose, 0.5 g L chloramphenicol, 15 g L™ agar and 5 g L casein peptone;

920 g L™ peptone, 10 g L™ yeast extract, 20 g L™ glucose and 15 g L™ agar;

€2 g L  glucose, 1 g L' amino acids, 5 mg L* phenol red, 2.1 g L salts and 44 mg L vitamins;
f33.9 g L* Na;HPO,, 15 g L™ KH,PO,, 5 g L* NH,Cl and 2.5 g L* NaCl;

910 g L tryptone, 5 g L™* sodium chloride and 5 g L™ yeast extract.

Russia

It is worth noticing that microorganism’s growth media as well as
containers and biohazardous waste were sterilized via autoclaving at 121 °C
for 1.5 h before and after usage.

2.1.3. Microorganism‘s cultures

In this work, antimicrobial activity of NPs and coatings were assessed with
eukaryotic and prokaryotic microorganisms, which were obtained from
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Nature Research Centre collection of microbial strains. The list of various
types of microorganisms are given below:
Yeasts:
v’ Saccharomyces cerevisiae, (GTC-BTL, M-99)
v’ Candida parapsilosis, (GTC-BTL, M-16)
v Candida krusei, (GTC-BTL, M-12)
v Candida albicans, (GTC-BTL, M-7)
v" Geotrichum candidum, (GTC-BTL, M-40)
Fungi:
v" Aspergillus versicolor, (GTC-BTL, B-64)
v" Aspergillus fumigatus, (GTC-BTL, G-37)
Bacteria:
Gram-negative strains
v Pseudomonas aeruginosa, (GTC-BTL, B-12)
v’ Escherichia coli, (GTC-BTL, B-10)
v" Acinetobacter baumannii, (ATCC BAA-747)
v’ Salmonella enterica, (GTC-BTL, B-25)
Gram-positive strains
v" Micrococcus luteus, (GTC-BTL, B-30S)
v' Staphylococcus aureus, (GTC-BTL, B-26)
v" Staphylococcus aureus MRSA, (ATCC 433300)
v’ Streptococcus gordonii, (GTC-BTL, B-27)

The bacteria strains, were propagated on Nutrient agar, while yeasts or
fungi were cultured on Sabouraud CAF agar at 37 °C and 27 °C for 24t0 48 h
before use, respectively.

2.2. Fabrication of Cu,;0O, CuO and Ag based antimicrobial
coatings

AC and DC deposition techniques as well as a few electrochemical
anodization methods were employed in order to achieve well dispersed
heterostructures on the materials with high surface area as TiNT or AAO. In
this paragraph the formation methods of these nanostructured materials are
given briefly.

2.2.1. Thermally and electrochemically inspired Ti oxidation

Decoration of pyramidal-shaped copper (1) oxide (CuzO) p-type
semiconductor NPs on thermally or anodically oxidized titanium substrate
was achieved using AC deposition mode. Commercially pure titanium foil,
0.127 mm thick, were used to prepare ~ 7 mm in radius round-shaped
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specimens. Firstly, Ti electrodes (5~1.5 cm?) were ultrasonically cleaned in
ethanol and DI for 6 min in each and dried in air. Titanium oxide nanotube
arrays (TiNT) were prepared by anodic oxidation. Anodization experiments
were conducted in the thermostated glass cell containing ethylene glycol
electrolyte with 0.3 % w/w of ammonium fluoride and 20 mL L of water at
20 + 1 °C with gentle magnetic agitation. All anodization experiments were
carried out potentiostatically at a constant voltage of 50 V for 40 min. Direct
current (DC) power supply platinum sheet cathodes with dimensions of 40 x
70 mm and the Ti electrode (used as a WE) connected to the anode was
employed in this process (Fig. 13).

Figure 13. Schematic illustration of titanium anodization used to produce
nanotubular TiO films by anodization of Ti.

In order to decrease the thickness of titanium oxide barrier layer, the
anodization voltage was step-wise decreased at the end of anodizing from
50 V to 30 V with a 1.0 V min rate. Ti surface oxidation was conducted in
the organic electrolyte as mentioned above no more than 3 times before
replacing with a fresh one. After anodization the Ti electrodes were
ultrasonically agitated in ethanol for 5 s. The aim of this procedure was to
remove the debris from the TiNT surface. The as-growth products were rinsed
with DI and dried in air. The amorphous TiO, phase was calcined in air
atmosphere at 450 °C for 2 hours at 10 °C min™ heating rate.

The thermal oxidation of Ti foils was conducted by furnace under ambient
atmosphere. Firstly the samples were heated up to 450 °C, with a heating rate
of 10 °C min*. The temperature was kept for 2 h. Subsequently, the furnace
was cooled to room temperature with the cooling rate of 10 °C min™.

2.2.2. Decoration with Cu,O NPs
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Electrodeposition of CuO NPs on nanotube walls or compact TiO; films
was accomplished in the similar deposition bath as represented in Fig. 13,
except that several graphite stripes were used instead of platinum electrode.
In detail, the prepared electrode was immersed into the deposition electrolyte
containing an aqueous solution of 0.1 mol L* copper acetate, 0.1 mol L*
magnesium acetate and 1.2 mL L acetic acid. The pH of the blue solution
was adjusted to ~ 5.28. All depositions were performed at room temperature.
Mg?* salt was used to prevent the breakdown of the titanium oxide barrier
layer during the AC treatment changing the rate of Cu,O deposition [103].
Owing to the rectifying properties of the titanium barrier layer [104], the
depositions were carried out by AC at a constant (Up-0-p) peak-to-peak voltage
mode which varied within the 1.1 — 1.2 V range. The AC frequency was set in
the range of 100 Hz for deposition on the thermally oxidized TiO2 (tdeposition =
12 min) and 50 Hz on anodically oxidized TiNT (tgeposiion = 5 min) using a
programmable AC source Chroma AC 61602 (Taiwan). After deposition, each
specimen was carefully rinsed with DI and dried under nitrogen.

2.2.3. Formation of CuO/Cu heterostructures by copper anodization

Copper foil disc-shaped samples of ~1.5 cm? working area were cut from
copper foil. Prior to anodization the specimens were etched for 40 s in 1:1
HNOs:H,0 solution. Anodic oxidation of copper samples were performed in
a hot electrolyte containing 3.75 mol L* of sodium hydroxide and 0.008
mol L* (NH4)sM070,4-4H,0 at 90-95 °C for 15 min. Anodization was carried
out in two-electrode cell configuration under galvanostatic mode at 10
mA cm, using a Pt sheet as cathode. After oxidation, electrodes were rinsed
with DI and dried in an air. The formed black electrodes were annealed in
ambient atmosphere at 250 °C for 1 h with a heating rate of 10 °C min™.

2.24. Electrochemical formation of porous AAO

Aluminium electrodes with dimensions of 40 x 40 x 0.05 mm were cut
from commercial Al foil (99.7 %). The samples were chemically cleaned by
etching in 1.5 mol L* NaOH at 55-60 °C for 10-12 s and desmutted for 60 s
ina 1.5 mol L™ HNO;s solution. After each procedure the sample was careful
rinsed with DI and dried under the nitrogen stream. Electrochemical oxidation
of Al electrodes were carried out in a thermostated glass cell and two-electrode
configuration whereas the aluminium foil acts as a WE and two platinum
sheets were used as a cathode (see Fig. 13). Anodization was performed
potentiostatically in 1.2 mol L™ H,SO4 electrolyte at 15 °C for 10 min at a
constant potential of 10 V. For comparison, some specimens were anodized
under the same conditions for 2 h obtaining a porous alumina film with an
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average thickness of 9.5 um. Some electrodes were fabricated from pure
aluminium (99.99 %) and polished in a 60 % HCIO4 + CoHsOH (1:4 wi/w)
solution at 17 V and 5 °C for 1 min prior oxidation in the same conditions.

2.2.5. Decoration of self-ordered AAO with Ag nanowire arrays

In order to obtain uniform deposition of Ag nanowires into the pores of
AAO/AI the galvanostatic and potentiostatic modes were tested. The aim of
this experiments was to find out the conditions that required for homogenous
AAO pores filling with metallic Ag nanowires thus resulting in uniform
colouring of extremely thin AAO film in gold tints. Briefly, the anodized Al
sample was immersed into the deposition bath containing an aqueous solution
of 10 mmol L Ag nitrate and 50 mmol L magnesium sulfate. The pH of the
colourless solution was adjusted with HNO3 to ~ 1.45. Due to the rectifying
properties of alumina barrier layer [105], the depositions were carried out via
AC at 50 Hz either at constant current density of 1.5-3 mA cm2 or constant
voltage Upwp ~ 7 V. Anodized and coloured specimens were individually
sealed in boiling distilled water for 30 min. After deposition, each specimen
was carefully rinsed with DI and dried under the nitrogen stream.

2.3. Synthesis of CoFe,Os@citrate, CoFe,04s@LYys, CoxFes-
xFe204@Lys, CoFe;04@0le, Fe;0.@Au@Met and ultra
small Au NPs as a potential antimicrobial material

In this study, the hydrothermal, co-precipitation and thermal
decomposition methods were employed to synthesize different in size, shape,
lattice composition or environmental cobalt ferrite, magnetite and gold NPs as
the new potential drugs against microorganisms. In this chapter the synthesis
conditions of NPs applied will be described thoroughly.

2.3.1. Synthesis of citrate stabilized cobalt ferrite NPs

Hydrothermal synthesis as well as co-precipitation method offers many
advantages such as inexpensive, one step synthesis procedure and
environmental friendliness. Consequently, they have been chosen to produce
the citrate stabilized CoFe,Os4 NPs. For this purpose, the 15-nm in size,
spherical NPs were synthesized in Teflon-lined stainless steel autoclave from
the complex-assisted alkaline solutions containing 45 mmol L* CoCl, and
Fe2(S04)s salts and 75 mmol L citric acid as a chelating agent. The pH of the
brown solution was adjusted with 5 mol L of NaOH to ~ 12.35. The prepared
mixture was transferred into Teflon-lined autoclave and kept at 130 °C for
10 h with a heating/cooling rate of 10 °C min™. As-grown black in colour
product was washed with DI several times and collected using a permanent
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magnet. Small (~ 5 nm in diameter) and ultra-small (~ 2 nm in diameter) NPs
were synthesized by co-precipitation method in the thermostated glass reactor
at the same conditions. Following Massart’s group protocol, the synthesis was
carried out at 80 °C for 3 h with the argon gas assisted reaction agitation [20].
Finally, NPs were centrifuged at 7500 G for 15 min and carefully rinsed with
DI, repeating the procedure at least 5 times. For collection of ultra-small NPs,
the supernatants of last three centrifugations were collected and rinsed further
twice in the successional sequence with DI, isopropyl alcohol and DI resulting
in brown NPs suspension with pH ~ 7.4.

2.3.2. Synthesis of L-lysine coated Fe-substituted CoxFesFe;04 NPs

L-lysine coated Fe-substituted magnetic cobalt ferrite NPs with
compositions of CoxFeixFe;O4 (where X varies from 0.2 to 1.0) were
synthesized by hydrothermal method (Fig. 14). Firstly, Co?", Fe?*, Fe®" salts
with molar ratios of 1:4:10 for Cog2FeogFe;0a4, 1:1:4 for CogsFegsFes0q, 1:2
for CoFe;04 and 1:2 for Fe;04 were dissolved in 25 mL DI under magnetic
stirring. The total concentration of metal salts was fixed at 75 mM. Secondly,
0.195 mol L of L-lysine was dissolved in 12 mL of DI and rapidly added to
the mixture. The pH of the brown suspension was adjusted with 5 mol L of
NaOH to ~ 12.35.

Co,Fe  Fe,04@Lys

Figure 14. Schematic illustration of the synthesis process of Fe-substituted, L-
lysine coated CoxFe1.x<Fe2Os NPs.

Co* NaOH

%

Finally, the 40 mL of prepared mixture was transferred into a Teflon-lined
stainless steel autoclave. The reactor was put to muffle furnace and the
reaction was conducted at 130 °C with a heating/cooling rate of 10 °C min'
for 10 h. Prepared black nanopowders were separated magnetically, washed
from reaction fluid several times with DI, centrifuged at 7500 G for 15 min
and left to dry overnight.

2.3.3. Fabrication of CoFe;04@O0le NPs by thermal decomposition approach

Hydrophobic, 7.5 in diameter CoFe,O4 NPs were synthesized by thermal
decomposition method. In more detail, 18 mmol L of cobalt acetylacetonate,
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36 mmol L of iron acetylacetonate, 15 mmol L trimethylamine-N-oxide and
41.7 g L? oleic acid were dissolved in N saturated 45 mL of dibenzyl ether
under the magnetic stirring. Oleic acid as well as trimethylamine-N-oxide
were used as stabilizing agent. The prepared mixture was heated to 230 °C
under N2 gas flow and stirred for 2 h in custom-made glass reactor, followed
later by temperature increase to 280 °C and processing further under reflux
and N bubbling for 1 h. After cooling to room temperature, the crude products
were centrifuged, rinsed with acetone/ethanol mixture (2:1) for several times,
collected with permanent magnet and dried in air at 60 °C. For the synthesis
of larger cobalt ferrite NPs (mean diameter ~17 nm), the same synthesis
protocol was repeated using already synthesized NPs in a double diluted
solution, compared to the first one, under the same conditions.

2.3.4. Synthesis of ultra-small gold and Fe:0.@Met@Au NPs

In this study, the synthesis of Fe;Os@Met NPs was carried out in an
alkaline media as described previously (in § 2.3.2 Synthesis of L-lysine coated
Fe-substituted CoxFe1.x<Fe20. NPs) except the D,L-methionine amino acid was
used instead of L-lysine. The fabrication process of magnetite NPs and the
possible interaction of D,L-methionine functional groups supposed through O
atom are represented in Fig. 14 and 15.
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Figure 15. Schematic illustration of ultra-small gold NPs functionalization of
methionine shell to achieve Fe;0.@Met@Au and Au@Met NPs.

The loading of magnetite surface with ultra-small gold NPs was performed
through the methionine-induced [106] chemical reduction of chloroauric acid.
Firstly, 3.5 mg of FesO,s@Met NPs were dispersed in 5 mL of distilled water
in an ultrasonic bath until the mixture become the bright mustard-coloured
solution. Then, 3.5 mL of NPs suspension was transferred into a glass reactor
and 5 mL of 10 mmol L methionine solution containing 4 mmol L* of
HAuUCI, was added under the ultrasonic agitation. The solution was alkalized
to the ~ 12.4 pH value by dropping 5 mol L sodium hydroxide. The ultra-
small gold NPs crystallization on the FesO.@Met NPs surface process was
performed at 37 °C for 4 h under the mild mixing conditions. Immediate
formation of gold NPs was observed by change in the dispersion colour and a
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notable increase in the NPs density. Finally, the samples were washed several
times with DI and re-dispersed in ethanol for further examinations. Resulting
NPs were labelled as FesOs@Met@Au NPs.

In order to detach the Au@Met NPs from the FesO.@Met@Au surface
methionine amino acid has been used as shown in Fig. 15. Following this
illustration, the washed precipitates were transferred into the glass beaker
containing the solution of 0.3 mol L D,L methionine. Then, it was placed in
the ultrasonic bath and operate 5-7 minutes until the colour of suspension turns
from bright brown to light pink. The products obtained were collected by
magnetic separation and stored at 4 °C for further experiments.

2.4. Fabrication of concentrated gold and Ag NPs

Gold NPs were synthesized from HAuCl,4 via modified Turkevich method
as described in [107]. Following this protocol, 19.691 mg of
tetrachloroauric(l11) acid was added to the beaker filled with 50 mL distilled
water. Secondly, reaction mixture was transferred on the heat plate preheated
to 80-90 °C under vigorous stirring. Then, 10 mL of 38.8 mmol L trisodium
citrate was injected to the solution resulting in the changes in colour from
yellow to bluish grey immediately and then to red-wine. After 15 min, the
reaction was cooled down to room temperature under stirring. As-synthesized
particles were used for size measurements and further concentrated 500 times
via centrifugation at 7000 G for 20 min. The resulting particles
(~1.25 x10*" NPs L) are stabilized with negatively charged citrate ions and
were used for screen printed electrode (SPE) modification.

Ag NPs were synthesized using ascorbic acid as reductant and trisodium
citrate, which act as a capping agent as reported in [108]. In a hydrothermal
synthesis, 2 mL of agueous solution of sodium citrate (1 wt %), 0.5 mL
aqueous solution of silver nitrate (1 wt %) and 1 mL of 8 mmol L™ potassium
chloride was consecutively added to the 1.5 mL of distilled water under
stirring at room temperature. In parallel, the 100 uL of 0.1 mol L ascorbic
acid solution was injected to 95 mL of distilled water and were left to heat
until 80-85 °C. After 5 minutes incubation the premixture solution (5 mL) was
injected to 95.1 mL of hot water under vigorous stirring resulting in the
changes in colour from colourless to yellow. Finally, the reaction mixture was
boiled for 1 h under stirring to maximize the production yield of Ag NPs. The
products were used for size measurements and further concentrated as
described previously. The concentrated Ag NPs (~1.13 x10' NPs L) are
coated with negatively charged citrate ions and were also used for SPE
electrodes modification.
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2.5. Modification of screen printed electrodes with NPs

Gold-based SPE were partly covered with insulating tape in which empty
part between working (WE) and counter (CE) electrode was left open for
concentrated NPs suspension (Fig. 16). Care was taken to facilitate and ensure
the short-circuiting conductivity, obtained during the dropping of
concentrated Ag or Ag and Au containing NPs mixture. In order to deposit
particles uniformly and avoid the coffee-ring effect, colloidal suspension
droplets on bare SPE were heated to 70-80 °C as recommended in [109].
Furthermore, the 1 uL of 5 % of Nafion solution was dropped directly on the
NPs to prevent the dissolution of particles as well as enhance the stability of
the electrode life time and even biocompatibility [110]. The resistance
measured by multimeter between W and C electrode, was less than 10 Q
confirming the good electrical contact.

C-E\
W_E # V 3
/ \ é
3
Figure. 16 Schematic illustration of SPE modification with Ag and Au NPs.

A A 0 oxidation n ; .
The electrochemical conversion Ag® ——— Ag™ was carried out in

140 mmol L PBS solution at room temperature. For this, as-prepared Ag or
Ag and Au NPs modified SPE and Pt wire were used as working and CE,
respectively, in a three-electrode electrochemical cell. A saturated calomel
electrode (SCE) was used as a reference. Chronoamperometry was conducted
as an electrochemical method for complete and partial Ag NPs oxidation at
- 200 mV for 120 s and at -70 mV for 12 s, respectively. After preparation, the
SPE were thoroughly washed with DI water and stored dry before being used
for measurements.

2.6. Investigation of antimicrobial activity of as-synthesized
coatings and NPs

Antimicrobial activity of coatings and NPs, which were synthesized in this
study have been studied against several medically relevant eukaryotic and
prokaryotic microorganisms, including, S. cerevisiae, C. parapsilosis,
C. krusei, C. albicans, G. candidum, A. versicolor, A. fumigatus,
P. aeruginosa, E. coli, A. baumannii, S. enterica, M. luteus, S. aureus and
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S. aureus MRSA. In the following chapter, the techniques for evaluating the
in vitro antimicrobial susceptibility will be discussed in detail.

2.6.1. Agar-disk diffusion method

The modified agar —disk diffusion method, also known as the Kirby-Bauer
method, was used in order to examine the antimicrobial activity of coatings
such as thermal and anodically oxidized Ti surface decorated with Cu,O
nanocrystals or alumina foil samples with encapsulated Ag nanowires as well
as filter papers loaded with NPs as described previously (Fig. 17) [111].

1 mL ~10° CFU/mL @ Incubation

Microorganism suspension is Sterile medium is added and Sample is added into sterile
pipetted into sterile plate mixed with inoculum plate

Figure. 17 Schematic illustration of agar-disk diffusion method.

Inhibition zone width is fixed

Yeasts and fungi were cultivated on Sabouraud CAF or YEPD agar
medium while the bacteria strains were cultivated on Nutrient agar. Briefly, a
small piece of microbes was taken from the cell storage bank and inoculated
on a growth media. Secondly, in order to prepare suspensions containing
approximately (1-5)x10° colony forming units (CFU) per mL™* for yeasts or
fungi and (6.4-8)x108 CFU mL?' for bacteria, as measured
spectrophotometrically, fresh cell strains were suspended in the 0.9 % NaCl
solution. After this, 1 mL of as-prepared suspension was transferred into
sterilized Petri dishes. Finally, the microorganism growth media was poured
onto prepared dishes, mixed carefully and allowed to solidify in the incubator
before applying the loaded coatings or discs. The disc-shaped samples were
placed gently on the seeded agar plates. The experiment was carried out in
triplicate and the diameters of the inhibition zones were measured after 24 (for
bacteria) or 48 h (for fungi) of incubation at 37 °C and 28 °C, respectively.
The negative control — inoculated Petri dishes without sample and with filter
paper or Ti and AAO electrode were used, while for the positive control —
standard antimicrobial agents including fluconazole (100 pg for yeasts),
itraconazole (50 pg for fungi) and streptomycin (100 pg for bacteria).

2.6.2. Serial dilution method

Serial dilution method known as broth dilution method was employed to
determine the quantitative analysis of antimicrobial behaviour of as-
synthesized CoxFeixFe;04, CoFe,04@Lys, CoFe0.@0le, Au@Met and
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Fe:Os@Met@Au NPs (Fig. 18). In this experiments, NPs were cultivated in
liquid growth medium under vigorous stirring for 24 or 48 h.
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Figure. 18 Schematic illustration of serial dilution method.

Followed by these investigations prokaryotic and eukaryotic
microorganisms have been propagated in Nutrient and Sabouraud CAF agar
medium. The fresh cultures have been harvested and diluted in sterile
nutritional liquid media resulting 0.5 McFarland scale or CFU mL™* inoculum
of (1-5) x 10° for yeasts or fungi and (6.4 — 8) x 108 for bacteria cells. The
concentration of microbes was controlled by measuring optical density at
530 nm (ODsso) and 600 nm (ODaoo). The range of ODs3g and ODggo Was
obtained between 0.12-0.15 and 0.08-0.1, respectively. Then microorganism
suspension were collected at the logarithmic stage of growth and transfer into
a 50-mL Erlenmeyer flask. Finally the colloidal suspension of NPs was added
to the liquid media with inoculum and further incubated at room temperature
for 24-72 h with 150 G shaking. During the cultivation, 1 mL of suspension
was taken from each reaction mixture, diluted as represented in Fig.18 and
seeded on sterile plate using stainless steel spreader. Control — microorganism
suspension without NPs addition. Oleic acid, I-lysine, methionine, and
magnetite NPs (FeszO4) act as a negative control samples. The counting of
microbes colonies as well as their growth were tested after incubation at 37 °C
and 28 °C.

2.7. Open circuit potential and chronoamperometry
measurements

48



Open circuit potential (OCP) measurements have been commonly used for
description of microbial fuel cells (MFC). It is well known, that
microorganisms have ability to form biofilms spontaneously on material
surfaces, thus it can subsequently demonstrate electrochemical activity when
the biofilm coated electrode is tested electrochemically [112]. In this study,
microbial bioanode based on glassy carbon electrode (GCE) was designed and
tested under open circuit conditions. The OCP was recorded with digital
multimeter (Brandfrd 2286) which was connected to the biofilms hosting
electrode (GCE) and Ag/AgCl (3M KCI) RE as represented in Fig. 19. Both
electrodes were immersed into a falcon tube (50 mL) filled with 29 mL sterile
LB medium. After first OCP measurement, liquid media was inoculated with
1 mL microbes suspension consisted with one or few species such as
Pseudomonas aeruginosa, Staphylococcus aureus, Escherichia coli,
Streptococcus gordonii and Candida albicans.

- | Ag/AgCl
I reference

i electrode
Lt
K/\ Glassy carbon
electrode

Multimeter

Figure. 19 Schematic illustration of open circuit measurements between biofilm
coated GCE and Ag/AgCl (3 mol L'* KCI) RE.

The final concentration of inoculum was adjusted to be 106 CFU mL™. The
investigation on negative electrode potential development was performed at
various time (t) includingt=0,t=2,t=4,t=6,t=8,t=18,and t = 24 h.
Each measurement was done in triplicate. All biological waste such as
containers, tubes, plates were autoclaved before recycling or disposal.

In order to investigate the ability of electroactive biofilms to generate
electrical current, which is required for reduction of AgCl NPs based sensing
layer to metallic Ag, chronoamperometry measurements were performed by
applying the constant potential of 5 mV. In this study, two electrode system
was used to monitor the electrical current generating by biofilm. The Ag or
Ag-Au NPs modified SPE electrode act as a WE, whereas the biofilm coated
GC electrode act as a CE. It should be noticed, that before usage, the Ag NPs
modified SPE was oxidized electrochemically to have a resistance between 1
and 10 kQ as described previously. Both electrodes were immersed in a LB
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medium and connected to electrochemical analyzer (lvium technologies). The
chronoamperometry was run for 86.400 s.

2.8. Wireless monitoring of electroactive biofilms

A simple radio frequency identification system (RFID) consisted of
scanning antenna, passive RFID tag (operating frequency 13.56 MHz,
(Smartrac)) and a network analyser (DG8SAQ, VNWA 3). The reader part
works as transmitting and receiving unit by consuming an AC to generate a
magnetic field to transmit and receive sensor data from the distant sensor. To
prepare the NFC-RFID tag for wireless-biofilm monitoring, the passive tag
was cut resulting 2 mm gap in the circuit. Furthermore, the NPs modified SPE
electrode was connected to the gap. Changes in resistance of NPs modified
SPE leads the change in conductivity of the RFID antenna, which can be
wirelessly monitored. In addition, the wireless sensor delay time, could be
attributed to the time, required to reduce Ag* to Ag®. During the process,
electrode resistance changed from 1-10 kQ to 2-20 Q leading a small shift
between the resonance frequencies from 18 to 13.5 MHz, which corresponded
to the reflection coefficient |[S11| obtained during the backscattered energy
between SPE modified tag and copper coil-based antenna. The frequency
range of the antenna was operated in the range of 3 to 30 MHz. The resistance
of the NPs modified SPE was measured with a digital multimeter (Extech
instruments).

2.9. Characterization techniques

NPs, coatings and other heterostructured materials were characterized
using structural and analytical characterization techniques:

» Scanning electron microscopy (SEM). The surface
morphology, cross-sections and elemental composition of as-synthesized
coatings was carried out in a dual beam system of a scanning electron
microscope Helios Nanolab 650 (FEI Quanta 200 F) equipped with an EDX
spectrometer X-Max (Oxford Instruments), field emission source and
imbedded focus ion beam (FIB) system. It should be noticed that before cross-
section analysis, a thin (~ 100 nm) platinum layer was deposited on top of the
sample.

» Transmission electron microscopy (TEM). The morphology,
shape and size distributions of NPs were investigated by a transmission
electron microscope FEI Tecnai F20 X-TWIN with a field emission gun. For
this purpose, NPs were dispersed in ethanol, drop-casted onto carbon-coated
nickel grid and dried naturally. TEM images were recorded using a Gatan
Orius CCD camera in bright field mode at an acceleration voltage of 200 kV.
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In order to measure the mean particle diameter, the ImageJ software was used
in this study.

» Raman spectroscopy. Raman spectra were recorded using an
inVia (Renishaw) spectrometer equipped with a thermoelectrically cooled
(- 70 °C) CCD camera and microscope. The 532 nm solid state diode laser
beam was used as an excitation source. The laser power at the sample was
restricted to 0.06 mW and 0.6 mW for TiNT/Cu,O and bare Ti oxide,
respectively. Raman spectra were taken using a 50x objective lens. The
parameters of bands were determined by fitting the experimental spectra with
Gaussian-Lorentzian shape components using GRAMS/A1 8.0 (Thermo
Scientific) software.

» X-ray diffraction (XRD). Phase analysis of NPs and coatings
were carried out using a diffractometer SmartLab (Rigaku) with rotating Cu
anode. CuKao radiation (o = 0.154183 nm) was separated by multilayer bent
graphite monochromator. The XRD patterns were measured in Bragg-
Brentano scan mode with a step 0.02° (in 26 scale) and counting time 8 s per
step. Phase identification was performed using the powder diffraction
database PDF4+ (2015). The size of NPs was determined by the Halder-
Wagner (H-W) approximation.

» Fourier-transform infrared spectroscopy (FTIR). Infrared
spectra were recorded in the transmission mode on an ALPHA FTIR
spectrometer (Bruker) equipped with a room temperature detector DLATGS.
The spectral resolution was set at 2 cm™. Spectra were acquired from 100
scans. Samples were dispersed in KBr tablets. Parameters of the bands were
determined by fitting the experimental spectra with Gaussian-Lorentzian
shape components using GRAMS/A1 8.0 (Thermo Scientific) software.

» X-ray photoelectron spectroscopy (XPS). XPS experiments
were carried out in order to obtain the information about the chemical state of
ultra-small gold NPs deposited or detached from FesO, NPs surface on the
upgraded vacuum generator “VG ESCALAB MK II” (VG Scientific)
spectrometer fitted with XR4 twin anode. The non-monochromatised MgKa
X-ray source was operated at hv = 1253.6 eV with the 300 W power
(20 mA/15 kV). During the spectral acquisition, the pressure in the analysis
chamber was lower than 5x107 Pa. The spectra were acquired with the
electron analyser pass energy of 20 eV and resolution of 0.05 eV.

» Atomic force microscopy (AFM). The morphology and size
distribution of NPs were also investigated with atomic force microscope
Veeco AFM dilnnova (Veeco Instruments) in a tapping mode. TESPA-2
cantilevers (Veeco Instruments) with a tip curvature of 8 nm were used.
Images were acquired at the scan rate of 1 Hz per line with the 512 x 512 pixel
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image resolution. Image processing included flattening to remove the
background slope caused by the irregularities of the piezoelectric scanner. The
analysis was performed using the SpmLabAnalysis software (Veeco
Instruments).

» Maossbauer spectroscopy. Mdssbauer spectra were collected in
transmission geometry using °'Co(Rh) source. The hyperfine field B
distributions and the doublets (singlets) were fitted to the Mdssbauer spectra
using Win-Normos (Dist) software. Isomer shifts are given relatively to o-Fe.

> Inductively coupled plasma atomic emission spectroscopy
(ICP-OES). The chemical composition of CoxFeixFe20s, CoFe,O.@Lys,
CoFe;0:@0le, Au@Met, Fes0s@Met@Au NPs as well as the amount of
encapsulated Ag in AAO pores and electrodeposited Cu.O on thermal or
anodically oxidized Ti substrate were investigated by ICP-OE spectrometer
OPTIMA 7000DV (Perken Emler). Firstly, the materials were dissolved in
HCI 1:1 (v/v %) or HCI:HNO3 3:1 (v/v %) solution. Then a calibration curves
were drown using a series of calibration standard solutions in the same acidic
matrix as the unknown solutions. All measurements were carried out on
emission peaks at Aco = 238.89 nm, Are = 259.94 nm, Acy = 327.39 nm,
Aag = 328.07 nm and Aay = 367.59 nm.

» Dynamic light scattering spectroscopy (DLS) and Zeta
potentional analysis were used to estimate the size and charge of NPs. These
investigations were done using a Nicomp 380 ZLS particle sizing systems
(PSS-Nicomp) at a NPs concentration of 0.1 mg mL™, which were dispersed
in 1 mmol L* NaCl. The pH was adjusted with 0.1 mol L* HCI or NaOH
respectively.

» Magnetization measurements were conducted using the
vibrating sample magnetometer calibrated by Ni sample of similar dimensions
as the studied sample of NPs placed in the plastic tube. The magnetometer was
composed of the vibrator, lock-in-amplifier and electromagnet. The magnetic
field was measured by the teslameter FH 54 (Magnet-Physics Dr. Steingrover
GmbH).

» Confocal microscopy was used in order to investigate
C. parapsilosis cells structure before and after incubation with cobalt ferrite
NPs. The photographs were obtained using the confocal scanning laser
microscope Nicon eclipse TE2000 C1 Plus (Plan Apo VC, Nikon) equipped
with argon laser for 488 nm excitation. Image acquisition was done by
utilizing the FV10-ASW1.6 imaging software. Laser scanning was controlled
by the Nikon EZ-C1 software. The images were further processed using the
EZ-C1 Bronze version 3.80 (Nikon).
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3. RESULTS AND DISCUSSION

3.1. Formation, characterization and antimicrobial activity of
Cu,0/TiO; Cu,O/TINT and CuO/Cu heterostructures

3.1.1. Composition and morphology of heterostructured coatings

In this study, the thermally oxidized Ti surface was decorated with
numerous Cu,O polycrystals via AC deposition way from the slightly acidic
aqueous Cu (Il) acetate solution (pH ~ 5.28) at a constant potential
Up-10-p = 1.3 V. The morphology of deposited products was assessed by SEM,
thus confirming the pyramidal and bi-pyramidal shaped Cu,O formation on
the T|02/T| substrate as represented in Flg 20 (a b c, d)

Figure. 20 Top side SEM views of crystlite ore oo theraly oxiiza Ti
substrate by AC deposition at Up.,p = 1.3 V mode for 10 min in the copper acetate
electrolyte kept at the pH: (a, b, ¢, d) 5.28; (e) 7.0 and (c) 10.0.
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The size and shape of deposited Cu,O species was approximately
200 - 400 nm, which depends on the pH of electrolyte and AC deposition
conditions such as Up.-p Value, AC frequency or deposition time. Similar
trends are observed by varying only a deposition time, resulting in partial (Fig.
20 a, c, d) or complete (Fig. 20 b) coverage of thermally oxidized Ti surface
with densely packed pyramidal-shaped CuO crystallites. The most uniform
coverage of TiO; substrate took place at 100 Hz AC frequency. The planar
dimensions of the pyramidal crystals were found to be dependent mainly on
the AC treatment time and U, Value, attaining sub-micrometre size. It
should be noticed, that such structures can be electrodeposited only from the
slightly acidic (pH ~ 5.28) copper acetate solutions, whereas the coral-like
structures are formed under the same conditions except the pH = 7.0 (Fig.
20 e). These structures consist of small, approximately 20-40 nm in diameter,
ellipse shaped crystallites. Moreover, in the alkaline solutions, at pH = 10.0,
the nanoparticulate species was found to be dominating after deposition.

Highly ordered, vertically packed TiO2 nanotube arrays were fabricated via
cost-efficient Ti anodization in an ethylene glycol electrolyte containing 0.3 %
ammonium fluoride and 20 mL L* H,O at 50 V for 40 min, as written in
paragraph 2.2.1.

>y ‘ o - o ® Sl ey
Figure. 21 Top side (a, b, c) and cross-sectional (d) SEM views of crystallites
formed onto anodically oxidized Ti substrate by AC deposition regime of
jao~ 1.5 mAcm? and e ~ 50 Hz for 5 min in the copper acetate electrolyte at
pH =5.28.
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The formed TINT film thickness was found to be from 4 to 6 um with the
inner 45-50 nm diameter of TiO. tubes (at the open end). As-grown
nanostructured coating were calcined at 450 °C, leading to the polycrystalline
anatase phase formation. Then, TiNT walls were decorated with numerous
pure Cu,O species, both inside and outside tubes (Fig. 21 d) under AC
deposition at a constant j.c~ 1.5 mA cm? and f,c ~ 50 Hz. The same copper
acetate solution as for fabrication of Cu,O/TiO; heterostructures was applied.
After AC treatment the obtained heterostructures show the deposition of quite
uniform, 15-50 nm in size Cu2O species on the TiNT surface (Fig. 21 b, c). It
was also determined that the size and amount of deposited material can be
easily controlled by AC treatment duration and processing regime. However,
the current density during deposition shouldn’t be higher than
jac~ 3.5 MA cm 2, otherwise TiNT films are destroyed in the corners at some
sites of electrode and peeled off from the Ti substrate. As a result, pyramidal
shaped Cu,O crystals are formed in the damaged places, similar as reported in
[113]. Unfortunately, the electrochemically fabricated Cu,O/TiNT coatings
have some fissures, caused by surface tension during the processing as clearly
seen in Fig. 21 a.

Flake-shaped copper oxide films, possessing extremely high surface
roughness, in this study were fabricated by copper anodization in highly
alkaline electrolyte containing 8 mmol L ammonium molybdate at the
constant current density of 10 mA cm. The as-prepared black electrodes
demonstrated bundle-shaped flake structures with predominant vertical
orientation of the flakes (Fig. 22 a, b).

Figur 22 Top side SEM views
magnification.

The planar dimensions of the flakes varied from several tens to several
hundreds of nanometres, whereas thickness is just several nanometres. It
should be noted, that the CuO coatings consist of two layers: rather compact
at base side and more loosely packed at the upper one. The whole CuO layer
thickness formed on the Cu substrate varied between 6 and 7 um resulting in

55



an extremely high surface area formation, which is 825 + 20 % higher than
reported in [114].

3.1.2. Research on the Cu,O electrodeposition onto the TiO,and TiNT substrates

In order to optimize Cu,O electrodeposition process on the thermally and
anodically oxidized Ti surfaces, the dependences on the amount of reduced
Cu during AC treatment were investigated by ICP-OES. Results of this study
are shown in Fig 23.
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Figure. 23 Linear regressions of the content of deposited cooper suboxide species
onto the anodically (a) and thermally (b) oxidized Ti substrates at different AC
treatment regime: (a) at foc ~ 50 Hz and a constant peak-to-peak voltages (Up-to-p):
1,2-1.8V;3-1.2V,; (b) 1%at f,c ~ 50 Hz and 1.3 V, whereas 2" at f,c ~ 100 Hz and
1.3 V. TiNT film was grown in the ethylene glycol and Fions containing electrolyte
at 50 V for 40 min with (1,3) or without (2) decreasing the voltage down to 30 V at a
1.0 V min'rate. In (c) the dependency of deposited copper at Up.o., = 1.3 V for 10 min
on the AC frequency.

In this way, it was determined that the deposition rate of coper suboxide
depends on the Uy value allowing us simple control of the amount of
deposited material. Note that AC processing at the constant potential of 1.8 V
for 10 min leads to more than five times higher amount of deposited Cu,O on
TiNT in comparison with a specimen prepared at 1.2 V. These differences can
be attributed to the higher current, which flows during electrodeposition
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(iac ~ 30 mA). It is also clearly seen that the decrease of anodization voltage at
the end of TINT fabrication results in a significant deposition rate increase
(Fig. 23 a). Similar results were obtained during the electrodeposition of Cu.O
on the thermally oxidized Ti electrodes (Fig. 23 b). It is notable that in
comparison with Cu,O/TiO; electrode, Cu,O/TiNT exhibited a wider linear
regression. In the case of Cu,O/TiO,, a linear amount of deposited Cu,O was
observed from 2 to 14 min, thus showing that controllable process started from
2 min, what leads to the uniform growth of crystals over the all electrode
surface. The dependency of the amount of Cu,O electrodeposited on TiO- via
AC treatment frequency was studied too in the same bath under Up.to.p ~ 1.3V
for 10 min. It was found, that most uniform deposition was achieved using
100 Hz of AC freaquency (Fig. 23 b, curve 2), whereas some higher deposition
rates were observed at 50 Hz frequency as shown in Fig. 23 c. It is notable
that randomly dispersed Cu,O crystals can be formed at up to 250 Hz AC
frequency.

3.1.3. Phase analysis of CuO/Ti, CuO/TiNT and CuO/Cu coatings

The phase analysis of synthesized nanostructured Cu.O/TiO,, CuO/TiNT
and CuO/Cu coatings were assessed by XRD and Raman spectroscopy. XRD
investigations (Fig. 24, a) revealed that as-grown and calcined TiNT films are
comprised of pure crystalline anatase (PDF: 00-021-1272). As can be seen in
Fig. 24 a and b, both XRD patterns contain several obvious diffraction peaks
at 26 positions of 29.58, 36.42, 42.32, 61.46 and 73.60 degrees that, according
to PDF card no 01-078-2076, can be attributed to (110), (111), (200), (220)
and (311) planes of the cubic phase cuprous oxide, confirming that
electroreduced species on the thermally and anodically oxidized Ti surface are
polycrystalline Cu0.

(a) +- Cuy0, PDF-01-078-2076

* - CuO, PDF-01-07-1375

(111

#- Ti, PDF-01-071-4632 (e + - Cu, PDF-04-006-2601

+- Cu, PDF-04-010-6011 *
Vv -TiO,, PDF-00-021-1272
x— Ti0v910, PDF-04-004-2981

Intensity / cps
Intensity / cps

(®)5

(-111)
* (111)

(110)
1 g*(-zoz)
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Figure. 24 Typical XRD patterns of Cu,O/TiNT (a), Cu2O/TiO- (b) and CuO/Cu (c)
coatings formed by AC treatment in copper acetate electrolyte (a, b) and Cu
anodization (c).

60 70 80

57



It is also obvious that the preferred orientation of Cu,O species is (111).
The size of Cu,0 crystallites calculated by Halder-Wagner approximation was
found to be dependent on the conditions of electrode position varying within
32-45 and 65-85 nm ranges for Cu2O species deposited inside TiNT and on
the TiO; substrate, respectively. No significant peaks, that can be indexed as
CuO or Cu(OH), were detected, although two small diffraction peaks at 26
positions around 43.3 and 50.4 degree could be linked with the presence of
some Cu® onto the heat-treated Ti surface.

Anodically oxidized and calcined at 250 °C copper specimen was further
examined by XRD, which confirmed, that black material are polycrystalline
monoclinic tenorite phase — CuO. As can be seen in Fig. 24 ¢, XRD patterns
contain diffraction peaks at 26 positions of 32.35, 35.56, 38.78, 48.94, 53.63,
58.42, 61.53, 66.13 and 68.24 degree that, according to PDF card no 01-07-
1375, can be attributed as (110), (-111), (111), (-202), (020), (202), (-113),
(- 311) and (220) planes of the monoclinic phase of copper oxide. It is notable,
that diffraction peaks of anodically formed CuO was slightly wider, caused by
less crystalline phase of material. No diffraction peaks, that can be attributed
to Cu,0O or Cu(OH), were detected in this study.

The Raman spectra obtained from the both surfaces looked differently,
however, the spectra analysis results are in agreement with those obtained by
XRD. Fig. 25 (A) compares the Raman spectra of the Cu,O/TiNT coatings
before and after electrodeposition of Cu,O species.
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Figure. 25 Raman spectra of Cu,O/TiNT (A) and Cu,O/TiO- (B) coatings. In (A): the
Raman spectra of Cu,O/TiNT (a), pure TiNT (b) and the difference spectra (c) and
(d). In (B): Raman spectra of Cu,O/TiO; (a) and pure heat-treated Ti (b). Spectra were
recorded using laser beam with an excitation wavelengths equal to 532 nm (a, b, c)
and 633 nm (d).
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Strong Raman bands at 147, 397, 518 and 637 cm are characteristic of
crystalline anatase TiO; structure [115]. The dominant band at 147 cm™* are
attributed to E4(1) Raman-active mode, while the peaks at 397 and 637 cm*
belong to Big(1) and Ey(3) eigenmodes, respectively [116]. The peak near
518 cm™ is composed of two eigenmodes, Big(2) and Ay, Which can be
distinguished at lower temperatures. The difference spectrum (Fig. 25 A:
¢ and d) clearly demonstrated several peaks associated with copper oxygenous
compounds. In detail, the bands at 219, 533 and 625 cm™ evidenced the
presence of Cu,O phase [117]. The comparison of Raman spectra obtained
with 532 and 633 nm excitations showed some enhancement of Cu,O bands
with lower wavelength excitation. The Raman spectrum of pure thermally
oxidized Ti substrate corresponds to the rutile TiO, phase with characteristic
Eg and Aig modes at 444 and 609 cm, respectively. Bands at 98, 215, 531 and
617 cm™ according to [117] evidenced the presence of Cu,0. No evidence for
the presence of CuO phase was observed by Raman spectroscopy. Usually,
the most intense Raman band of CuO appears near 296 cm™ [118]. No such
peak was obtained during this analysis.

3.14. Antimicrobial activity of CuO/TiO,, CuO/TiNT and CuO/Cu coatings

Antimicrobial assessment of the fabricated Cu.O/TiO2, Cu,O/TiNT and
CuO/Cu heterostructures were tested against prokaryotic (E. coli,
P. aeruginosa, M. luteus) and eukaryotic (S. cerevisiae, A. versicolor,
P. chrysogenum, C. cladosporioides, C. parapsilosis, C. krusei)
microorganisms using zone inhibition method. Briefly, disc-shaped electrodes
were placed gently on a lawn of microbes in sterile Sabouraud and Nutrient
agar plates. Antimicrobial characteristics were evaluated by determination of
clear zone around the specimens after 48 hours as described previously. All
assays were carried out in triplicate. The obtained results are presented in
Table 4. The antimicrobial activity results revealed that the pyramidal-shaped
Cu20 crystals electrodeposited on TiO, and TiNT substrates acted as the
excellent antimicrobial agents against almost all tested fungi and bacteria
species. Furthermore, these coatings provide the inhibitory effect, which was
indicated mostly as fungicidal or bactericidal. However, it should be noticed,
that in the case of Cu,O/TiO, a fungistatic effect was observed for
A. versicolor and C. parapsilosis fungi, whereas in the case of Cu,O/TiNT the
fungistatic effect was obtained in the Petri dishes with A. versicolor,
C. parapsilosis and C. krusei lawns (Fig. 26 ¢ and d). Both coatings exhibited
no antimicrobial behaviour on P. chrysogenum and C. cladosporioides
microbes. However, CuO/Cu based coatings demonstrate surprisingly
stronger antimicrobial activity against all tested microbes, except
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P. chrysogenum fungi. Enhanced antimicrobial potency of flake-shaped CuO
can be attributed to significantly higher surface area, thus leading the higher
amount of ion dissolved from the surface. Moreover, this coating effected
A. versicolor and C. cladosporioides cells two times more than 50 pg
itraconazole — commercial antimicrobial drug, which exhibit fungicidal zone
approximately 5-4 mm (Fig. 27 A).

Table 4. Qualitative analysis of Cu,O/TiO, Cu,O/TiNT and CuO/Cu coatings
Disc Diameter Diameter

Microorganism Specimens potency, of disc of zone z/d
ug (d), mm (z), mm
CuO/TIiNT 33 14 25 1.8+0.1
Cu,O/TiO, 114 14 27 1.9+0.1
S. cerevisiae® CuO/Cu o0 14 32 2.3+0.1
Cu 0 14 27 1.940.2
Fluconazole 100 6 17 2.840.1
CuO/TIiNT 33 14 19 1.3+0.2
Cu,O/TiO, 114 14 24 1.7£0.2
A. versicolor® CuO/Cu © 14 26 1.9+0.2
Cu o0 14 - -
Itraconazole 50 6 11 1.8+0.1
Cu,O/TIiNT 33 14 - -
Cu0O/TiO; 114 14 - -
P. chrysogenum® CuO/Cu 0 14 - -
Cu 0 14 - -
Itraconazole 50 6 10 1.7£0.1
CuO/TIiNT 33 14 - -
C Cu.0O/TiO, 114 14 - -
cladosporioides® CuO/Cu © 14 24 1.7+0.2
Cu o0 14 - -
Itraconazole 50 6 10 1.3£0.1
CuO/TINT 33 14 17 1.240.1
Cu,0O/TiO, 114 14 18 1.3+0.1
C. parapsilosis® CuO/Cu 0 14 24 1.7+0.2
Cu o0 14 - -
Fluconazole 100 6 25 4.240.2
CuO/TIiNT 33 14 18 1.3+0.1
Cu.0O/TiO, 114 14 - -
C. kruseif CuO/Cu © 14 20 1.4+0.1
Cu 0 14 - -
Fluconazole 100 6 14 2.3+0.1
. aeruginosa CuO/TINT 33 14 25 1.8+£0.2
Cu0O/TiO; 114 14 24 1.7£0.1
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CuO/Cu 0 14 24 1.7+0.1
Cu 0 14 20 1.4+0.1
Streptomycin 100 6 18 3+0.1
CuO/TINT 33 14 15.5 1.1+0.1
Cu.0/TiO, 114 14 15.5 1.1+0.1
E. coli CuO/Cu o0 14 18 1.3+0.1
Cu o0 14 - -
Streptomycin 100 6 17 2.8+0.1
CuO/TINT 33 14 16 1.1+0.1
Cu,0/TiO, 114 14 17 1.2+0.1
M. luteus' CuO/Cu © 14 19 1.3+0.2
Cu 0 14 17 1.2+0.1
Streptomycin 100 6 17 2.8+0.1

a-f cultivated in Sabouraud CAF agar at 27 °C;

g-i cultivated in Nutrient agar at 36 °C.

It is worth mentioning, that all coatings and even a pure copper foil
inhibited S. cerevisiae microbes fungicidally, with clear zone as long as
10 - 18 mm (Fig. 26 b). If compare the antimicrobial activity of Cu,O/TiO,
with Cu,O/TiNT coating, some slightly stronger fungicidal effect are
characteristic for Cu,O on the rutile electrodes. This effect might be related to
almost 3.5 times higher amount of Cu>O on the titanium oxide surface.

Figure. 26 Inhibition zone produced by copper oxide-based coatings 1% row —
Cup0/TiO,, 2™ row — Cu,O/TiNT, 3™ row — CuO/Cu against eukaryotic microbes:
A, C, E - A. versicolor, B — S. cerevisiae, D — C. krusei and F — C. cladosporioides.

In the left side — control specimen.
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The antimicrobial efficiencies of copper oxides based coatings on various
substrate were also assessed against typical gram-negative (E. coli and
P. aeruginosa) and gram-positive (M. luteus) bacteria. The obtained results
are presented in Table 4. Note that P. aeruginosa was found to be more
sensitive for all proposed coatings: the average inhibition zone in this bacteria
lawn was 1.5 to 1.6 times wider than in the E. coli or M. luteus bacteria lawns
(Fig. 28 b, cand f).

Figure. 27 Inhibitory activity of itraconozole (a) and flucanozole (b) against
A. versicolor (a) and C. parapsilosis (b) microbes.

It is notable, that pure copper electrode also exhibit antimicrobial activity
against P. aeruginosa and M. luteus microbes. However, this effect is 2 times
weaker in comparison with Cu,O inspired by microorganism inactivation.
Moreover, in the way with prokaryotic organisms CuO/Cu coatings
demonstrate similar antibacterial activity as Cu,O-based coatings. Besides
that, all proposed coatings exhibit 2 times lower bactericidal effect in
comparison with streptomycin — commercial antibiotic used as a positive

control in this study.
ry .

Figure. 28 Inhibition zone produced by copper oxide-based coatings 1%t row —
Cuz0/TiOy, 2™ row — CuO/TiNT, 3™ row — CuO/Cu against prokaryotic microbes:
A, E — M. luteus, B, C, F — P. aeruginosa and D — E. coli. In the left side — control
specimen.
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Recently, Li et al., reported, that spherical and cubic shaped Cu.O NPs
does not affect E. coli bacteria strains [119]. On the other hand, as published
by Ren et al., [120] Cu,O octahedral single crystals bounded as facets, as in
this study, exhibited higher E. coli killing efficiency than cubic ones. It was
hypothesized, that efficient antimicrobial activity of the Cu.O species attached
on TiO; or TiNT substrate could be linked to the semiconducting properties
of cuprous oxide capable of absorbing visible light and through synergetic
coupling with titanium oxides, which resulting the production of ROS such as
OH or H,0, [121].

3.2. Fabrication of extremely thin and flexible food packaging
aluminium foil with enhanced antimicrobial behaviour

3.2.1. Morphology of AAO encapsulated with Ag nanowires coatings

In order to provide a decorative and protective finish of aluminium or
aluminium alloys, they are usually anodized in an aqueous 180-200 g L*
sulphuric acid electrolyte at a constant potential of ~ 17-18 V, resulting in
AAO growth rate approximately equal to 0.4 um min™. However, in case of
the food packing, this layer should be no more than 1 um, while retaining the
AAO elasticity, which is partlcularly crumal for packaglng materlals

Figure. 29 Top side (a, b) and cross-sectional (c, d) SEM views of 0.8 um thick
porous alumina film before (a) and after AC deposition of Ag at a constant Up.to-p
potential of 7 VV mode for 40 (c), 150 (d) and 600 s (b).
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To achieve a good flexibility of fabricated coatings, in this study short-time
Al anodizing at the lower bath concentrations and voltages, namely at
1.2 mol L of H,SO4 and 10 V, respectively, have been chosen. Such porous
AAO films consist of approximately (1.5-1.7) x 10! pores cm?, which are
densely packed and oriented perpendicularly to the surface, as represented in
Fig. 29 a. The prepared AAO/AI coatings were assessed via SEM, which
confirms formation of porous anodic oxide with an average pore diameter of
10 £+ 0.5 nm and a pore length of ~ 0.8 um = 10 nm (Fig. 29 a, d). Fig. 29 ¢
and d depicts Ag nanowire encapsulated in AAO matrix using AC deposition
method. The mean size of the Ag crystallites was found to be 8-10 nm —
similar to those of aluminium pores. The deposition of Ag nanowires at the
bottom of AAO pores was started from ~ 1.5 mA cm current density. The
cross-sectioned SEM observations indicated that at the range of 1.5 to
3.0 mA cm? AC current density the most alumina pores were filled to a height
of ~ 200-250 nm. If the deposition further continue, an uneven growth of Ag
nanowires prevailed (Fig. 29 d). Further AC treatments lead the deposition of
Ag onto the film surface, covering it with different in size and shape Ag°
crystals (Fig. 29 b).

3.2.2. The amount of deposited Ag in the porous AAQ and their phase investigations

The phase analysis of synthesized Ag/AAO/AI coatings were assessed by
XRD (Fig. 30, a), which revealed that fabricated coatings are comprised of Ag
nanowires within the alumina pores and exhibit a polycrystalline structure
(PDF: 00-021-1272) with the prevailing orientation along (110) direction. It
should be noticed, that XRD patterns looked noisy, due to amorphous phase
of aluminium oxide matrix.

70 A
* Bia = <3722 (Ag b
a PDF - 01 - 089 - 3722 (Ag) . b
60 ( ) * = ( )
= 5 |
g 5 ' 260
z 1 ‘ o030 24
5 ] = 40 A 4
Rl 1 @ S|P/ .
W W‘ g 20
20‘ Uit i %4 * 2 Y
N A =
W . i s N
0 L R %0 n 20 02 4 6 8 10 12 4 16

2 - theta Deposition time, min.
Figure. 30 Typical XRD patterns (a) of porous alumina films decorated with Ag
nanowire arrays from the solution containing 10 mmol L* AgNO3 and 50 mmol L*
MgSO.. In (b) the linear and exponential regressions of the content of deposited Ag
species into anodically oxidized alumina at AC current densities (mA cm?): 1.5 (2),
2.0 (1, 5), 3.0 (3) and at the constant potential of Uptp ~ 7 V + 0.3 V (4). Insets:
Diagram of the alumina colours obtained by Ag electrodeposition.
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In order to optimize the deposition of metallic Ag nanowires into AAO
matrix with a thickness of < 1.0 um and their Ag-amount dependent multi-
coloured properties, the dependence of the amount of reduced Ag versus AC
treatment time was investigated by ICP-OES. The results of this study are
shown in Fig. 30 b. It was found, that at a constant AC current density jac
within the range from 1.5 to 3.0 mA cm?, the electrodeposition of Ag
nanowires inside the alumina pores proceeds at a constant rate strongly
depending on the jac value, while increasing of the j.c resulted in an increase
of Ag deposition rate. It is notable, that no Ag deposition was obtained at the
lower than 1.5 mA cm current density. Furthermore, at the current densities
lower than 2.0 mA cm?, the deposition started after some time (0.5-2.5 min)
possibly required to re-organize the high-resistant barrier layer of AAO at the
film oxide interface [122]. One unanticipated finding was that deposition of
Ag inside the pores with small thickness (0.8 um) at a constant current density,
ca. jac ~ 2.0 mA cm?, proceeds at a significantly higher rate (Fig. 30 1% curve)
than in the thicker pores of the same diameter @ ~ 10 nm (Fig. 30 5" curve).

An increase in the amount of deposited Ag inside the pores of an extremely
thin AAO film results in the changes of the film colour from light gold to
bright brown as shown in Fig. 30 insets. It was observed, that at the lower AC
current densities, the obtained coatings demonstrated more uniform colour
distribution around all electrode surface. Besides that, at the potentiostatic
regime and a constant AC voltage of Uy, ~ 7 V the filling of alumina pores
proceeds at a decreasing deposition rate (Fig. 30 4™ curve), indicating that the
longer AC treatment times than at a constant j,c are required for deposition of
the same amount of Ag. These results suggested that the potentiostatic regime
is more suitable for achieving uniform colouring of alumina films in the same
tint.

3.2.3. Antimicrobial activity of flexible aluminum foil decorated with Ag nanowires

Antimicrobial assessment of fabricated Ag/AAO/AI coatings were further
tested against prokaryotic (E. coli, M. luteus) and eukaryotic (S. cerevisiae,
A. fumigatus, G. candidum, C. parapsilosis) microorganisms using zone
inhibition and quantitative methods. Firstly, antimicrobial activity of Ag
nanowires encapsulated inside AAO pores was carried out with S. cerevisiae
colonization in the liquid YEPD media in the presence and absence of Ag-in-
alumina pellets. Some samples containing defined amount of Ag, namely
5.22,19.00 and 33.33 ug cm were sealed in the boiling water, thus comparing
them with unsealed ones. Similar tests were performed by incubation of
S. cerevisiae cells in the solutions containing 1.0, 2.5 and 5.0 ppm of Ag* ions,
Ag coated alumina film pellets and pure alumina films, which act as a negative
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control. It should be noticed, that after exposure with the tested materials, the
percentage of viable yeast cells were estimated by quick staining with the
methylene blue dye method [123]. The alive yeast cells contain an enzyme,
which capable easily decolourise methylene blue, contrariwise as the dead
cells, which are stained blue as represented in Fig. 31.

G ) A

Figure. 31 Optical microscopy images of S. berevisiaé cells after 1 (2), 5 (b) and 25 h
incubation with Ag modified AAO electrodes (Ag loading of 19 pg cm?) in liquid
YEPD media after exposure with methylene blue dye.

The quantitative analysis results obtained from antimicrobial activity
assays against S. cerevisiae are represented in Fig. 32. It was found that if Ag
was fully encapsulated into the pores of AAO film (sealed) antimicrobial
activity was insignificant and independently of the content of encased Ag
(Fig 32 A). These observations could be explained by the slow or complicated
Ag" ions diffusion through the surface layer of the sealed alumina film.
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Figure. 32 Antimicrobial activities of the various as-grown (B) and sealed (A) Ag in
alumina specimens after 1, 5 and 25 h incubation in YEPD medium with S. cerevisiae
yeasts. Error bars represent the standard deviation.

Meanwhile, unsealed Ag/AAO/AIl coatings exhibited antimicrobial
efficiency, which dependent on the content of deposited Ag nanowires. It is
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notable, that metallic Ag decorated AAO species demonstrate higher
inhibitory activity towards S. cerevisiae than Ag coated AAO film with the
same geometric area. These results match well those obtained by other studies,
which indicate that antimicrobial activity of nanostructured particles, such as
FesO4 [124], ZnO [125], MgO [126] or Ag® [127] increased with decreasing
the particle size. As can be seen in Fig. 32 A, even the lowest concentration
of Agions (~ 1 ppm) shows a strong antimicrobial activity by killing a half of
yeast cells during the in vitro assay. However, this effect was expected and
well known. Besides that Ag* ions-based solutions have been long used in
healthcare as wider described in paragraph 1.2.1.

The comparable results were obtained using the inhibition zone tests
against such bacteria, yeasts and fungi cells that are prevailing in the human’s
environmental, especially on a wide variety of food products. The obtained
results are presented in Table 5.

Table 5. The results of qualitative antimicrobial behaviour of as deposited Ag
nanowire arrays in alumina pores and Ag* ions.
The content of

Microorganism  Specimens  Ag’ pgcm™ Effect Inhibition
or [Ag'] zone, mm

5.22 - -

Ag/AAO/AI 19 Fungistatic 19-24

33.33 Fungistatic 21-24
A. fumigatus? 5.22 - -
Ag/AAO/AI* 19 - -
33.33 - -

AgNO3 1-5mgL? Fungicidic 15
5.22 - -
Ag/AAO/AI 19 - -
33.33 - 15

C. parapsilosis® 5.22 - -
Ag/AAO/AI" 19 - -
33.33 - -
AgNO; 1-5mgL? - -
5.22 - -

Ag/AAOQ/AI 19 Fungistatic 15-36

33.33 Fungistatic 21-25
G. candidum® 5.22 - -
Ag/AAO/AI* 19 - -
33.33 - -
AgNO; 1-5mgL* - -
E. coli¢ Ag/AAO/AI 5.22 - -
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19 Bactericidal 3
33.33 Bactericidal 2-4
5.22 - -
Ag/AAO/AI 19 - -
33.33 - -
AgNO; 1-5mgL? - -
5.22 Bactericidal 1.7
Ag/AAO/AI 19 Bactericidal 2.1
33.33 Bactericidal 25
M. luteus® 5.22 - -
Ag/AAO/AI 19 - -
33.33 - -
AgNO; 1-5mg L* - -

a-c cultivated in Sabouraud CAF agar at 27 °C;

d-f cultivated in Nutrient agar at 36 °C;
*- sealed Ag/AAO/AI samples.

It was found that all Ag* solutions exhibited a fungicidal effect against
A. fumigatus lawns, whereas in the C. parapsilosis, G. candidum, E. coli and
M. luteus lawns no inhibition zones were detected. Meanwhile, as-deposited
Ag in the AAO samples demonstrated a wide zone of inhibition against
A. fumigatus micromycetes (Fig. 33 b), if the films contained 33.33 pg cm™ of
Ag, thus suggesting the fungistatic activity for the Ag nanowires encased
inside the thin AAO pores. Similar results has been obtained with G. candidum
fungi and M. luteus, E. coli bacteria strains except the main difference of
inhibitory effect (see Table 5), whereas C. parapsilosis yeast showed the
resistance against all tested materials.

Figure. 33 Antimicrobial activities of Ag modified AAO electrodes and Ag* ions
against A. fumigatus fungi: (a) — control, (b) Ag in alumina coating (with 33.33 pg
cm? loading) and (c) 5 mg Lt AgNOs.

However, as expected, no inhibition of microorganism growth was seen
for sealed (boiled electrodes in water for 30 min) Ag in AAO coatings against
all tested bacteria and fungi species. This effect can be attributed to the lack
of direct contact between microorganism and Ag phase, as well as the
decreased content of the Ag ions diffusing through the compact alumina
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surface layer. It is notable, that in the case with gram-negative E. coli bacteria
strains the antimicrobial activity of as-proposed Ag in alumina coatings were
approximately 1.4 — 1.6 times higher in comparison with those obtained with
gram-positive M. luteus bacteria. These results are in accord with recent
studies indicating that gram-negative bacteria species are more sensitive to
Ag-based nanocomposite due to different cell wall structure [128].

3.3. Synthesis, characterization and antimicrobial activity of
various CoFe;O4 NPs

In this study, the hydrothermal, co-precipitation and thermal
decomposition methods were employed to synthesize different in size, shape,
lattice composition or surface chemistry cobalt ferrite NPs as a new potential
drug against microorganisms. In this chapter, the cobalt ferrite NPs
morphology, surface chemistry, phase analysis magnetic properties and
antimicrobial activity against a wide range of microbes such as S. cerevisiae,
C. parapsilosis, C. krusei, C. albicans, S. aureus, and E. coli will be presented
and compared thoroughly.

3.3.1. Morphology assessment of different in size, chemical composition and surface
chemistry of CoFe;04 NPs

Citrate stabilized, different in size cobalt ferrite NPs were synthesized by
co-precipitation and hydrothermal methods as described previously (see
paragraph 2.3.1.). Varying the synthesis conditions and separations 2, 5 and
15 nm of CoFe,O.@citrate NPs were synthesized from the complex-assisted
alkaline solutions containing 45 mmol L* Co?* and Fe** salts and 75 mmol L !
citric acid, which was used as a chelating agent. The obtained products
morphology were assessed by TEM and AFM techniques, thus confirming
spherical shape of fabricated CoFe,Os@citrate NPs as shown in Fig. 34 c, f, i.
The size distribution histograms of synthesized products were calculated from
the AFM images, revealing their average diameter approximately equal to
1.65 (1% row), 5.0 (2™ row) and 15 nm (3 row). For more precise
characterization, TEM analysis has been performed in this study. As can be
seen in Fig. 34, the AFM analysis data match well the results obtained from
the TEM observations, which shows quit narrow size distribution of
CoFe,Os@citrate NPs with an average diameter similar to AFM established
ones. Furthermore, the HR-TEM observations and EDX spectra of 15 nm-
sized in diameter CoFe;O4 NPs, synthesized by hydrothermal way at 130 °C
for 10 h, also confirmed formation of polycrystalline structure with atomic
Co-Fe percentage ratio of 1:2 (Fig. 35).
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In order to develop biocompatible magnetic cobalt ferrite NPs, possessing
a narrow size distribution, L-lysine amino acid was applied as NPs growth and
stabilizing agent in the hydrothermal synthesis conducted by a co-
precipitation approach [129].

11 1,6 2,1
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5
diameter (nm)

diameter (nm)

Figure. 34 Size distribution histograms (b, e, h) calculated from the presented AFM
(a, d, g) and TEM (c, f, i) images of the synthesized CoFe,Os@citrate NPs in an
average diameter of 1.65 (a), 5.0 (d) and 15.0 nm (g).

The aim of this synthesis, was to obtain similar size ~ 5-7 nm iron-
substituted cobalt ferrite NPs labelled as CoFe1xFe:Os@Lys, where X varies
from 0.2 to 1.0. At this stage, attention was focused on determination the
influence of cobalt content in the magnetic cobalt ferrite NPs on their
antimicrobial efficiency against the eukaryotic and prokaryotic microbes. For
comparison, similarly sized magnetite NPs were also formed under the same
hydrothermal synthesis conditions from Fe?*, Fe*" and L-lysine precursors at
1:2 molar ratio. TEM observations of as-synthesized NPs demonstrated that
FesOs@Lys, CoFe,O.@Lys and Fe-substituted cobalt ferrite NPs exhibit
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mainly spherical shape with an average diameter 5.0-6.4 nm and quite narrow
size distribution (Fig. 36 a, b, c).

Figure. 35 HR-TEM image (a) and EDX spectra (b) of 15 nm sized CoFe,O.@citrate
NPs synthesized by hydrothermal approach at 130 °C for 10 h.

High resolution TEM images clearly prove that the NPs grow with a lattice
interatomic distance of 0.25 nm (Fig. 36 Insets). It is noteworthy, that
according to analysis of numerous TEM images, the decrease in the cobalt
content results in the formation of smaller NPs.
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Figure. 36 TEM, HRTEM (Insets) images of fabricated transition metal-substituted
cobalt ferrite NPs: (a) CoooFeosFe.0.@Lys, (b) CoosFeosFe,0s@Lys and (c)
CoFe,04@Lys and their size distribution histograms with the average diameter of (d)
5nm, (e) 6.4 nmand (f) 6.3 nm.

Utilization of magnetic NPs in nanomedicine depends largely on their
properties such as size, structure, shape, composition and nature of
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stabilization shell. It is well known, that NPs usually are covered by organic
or inorganic shell, thus increasing their stability and preventing
agglomeration. However the NPs shell affect their antimicrobial properties, as
reported by many scientists. For example, it has been reported recently that
CoFe,O4 NPs capped with the folic acid and hematoporphyrin fragments are
effective anticancer agent [130]. Inspired by such observations, in this work
CoFe;O4 NPs with oleic acid shell were successfully synthesized by the
thermal decomposition method and the effect of shell on their antimicrobial
activity was studied. Furthermore, the size dependence of CoFe,0,@0Ole NPs
on their antimicrobial efficacy was also investigated and compared with
CoFe,Os@Lys NPs. In comparison with CoFe,O4@Lys NPs, the uniformity
and spacing of CoFe,0,@0Ole NPs are individually more isolated as expected

and can be seen in Fig. 37 aand d.
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Figure. 37 TEM (a, d) and HRTEM (b, e) images of small (~ 7 nm) CoFe,O,@Ole
(1%t row) and larger (~ 17 nm) CoFe,O,@0Ole (2" row) NPs and their size distribution
histograms. Insets: typical SAED pattern of cobalt ferrite NPS formed by the thermal
decomposition.

In this study, the most uniform and well grained CoFe,0.@0Ole NPs with
a mean diameter of 7.5 nm have been formed by thermal decomposition of
organometallic Co?* and Fe®*" precursors in the presence of oleic acid and
trimethylamine-N-oxide. In order to obtain larger NPs, the repeated
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decomposition of Co(acac). and Fe(acac)s were performed onto the as-growth
CoFe;O4@0le NPs in the same conditions as at the first time. In this way,
significantly larger cobalt ferrite NPs with a mean diameter of ~ 17 nm have
been formed (Fig. 37 d). HR-TEM as well as SAED patterns revealed a well-
expressed crystalline structure of CoFe.0.@0le NPs (Fig. 37 b, e, Insets).

3.3.2. Characterization of CoFe,Os@citrate, CoFe;04@Lys, CoerxFe0.@Lys
and CoFe,O4@0le NPs

The phase and composition analysis of various synthesized citrate
stabilized CoFe,O.@citrate NPs were performed by XRD and ICP-OES. The
representative XRD patterns of ultra-small (Dmean ~ 1.65 nm) and small
(Dmean ~ 5.0 nm) NPs are shown in Fig. 38 a. A well crystallized single phase
cobalt ferrite with a face-centered cubic (fcc) spinel structure was detected.
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Figure. 38 Typical XRD patterns of ultra-small, ca. @mean ~ 1.65 nm (a) and
Dmean ~ 5.0 Nm (b) citrate-stabilized cobalt ferrite NPs. In (b), a table displaying an

average proportion of iron and cobalt amounts in the synthesized NPs, determined by
the EDX and ICP-OES analysis, is presented.

As can be seen in Fig. 38 a and b, both XRD patterns contain several
obvious diffraction peaks at 26 positions of 18.31, 30.29, 35.52, 43.14, 53.68,
57.01, 62.54 and 74.24 degrees, which according to PDF card no 04-007-
8945, can be attributed to (110), (220), (311), (400), (422), (511), (440), and
(533) planes. These results confirm that hydrothermally synthesized powder
is composed of polycrystalline CoFe,O.. The broadening of diffraction peaks
indicate the nanometer size of NPs as confirmed by HRTEM. The chemical
composition of 1.65, 5 and 15 nm-sized CoFe,O.@citrate NPs, evaluated by
EDX and ICP-OES also shows the stoichiometric structure with Co:Fe atomic
ratio equal approximately to 1:2 (Fig. 38 b). In order to determine the stability
and surface charge of as-synthesized NPs, -potential analysis was performed
in this work. The average (-potential of the negatively charged citrate-
stabilized 15 nm CoFe,O,@citrate NPs was found to be -43.78 mV allowing
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us to conclude their partial stability without aggregation. In order to determine
the magnetic properties of 1.65, 5, and 15 nm-sized CoFe,Os@citrate NPs,
their hysteresis loops were determined at room temperature. The obtained
magnetization curves are presented in Fig. 39.
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Figure. 39 Magnetization curves of CoFe,Os@Ccitrate NPs in average diameter of 1.65
(1), 5.0 (2) and 15 nm (3).

The main parameters extracted from the loops were the coercive field (H)
and saturation magnetization (Ms), which are shown in Fig 39. All curves
exhibited the characteristic features typical for ferromagnetic materials (Hc is
non zero dimension). The saturation magnetization M;s value calculated for
15 nm-sized CoFe,O.@citrate NPs was found to be 40 emu g, whereas 5 and
1.65 nm-sized NPs exhibited approximately 25 and 1.5 emu g, respectively.
It was reported by Millan et al., that saturation magnetization of NPs decreases
with decrease of their size, approaching zero for 3 nm and smaller NPs [131].
For ultra-small NPs, the domain core disappears and the disordered part
becomes prevailing, thus changing the chemical and binding properties of
NPs. As a result of this effect, the significantly low Ms was observed (Fig. 39
Insets).

Phase and crystallinity of hydrophobic (stabilized with oleic acid) and
hydrophilic (stabilized with L-lysine) cobalt ferrite NPs, synthesized by the
thermal decomposition and hydrothermal approaches, respectively, were
determined by XRD (Fig 40 b). The XRD patterns of the both tested spinels
proved their highly crystalline nature because of the strong intensities ascribed
to the peaks of (311), (440), (511), (220), (400), and (422) crystal planes. The
size of NPs, estimated from the corresponding XRD patterns using Halder-
Wagner approximation, equaled to 4.0 nm whereas for the larger ones — to
14.0 nm. It is notable, that observed diffraction peaks and their relative
intensities for both CoFe,O,@0Ole and CoFe,O.@Lys samples matched well
to the standard CoFe,QO4 data, reported in the PDF card No. 00-022-1086. Due
to the diffraction peaks broadening, some wider diffraction peaks of the small
NPs have been observed. However, the size of NPs, determined from XRD
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patterns, were significantly smaller in comparison with the TEM images
(Fig. 37 a, d). This contrast mostly should be due to NPs sub-grains structure,
which is inseparable by XRD as recently reported for the FesO4 NPs [132].
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Figure. 40 Magnetization curves (a) of 5-7 nm-sized CoFe;O0.@0Ole, CoFe;Os@LYys
NPs and XRD patterns of ~7 nm (a) and 17 nm (b) of oleic acid stabilized cobalt ferrite
NPs.

The hysteresis loops of 7 and 17 nm CoFe,O4@0Ole NPs demonstrate the
superparamagnetic behaviour obtained by the vibrating sample magnetometer
measurements with a magnetic field of + 10 kOe at room temperature. It was
observed, that smaller cobalt ferrite NPs capped with oleic acid exhibited
higher saturation magnetization value e.g. 52 emu g%, than the larger ones
(46 emu g1). This result might be explained by the surface spin canting and
other size-related effects. Moreover, in most cases of magnetic NPs, the
saturation magnetization has tendency to increase with the particle size for the
same composition material [133]. It is claimed, that the larger magnetic NPs
generally have higher saturation magnetization value [134]. Besides that, the
similar tendency was observed with the citrate stabilized CoFe,O4@citrate
NPs, as shown in Fig. 39. However, oleic acid capped magnetic particles
exhibited a stronger magnetic properties and different type of magnetism.

In order to prove the oleic acid and L-lysine adsorption on CoFe.O.s NPs,
FTIR spectra were recorded in this work. The FTIR absorbance spectrum of
oleic acid capped cobalt ferrite NPs (Fig. 41 A-a) shows the broad bands
around 401 and 591 cm, which belong to Fe-O and/or Co-O bond stretching
vibration, respectively. It is claimed, that in a ferrite the metal ions are situated
in two separate sub-lattices, namely tetrahedral and octahedral, according to
geometrical configuration of the oxygen nearest neighbours [135]. The higher
energy absorption band is associated with metal-oxygen bond vibration of
tetrahedral complexes and the lower energy — to octahedral complexes. These
results confirmed the cubic spinel structure of cobalt ferrite NPs. Furthermore,
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the vibration bands at the high frequency around 1562 and 1603 cm™ are
attributable to asymmetric stretching vibration of COO" carboxylate anion.
Moreover, the broad band near 1406 cm™ can be indexed as a symmetric
stretching vibration of carboxylate group, thus proving the hypothesis that,
oleate anions are absorbed on the surface of CoFe;O4 NPs. The FTIR spectra
of bulk oleic acid (Fig. 41 A-b) indicated the vibration band at 1710 cm™,
which is attributable to carboxyl group C=0 bond, whereas in the
CoFe,04@0le absorbance spectra no spectroscopic evidence for the presence
of oleic acid around CoFe;O. NPs was observed.
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Figure. 41 (A): FTIR absorbance spectra of (a) oleic acid capped ~7 nm
CoFe,0,@0le NPs and (b) pure oleic acid in the spectral region of 350-1850 cm™. In
(B): L-lysine modified 5-7 nm CoFe,Os@Lys NPs (a) and (b) pure L-lysine powder
in the spectral regions of 400-700 (left panel) and 750-1800 cm™* (right panel).

The FTIR absorbance spectrum of L-lysine capped 5-7 nm CoFe,O4 NPs
as well as L-lysine powder are represented in Fig. 41 B. Similar as in the way
with CoFe,0.@0Ole NPs the broad band around 592 cm™ was observed, thus
corresponding to the stretching vibration of Fe-O and/or Co-O bonds. It could
be clearly seen a several broad bands with the lower intensity at a lower energy
range, which might be associated with the vibrations of carboxylate and/or
amino groups of adsorbed L-lysine amino acid used for stabilization of Fe-
substituted CoxFeixFe,0.@Lys or CoFe,04@Lys NPs. The higher intense
band in the IR spectrum of L-lysine was detected around 1581 cm
(Fig 41 B-b). These observations were assigned to the antisymmetric
carboxylate anion COO- vibration [136]. The IR mode seen at 1603 cm™
belongs to the antisymmetric deformation vibration of proximal and distal
NHZ groups, whereas the vibration modes at 1515 and 1406 cm should be
attributed to the NHF symmetric deformation and symmetric stretching
vibration of COO" groups. IR modes in the spectral region between 1321 and
1356 cm? are due to the coupled vibrations of -CH,- antisymmetric
deformation and CH deformation modes [137]. The downshifts from 1406 to
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1381 cm? was obtained with L-lysine capped cobalt ferrite NPs, thus
demonstrating that carboxylate groups are bind to the surface. Recently, SERS
studies indicated that this significant shifting is the main sign of the direct
binding of carboxylate group with metal surface [138]. These findings suggest
that L-lysine amino acid binds to cobalt ferrite NPs surface through the
carboxylate group probably via electrostatic interaction, whereas the amino
groups remain protonated. These results match well with those obtained by
¢ - potential analysis, which was carried out in order to determine the surface
charge of oleic and L-lysine amino acid stabilized cobalt ferrite NPs. The
dependency of zeta potential on pH of the solution containing dispersed
CoFe;04@0le and CoFe0.@Lys NPs with the final concentration of
0.25g Lt in 10 mmol L sodium saline aqueous solution is depicted in
Fig. 42.
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Figure. 42 Variables of the {-potential values versus pH for an aguenous suspension
of CoFe,0,@0le (1) and CoFe 0.@Lys (2) NPs at a constant concentration of
0.25 g L% In the inset: 17 nm in size CoFe,O,@Ole dispersed in water without (a)
and with ultrasonic agitation for 3 h (b) and 6 h (c) products view.

It is clearly seen, that L-lysine stabilized CoFe;O4 NPs in the pH range
from 3 to 8 are positively charged due to the exposed protonated amino groups
of amino acid molecules (Fig. 42 curve 2). The increase in pH resulted in the
decrease of {-potential value from ~41 mV atapH =3to~23 mV atapH = 8.
However, variations of zeta potential value are insignificant in the pH range
of 5-7.2; such conditions are similar to the -cultivation media of
microorganisms and approximately equal to 23 =1 mV. In the way with oleic
acid stabilized CoFe,04 NPs, surface charge of NPs are negative, mainly due
to oleate anions attached around the particles. The dependency of zeta
potential on pH of the colloidal suspension exhibit comparable curve profile.
However differently than in the case with CoFe,Os@Lys NPs, an increase in
the pH leads to the increase in zeta potential value form -4 to -44 mV. It should
be emphasized, that CoFe,O,@Ole NPs generally possess the hydrophobic
behaviour as can be seen in the samples presented in Fig. 42 Insets (A). In
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order to transform this behaviour and provide better solubility in water, the
prolonged ultrasonic agitation of these NPs was used at this stage. By this
processing way, after 4-6 h of agitation quite stable, black-coloured colloidal
solution has been produced and further used for characterization and
antimicrobial assessments.

Phase analyses of 5-7 nm-sized Fe-substituted CoFe;Os@Lys NPs
synthesized by the hydrothermal approach were assessed by XRD. These
investigations (Fig. 43, A) revealed that as-growth CogFeosFe.Os@Lys,
CoosFeosFe,0s@Lys, and CoFe,O.@Lys NPs exhibit a face-centred, cubic
symmetry spinel structure (PDF: 04-016-1272, space group Fd-3m,a=b=c
= 8.385 A). As can be seen in Fig. 43 a, b and ¢ diffractograms all positions
and relative intensities of diffraction peaks meet well each other, thus
corresponding to standard diffraction data. On the one hand, such XRD
patterns suggested a good crystallinity of prepared products and insignificant
amount of impurities in the NPs powder. On the other hand, this analysis do
not explain the main task about the chemical composition of
CoxFer- xFex0s@Lys NPs. However, using Halder-Wagner approximation for
analysis of XRD patterns, the size of proposed Fe-doped cobalt ferrite was
estimated confirming a quit uniform size of Coo2FeosFe0.@Lys (3.6 nm),
CoosFeosFe,04s@Lys (3.1 nm), and CoFe0.@Lys NPs (3.8 nm),
respectively.
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Figure. 43 Typical XRD patterns (A) of Fe-substituted cobalt ferrite NPs: (a)
Coo2FeosFe04@Lys, (b) CoosFeosFe.0s@Lys, and (c) CoFe0s4@Lys. In (B)
( - potential versus pH dependency for an agueous suspension of CoxFe1.xFe:0.@Lys
NPs.

C - potential measurements of Fe-substituted cobalt ferrite NPs stabilized
with L-lysine amino acid indicated that all particles are positively charged in
the pH range from 3 to 7; similar to those described previously. It was
observed, that CoFe,Os@Lys NPs show higher zeta potential than that
Coo.2FeosFe,0,@Lys and CoosFeosFe.04@Lys, emphasizing the role of Co?*
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substitution with Fe?*. This effect might be attributed to the higher amount of
L-lysine adsorbed on the NPs surface, exposing amino groups in the
protonated form [139].

In order to determine the composition of Fe-substituted cobalt ferrite NPs,
the Mossbauer spectra were collected under the transmission mode at an
ambient temperature. The obtained 6-line magnetic hyperfine patterns were
found to be different due to the variations in the composition and possibly in
the particle size (Fig. 44 a, b, c).
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Figure. 44 Mossbauer spectra of CoFe,O4@Lys (a) and iron substituted cobalt ferrite
NPs in particular CogsFeqsFe,04@Lys (b) and Coo 2FeqsFe,0.@Lys (c), whereas the
hyperfine distributions are placed on the right. In (d) variations of the M&ssbauer
spectra centrum shifts of tested NPs relatively to pure CoFe,Os@LYys NPs.

The evaluation of Fe?* amount in the CoxFe1xFe:0s@Lys powder was
done using two methods. The collected spectra were fitted using two hyperfine
field distribution and different isomer shift values, e.g. 0.23-0.26 and 0.53-
0.58 mm s. Through the assignment of the area covered by hyperfine
distribution with the larger isomer shift to [Fe?*] (tetrahedral) and [Fe**]
(octahedral) iron sites, as in the magnetite NPs, it was obtained that
approximately 17-20 % of all Fe cations are divalent. However, it is notably
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that isomer shift of B sublattice (octahedral site) of magnetite is larger
reaching around ~0.67 mm s?, while subspectra strongly overlap due to
superparamagnetic relaxation and Co?* ions shifting in the cobalt ferrite
lattice. Noteworthly that if the isomeric shift values of Fe-substituted NPs are
compared with the corresponding values of the similar sized FesO4 and Fe;Os
NPs, some misunderstandings, associated with the fitting mode of Mdssbauer
spectra, can be avoided. According to these results, the content of Fe?* might
be about four times lower than the expected for CoosFeitFe3*Os@Lys and
Coo2FeltFe3t0O,@Lys composites (blue points in Fig. 44 d). It was
attempted to collect the Mossbauer spectra of synthesized NPs at cryogenic
temperature approximately equal to 10 K; however the spectra obtained was
not informative probably due to the charge redistribution below a Verway
temperature. It should be noticed that Mossbauer spectra taken at the enhanced
temperatures differ because of further NPs oxidation. As a control, the
composition of Fe-substituted cobalt ferrite NPs were investigated by
ICP - OES analytical method. The calculation performed on the basis of
obtained results are shown in Table 6.

Table 6. ICP-OES analysis results of Fe-substituted cobalt ferrite NPs and
calculated composition of the synthesized NPs.

Specimen [Co?*], [Fe*], Fe**/Co?** Calculated formula
mgL?! mgL? ratio
CoFez04 457  91.17 1.95 CoFez04

CogsFepsFer0q 17.8 79.56 1.23 Coog.45Feo.55Fe204
CopoFepgFe204 5.64 70.53 3.50 Coo.16Fe0.84Fe204

In order to obtain the content of Co?* and Fe** in CoxFe1.xFe.04@Lys NPs,
the probe of NPs was dissolved in the diluted HCI solution and examined by
a ICP-OE spectrometer. It is claimed, that this chemical analysis do not
separate the Fe?* and Fe** ions. However, assuming the formula of
Meeaiy + Mcoay = 0.5 Meeqny the chemical composition of Fe-doped ferrites
was determined as Coo.4sFeo 55204 and Coo.16F€0.84F€204. Following that rule
(keeping the goal of simplicity) these stoichiometric coefficients have been
rounded up and labelled as CogsFeosFe204 and Cog2FeosFe20a4.

3.3.3. Antimicrobial properties of CoFe,O.@citrate, CoFe;O.@LYys,
Co,Fer.Fe:04@Lys and CoFe;04@0le NPs

The antimicrobial activity of different in size citrate stabilized
CoFe,Os@citrate NPs were investigated against S. cerevisiae, C. parapsilosis,
C. krusei and C. albicans microorganisms using the zone inhibition and broth
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dilution methods. Briefly, disc-shaped filter papers with NPs loading of
0.67 mg cm for 15 nm in diameter CoFe,O,@citrate NPs and 0.33 mg cm
for 2 and 5 nm in size CoFe,Os@citrate NPs were placed gently on a lawn of
microbes in sterile Sabouraud agar plates. For quantitative analysis, 1 g L™ of
suggested NPs were injected into the inoculated media at room temperature
for 48 h. Finally, antimicrobial characteristics were evaluated by
determination of clear zone around the specimens as well as counting the CFU
in the Petri dishes after 48 h as described previously. All assays were carried
out in triplicate. The obtained results are presented in Table 7.

Table 7. The antimicrobial behaviour of 2, 5 and 15 nm-sized CoFe.O.@citrate
NPs against S. cerevisiae and three different Candida species.

Size of . .
Microorganism CoFe204 (;Dlslir?;; e:n?:‘] Z[;:]aenzg;err:; zid
NPs, nm ' ’
15 11 22 2.0£0.2
S. cerevisiae 5 11 24 2.4+0.1
2 11 24 2.4+0.1
15 11 13 1.2+0.05
C. parapsilosis 5 11 15 1.4+0.1
2 11 16 1.4+0.1
15 11 13 1.3+£0.05
C. krusei 5 11 15 1.4+0.1
2 11 16 1.4+0.1
15 11 13 1.2+0.05
C. albicans 5 11 14 1.3+0.1
2 11 16 1.4+0.1

It is easy to see that 2, 5 and 15 nm in diameter CoFe,Os@citrate NPs
exhibited the highest antimicrobial activity against S. cerevisiae yeast. The
clear inhibition zone with approximately 11-13 mm length (Fig. 45-47 B)
prove the fungicidal effect, whereas the lysis zone around commercial
antimicrobial agent — fluconazole, used in this experiments as a positive
control, showed ~30 % smaller effect in the S. cerevisiae lawns. Furthermore,
the ability to inactivate several Candida species in particular C. krusei,
C. parapsilosis and C. albicans were approximately fourfold weaker
(Fig. 45- 47 A, C, D) in comparison with S. cerevisiae, reaching only 2-5 mm
of their lysis zones in an agar diffusion assay. Moreover, only in the case with
5 nm CoFeO.@citrate NPs, the fungistatic effect has been observed around
the partially covered filter papers (Fig. 46 C). Besides that, small (2-5 nm)
CoFe,Os@citrate NPs demonstrated higher killing efficiency in comparison
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with larger ones, thus creating the narrower inhibition zones in the
microorganisms lawns. These results match those, obtained by previous
researches, which also prove the idea of size dependent antimicrobial activity
of other metal oxide NPs such as ZnO [140], MgO [126] or CuO [141].
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Figure. 45 Inhibition zone produced by 2 nm CoFe,Os@citrate NPs loaded filter
paper specimens against the lawns of C. krusei (A), S. cerevisiae (B), C. parapsilosis
(C) and C. albicans (D). In the left side — the control specimens.

Significant difference exist between the inhibition zones, established with
the samples containing the same amount of 2 and 5 nm-sized cobalt ferrite
NPs.

Figure. 46 Inhibition zone produced by 5 nm CoFe,Os@citrate NPs loaded filter
paper specimens against the lawns of C. krusei (A), S. cerevisiae (B), C. parapsilosis
(C) and C. albicans (D). In the left side — control specimen.

In the cases of C. parapsilosis, C. krusei and C albicans, the fungicidal
zone caused by smaller NPs was found to be approximately 20-40 % higher
in comparison with those, caused by 5 nm-sized NPs.

In order to evaluate the quantitative analysis of different in size
CoFe,Os@citrate NPs in vitro tests were carried out further with two different
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yeast species. The results obtained in this examination against S. cerevisiae
and C. parapsilosis are shown in Fig. 48.

Figure. 47 Inhibition zone produced by 15 nm-sized CoFe.Os@citrate NPs loaded
filter paper specimens against the lawns of C. krusei (A), S. cerevisiae (B),
C. parapsilosis (C) and C. albicans (D). In the left side — control specimens.

It was demonstrated, that the results obtained by modified Kirby Bauer
technique match well those obtained via serial dilution analysis, implying
much more effective antimicrobial action of 2 and 5 nm-sized cobalt ferrite
NPs in comparison with 15 nm-sized ones. However, the 15 nm-sized cobalt
ferrite NPs also reduced the count of CFU, determined after their growth on
the Sabauraud agar media, as seen in the histogram of Fig 48. Comparing of
pure S. cerevisiae and C. parapsilosis inoculum with those, exposed with
2 nm-sized in diameter NPs, it was found that antimicrobial efficiency of these
NPs is approximately in 12 % higher than in the case of 5 nm-sized and almost
in 25 % higher than using a 15 nm-sized ones.
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Figure. 48 Antimicrobial activity of 2, 5 and 15 nm CoFe,O4@citrate NPs and Co?*
ions against S cerevisiae (a) and C. parapsilosis (b) yeasts. Error bars represent the
standard deviation.
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Comparable results were obtained with C. parapsilosis. For this microbe,
2 nm-sized NPs exhibited 15 % higher killing rate than 5 nm-sized as well as
approximately 44 % higher killing rate than 15 nm-sized CoFe,Os@citrate
NPs. Furthermore, half volume of the smallest NPs provided the same
antimicrobial efficiency against S. cerevisiae as 5 nm-sized ones whereas in
the case of C. parapsilosis just in 10 % higher killing efficiency was observed.
Summarizing results obtained in this study, it was concluded that
antimicrobial activity of citrate stabilized cobalt ferrite NPs is size-dependent
in the range between ~2 and 15 nm. As a result, the content of CFU decreased
while decreasing these particle size as shown in Fig 49. The mechanism of
antimicrobial action was not studied herein, however, some possible
suggestions can be discussed. According to previous research, the
antimicrobial action of CoFe,O4 was initiated due to NPs diffusion inside the
cell, interacting with the cell membrane or producing ROS, which cause an
oxidative stress and finally the DNR damage [131]. Another hypothesis cited
in this work was attributed to Co?" ions distribution in the NPs shell, which
significantly depends on the size of NPs.

Figure. 49 The amount of CFU in the Petri dishes grown on the Sabouraud agar media
after incubation with different in size CoFe,Os@citrate NPs against C. parapsilosis
(top row) and S. cerevisiae (bottom row). All yeasts were incubated in liquid media
without (a, €) and with 2 nm-sized (d, h), 5 nm-sized (c, g) or 15 nm-sized (b, f) NPs
for 48 h.

In general, it can be expected that the continuous increase in the amount of
Co?* ions dissolved from the inner part of cobalt ferrite NPs are associated
with the particles size decrease and could be the main reason of higher
antimicrobial activity of small (~5 nm) and ultra-small (~2 nm) NPs. In order
to test this assumption, the Co?* antimicrobial activity as well as minimal
inhibitory concentrations (MICs) were determined using S. cerevisiae and
C. parapsilosis yeasts. These two microorganisms had MIC of 21 and
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25 mmol L7, respectively. It was also observed, that the killing efficiency of
cobalt ions are significantly higher with S. cerevisiae, whereas C. parapsilosis
showed a higher Co?* resistance after 25 h cultivation. However, all tested
Co?* solutions, in particular 5, 10, and 15 mM, exhibited a clear antimicrobial
activity dependency on the [Co?*] as shown in Fig. 48. These results are in
accordance with those reported by Wan’s group [142], which indicated that
the Co?* ions released from the NPs caused eventually an oxidative stress
resulting in the DNA damage. However, it is worth mentioning that the ratio
of NPs surface to volume (Ssurace/ Vne) increases significantly with NP size
decrease from 15 to 5 and 2 nm and are equal to 4.8, 10.8, and 33.4,
respectively. These calculations allow to predict the higher toxicity of smaller
NPs due to increase in their surface size and a higher contacting area with
microorganisms.

In the next stage, the influence of Co?* content in the spinel NPs on
antimicrobial activity was tested against well-known typical pathogens, which
usually cause skin, tissue, blood and respiratory infections. To achieve this
goal, the similar in size (~5-7 nm), Fe-substituted NPs with chemical formula
of CoFe0s@Lys, CoosFeosFe;0s@Lys and Coo2FeosFe:0.@Lys were
investigated as potential microbial inhibitors against some prokaryotic and
eukaryotic microorganisms. Firstly, the antimicrobial activity was
investigated by a modified Kirby-Bauer protocol against C. albicans. In this
way, the widest inhibition zone around the disc-shaped filter paper, loaded
with NPs, was achieved with CoFe,O4 NPs, as shown in Fig 50 d.

Figure. 50 Antimicrobial activity of L-lysine functionalized cobalt ferrite NPs
dispersed on the disc-shaped filter papers against C. albicans strains: A — pure filter
paper, B — L-lysine, C — Fes0.@Lys and D — CoFe;Os@Lys NPs.

Note, that by this examination no inhibition zone was observed around
FesO.@Lys NPs impregnated filter paper confirming that magnetite NPs are
microorganism friendly material. Furthermore, it can be assumed, that the
absence of Co?* in the spinel structure leads to non toxicity for
microorganisms and probably for human cells. These results differ from ones
published in [143], in which the antimicrobial activity has been evidenced for
FesO4 NPs against B. cereus and K. pneumoniae.
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In accordance with Wang’s group findings [92], reported that zinc and
cobalt doping of cobalt ferrite NPs significantly increase their antimicrobial
efficiency against several bacteria strains it was expected to determine the
lower antimicrobial activity of Fe?* enriched cobalt ferrite NPs. Following this
assumption quantitative analysis was carried out against multi-drug resistant
clinical pathogens such as S. aureus, E. coli, C. parapsilosis and C. albicans
by assessing the CFU. In order to quantify the bactericidal and fungicidal
potencies, 1 g L™ of CoFe,O.@Lys or Fe-doped NPs were suspended in the
liquid media with microorganism’s inoculum and incubated for 24 and 72 h,
respectively. L-lysine amino acid (100 mg L), used as a stabilization agent
for NPs synthesis and FesO.@Lys (1 g L) were examined too and act as a
negative control samples. The results obtained from these inspections are
shown in Fig. 51.
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Figure. 51 Antimicrobial activities of 5-7 nm-sized CoFe,O,@Lys and Fe-substituted
cobalt ferrite NPs after 24 h (A) and 72 h (B) incubation with C. albicans (a),
C. parapsilosis (b), E. coli (c) and S. aureus (d). Pure L-lysine and magnetite NPs
were investigated as a negative control. Error bars represented the standard deviations.
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These results match well with those obtained with qualitative analysis,
showing that Fe-substituted cobalt ferrite NPs also possess antimicrobial
activity against all tested microbes. At this stage, a good correlation was
obtained between the total amount of Co?" in cobalt ferritt NPs and the
microorganism survival. The highest killing efficiency belonged to
CoFe,Os@Lys NPs as expected, while comparing to control samples these
NPs exhibited the antimicrobial potency of 93.1-86.3 % for eukaryotic and
96.4-42.7 % for prokaryotic organism species. Meanwhile, both Fe-
substituted cobalt ferrites, labelled as CoosFeosFe:0s and Coo2FeosFe;0s
show 11-24 % and 21-70 % powerless killing efficiency in comparison with
CoFe;O4 NPs, respectively. The most striking effect obtained from the data
was that the same content of both CoFe>O04 NPs and Cog sFeosFe204 destroyed
a huge part of C. parapsilosis yeast cells after 72 h incubation, as presented in
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Fig. 51 B. Furthermore, some surprising results were obtained in case with L-
lysine amino acid, which possess bactericidal potency against E. coli and
S. aureus bacteria after 24 h incubation. However this effect is negligible,
since the percentage of bacteria survival reached approximately 91 % and
94 %, respectively. It is known, that L-lysine is a biocompatible amino acid
and deserves further investigation, as a control sample because of their
possibility to be implemented in medicine. However, the number of all tested
microorganism increased after 72 h incubation with L-lysine amino acid. It
was hypothesized that such increase is caused by increased nutritions in
cultivation media, because the yeasts and bacteria probably use L-Lysine as a
one of food component. It should be noticed that Fes0.@Lys NPs exhibited
no antimicrobial activity against all tested microorganisms, as expected.
Summarizing obtained results, the photographs of eukaryotic and prokaryotic
microorganism’s CFU grown on Sabouraud and Nutrient agar plates were
taken in order to show the dependency of Co?* content in the spinel NPs as a
function on microorganism survival (Fig. 52).

Figure. 52 The amount of CFU in Petri dishes grown on Sabouraud and Nutrient agar
media after incubation with 5-7 nm CoFe;04@Lys (D, H), CoosFeosFe.04@Lys (C,
G) and Coo2FeosFe0.@Lys (B, F) NPs against C. albicans (top row) and S. aureus
(bottom row). All microorganism were incubated in liquid media without (a, €) and
with NPs for 24 h.

It was shown that the count of CFU significantly reduces with an increase
in the content of Co?* in the Fe-doped cobalt ferrite NPs. As can be seen in
Fig. 52 D, H, only a few dozen instead of hundreds of CFU remains alive after
incubation with 10 ug mL™* CoFe,O4 NPs.

In order to observe more information about interaction between cobalt
ferrite NPs and microorganism, the SEM investigations were conducted. It is
notable, that yeast cell was chosen due to its suitable size, because bacteria are
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usually 2-3 times smaller, thus complicating their morphological investigation
with SEM. Considerable alterations of C. parapsilosis cells were observed
during this study as presented in Fig. 53. The native morphology of intact cells
was attributed to ellipse-shaped ones as seen in Fig. 53 a. Following the
incubation with CoFe,Os@Lys NPs cell lose its native structure and become
erythrocyte — like structure (Fig. 53 b).

Figure. 53 Scanning electron micrographs of C. parapsilosis cells in the absence
(a) and in the presence of L-lysine coated CoFe,O. NPs (b). Represented images show
the cell biomass fixed on the carbon tape destruction due to interactions with cobalt
ferrite NPs. Inset: EDX spectra of C. parapsilosis surface after incubation with cobalt
ferrite NPs.

The interaction between CoFe,O.@Lys and yeast cell was confirmed using
EDX. The EDX spectrum of cobalt ferrite treated C. parapsilosis surface
shows the presence of Fe and Co in the damaged cell sites, confirming the
interaction of NPs with yeast cell. However the antimicrobial mechanism of
L-lysine capped cobalt ferrite or Fe-substituted spinel NPs is not clear and
demands further investigation. Nevertheless, some possible reason of such
antimicrobial potency can be discussed. Firstly, as confirmed by zeta potential
measurements, the positively charged NPs due to L-lysine amino acid, which
adsorbed on the NPs surface could rapidly interact electrostatically with the
negative charged bacteria cell wall and damage it. In accordance with previous
research [139], this effect can be assigned to L-lysine induced generation of
negative curvature at the surface of membrane due to a selective interaction.
The NH; group induces negative curvature wrapping of anionic membranes
leading to micellization/vesiculation and disrupt of membrane integrity
causing the thinning of membranes. Secondly, as mentioned previously, on
the surface of Fe-doped cobalt ferrite NPs, the L-lysine molecules bind harder
in comparison with CoFe,O, surface, thus decreasing the content of amino
acid and resulting in weaker antimicrobial behaviour. The less Co?* is encased,
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the less amount of amino acid are attached on the NPs, thus a lower zeta
potential is created.

In the final stage the influence of cobalt ferrite shell on antimicrobial
activity was tested against several kind of pathogenic microorganism in
particular S. aureus, E. coli, C. parapsilosis, C. albicans. Following this
purpose, oleic acid stabilized 7 and 17 nm-sized, spherically-shaped
CoFe;O4@0le NPs were used for antimicrobial tests. As a comparison,
~5-7 nm L-lysine stabilized CoFe,Os@Lys NPs were also examined. It is
worth mentioning, that a small probe of L-lysine and oleic acid in
concentrations of 0.1 mg mL? and 5 v/v %, respectively, acted as a negative
control. Firstly, the modified Kirby-Bauer technique was applied in order to
determine the differences between antimicrobial potency of the same size
CoFe,Os@Lys and CoFe;O4@O0Ole NPs. The results obtained from these
examinations are shown in Fig. 54.

Figure. 54 Antimicrobial activity of L-lysine and oleic acid functionalized cobalt
ferrite NPs dispersed on disc-shaped filter papers against C. albicans strains: A —pure
filter paper, B — Fes04@Lys, C — CoFe;Os@Lys and D — CoFe,04@0le NPs.

The largest inhibition zone was obtained around the filter paper
impregnated with oleic acid stabilized cobalt ferrite NPs as presented in
Fig. 54 D. The clear lysis zone was approximately 2.5 times longer in
comparison with the L-lysine modified NPs induced one (Fig. 54 C), which
reached only 1-2 mm. In order to examine the influence of environment of
NPs to the antimicrobial activity, the more precise quantitative analysis was
carried out in this work. For this purpose, 1 g L't NPs were inoculated with
microorganisms and were incubated for 24 and 72 h. The obtained results are
presented by histograms (Fig. 55) and further support the findings obtained by
the zone inhibition method. After exposure with oleic acid the bacteria as well
as yeast cells propagated their numbers, thus proving non-toxically behaviour
of this stabilization agent. In the case with S. aureus and E coli, the content of
CFU increased approximately to 33 and 43 %, respectively, after 24 h
cultivation and remains stable after 72 h. Meanwhile, in the case with
C. parapsilosis and C. albicans microorganism the colony counts stay close
to control after 24 h incubation, whereas after 72 h, the numbers of cell
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increased significantly approximating 65 and 33 % higher count than control
sample, respectively. The difference between the times, required for the
growing number of bacteria in comparison with yeasts was obtained probably
due to their rapid metabolism process and faster cell proliferation. It is notable,
that L-lysine modified Fe3O4 NPs did not show any antimicrobial efficiency,
thus echoing our findings as described previously. Furthermore, 7 nm and
17 nm-sized oleic acid stabilized CoFe,O,@Ole NPs possess surprisingly
high killing efficiency for all tested microorganism. In comparison with
L- Lysine stabilized CoFe,O.@Lys NPs the same size CoFe;0.@0le NPs
shows higher antimicrobial activity. The largest difference has been obtained
in the case with E. coli, where the bacteria survival varied more than 55 %.
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Figure. 55 Antimicrobial activities of 5-7 nm-sized CoFe,O,@Lys and oleic acid
stabilized 7 and 17 nm-sized CoFe;0.@Ole after 24 h (A) and 72 h (B) incubation
with C. albicans (a), C. parapsilosis (b), E. coli (c), and S. aureus (d). Pure L-lysine
and magnetite NPs were investigated as a negative control. Error bars represent the
standard deviations.

Consequently, in the cases with ~7 and ~17 nm-sized CoFe,0,@0Ole NPs,
the viability of microorganism were only 0.1 — 3.3 % after 72 h cultivation.
The most striking result obtained in this examination was the absence of
significant difference between 7 nm and 17 nm-sized cobalt ferrite NPs on the
antimicrobial activity; contrary with results described previously, whereas the
size dependant antimicrobial activity was observed. In order to evaluate the
damages of microorganism cells caused by CoFe,O,@Ole NPs the confocal
microscopy images were acquired after exposure with Co?* ions and with
C. parapsilosis cells. It was clearly seen that owing to auto-fluorescence of
microorganism untreated, oval shaped C. parapsilosis cells (Fig. 56 a) display
intact cell walls. However, after incubation with MIC content of Co?* ions it
was easy to observe the considerable alternations on cell walls (Fig. 56 b). In
comparison with damaged yeast cells (Fig. 56 b) after 24 h treatment with
CoFe,O4@0le NPs, similar damaged cells were observed. Furthermore, the
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aglomeration of NPs on the surface of microorganism, became visible, thus
confirming the direct interaction of CoFe,O, with the yeast cell.

< p N - - A "
Figure. 56 Laser confocal microscopy images of C. parapsilosis strains before (a) and
after incubation with MIC of Co?* ions (b) and CoFe,0,@0Ole NPs (c).
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The possible explanations of significantly higher antimicrobial activity of
CoFe,04@0le NPs might be related with their greater stability in liquid
media. In general, the toxicity of solid material as NPs are associated with
their size and probably with their active surface area [144]. As confirmed by
TEM analysis, CoFe,O,s@O0le NPs exhibit finely grained structure thus
increasing the surface area of contacting material. On the other hand, negative
charge of oleine acid stabilized NPs, perhaps can affect proteins and their
positively charged groups in cell wall, due to electrostatic interactions, thus
increasing the synthesized NPs toxicity. However, the mechanism of
inactivation of microbes of such NPs are still not clear and additional
experiments need to be performed.

3.4. Ultra-small gold NPs for inactivation of most dangerous
bacteria strains

In this chapter, fabrication of ultra-small gold and gold-coated magnetite
NPs via hydrothermal pathway and the subsequent gold ions reduction on the
magnetite surface by methionine amino acid will be presented thoroughly. The
surface chemistry, phase analysis, and antimicrobial activity of these NPs,
were examined against three of 12 the worst bacteria families released by the
WHO, in particular A. baumannii, S. enterica, S. aureus (MRSA) and
M. luteus will be also presented and discussed as well.

3.4.1. Morphology and phase characterization of Fe;0s@Met NPs

In an attempt to develop biocompatible magnetic NPs the D,L-methionine
amino acid was applied as NPs growth, gold ion reducing and stabilizing agent
in the hydrothermal synthesis that employ both Fe?* and Fe®* salts at 2:1 molar
ratio as precursors. The morphology of D,L-Met capped magnetite NPs
synthesized via hydrothermal approach was investigated by high-resolution
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TEM. It can be seen that magnetite NPs are mainly spherical (Fig. 57 a) with
an average diameter of 11 nm and have quite narrow size distribution. Fig 57 a
shows that Fe;O.@Met NPs are composed of single crystalline domain, as
indicated clearly by atomic lattice fringes. Overall, these results indicated that
NPs grow with a lattice spacing of 0.252 nm.

(b) ca. 11 nm
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Figure. 57 TEM image (a) and size distribution histogram (b) of magnetite NPs
synthesized hydrothermally in the solution containing 15 mmol L' FeSOy,
30 mmol L FeClz and 0.195 mol L methionine and NaOH to pH=12.4 at 130 °C for
10 h. The Inset illustrates atomic lattice fringes of a single Fes0.@Met NP.

TEM observations are consistent with the data obtained in XRD (Fig. 58 a)
confirming a face-centered cubic (fcc) crystal structure (space group Fd-3m,
a=b=c=8.396A).
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Figure. 58 XRD patterns (a) of Fes0s@Met NPs and the magnetic responses (b) of
FesOs@Met NPs before (1) and after sonication in a 10 mmol-L™* HAuClI, solution,
kept at a pH 12.2 and 37 °C for 4 h (2) are presented.

The XRD pattern of magnetite NPs (Fig. 58 a) implied the formation of
pure, inverse spinel structure as all diffraction peaks at 2@ positions: 18.28
(111), 30.08 (220), 35.43 (311), 43.06 (400), 53.42 (422), 56.94 (511), 62.53
(440), 70.94 (620), 73.97 (533), 74.97 (622) and 78.93 (444) match well with
the standard polycrystalline Fe;O, diffraction data summarized in the PDF
Card No. 04-005-4319. The size of FesOs@Met NPs estimated from the
corresponding XRD patterns using Halder-Wagner approximation equaled to

92



11.90+0.15 nm complementing the fact, that synthesized NPs are quite
uniformly-sized.

3.4.2. Fabrication of gold decorated Fez:0,@Met@Au NPs via methionine induced
Au** reduction

The gold-magnetite NPs hybrid was fabricated by methionine amino acid
induced Au®* reduction on FesO4@Met NPs surface. The process was carried
out in the thermostatic bath containing well dispersed Fe;0.@Met NPs,
methionine and HAuUCI, solutions under the adapted conditions, as described
previously. Figure 59 a and b shows the formation of numerous gold seeds at
the surface of methionine-stabilized Fes04s@Met NPs.

?',’:lr ‘. — '-“‘ ) Eromessess——m 5 Energy / keV 10
Figure. 59 TEM (a) and HRTEM (b) image of magnetite NPs after functionalization
with gold nanocrystals via methionine-induced HAuCl,4 reduction under sonication
and their EDX spectrum (c).

From TEM analysis, probably it was complicated to determine the size of
deposited gold species, however, most of them seem to be in the range of 2-3
nm. According to previous research, the functionalization of magnetic
particles with gold species usually decreased their saturation magnetization
value [145]. Inspired by this idea, in this work the magnetic properties of pure
magnetite and gold-magnetite hybrid NPs were assessed too. As can be seen
in Fig. 58 b, both samples have magnetic saturation value approximately equal
to 27 and 21 emu g (at Hmax= 4.4 kOe) thus confirming that magnetic NPs
are surrounded by deposited small gold species. Furthermore, this data suggest
that even after functionalization with gold seeds, the Fes0s@Met@Au NPs
have superparamagnetic behaviour, because the saturation magnetization
value decrease by only 6 emu g*. Moreover, the formation of gold-magnetite
hybrid was also verified by EDX spectrum as presented in Fig. 59 c.

3.4.3. Methionine induced detachment of ultra-small Au@Met NPs
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To detach ultra-small gold NPs from the surface of magnetic NPs
methionine amino acid was used. This process was linked to the stronger
methionine-Au interaction comparing with FesO,@Met-Au bond. In order to
obtain the particles size distribution as-formed, light-pink in colour solution
with ultra-small gold NPs was further investigated by TEM. The images and
size distribution histogram of NPs are presented in Fig. 60.
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Figure. 60 TEM image (), and size distribution histogram (b) of gold NPs detached
from magnetite NPs.

As could be seen in the TEM views, ultra-small gold NPs exhibit spherical
morphology with an average diameter of ~2.0 nm and have a quite narrow size
distribution. Furthermore, these particles seem not to aggregate.

3.4.4. Antimicrobial activity of Fe:0,@Met, Fe;0.@Met@Au and Au@Met NPs
against clinically isolated pathogens

For these studies, three of 12 the worst bacterial families as listed by WHO,
of the drug-resistant bacteria that pose the greatest threat to human health and
for which new antibiotics are desperately needed [5], have been chosen herein.
Therefore, antimicrobial activity of ultra-small gold and Fe;0.@Met@Au
NPs was investigated against gram-negative A. baumannii, S. enterica, and
gram-positive S. aureus MRSA and M. luteus by assessing the CFU. In
accordance with this investigation, Au@Met and Fe;0.@Met@Au NP probes
containing 70 and 30 mg L* of these species were incubated in the M9 liquid
media with the tested microorganisms under shaking for 24 hours. The
histograms showing the percentage ratio of bacteria survival obtained from
these assays are shown in Fig. 61. Besides that, 100 mg L of D,L-methionine
amino acid and 1 g L™ of Fes04@Met NPs probes were also investigated as
the negative control samples. It was observed that Au and Fe;0.@Met@Au
NPs show the highest killing efficiency against M. luteus bacteria strains. This
results further support the hypothesis, that human pathogenic microorganism
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are more virulent and resistant than antibiotic-susceptible microbes such as
M. luteus [146].
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Figure. 61 Antimicrobial activities of synthesized ultra-small gold and
FesOs@Met@Au NPs after 24 h incubation with gram-negative A. baumannii (a),
S.enterica (b) and gram-positive S. aureus (MRSA) (c), M. luteus (d). For
comparison, the behaviour of pure D,L-methionine and magnetite NPs is presented.

A positive correlation was obtained between the concentration of Au in
NPs and bacteria survival. In comparison with the control sample, 70 mg L™
of Au NPs exhibit the killing efficiency of 84.4-58.5 % against gram-negative
and 89.1-75.7 % against gram-positive bacteria. In addition, Fig. 62 shows the
quantity of gram-negative and gram-positive microorganisms grown on the
Nutrient agar plates demonstrating a significant reduction of colonies count.

One unanticipated finding was that decreasing in the concentration of gold
NPs approximately 2.3 times leads to bacteria assessment become by 3.05,
2.52, 1.35, and 1.04 fold weaker against A. baumannii, S. enterica, S. aureus
(MRSA), and M. luteus bacteria, respectively. These results seem to be
consistent with other researches which found that AuNPs of 5 nm showed no
concentration dependent antibacterial effect against B. subtilis and E. coli
microorganisms [102]. It should be noted that S. enterica demonstrated the
strongest resistance against ultra-small gold and Fe;0.@Met@Au NPs. In the
case of D,L-methionine coated magnetite NPs, as well as for the
D,L- methionine amino acid, the same amount of CFU, as for the control
sample, was obtained. However, the antimicrobial mechanism of
D,L- methionine amino acid capped gold or gold-magnetite hybrid NPs is not
clear and required further investigation. Nevertheless, some possible
explanations of such antimicrobial behaviour might be related to the
composition and structure of ultra-small gold NPs, because methionine shell
are non-toxic. In order to clarify the reasons of such antimicrobial efficiency,

95



Au@Met and Fes0.@Met@Au NPs were investigated by XPS. The obtained
results are illustrated in Fig. 63 aand b.

Figure. 62 Photographs showing the antimicrobial activity of Au NPs for growth
inhibition of gram-negative (a-b) A. baumannii, (c-d) S. enterica (top row) and
gram- positive (e-f) S. aureus MRSA, (g-h) M. luteus (bottom row) microorganisms
incubated in the Nutrient agar plates. All microorganisms were cultivated in liquid
M9 medium without (a, c, e, g) and with (b, d, f, h) 70 mg L Au NPs for 24 h.

The XPS survey spectrum (Fig. 63 a) confirmed that our synthesis product
consist of Fe, O, C, S and Au elements. Furthermore, carbon and sulphur peaks
can be attributed to methionine molecules attached to the FesOs or Au NPs
surface. The main Au 4 f;,, photoelectron peak in the deconvoluted Au 4f
spectrum (Fig. 63 b) is located at a binding energy (BE) of 83.94 eV,
indicating the presence of pure metallic Au® [147].
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Figure. 63 XPS survey spectrum (a) of gold-magnetite hybrid NPs and deconvoluted
spectrum of Au 4f (b).

The fitting of this spectrum was further performed by two spin-orbit split
Au 4 f;,, and Au 4 f5,, components, separated by 3.56 eV. During this
calculations additional peak was obtained at 85.74 eV indicating the presence
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of Au* [148]. In accordance with the relative contents of elements, measured
by XPS, the average content of the deposited gold was estimated roughly to
be 1.67 % of the total NPs weight. We suspect that even insignificant amount
of Au* ions attached to the surface of Au® NPs might be a reason of
antimicrobial behaviour of tested NPs. Therefore, it was hypothesized, that
bactericidal effect of Au@Met and Fes0.@Met@Au NPs is due to Au®
capable interact with bacteria membranes or proteins, thus leading to the
microorganism death.

3.5. Wireless monitoring of biofilms of medically relevant
bacteria and fungus

In this chapter, the innovative wireless sensing platform based on Ag/Ag*
NPs redox couple for monitoring of medically relevant microbes such as
P. aeruginosa, E. coli, S. aureus, C. albicans and S. gordonii will be described
thoroughly. The biofilms, were grown on the carbon electrode, thus generating
the electrons, which were used to reduce the poor conducting AgCl NPs to
Ag® NPs. During this process, the resistance of Ag-Au NPs mixture modified
SPE have changed significantly from 2-3 kQ to 2-20 Q. The response of
electroactive biofilms was detected using RFID technology. The custom-made
RFID antenna tag was connected to Ag-Au NPs decorated SPE, which act as
a part of passive RFID tag and modulate the changes in conductivity of RFID
antenna.

3.5.1. OCP measurements

In order to develop the battery-less sensing platform for monitoring of
biofilms, the OCP measurement was determined firstly at various time
periods. Following this procedure, glassy carbon rode was employed as an
electron acceptor electrode, which was immersed in a fresh LB medium. The
initial potential, measured by multimeter, was in the range of 35 — 160 mV vs
Ag/AgCI reference potential (Fig. 64 t = 0). Then the experiment media was
inoculated with microorganisms such as P. aeruginosa, E. coli, S. aureus,
C. albicans, S. gordonii or their mixture with the final concentration of cells
approximately equal to 10® CFU mL%. This content is relevant to the bacteria
concentration in wounds normally reaching the numbers below 10° CFU g*
tissue [149]. After inoculation, the potential gradually shifted to the negative
direction and achieved the values varying in the range of -70 to -300 mV. The
potential reduction rate slightly depended on the nature of microorganism
culture and their growth characteristics. It was found that an OCP of GC
electrode becomes negative after 4 h incubation with E.coli and S. aureus,
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whereas P.aeruginosa, S. gordonii and C. albicans based biofilms generate
negative potential just after 8 and 18 hours, respectively (Fig. 64 c, d, e).
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Figure. 64 OCP of bioanode immersed in LB media before (t=0) and after (t=2-24)
inoculation with 106 CFU mL™ of (a) E. coli, (b) S. aureus, (c) P. aeruginosa, (d)
S. gordonii, (e) C. albicans, (f) co-culture of S. aureus and P. aeruginosa.

Furthermore, the potential developed by P. aeruginosa was more negative
in comparison with other single species and reached around -250 mV.
However, this microbe is well known as electroactive bacteria, which produce
a soluble redox mediators as pyocyanin, phenazines or flavins that helps
transfer an electrons [150]. Moreover, the co-culture conditions of S. aureus
and P. aeruginosa were adapted since they are mainly responsible for chronic
wound infections. According to the findings of Carolyn B. Ibberson’s group,
10 fold less of P. aeruginosa than S. aureus were inoculated in order to prevent
the predomination of P. aeruginosa after cultivation [151]. It was shown, that
after 24 hours cultivation of co-culture, the potential developed by biofilms
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achieved approximately -275 mV, thus facilitating the design of bioanode and
improve its characteristics.

3.5.2. Design of sensing platform for wireless detection of biofilms

For construction of wireless biofilm detection platform, Ag and Au NPs
modified screen printed electrodes were used as a sensing layer. As reported
previously, the counter and working electrodes were short-circuited with layer
formed by 1:5 (v/v) concentrated, 20-30 nm in diameter Ag and Au NPs
mixture. The resistance measured between these electrodes after drop-casted
deposition of NPs varied in the range of 2-30 Q. In the next stage, fabricated
electrodes were electrochemically oxidized into the chlorine containing
electrolyte solutions. Note that this process has caused an increase in
resistance to at least 2-3 kQ due to Ag°—Ag* conversion. The proof of
concept was demonstrated using chronoamperometry, whereas the biofilms
hosted electrode was coupled with Au-Ag modified SPE under a 5 mV
negligible constant potential between them (Fig 65 a). The initial current
approaching to zero pA due to poor conductivity of AgCl NPs, however it
started to increase slowly at the first 2 hours. At this stage the co-culture of
S. aureus and P. aeruginosa microbes require a time period to attach and form
biofilm on the electrode surface, therefore generate a low amount of electrons.
The reduction current increased rapidly at the time period of 2-7 hours with
exponential regression until it reached complete reduction stage as illustrated
in Fig. 65 a. The maximal reduction current value was around 170 pA. At this
point, the resistance of SPE electrode dramatically dropped to ~ 25 Q
confirming the biofilms inspired completed reduction process of Ag*—Ag®
NPs.
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Figure. 65 I-t curve (a) obtained in two electrode cell, whereas the Ag-Au modified
SPE was coupled to biofilms hosting electrode operated at a constant potential of
5 mV for 24 hours. In (b) the reflection coefficient |[S11| as a function of frequency
response of biofilms sensing platform immersed in S. aureus and P. aeruginosa
containing LB media for 24 h.
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The possibility of wireless biofilms monitoring via detection platform
based on GCE, which act as a biofilm hosting electrode and Ag-Au NPs
modified SPE was tested herein too. For this purpose, GCE was connected
with SPE, which act as a part of passive RFID tag and modulate the changes
in conductivity of RFID antenna. The electroactive biofilms formation on the
bioanode inspired the reduction of AgCl NPs formed layer between C-W
electrodes, resulting the higher backscattered energy to antenna. This process
cause the resonance frequency shift from 18.0-20.0 MHz to 14-16.0 MHz as
well as magnitude |S11|, which comes down from 0.7 to 0.55 a.u. as can be
observed in Fig. 65 b. It was shown, that Ag-Au NPs employment as a short-
circuit load between C-W electrodes on SPE determined a higher number of
shifts in the range from higher to lower frequency, meaning that the changes
in resistance of tag occurs gradually (Fig. 65 b). This alteration provides
important advantages due to possibility read-out the signal at different
frequency, resulting the shorter response time. These characteristics might
allow a possibility to adapt such sensor designs for non-invasive monitoring
of biofilms, especially in chronic wound infections. Furthermore, it might be
transferred into medical hygiene products, particularly those used for elderly
or incontinent. Besides that, wireless monitoring via proposed biofilms
sensing platform could be easily integrated into the internet of things (loT).
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CONCLUSIONS

. Black copper anodic oxide films exhibit the higher antimicrobial activity
in comparison with the Cu,O/TiO, and Cu.O/TiNT heterostructures
against S. cerevisiae, A. versicolor, C. cladasporioides, C. parapsilosis and
C. krusei microorganisms.

. Extremely thin porous anodic AAO films (< 1 um) decorated with Ag
nanowires array demonstrate bactericidal effect against E. coli and
M. luteus bacteria. These coatings also inhibit the growth of A. fumigatus
and G. candidum fungi and possess the fungicidal effect against
S. cerevisiae yeast.

. Cobalt ferrite NPs in the diameter of 2, 5 and 15 nm possess size-dependant
antimicrobial activity against S. cerevisiae and several Candida species, in
particular, C. parapsilosis, C. krusei and C. albicans.

. L-lysine coated, similar in size (5-6 nm), iron substituted cobalt ferrite NPs
demonstrate the high, Co?* content-dependent antimicrobial efficiency
against gram-negative E. coli and gram-positive S. aureus bacteria and
several Candida species.

. Antimicrobial activity strongly depends on the nature of ligands capped on
the surface of NPs. Oleic acid stabilized CoFe,O4@0Ole NPs demonstrate
enhanced antimicrobial behaviour against E. coli, S. aureus,
C. parapsilosis and C. albicans in respect to similar in size CoFe,0,@Lys
ones.

. Ultra-small gold (< 2 nm) and gold-magnetite NPs hybrid with the
concentration of 70 mg L shows the killing efficiency of 84.4-58.5 %
against gram-negative A. baumannii, S. enterica bacteria and 89.1-75.7 %
against gram-positive S. aureus MRSA, M. luteus bacteria strains.
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SANTRAUKA

Ivadas

Infekciniy ligy sukélgjai yra jvairiy rasiy mikroorganizmai, placiaja
prasme — tai mikroskopiniai grybai, bakterijos ir virusai. Antibiotikams
atspariis mikroorganizmai (AAM), kurie inicijuoja infekcijas Siandieniniame
pasaulyje sukelia apie 700000 mir¢iy per metus. Prognozuojama, jog iki 2050
mety Sis skaiCius iSaugs iki 10 milijony per metus [1]. Preliminariai
apskaiciuota, kad AAM sukelty infekcijy daroma Zala pasaulyje sieks iki 100
trilijony JAV doleriy [2]. Paminétina, kad ekonomiSkai silpnesniuose
regionuose, kaip antai Afrika, Rusija ir Azija jskaitant Kinija, AAM sukelty
infekcijy gydymas auga eksponentiskai. Zinoma, kad AAM sukeltos
infekcijos Siais laikais Europoje prazudo beveik po 25 tikstancius pacienty
kasmet, kas Europos sajungai kainuoja apie 1,5 milijony eury per metus [3].
Jei nieko nebus imtasi iki 2050 mety $is skaiCius iSaugs tokiu budu
sumazindamas bendrajj Europos sajungos BVP nuo 1 % iki 4,5 %. Taigi,
naujy potencialiy antimikrobiniy preparaty sukiirimas ir tobulinimas yra
bitinas siekiant apsisaugoti nuo AAM sukelty infekcijy.

Augantis antibiotikams atspariy patogeniniy mikroorganizmy skaicius yra
bendruomené. Anot Romling ir jos bendraautoriy, iki 80 % zmogaus infekcijy,
kuriy kaltininkés yra bakterijos, sietinos su biopléveles formuojanciomis
padermémis. Sios biopléveles sudarancios bakterijos sukelia jvairias audiniy
infekcijas; pagrindinés i§ jy: létinés zaizdos, vidurinés ausies uzdegimas,
infekcinis endokarditas, cistiné fibrozé ar su ja susijusios plauéiy infekcijos
[4]. Visai neseniai, pasaulio sveikatos organizacija (PSO) paskelbé sarasa
dvylikos paciy pavojingiausiy antibiotikams atspariy bakterijy. Tarpe jy yra ir
tokios rusys, kaip antai Acinetobacter baumannii, Pseudomonas aeruginosa
ar Staphylococcus aureus MRSA ir kt. Jos kelia didziausig pavojy zmogaus
sveikatai o efektyviam gydymui reikalingi nauji antimikrobiniai preparatai
[5]. Dél sios priezasties yra butina sutelkti mokslininky pastangas,
efektyvesniy antimikrobiniy agenty paieSkai ir inovatyviy sprendimo idéjy
plétotei kas padéty spresti mikrobinés tarSos problemas. Vienas i tokiy budy
yra sumaniy nanodaleliy (ND), galin¢iy padéti kovoje su antibiotikams
atspariomis bakterijomis, panaudojimas. Sios nanometry dydzio medziagos
daznai pasizymi unikaliomis savybémis kurios néra budingos i$ daug ty paciy
atomy sudarytoms medziagoms. Teigiama, kad déka didelio jy pavirSiaus
ploto/tario santykio ir universalumo, nanodalelés galéty padidinti gydymo
efektyvuma ir sumazinti vaisty Salutinj poveikj [6]. Yra zinoma, kad ZnO, Cu,
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CuO, Cu20, Ag, Au, MgO nanodalelelés pasizymi ne tik antimikrobinémis
savybémis bet ir galimybe sumazinti mikroorganizmy gyvybinguma ant
skirtingy pavir§iy bei neleidzia pastariesiems formuoti biopléveliy [7].
Naujausi tyrimai rodo, kad kobalto feritas ar kitu metalu legiruotos jo formos
taip pat pasizymi antimikrobinémis savybémis pries jvairias mikroby rusis ir
galbiit gali buti naudojamas kaip perspektyvus antimikrobinis preparatas.
Deja, tikslesnis jy poveikis pries plataus spektro bakterijas ir mikroskopinius
grybus, ypac tuos, kurie yra atspariis antibiotikams, kol kas yra nezinomas.
Siekiant iSplésti ir praturtinti turimas Zinias bei inicijuoti tolimesnius darbus
susijusius su metaliniy ir puslaidininkiy ND pritaikymo galimybémis
antimikrobiniy medziagy srityje, pastarosios Siame darbe buvo aktyviai
tyrinéjamos, o gauti rezultatai yra teikiami Siame darbe.

Darbo tikslas

Susintetinti metalines ir puslaidininkines nanodaleles ir iStirti jy
antimikrobines savybes plataus spektro bakterijy, mieliy ir mikroskopiniy
gryby aplinkose.

Darbo uzdaviniai

v’ Padengti titano oksidy pavirSiy vario suboksido nanodariniais ir palyginti
juy antimikrobines savybes su dvivalencio vario oksido anodinémis
dangomis suformuotomis ant Cu padéklo.

v" Sukurti elastines, sidabro nanodariniais dekoruotas anodines oksidines
dangas maistiniy aliuminio folijy pavirSiuje, suteikiant joms antikorozines,
dekoratyvines ir antimikrobines savybes.

v" Susintetinti skirtingo dydzio kobalto ferito ND ir jrodyti jy antimikrobinio
efektyvumo priklausomybe nuo dydzio.

v Suformuoti L-lizino amino ragstimi stabilizuotas kobalto ferito ND su
skirtingu Fe Kkiekiu ir nustatyti gauty dariniy antimikrobiniy savybiy
priklausomybe nuo kobalto.

v" T8tirti superparamagnetiniy kobalto ferito ND stabilizuojancios apsupties
itaka antimikrobiniam jy aktyvumui jvairiy bakterijy ir mikroskopiniy
gryby terpése.

v" Susintetinti ultra-smulkiy aukso ir magnetito-aukso ND, stabilizuojant jas
D,L-metionino amino rugstimi ir jvertinti jy antimikrobing elgseng prie$
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antibiotikams atsparias bakterijy padermes, Kkaip antai S. enterica,
S. aureus MRSA ir A. baumannii.

Darbo naujumas

Pirmg karta iStirtos dangy Cu2O/TiO;, CuO/TINT ir CuO/Cu
antimikrobinés savybés. ISsiaiSkinta, kad anodiskai oksiduotas varis
pasizymi didesniu antimikrobiniu aktyvumu prie§ visas tirtas mieliy ir
mikroskopiniy gryby padermes.

Pirmg kartg parodyta, kad itin ploni poringi anodinio aliuminio oksido
sluoksniai (< 1 um) uzauginti ant aliuminio folijy pavir§iaus ir
elektrochemiskai dekoruoti aukso atspalvj suteikian¢iomis sidabro
nanovielomis pasiZymi antimikrobiniu aktyvumu ir gali rasti naujy
taikymy greitai gendanciy produkty pakavimui.

Pirmg kartga parodyta kobalto ferito ND antimikrobinés elgsenos
priklausomybé nuo jy dydzio, cheminés sudéties ir aplinkos.

Pirmg karta pademonstruotos ultra-smulkiy aukso ir magnetito-aukso
hibridiniy ND antimikrobinés savybés prie§ antibiotikams atsparias
bakterijy S. enterica, S. aureus MRSA ir A. baumannii padermes.

Ginamieji teiginiai

Juodos spalvos dvivalencio vario oksido nanostruktiirizuotos dangos
pasizymi  stipresniu  antimikrobiniu aktyvumu prie§ mieliy ir
mikroskopiniy gryby riisis nei vienvalencio vario oksido dangos.

Itin plony (< 1.0 um) anodinio aliuminio oksido pléveliy dekoravimas
metalinio sidabro nanovielomis suteikia maistinio aliuminio folijai
antimikrobines, dekoratyvines ir antikorozines savybes.

Kobalto ferito ND yra perspektyvus antimikrobinis preparatas, o jo
antimikrobiné elgsena bakterijy ir mikroskopiniy gryby aplinkose zenkliai
priklauso nuo ND dydzio, cheminés sudéties ir aplinkos.

Ultra-smulkios aukso (~2 nm) ir magnetito-aukso hibridinés ND, kuriy
koncentracija — 30 mg L ir daugiau slopina antibiotikams atspariy
bakterijy Salmonella enterica, Staphylococcus aureus MRSA ir
Acinetobacter baumannii augima.
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Autoriaus indélis

Disertacijos autorius pats sintetino, formavo ir surinkinéjo disertaciniame
darbe minétas dangas bei nanodaleles. Taip pat pats atliko antimikrobinius
tyrimus, ND minimalios inhibuojanc¢ios koncentracijos nustatymus, paruosé
bandinius SEM, PEM ir konfokalinés mikroskopijos analizéms. Be to,
autorius svariai prisidéjo analizuojant gautus eksperimentinius duomenis,
karé grafines iliustracijas bei rengé mokslines publikacijas. Zodinius ir
stendinius pranesimus tarptautinése konferencijose pristatingjo pats. Visi
neorginaliis paveikslai teikiami Siame darbe yra cituojami.
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4. LITERATUROS APZVALGA

Mikroorganizmy sukeltos infekcijos yra viena i§ pagrindiniy létiniy
infekcijy ir Zmoniy mirtingumo priezastis. Remiantis Pasaulio sveikatos
organizacijos (PSO) paskelbtais duomenimis uzkre¢iamos ligos yra antra
labiausiai paplitusi zmoniy mirtingumo prieZastis, apimanti beveik 25 %
Zmoniy mir¢iy visame pasaulyje. Be to, i situacija yra kur kas blogesné
regionuose, tokiuose kaip Afrika, kur uzkreé¢iamos ligos sukelia apie 50-52 %
visy mir¢iy [7]. Negana to, yra zinoma, kad mikroorganizmai, kaip antai
bakterijos, mutuoja ir tampa vis atsparesnés antibiotiky poveikiui; tokiu budu
dar labiau komplikuodamos padétj. Nuo 1928 mety, kai A. Flemingas atrado
peniciling iki 2015 mety, kai buvo atrastas ceftarolinas, bakterijy atsparumo
antibiotikams problema buvo ir yra daznai pabréziama mokslinéje spaudoje.
Didé¢jantis vaistams atspariy patogeniniy mikroorganizmy skaicius yra vienas
Sios priezasties yra bitina atkreipti platesnj mokslininky démesj, kurti
inovatyvias sprendimo idéjas ir antimikrobinius agentus, kurie i$spresty ar
bent padéty spresti kylancia problema. Vienas i§ tokiy biidy — sumaniy
nanodaleliy (ND), nanokompozitiniy medziagy ar nanogeliy, galinéiy padéti
kovoje su antibiotikams atspariomis bakterijomis panaudojimas [61].

Nanodalelés daznai pasizymi unikaliomis fizikinémis ir cheminémis
savybémis. Sias savybes, kurios néra biidingos i§ daug ty padiy atomy
sudarytoms medziagoms, lemia didelis jy pavirSiuje esan¢iy nekoordinuoty
atomy su koordinuotais santykis ir kvantinés savybés [152]. Déka Sity savybiy
sidabro, vario, cinko, magnio, titano oksidy ir kt. ND baktericidinis poveikis
daznai yra efektyvesnis, nei antibiotiky [3]. Tad pastaraisiais metais sparciai
tyrinéjamos jvairios medziagos nano-dydziy skaléje. Sioje disertacijoje
pagrindinis démesys skiriamas kobalto ferito ND jy aplinkos ir cheminés
sudéties bei dydzio jtakos antimikrobinio poveikio efektyvumui. Taip pat
aprasomos vario bei sidabro pagrindu suformuotos antimikrobinés dangos, bei
ultra-smulkios aukso ND, kurios slopina antibiotikams atspariy bakterijy
gyvybinguma. Disertacijos literatirinéje dalyje placiau aptariamos darbe
naudotos ND sintezés metodikos, taip pat apzvelgtos sidabro, vario, vario
oksidy, kobalto ferito ir aukso ND antimikrobinés savybés, bei naujausi
atradimai Sioje srityje.
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5.  EKSPERMENTO METODIKA

Sio darbo metu kintamos ir nuolatinés srovés nusodinimo, bei
elektrocheminio anodavimo metodikos buvo panaudotos siekiant gauti
heterostrukttrizuotas Cu,O/TiO,, Cu,O/TiNT, CuO/Cu ir Ag/AAO dangas.
Hidroterminis, ko-nusodinimo ir terminio skaldymo metodai buvo naudojami
siekiant suformuoti skirtingo dydzio, cheminés aplinkos ir cheminés sudéties
kobalto ferito ND. Ultra-smulkios aukso ir magnetito-aukso hibridinés ND
buvo formuojamos déka metionino (MET) amino riigsties inicijuotos aukso
rugsties redukcijos ant magnetiniy ND pavirSiaus. Pasinaudojant stipresne
AuU-MET saveika, Au ND buvo ,,atkabinamos® nuo Fe3Os ND pavirSiaus.
Disertaciniame darbe sintetintos dangos ir ND buvo tirtos jvairiais fizikiniais
ir cheminiais metodais. Pagrindiniai i$ jy trumpai aprasyti Sioje dalyje:

Dangy pavirSiaus ir lazio morfologijos bei jy storis buvo tirtas
skenuojanciu elektroniniu mikroskopu Helios Nanolab 650 (FEI Quanta
200 F, Olandija). Nanodaleliy dydis, forma bei kristaliSkumas buvo jvertinti
per§vietimo elektroniniu mikroskopu Tecnai F20 X-TWIN (FEI, Olandija).
Elementiné nanodaleliy sudétis buvo tiriama energijos dispersijos
spektrometru (EDAX, JAV), integruotu tiek prie PEM tiek prie SEM
mikroskopy. Daleliy faziné sudétis bei jy aplinkos chemija buvo nustatyta
Ramano spektrometru In Via (Renishaw, Didzioji Britanija). Suformuoty
dangy bei milteliy faziné analizé atlikta rentgeno spinduliy difraktometru
SmartLab (Rigaku, Japonija). ND stabilizuojanéiy L-Lys, D,L-Met ir oleino
rugsties adsorbcija ant ND pavirSiaus tirta Furjé transformacijos
infraraudonyjy spinduliy spektrometru ALPHA FTIR (Bruker, Vokietija).
Magnetito-aukso ir Au ND elementiné sudétis bei jy valentingumas tirti
rentgeno fotoelektrony spektroskopu VG ESCALAB MK 1I (VG Scientific,
Didzioji Britanija). Aukso ir kobalto ferito ND dydis bei dispersiSkumas tirti
atominés jégos mikroskopu Veeco AFM dilnnova (Veeco Instruments, JAV).
Gelezimi pakeisty kobalto ferito ND cheminé sudétis tirta Mesbauerio
spektroskopu Wissel (Wissenschaftliche Elektronik GmBH, Vokietija) bei
indukuotos plazmos optinés emisijos spektrofotometru OPTIMA 7000DV
(Perkin Elmer, JAV). ND zeta potencialas iSmatuotas Nicomp 380 ZLS
matavimo sistema. ND magnetinés savybés tirtos panaudojant FH 54
teslametrg  (Magnet-Physics, GmBH, Vokietija). Mieliy lasteliy
mikroskopavimas ir Igstelés struktiiros pokyciai po tiesioginés sgveikos su ND
fiksuoti konfokaliniu mikroskopu Nicon eclipse TE2000 C1 Plus (Plan Apo
VC, Japonija).

Detalesné tyrimy metodika ir ND bei dangy sintezés salygos placiau
aprasytos disertacijos metodinéje dalyje.
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6. TYRIMO REZULTATAIIR JU APTARIMAS

6.1. Heterostruktiirizuoty Cu2O/TiO2, Cu,O/TINT ir CuO/Cu
dangy sintezé, charakterizavimas ir antimikrobiniy savybiy
tyrimas

6.1.1. Heterostruktiirizuoty dangy pavirsiaus morfologija

Vienvalencio vario kristalais dekoruoto, termiskai oksiduoto Ti pavirSiaus
SEM nuotraukos (1 pav. a ir b dalis) iliustruoja, kad silpnai raigsc¢iuose
(pH ~ 5,28) vario acetato tirpaluose kintan¢iosios srovés lauke nusodinami
kristalai yra oktaedrinés strukttros Cu.O, kurie pasizymi gana taisyklinga

=

1 pav. Cuz0 nanokristaly nsodm i$ vario cefatini elektrolito ant termiskai (a, b)
ir elektrochemiskai oksiduoto Ti pavirsiaus (c) ir lazio (d) SEM vaizdai.
Elektrochemiskai anoduoto vario pavir§iaus SEM vaizdai pateikti (e, f).
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Ilgéjant nusodinimo trukmei, ,,augancios* struktiiros uzdengia vis didesnj
pavirSiaus plota kol ilgainiui padengia ji pilnai. Tesiant sodinima ilgiau,
susidaro jvairios formos aglomeratai. Pastabéta, kad elektronusodinimo metu
palaikant 100 Hz kintancios srovés daznj, oktaedrinés formos Cu2O kristalai
»auga“ Siek tieck mazesni, be to jy sédimas yra kur kas tolygesnis.

Korinés struktiiros titano pavirsius gaunamas anoduojant Ti etilenglikolio-
vandens-amonio fluorido elektrolite (1 pav. ¢ ir d dalis). Siy tyrimy salygomis
gauty vamzdeliy, orientuoty statmenai pavirSiui, ilgis buvo 4-6 um o0
diametras — 45-50 nm. Susiformavusi amorfiné danga buvo rekristalizuota oro
atmosferoje prie 450 °C temperatiiros. Taip buvo gaunama gryna anatazo
kristaliné fazé. Tokios dangos kintancigja srove ,,dekoruotos” Cu,O
nanokristalais naudojant ta pacig elektrolito sudétj. Esant optimaliomis
nusodinimo sglygomis, nanokristalai pavirsiy padengia gana tolygiai. Dalis
Cu,0 nuséda isilgai nanovamzdeliy (1 pav. d), dalis ant pavirsiaus (1 pav. c).
Suformuoty kristality dydis vyrauja nuo 15 iki 50 nm. Nustatyta, jog
nusodinty dariniy kiekj TiO. matricoje ir daleliy dydj galima kontroliuoti
varijuojant nusodinimo trukme ir rezimu. Be to, pastarasis neturéty virSyti
jks~3,5 MA cm?, nes esant tokiam srovés tankiui, bandiniy kampuose
prasideda TiO; plévelés destrukcija.

Pluostinés struktiiros CuO dangos buvo gautos anoduojant vario elektrodus
kar§tame natrio $armo ir amonio molibdato elektrolite. Gauti produktai buvo
rekristalizuojami oro atmosferoje, 250 °C temperatiiroje. Nustatyta, kad
susidariusi juodos spalvos anodinio oksido danga yra dvisluoksné. Apatiné jos
dalis susideda i§ gana kompaktisko ir vientiso sluoksnio. PavirSiuje didzioji
dalis anodinés oksidacijos metu gauty “lapeliy” yra orientuoti vertikaliai
(1 pav. f). Jy plotis vyrauja nuo keleto desim¢iy iki Simty nanometry, tuo tarpu
lapelio storis — vos keletas nanometry. Tokiu badu suformuoty dangy storis
buvo 6-7 um, o jos pavirSiaus plotas, lyginant su geometriniu, iSaugo net
825 Kkartus [114].

6.1.2. Cu,O nusodinimo ant termiSkai ir anodi$kai oksiduoto Ti kinetika

Siekiant optimizuoti Cu2O nusodinimo ant termiskai ir anodiskai
oksiduoto Ti pavirSiaus tolygumg, buvo tiriamos nusodinto vario kiekio
priklausomybés nuo elektrocheminio sodinimo salygy. Vykdant nusodinima
ant anodiSkai oksiduoto Ti pavirSiaus Cu,O kiekis tiesiskai priklauso nuo
proceso trukmés, taip pat priklauso nuo lauko stiprio ir daznio (2 pav. a). Kai
Upik=1,8 V, Cu,0 nuséda zymiai daugiau nei prie Upx=1,2 V. Tai sietina su
zenkliai didesniais srovés kiekiais (j,s=30 mA), pratekanciais per elektroda.
Nustatyta, kad didel¢ jtaka Cu.O elektrocheminio nusodinimo kinetikai Ti
vamzdeliy matricoje turi TiO2 barjerinis sluoksnis. Siekiant jj suploninti,
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anodavimo proceso pabaigoje buvo mazinama jtampa iki 30 V kas 1 V min™,
Siuo keliu TiO, barjeras patirpinamas ir Cu,O isikrovimas véliau vyksta kur
kas sparciau ir tolygiau visame TiO> pavirSiaus plote (1 ir 3 kreivés).
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2 pav. Vario kiekio priklausomybés nuo sodinimo laiko ant anoduoto (a) ir termiskai
oksiduoto (b) Ti. (a): 1 ir 2 kreivé Zymi Cu20 nusodinimag esant Upik=1,8 V ir 3 — esant
1,2 V, o kintanciosios srovés daznis 50 Hz. (b) kai Upik=1,3 V o daznis 50 (1) arba
100 (2) Hz.

Tiesiné vario priklausomybé nuo sodinimo trukmés buvo gauta nusodinant
Cu0 ant termiskai oksiduoto Ti (2 pav b dalis). Siy tyrimy metu buvo tiriama
kintanciosios srovés daznio ir lauko stiprio jtaka. Nustatyta, kad nusodinamo
Cu20 kiekis priklauso ir nuo srovés daznio (2 pav. 1 ir 2 kreivés). Biitina
paminéti, jog tiesinés mc,,o(t) rySys yra charakteringas tik nuo antros
sodinimo minutés, kai procesas visame pavirSiuje vyksta tolygiai. Nustatyta,
kad esant 50 Hz kintanciosios srovés dazniui, sédimas vyksta greiiau
(2 pav. 1), taciau esant 100 Hz dazniui — kur kas tolygiau.

6.1.3. CuO/Ti, CuO/TiNT ir CuO/Cu dangy fazin¢ analize

Suformuoty korinés strukttiros dangy rentgenofaziné analizé rodo, kad
atkaitinus oro atmosferoje anoduotg Ti dangg prie 450 °C, §i tapo kristaline
anatazo faze su jai budinga tetragonine kristaline struktira (3 pav b).
Pazymeétina, jog rekristalizacijos metu, TiO2[Ti faziy salycio riboje susidaro
Siek tiek priemaiSinés nestechiometrinés, kubinés gardelés Tip9O fazés.
PrieSingai nei anoduoto Ti atveju, termiskai inicijuotos TiO; fazés susidarymo
jrodymy net uZrasant rentgenograma slystan¢io kampo metodu gauta nebuvo.
Tai galima aiskinti tuo, kad terminés oksidacijos metu, susidariusios TiO2
kiekis yra per mazas, de¢l to TiO: charakteringy smailiy gauta nebuvo.
Remiantis literatiira, anatazo kristaliné fazé formuojasi jau esant 400 °C
temperatiirai [153]. Atkaitinus aukStesnéje temperatiiroje (t > 500 °C), bty
gaunamas rutilas — termodinamiskai stabiliausia TiO; fazé, taciau dél jam
budingos greitos elektrono-skylés rekombinacijos, kas labai sumazinty tokiy
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sluoksniy fotokatalitinj aktyvuma [154] rutilo dangos nebuvo formuojamos ir
tiriamos.
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3 pav. Vienvalencio vario oksidais dekoruoto termiskai (a) ir anodiskai (b) oksiduoto
Ti dangy difraktogramos. (c¢) anoduoto vario, atkaitinto 250 °C temperatiiros oro
atmosferoje, rentgenograma.

Rentgenogramose (3 pav. a ir b dalis) aiskiai matomos intensyviausios
smailés 20 kampy intervale 29,58, 36,42, 42,32, 61,46 ir 73,60. Jy Milerio
indeksai atitinkamai yra (110), (111), (220) ir (311), ir liudija polikristaling
kubinés strukttros kuprito (Cuz0) fazg. Taip pat, ant termiskai oksiduoto Ti,
dekoruoto Cu,O kristalais, yra stebima ir metaliniam variui btidinga smailé
(3 pav. a), taciau jokiy pasaliniy CuO ar Cu(OH). faziy nebuvo identifikuota.
Anoduoto vario rekristalizuoto oro atmosferoje prie 250 °C temperatiros
rentgenograma jrodo, kad Sarminiuose amonio molibdato elektrolituose
gautos juodos spalvos dangos yra monoklininés kristalinés struktiiros tenoritas
— CuO (3 pav. ¢). Kadangi vario oksido storis néra didelis (6-7 um),
difraktogramoje yra Cu pagrindui charakteringos smailés. Verta pazyméti,
kad jokiy pasaliniy Cu,O ar Cu(OH); faziy gauta nebuvo.

6.1.4. Elektrochemiskai suformuoty CuzO/Ti, CuyO/TiNT ir CuO/Cu dangy
antimikrobinés savybés

Gauty dangy antimikrobinés savybés buvo tirtos lizés zony metodu
prokariotiniy (E. coli, P. aeruginosa, M. luteus) ir eukariotiniy (S. cerevisiae,
A. versicolor, P. chrysogenum, C. cladosporioides, C. parapsilosis, C. krusei)
mikroorganizmy aplinkose. Apie disko formos bandinius susidariusios
inhibicinés zonos (4 pav.) irodo, jog elektrochemiskai suformuotos dangos
pasizymi antimikrobinémis savybémis. Sios dangos didziaja dalimi
demonstruoja fungicidinj ir bakteriocidinj poveikio mechanizmg prie§
testuotas mikroby rasis. Taciau yra ir i8im¢iy: CuO/TiO. dangos atveju
fungistatinis efektas uZfiksuotas pries A. versicolor ir C. parapsilosis
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mikroskopinius grybus, o Cu,O/TiNT dangos atveju Sis efektas pasireiské
prie§ A. versicolor, C. parapsilosis ir C. krusei mikromicetus. Be to abu
heterostruktiirizuoti pavirSiai nerodé jokio antimikrobinio aktyvumo pries
P. chrysogenum ir C. cladosporioides mikroskopinius grybus.

4 pav. Kokybinés analizés rezultatai panaudojant eukariotinius mikroorganizmus:
pirma eiluté — Cu,O/TiO, antra — CuO/TiNT ir tre¢ia — CuO/Cu dangos prie$ A, C,
E — A. versicolor, B — S. cerevisiae, D — C. krusei ir F — C. cladosporioides. Kairéje
puséje — lasteliy kulttros kontrolé, desinéje puséje — fungistatiné/cidiné zona.

Biitina paminéti, jog CuO/Cu dangos demonstravo pastebimai didesnj
antimikrobinj aktyvuma prie§ visas minétas kultiras, iSskyrus P. chrysogenum
mikroskopinius grybus. Toks efektyvumas siejamas su itin dideliu dangy
pavirsiaus plotu, kas lemia padidintg potencialig vario jony ,,atsipalaidavimo®
galimybe nuo nanostrukttrizuoto CuO pavirSiaus. Panasiis rezultatai buvo
gauti su prokariotiniais mikroorganizmais. Gana placios baktericidinés zonos
P. aeruginosa bakterijy gazonuose sufleruoja, jog Cu.O ir CuO
heterostruktiirizuoti pavirsiai yra stipriis baktericidai.

6.2. TItin plonos ir lanks¢ios antimikrobinés dangos ant maistinés
aliuminio folijos formavimo ir savybiy tyrimai

6.2.1. Anoduoto aliuminio dangy su jkapsuliuotais sidabro nanositileliais pavirSiaus
morfologija

Siekiant gauti lanksc¢ias anodinio aliuminio oksido (AAQO) dangas Siame
darbe buvo pasirinkti maZesnés koncentracijos (120 g L) ir Saltesni (15 °C)
H,S0O4 tirpalai bei Svelnesnis anodavimo rezimas (10 V). Tokiomis saglygomis
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»uzaugintos AAQO matricos primena koring strukttira, kurioje tankiai
supakuoty, statmenai bandinio pavir$iui esan¢iy pory tankis apytiksliai lygus
(1,5-1,7) x 10* pory cm™. Nustatyta, kad tokiy AAO storis yra apie 0,8 pum,

5 pav. AAO pléveliy pavirsiaus (a, b) ir [tiziy (¢, d) SEM vaizdai pries (a) ir po (b-d)
sidabro nusodinimo kintamaja srove i§ vandeninio AgNOs; ir MgSO, tirpalo
(pH=1,45), esant pastoviai Upik jtampai 7 V ir nusodinimo trukmei (s): 40 (c), 150 (d)
ir 600 (b).

IS SEM nuotrauky matosi, kad sidabras gana tolygiai séda didZiojoje
daugumoje AAO pory (5 pav. C) tiek pastovaus srovés tankio
(2,5 - 4,5 mA cm ?) tiek kintamosios srovés pastovaus elektrinio lauko stiprio
salygomis. Nusodinty Ag nanositleliy diametras yra artimas AAO poroms ir
siekia apie 8-10 nm o jy ilgis — 200-250 nm. Tg¢siant nusodinimg toliau, dangos
pavirsiuje pradeda formuotis atsitiktinio dydzio ir formos metalinis sidabras

(5 pav. b).

6.2.2. Sidabro nusodinimo AAQO matricoje priklausomybé nuo pasirinkto rezimo bei
gauty dariniy faziné analizé

Suformuoty Ag/AAO/Al dangy rentgenofaziné analizé parodé, kad gautas
produktas yra polikristalinés struktiiros metalinis sidabras su vyraujancia
orientacija iSilgai (110) plokStumos (PDF: 00-021-1272). Biitina paminéti,
kad difraktogramoje matomas triukSmas yra gautas déka amorfinés AAO
fazés (6 pav. a). Siekiant optimizuoti sidabro nusodinimo AAO porose
tolyguma ir nuspalvinimg, buvo tiriamas nusodinto sidabro kiekio
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priklausomybés nuo elektrocheminio nusodinimo salygy bei pléveliy
nuspalvinimo kokybé. Nustatyta, kad nusodinto Ag kiekis tiesiSkai priklauso
nuo proceso trukmeés (6 pav. b), jei nusodinimo metu palaikomas pastovus
kintamos sroveés stipris jks.

(a) * PDF - 01 - 089 - 3722 (Ag) 80 (b)
60 B E
S ) °
@ 60
::.‘n \ £V ~ o
b4 o -
g I = 3 | 24 D it
Sef ] Y £ W B
2 | 5 3
g0 I e 2 T g
& H
5 MN I i ’ <20 o
20 \ I . -‘.E % +
A
10 " v :ni 0 e L L L
30 10 50 60 70 80 0 ) 4 6 8 10 12 14 16
2 - theta Nusodinimo trukmé, min

6 pav. Metalinio Ag nanositileliais dekoruotos AAO matricos rentgenofaziné analizé
(a) bei nusodinto Ag kiekio priklausomybé nuo sodinimo laiko, kai vidutinis
kintan¢iosios srovés tankis: (1, 5) 2,0; (2) 1,5; (3) 3,0 mA cm2. (4) kai nusodinimo
metu palaikoma pastovi Upik = 7+0,3 V kintanciosios srovés jtampa. Intarpe: AAO
spalvy gama didéjant nusodinto Ag kiekiui.

Sidabro sédimo greitis zenkliai iSauga didéjant jks nuo 2,0 iki 4,0 mA cm’
2, Kai srovés tankis yra Zemesnis uz 1,5 mA cm?, sidabras j poras nebeséda.
Be to, kai jis < 2,0 mA cm™, sidabro sédimas pastoviu grei¢iu prasideda tik po
tam tikro laiko (0,5-2,5 min.) priklausomai nuo jks vertés. Spéjama, kad tai
sietina su oksidinés plévelés barjerinio sluoksnio persitvarkymu [122]. Kuo
mazesné jis, tuo daugiau laiko reikia barjero persitvarkymui.

6.2.3. AAO pléveliy, elektrochemiskai dekoruoty Ag nanosiiileliais antimikrobinis
aktyvumas
Fungicidinés plony pléveliy su sidabro uzpildu savybés tirtos stebint mieliy

lasteliy S. cerevisiae gyvybinguma jas dazant bei lizés zony metodu
mikromicety ir bakterijy aplinkose.
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7 pav. Mieliy lasteliy gyvybingumas jas kultivuojant su sidabro, Ag/AAO/AI
dangomis bei skirtingos koncentracijos Ag* jony priedais, kai sidabras pilnai

ikapsuliuotas AAO matricoje jas ,,uzdarant (A), bei atvirksciai (B).
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Gauti rezultatai rodo, kad AAO dekoruoto Ag nanosiileliais dangoms
biudingos antimikrobinés savybés (7 pav. a ir b). Didéjant nusodinto sidabro
kiekiui, zuvusiy tomis paciomis saglygomis mieliy lgsteliy daugéja. Tuo tarpu,
méginiy su jkapsuliuotu sidabru poveikis kur kas silpnesnis. Sie rezultatai
puikiai dera su lizés zony metody gautais duomenimis. Nustatyta, kad sidabru
dekoruotos AAO plévelés pasizymi fungistatinémis savybémis jas
kultivuojant su eukariotiniais G. candidum ir A. fumigatus mikromicetais ir tik
tada, kai nusodinto sidabro kiekis yra 33,33 ug cm2. Manoma, kad tai
priklauso nuo sidabro kiekio, kuris salyCio su terpe taSke minimaliai
difunduoja i ja, taip paveikdamas mikroorganizmy kultiiry augima. Rezultatai
gauti dangas kultivuojant su E. coli ir M. luteus bakterijomis patvirtina, kad
Sioms dangoms biidingos ir baktericidinés savybés. Pastebéta, kad dangos su
didesniu sidabro kiekiu zudo bakterijas efektyviau, nei esant mazesniam jo
kiekiui.

6.3. Skirtingo dydzio, cheminés sudéties bei aplinkos kobalto
ferito nanodaleliy sintezé, charakterizavimas ir
antimikrobiniy savybiy tyrimas

Siame darbe skirtingo dydzio, cheminés sudéties bei aplinkos kobalto
ferito ND S§iame darbe buvo sintetinamos hidroterminiu, ko-nusodinimo ir
terminio skaldymo metodais. Siame skyriuje bus apzvelgta iy ND
morfologija, pavirSiaus chemija, faziné analizé, magnetinés savybés bei
antimikrobinis aktyvumas kultivuojant jas S. cerevisiae, C. parapsilosis,
C. krusei, C. albicans, S. aureus, ir E. coli mikroorganizmy aplinkoje.

6.3.1. Skirtingo dydZio, sudéties bei cheminés aplinkos CoFe, O ND morfologija

Citratu stabilizuotos, skirtingo dydzio kobalto ferito ND (CoFe O.@cit)
buvo sintetinamos ko-nusodinimo ir hidroterminiu metodu i$ stipriai $arminiy
(pH~12,5) vandeniniy tirpaly. Siy sinteziy metu citrinos riigstis buvo naudota
kaip kompleksus sudarantis bei ND stabilizuojantis agentas. Gauty produkty
morfologija buvo tirta perSvieCiamaja elektronine mikroskopija (PEM) ir
atomine jégos mikroskopija (AJM). 8 paveiksle pavaizduotos ND dydzio
pasiskirstymo diagramos, gautos apdorojus AJM duomenis rodo, kad
CoFe 0s@cit ND diametras apytiksliai lygus 1,65 (1 eiluté), 5,0 (2 eiluté) ir
15 nm (3 eiluté). Sios analizés metu gauti rezultatai sutampa su PEM analizés
rezultatais, kuri patvirtina, jog dalelés yra sferinés formos ir joms budingas
gana siauras dydZio pasiskirstymo intervalas (8 pav. c, f ir i dalis). PEM
analizés metu nustatyti tarpplokStuminiai atstumai iliustruoja, kad
hidroterminiu btidu suformuoti dariniai yra polikristalinés struktiiros. 15 nm
kobalto ferito ND rentgeno spinduliy energijos dispersijos spektroskopijos
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(EDS) analizés metu aptiktas atominis Co ir Fe elementy santykis yra lygus
1:2 ir atitinka teoriskai paskaiciuota kiekj.
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8 pav. CoFe,0.@cit ND dydzio pasiskirstymo diagramos (b, €, h) apskai¢iuotos i$

AJIM (a, d, g) nuotrauky bei jy PEM (c, f, i) vaizdai.

v

Siekdami susintetinti panasaus dydzio, biologiskai ,,draugiskesnes*
kobalto ferito ND su skirtinga chemine sudétimi, L-lizino amino riigstis buvo
panaudota kaip augimg reguliuojantis bei stabilizuojantis agentas
hidroterminés sintezé€s metu. Gauty ND dydis ir forma tirta PEM analize, 0
charakteringos nuotraukos pateiktos 9 pav. a, b, ¢ dalyse. Pagrindinis $io darbo
tikslas — suformuoti panasaus dydzio, bet skirtingos cheminés sudéties, kaip
antai CoxFe1xFe0s@Lys ND, kur x kinta nuo 0,2 iki 1,0 ir istirti suformuoty
dariniy antimikrobinio efektyvumo priklausomybe nuo Co?* kiekio
kristalinéje gardeléje. IS PEM fotografijy, pateikty 9 pav. a, b ir ¢ dalyse,
matoma, kad susintetintos kobalto ferito bei gelezimi-pakeisto kobalto ferito
ND yra sferinés formos; jy dydis 5,0-6,4 nm. Intarpuose stebimi
tarpplokStuminiai atstumai jrodo, jog susintetintos ND yra kristalinés fazés, jy
augimas vyksta isilgai (311) plok$tumai su 0,25 nm atstumu.
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Yra Zzinoma, kad magnetiniy ND panaudojimas medicinoje stipriai
priklauso nuo jy savybiy, tokiy kaip dydis, struktiira, forma ar sudétis.
Nemenka jtakg turi ir ND stabilizuojanéio apvalkalo, kuris naudojamas
siekiant padidinti ND stabiluma bei i§vengti jy aglomeracijos, prigimtis.

T LT

(K e
oFe;04@Lys (c) ND

g

rC

0,5Feo,5Fe204@LyS (b) i
PEM vaizdai. Intarpe: aukstos skyros PEM vaizdai.
Nustatyta, kad ND stabilizuojantis apvalkalas ir jo elgsena gali turéti jtakos
gauty produkty antimikrobiniam efektyvumui. Pavyzdziui, visai nesenai buvo
pastebéta, kad CoFe,Os ND padengtos folio riigStimi bei hematoporfirino
fragmentais gali biti naudojamas kaip efektyvus antivéZinis preparatas [130].
Siekiant palyginti panasaus dydzio kobalto ferito ND su skirtinga apsuptimi
antimikrobines savybes, Siame darbe terminio skaldymo metodu buvo
susintetintos oleino riig§timi stabilizuotos 7 ir 17 nm dydzio ND (10 pav. a, b).
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10 pav. Oleino riigstimi stabilizuoty (~ 7 nm) CoFe,0.@0Ole (a, b) ir (~ 17 nm)
CoFe;04@O0le ND (d, e) PEM bei aukstos skyros PEM vaizdai bei jy dydziy
pasiskirstymo diagramos (c, f).
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Gauty ND PEM analizé¢ sufleruoja, kad oleinu stabilizuotos ND yra
kristalinés strukttiros kobalto feritas. Jos Zenkliai maziau aglomeruotos.
Paveiksle pateiktos dydzio pasiskirstymo diagramos patvirtina, kad vidutinis
ND dydis yra 7 ir 17 nm.

6.3.2. CoFe04@cit, CoFe;04@Lys, CoFerxFe0.@Lys ir CoFe,0.@0le
nanodaleliy charakterizavimas

Siekiant jvertinti suformuoty ND fazine analiz¢ buvo atlikta citratu
stabilizuoty, skirtingo dydzio kobalto ferito ND rentgenofaziné analizé
(RSD). 11 pav. pateiktos rentgenogramos buvo gautos analizuojant itin
smulkias (~ 1,65 nm, a kreivé) ir mazas (~5 nm, b kreivé) ND. Sios analizés
metu nustatyta, kad suformuotas produktas yra vienalytis, kristalinés fazés
kobalto feritas, kuriam budinga Spineliné, pavirSiuje centruotos kubinés
gardelés struktiira. Remiantis PDF kortele Nr. 04-007-8945, difrakcinés
analizés metu gauti smailiy intensyvumai 26 kampy intervale 18,31, 30,29,
35,52, 43,14, 53,68, 57,01, 62,54 ir 74,24 sutinka su PDF korteléje nurodytais
dydziais; jy Milerio indeksai atitinkamai (110), (220), (311), (400), (422),
(511), (440) ir (533) iliustruoja polikristaling CoFe2O4 faze. Itin-smulkiy ND
atveju stebimas difrakciniy smailiy iSplatéjimas susijes su nano-metrinio
dydzio efektu.
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11 pav. Citratu stabilizuoty, itin smulkiy ~ 1,65 nm (A) ir mazy ~ 5,0 nm (B) kobalto
ferito ND rentgenofaziné analizé (a) bei magnetinés susintetinty ND, kuriy vidutinis
skersmuo 1,65 (1), 5,0 (2) ir 15 nm (3) kreivés (b).

Magnetinés susintetinty 1,65, 5,0 ir 15,0 nm skersmens ND savybés buvo
tirtos kambario temperattiroje veikiant jas iSoriniu magnetiniu lauku. Gautos
histerezés kreivés demonstruoja feromagnetikams budingus profilius, kaip
antai nenulinis koercinio lauko stipris Hc. Pastebéta, kad mazéjant ND dydziui
soties jmagnetéjimo vertés Ms mazéja ir yra lygios atitinkamai 40, 25 ir
1,5 emu g. Remiantis Millan ir jo kolegy darbu [131] galima teigti, jog Sis
désningumas buvo pastebétas jau kur kas anksc¢iau. Autoriai pabrézé, kad itin
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smulkiy magnetiniy Fe;O3 ND (< 3 nm) M;s reikSmé artéja j nulj. Tai sietina
su itin mazy ND domeno Serdies ,,pradingimu, todél netvarkingai orientuotos
ju dalys tampa vyraujancios, tokiu biidu pakeisdamos chemines ND savybes.
Magnetinés analizés metu gauti duomenys (11 pav. b dalies 1 kreivé ir
intarpas) jrodo, kad itin smulkioms (~ 1,65 nm skersmens) ND budingas
magnetinés histerezés profilis su pastebimai sumazéjusia soties jmagnetéjimo
verte ir koreliuoja su anks¢iau pastebétais désningumais.

Terminio skaldymo ir hidrotermiskai suformuoty, oleino rugstimi ir
L- lizinu stabilizuoty kobalto ferito ND kristaliSkumas bei faziné analizé tirta
RSD metodu. Gautos difraktogramos jrodo, kad darbe sintetintiems nano-
dariniams biidingas kristaliSkumas, kas atsispindi stipriai iSreikStose
rentgenogramos smailése (12 pav. b dalis).

( a) 50
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12 pav. Oleino riigstimi ir L-lizino amino riig§timi stabilizuoty, ~5-7 nm skersmens

kobalto ferito ND magnetinés histerezés kilpos (a). (b) dalyje pavaizduotos ~7 nm (a)

ir ~17 nm (b) CoFe;,04@0le ND rentgenogramos.

Susintetinty ND dydis, papildomai, buvo nustatytas i§ gauty
rentgenogramy naudojant Halder-Wagner matematinj modelj ir atitinkamai
sieké 4,0 bei 14,0 nm. Lyginant su dydziais gautais PEM analizés metu,
nesunku pastebéti, kad RSD tyrimo metu gautos vertés yra Siek tieck maZesnés.
Tai sietina su ND sudaranc¢iy domeny strukttra, Kurios jprastai negalima
atskirti RSD analizés metu. Panasiis pastebéjimai buvo neseniai publikuoti
tyringjant magnetito (FesO4) ND [132].

Histerezés kilpy profiliai (12 pav. a dalis), gauti tyrinéjant ~5-7 nm
skersmens CoFe,Os@Ole ir CoFe,Os@Lys ND iliustruoja, jog suformuotoms
kobalto ferito ND buidinga superparamagnetiné elgsena veikiant jas iSoriniu
magnetiniu lauku. Pastebéta, kad ~7 nm skersmens dydzio CoFe,0.@0le ND
pasizyméjo Siek tiek didesniu soties jmagnetéjimu, kurio verté 52 emu g2, tuo
tarpu mazesnés (~5 nm) CoFe,O4@Lys ND demonstravo $iek tick mazesnius
M; dydzius — 46 emu g. Manoma, jog tai sietina su nanometrinio dydzio bei
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paviriniy sukiniy pakrypimo reiskiniais. PanaSios tendencijos gautos ir
analizuojant citratu stabilizuotas kobalto ferito ND, kurios aprasSytos
ankstesniame skyriuje.

Siekiant jrodyti oleino rasties ir L-lizino amino ragsties molekuliy
adsorbcijg ant magnetinés ND pavirSiaus buvo atlikta Furjé transformacijos
infraraudonyjy spinduliy spektroskopiné (FTIR) analizé. Oleino rgStimi
stabilizuoty kobalto ferito ND FTIR sugerties spektras (13 pav. A dalies a
kreivé) rodo aiskiai iSreikStas placias smailes prie 401 ir 591 cm™, kurios yra
charakteringos Fe-O ir/ar Co-O rysiy vibracijai. Analogiski rezultatai gauti ir
su L-lizino amino ragstimi stabilizuotomis CoFe;O,@Lys ND (13 pav. B
dalies a kreivé).Virpesiai gauti ties 1562 ir 1603 cm™ yra priskirtini
asimetriniams karboksilo jony (COO") virpesiams.
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13 pav. Oleino rugstimi stabilizuoty (A) CoFe04@Ole ir L-lizinu stabilizuoty
CoFe;0s@Lys ND (B) FTIR sugerties spektrai: (a) kreivés gautos analizuojant
CoFe;04@0le/Lys ND, (b) kreivés Zymi oleino rigsties bei L-lizino aminoriigsties
IR sugert;.

Svarios oleino riigsties FTIR spektras (13 pav. A dalies b kreivé)
demonstruoja sugerties pikg ties 1710 cm™. Jis priskirtinas karboksilo grupiy
(C=0) virpesiams. Tuo tarpu CoFe;O;@Ole ND atveju, tame paciame
energijos diapazone, jokiy sugerties piky gauta nebuvo, kas reiskia, jog daleliy
apsuptyje néra laisvos oleino rugsties pédsaky.

CoFe,Os@Lys ND FTIR analizés metu gautos kelios platesnés, mazesnio
intensyvumo smailés esancios didesniy energijy srityje galimai yra
priskirtinos karboksilato anijony ir/ar amino grupiy virpesiams, Kkurie
fiksuojami déka ant ND pavirsiaus adsorbuoty L-lizino molekuliy. Didesnio
intensyvumo virpesiy piko dubletas, atitinkamai gautas ties 1581 ir 1603 ¢m™?
(13 pav. B dalies b kreive), yra priskirtinas COO" bei NHI grupiy
antisimetrinés deformacijos virpesiams. Tuo tarpu 1515 ir 1406 cm™ gauti
virpesiai priskirtini NHF ir COO" grupiy simetrinei vibracijai. FTIR smailés
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gautos spektro dalyje nuo 1321 iki 1356 cm™ priklauso vibracijoms kurias
sukelia —CH.- bei CH grupiy antisimetriniai virpesiai [137]. Svarios L-lizino
amino riigsties atveju virpesiy pikas gautas ties 1406 cm™ pasislenka link
1381 cm? COO- grupéms elektrostatiskai prisijungiant prie ND pavirSiaus.
Visai nesenai §is pastebéjimas buvo jvardintas kaip vienas i§ karboksilato
anijono sgveikos su ND jrodymy [138]. Remiantis Siais pastebé&jimais buvo
manoma, kad susintetintos CoFe.O.@Lys ND yra stabilizuotos L-lizino
molekulémis, kurios, tikétina, elektrostatiskai prisijungia prie ND pavirsiaus.

Siekiant nustatyti gelezimi pakeisty kobalto ferito ND apsuptj bei
kompozicija, susintetintos medziagos buvo tiriamos Mesbauerio bei
induktyviai susietos plazmos optinés emisijos (ISP-OES) spektrofotometrais.
Mesbauerio spektrai uzraSyti esant kambario temperattrai bei pralaidumo
rezimui (14 pav.).
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14 pav. Kobalto ferito CoFe,Os@Lys (a) ir gelezimi pakeisty ferity
CoosFeosFe:0.@Lys (b) ir CoozFeosFe.0.@Lys (€) Mesbauerio spektrai bei jy
hipersmulkaus lauko pasiskirstymai (desingje). Mesbauerio spektro centrinés kreivés
vidutiniai poslinkiai lyginant juos su §varioms CoFe,Os@Lys ND budinga pozicija.

Kaip matyti i§ 14 pav. keiCiantis ND kristalinés gardelés kompozicijai
pastebéti hipersmulkaus sekstety profilio skirtumai, kurie galimai susij¢ su
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ND sudétimi bei dydziu. Siekiant nustatyti Fe?* kiekj CoxFerxFe;0.@Lys ND
buvo taikyti du skirtingi metodai. Pirmiausia uzraSytas spektras buvo
normalizuotas naudojant hipersmulkaus lauko pasiskirstymo bei skirtingy
izomery poslinkiy vertes, kaip antai 0,23-0,26 ir 0,53-0,58 mm s*. Priskiriant
hipersmulkaus lauko pasiskirstymo apibrézta plota prie Fe?* poslinkio
tetraedrinéje bei Fe®* oktaedrinése padétyse buvo nustatyta, kad 17-20 % visy
gelezies katijony yra dvivalenciai. Palyginus izomeriniy gelezimi pakeisty
ferity ND poslinkiy vertes su vertémis gautomis analizuojant tokio pat dydzio
magnetito FesO4 ir maghemito Fe,Os ND buvo gauta, kad nustatyta Fe?*
koncentracija bandiniuose beveik keturis kartus yra mazesné nei tikétasi
(mélyni taskai 14 pav. d dalyje). Siekiant tiksliau jvertinti bandiniy cheming
sudétj, jie buvo analizuojami ISP-OES metodu. Daleliy kompozicija
apskaiCiuota remiantis gautais rezultatais; jie pateikiami 1 lenteléje.

1 lentelé. ISP-OES analizés rezultatai bei apskaiciuotos gelezimi pakeisty ferity
formulés.

Bandinys [Co*], [Fe®'], Fe*/Co?* Apskaigiuota
mgL? mgL?! santykis formulé
CoFe204 45.7 91.17 1.95 CoFex04
CoosFeosFe2Os  17.8 79.56 1.23 Co0o.45Fe0.55F€204
Coo2FeosFe20s  5.64 70.53 3.50 Coo.16F€0.84F€204

Biitina paminéti, kad $ios analizés metu negalima atskirti Fe?* ir Fe3* jony,
taciau pasinaudojus formule Mreqry + Mcogy = 0,5 Meeqiy buvo apskaiciuotos
preliminarios ND  kompozicijos, jy formulés atitinkamai yra
Coo.45Fe0.55F€2,04@Lys ir Coo1sFe0.saF€204@Lys. Siekiant supaprastinti Sias
formules, gauti stechiometriniai koeficientai buvo suapvalinti ir pazymeéti,
kaip antai CogsFeosFe,04@Lys ir CogoFesFe,0s@Lys.

6.3.3. CoFe,04@cit, CoFe,0.@Lys, CoFerFe,0:@Lys ir CoFe04@0le
nanodaleliy antimikrobinés savybés

Skirtingo dydzio, citratu stabilizuoty CoFe;Os@cit ND antimikrobinés
savybés tirtos zony inhibicijos bei serijinio skiedimo metodais S. cerevisiae,
C. parapsilosis, C. krusei ir C. albicans mieliagrybiy aplinkose. Tuo tikslu ant
standzios mikroorganizmy mitybinés terpés su paséliais buvo uzdedami
filtrinio popieriaus diskeliai su tiriamomis ND. Antimikrobinis ND aktyvumas
buvo nustatytas iSmatuojant gautas inhibicijos zonas gautas po 48 h
kultivavimo. Gauti rezultatai rodo, kad 2, 5 ir 15 nm dydzio CoFe,O,@cit ND
fungicidinis efektas stipriausiai pasireiské prie$ S. cerevisiae kultiirg — aplink
tiriamus bandinius susiformavusios inhibicijos zonos plotis sieké 11-13 mm
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(15 pav. B). Toks antimikrobinis aktyvumas buvo stebétinai didelis lyginant
ji su flukanozoliu, — komerciniu antimikrobiniu preparatu, Kkuris buvo
naudojamas darbe kaip teigiama kontrolé¢ ir demonstravo beveik 30 %
silpnesnj poveikj pries S. cerevisiae mieles (2 lentelé).

2 lentelé. Skirtingo dydzio CoFe,Os@cit ND antimikrobinés elgsenos pries
S. cerevisiae ir tris skirtingas Candida rasis rezultatai.

Disko Zonos
Mikroby kultiira CoFe-204 ND skersmuo (d),  skersmuo (z), z/d
dydis, nm
mm mm

15 11 22 2.0£0.2
S. cerevisiae 5 11 24 2.4+0.1
2 11 24 2.4+0.1
15 11 13 1.2+0.05
C. parapsilosis 5 11 15 1.4+0.1
2 11 16 1.4+0.1
15 11 13 1.3+£0.05
C. krusei 5 11 15 1.4+0.1
2 11 16 1.4+0.1
15 11 13 1.2+0.05
C. albicans 5 11 14 1.3+0.1
2 11 16 1.4+0.1

Nepaisant to, skirtingo dydzio CoFe,Os@cit ND poveikis Candida rasies
mieliagrybiams, kaip antai C. krusei, C. parapsilosis ir C. albicans buvo
apytiksliai keturis kartus mazesnis lyginant jj su poveikiu gautu S. cerevisiae
lasteliy aplinkose.

rezultatai: stebimos inhibicijos zonos apie tiriamus bandinius C. krusei (A),
S. cerevisiae (B), C. parapsilosis (C) ir C. albicans (D) kultary gazonose. Kairéje —
mikroorganizmy kultiiros kontrolé.
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Siuo atveju inhibicijos zony plotis sieké 2-5 mm. Be to, pastebéta, kad
mazos CoFe;Os@cit ND (2-5 nm) demonstruoja platesnes inhibicijos zonas
nei 15 nm CoFe,Os@cit ND, kas sufleruoja, jog gautiems produktams yra
biidingos nuo dydzio priklausandios antimikrobinés savybés. Sie rezultatai
jrodo ankstesniy tyréjy paskelbtas idéjas apie metaly oksidy, kaip antai ZnO
[140], MgO [126] ar CuO [141] ND antimikrobinio efektyvumo
priklausomybe nuo ND dydZio.

Siekiant nustatyti skirtingo dydzio kobalto ferito ND antimikrobinj
efektyvuma kiekybiskai, susintetintos ND buvo kultivuojamos kartu su
S. cerevisiae ir C. parapsilosis mikroorganizmais. Gauti rezultatai sutampa su
anksciau aprasytais: smulkesnés ND (2-5 hm) pasizymi kur kas efektyvesniu
poveikiu pasirinktoms kultiroms nei didesniy ND (15 nm) atveju (16 pav.).

B Kontrole

100

B 5 mmol/L

2 10 mmol/L|
B 15 mmol/L|
B3 Kontrole

Gyvybingumas, (%)

Bandiniai
16 pav. 2, 5 ir 15 nm skersmens kobalto ferito CoFe,Os@cit ND bei skirtingos
koncentracijos Co%** jony poveikio skystoje terpéje pries S cerevisiae (a) ir
C. parapsilosis (b) mieliagrybius rezultatai.

Nepaisant to, kultivuojant 15 nm skersmens kobalto ferito ND
mikroorganizmy kultiry aplinkoje, pastarosios taip pat Zenkliai sumazina
kolonijas sudaranéiy vienety skai¢iy. Lyginant gautus rezultatus su
S. cerevisiae ir C. parapsilosis mikroorganizmy kultiiros kontrole pastebéta,
kad 2 nm skersmens ND antimikrobinis efektyvumas yra apytiksliai 12 %
didesnis nei 5 nm ND bei net 25 % didesnis uz 15 nm dydzio ND sukeltg
poveikj. Tokia antimikrobiné elgsena galimai sietina su Co?* jony kiekiu,
disocijavusiu nuo ND pavirSiaus. Kaip pastebéta Wan grupés, Co?" jony
atsipalaidavimas nuo ND pavirSiaus gali sukelti oksidacinj stresg kuris
galiausiai lemia DNR pazeidimus ir lasteles zatj [142]. Manoma, kad
stipresnis mazesniy ND poveikis turéty biiti siejamas su didesniu jy pavirSiaus
plotu, nuo kurio galimas ir didesnis Co?* jony atsipalaidavimas.
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Siekiant nustatyti antimikrobinio efektyvumo priklausomybe nuo kobalto
kiekio $pinelingje gardeléje Siame darbe buvo susintetintos gelezimi pakeistos
kobalto ferito ND. Gauty dariniy antimikrobinés savybés buvo tirtos
panaudojant patogeninius mikrobus, sukelian¢ius odos, audiniy, kraujo ir
kvépavimo taky infekcijas. Pirmiausia $i ND elgsena tirta modifikuotu Kirby-
Bauer metodu C. albicans mikroorganizmy aplinkoje. Gauti rezultatai rodo,
kad CoFe.Os@Lys ND pasizymi mikroorganizmy inhibicija. Gauty lizés zony
plotis C. albicans Igsteliy kultiiros gazone sieké 3-4 mm. Norédami jvertinti
antimikrobines savybés kiekybiskai, susintetintos ND (1 g L™) buvo
kultivuojamos skystoje terpéje su mikrobais. Po 24 ir 72 h kultivavimo
suskaiCiavus kolonijas sudarancius vienetus (KSV) pastebéta, kad L-lizinu
stabilizuotos kobalto ferito bei gelezimi pakeistos jo formos pasizymi
antimikrobiniu aktyvumu pries$ visas testuotas padermes (17 pav. A ir B).
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17 pav. 5-7 nm dydzio kobalto ferito bei gelezimi dopuoty ferity, kultivuoty skystoje
terpéje su C. albicans (a), C. parapsilosis (b), E. coli (c) ir S. aureus (d)
mikroorganizmais, antimikrobinis efektyvumas po 24 (A) ir 72 h (B). Svarus L-lizinas
ir magnetito ND buvo naudotos kaip neigiama kontrolé.

Analizuojant gautus rezultatus pastebéta, kad kobalto ferito ND
toksiskumas mikrobams priklauso nuo Co?* kiekio ND. Kaip ir tikétasi,
didziausiu antimikrobiniu efektyvumu pasizyméjo CoFe0.@Lys ND:
eukariotiniy mikroorganizmy inhibicija sieké 93,1-86,3 %, o prokariotiniy —
96,4-42,7 %. Lyginant Siuos duomenis su gelezimi pakeistomis kobalto ferito
CoosFeosFe:Os@Lys ir CoozFeosFe,Os@Lys ND, pastarosios demonstravo
apytiksliai 11-24 % ir 21-70 % silpnesnj mikroby Zudymo efektyvuma.
Pastebéta, kad tieck CoFe,0.@Lys, tiek CoosFegsFe:0.@Lys ND inhibuoja
didziaja dalj C. parapsilosis mieliagrybiy po 72 h kultivavimo (17 pav. B). Be
to, tyrinéjant L-lizino jtaka mikroorganizmy gyvybingumui, buvo nustatyta,
jog Siai amino rigsciai yra buidingas antimikrobinis efektas, taciau poveikis
yra labai mazas: tirty E. coli ir S. aureus bakterijy gyvybingumas atitinkamai
siekeé 91 ir 94 %. Kaip matoma i§ pateikty diagramy, Sis efektas iSnyksta
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stebint KSV skaiciaus kaitg po 72 h kultivavimo. PrieSingai, bakterijy skai¢ius
iSauga, kas galimai yra dél to, jog L-lizino amino rtigstis veikia kaip maisto

papildomos medziagos, kurias savo augimui ir dauginimuisi naudoja
mikroorganizmy lastelés. Kaip ir tikétasi tyringjant FesO.@Lys ND jokio
antimikrobinio efekto gauta nebuvo. Apibendrinant gautus rezultatus KSV
skaiGiaus kaita (18 pav.) gana Zymiai priklauso nuo Co?* kiekio $pinelinés
strukttiros ND.

18 pav. KSV skaiCiaus pokytis Petri lékstelése su standzia Saburo terpe po
inkubacijos su 5-7 nm CoFe.0Os@Lys (D, H), CoosFeosFe0.@Lys (C, G) ir
Cog.2FeosFe:04@Lys (B, F) ND bei C. albicans (virSutiné eiluté) ir S. aureus (apatiné
eiluté) mikrobais. Visi mikroorganizmai buvo auginti 24 h skystoje mitybinéje terpéje
be (a, €) ir su tiriamomis ND.

18 pav. aiskiai stebimos KSV skai¢iaus sumazéjimas, didéjant Co?*
koncentracijai gelezimi pakeistose kobalto ferito ND. Gautos nuotraukos
(18 pav. D ir H) rodo, kad palyginus su kontrole CoFe,O,@Lys ND apsuptyje
kultivuoty C. albicans ir S. aureus mikroorganizmy skaicius kinta nuo keleto
Simty iki deSimCiy, kas patvirtina, jog Sioms ND yra budinga gana stipri
antimikrobiné elgsena.

Siekiant nustatyti 1gsteliy morfologijos pokycCius po sgveikos su tirtomis
kobalto ferito ND buvo atlikta 1gsteliy SEM analizé (19 pav.). Sveiky lasteliy
SEM nuotraukos patvirtina, kad C. parapsilosis mieliagrybiams budinga
elipsés formos struktira, 1gsteliy dydis — 4-6 pm. Kaip matome i§ 19 pav. B
fotografijos, po kultivavimo su ND C. parapsilosis morfologija pakinta ir
tampa panaSi j eritrocitams budinga struktira, atsiranda jdubimas, kuris
sietinas su lastelés zatimi. Lasteliy sagveika su ND buvo patvirtinta energijos
dispersijos spektrometru (EDS), kurio spektras pateiktas 19 pav. intarpe. Kaip
matyti i§ §io EDS spektro, ant paZeistos C. parapsilosis lastelés yra aptinkami
Co ir Fe elementai, kas patvirtina kad ND yra aplipusios ir/ar galimai
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difundavusios ] lasteles. Kobalto ferito bei gelezimi dopuoty ferity,
stabilizuoty L-lizino amino ragstimi, antimikrobinio veikimo mechanizmas
nebuvo tirtas. Manoma, jog mikroorganizmy zii¢iai didele jtaka turi Co?* jony
disocijacija nuo ND pavirSiaus. Be to, hipotezuojama, kad ND pavirSiuje
adsorbuotas L-lizinas gali elektrostatiskai saveikauti su neigiamai jkrautomis
bakterijy sienelémis taip sutrikdydamas jos funkcijg ir pazeisdamas j3.

19 pav. C. parapsilosis lasteliy SEM vaizdai gauti kultivuojant jas be (a) ir su kobalto

ferito ND (b). Intarpe: C. parapsilosis lastelés pavirsiaus EDS spektras po kultivavimo
su CoFe204@Lys ND.

TreCiuoju etapu noréta issiaiskinti kobalto ferito ND apsupties poveikj
antimikrobiniam efektyvumui. Siam tikslui pasiekti buvo susintetintos oleino
bei L-lizino amino ragstimi stabilizuotos 7 ir 17 nm CoFe;0.@0le ND bei
5 - 7 nm dydzio CoFe,0.@Lys ND. Suformuoty ND antimikrobinés savybés
buvo istirtos mediciniskai svarbiy mikroorganizmy, kaip antai S. aureus,
E. coli, C. parapsilosis ir C. albicans aplinkose. Gauti rezultatai rodo, kad
oleino riigstimi stabilizuotos 7 ir 17 nm dydzio kobalto ferito ND pasizymi
stipresniu antimikrobiniu efektu, lyginant ji su L-lizino amino rugstimi
stabilizuotomis CoFe,Os@Lys ND (20 pav. A ir B).
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20 pav. L-lizino amino ragstimi stabilizuoty 5-7 nm dydZzio CoFe,O4@Lys bei oleino
rigstimi stabilizuoty 7 ir 17 nm dydzio CoFe,Os@Ole ND antimikrobiniy savybiy
tyrimo rezultatai kultivuojant juos 24 h (A) ir 72 h (B) su C. albicans (a),
C. parapsilosis (b), E. coli (c), ir S. aureus (d) mikroorganizmais. Svari L-lizino
amino rtigstis bei magnetito ND ¢ia naudotos kaip neigiama kontrolé.
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Didziausias skirtumas buvo nustatytas E. coli bakterijomis kur
antimikrobinis efektyvumas tarp CoFe,Os@Lys ir CoFe,0,@O0le ND
varijavo daugiau nei 55 %. Tuo tarpu, mikroorganizmy gyvybingumas po 72 h
kultivavimo su 7 ir 17 nm CoFe,0,@0le ND sieké vos 0,1-3,3 %. Be to,
skirtingai nei su citratu stabilizuotomis ND, jokio ryskesnio antimikrobinio
efektyvumo skirtumo tarp 7 ir 17 nm oleino riigStimi stabilizuoty kobalto
ferito ND gauta nebuvo. Biitina paminéti, kad oleino rtigstis naudota darbe
kaip ND stabilizuojantis agentas bei neigiama kontrolé jokiy antimikrobiniy
aktyvumo pozymiy nerodé. PrieSingai, — Kultivuojant mikroorganizmus su
oleino riigstimi jy kiekis iSauga, kas reiskia, kad §i medziaga néra toksiska

mikroorganizmams. Analogiski rezultatai gauti ir su magnetito ND.

Siekiant parodyti CoFe,0.@Ole ND poveikio pazeidimus mikroby
lasteléms, Siame darbe buvo naudota konfokaliné mikroskopija. Nuotraukose
matomos zalios spalvos taskai gauti déka savaiminés baltymy
autofluorescencijos (21 pav.).

> A -

21 pav. Konfokalinés mikroskopijos nuotraukos stebint C. parapsilosis lasteles prie§
() ir po kultivavimo su Co?* jonais (b) ir CoFe,04@0Ole ND (c).

21 pav. A dalyje parodyta ,Svarios®“ C. parapsilosis lastelés biidinga
elipsés formos morfologija. Geriau jsizitiréjus matosi nepazeista, vientisa
Igsteliy sienelé. Tuo tarpu mikroskopuojant mikrobus, kurie auginti Co?* jony
aplinkose yra aiskiai matomi pazeidimai, kurie, kaip manome, ir lemia lasteliy
zatj. Palyginus fotografijas, gautas kultivuojant Igsteles su Co?* jonais bei
CoFe;0:@0le ND, matosi, jog pazeidimai i§ esmés sutampa. Negana to, yra
stebima ND aglomeracija aplink mikroorganizmy lasteles, kas patvirtina
tiesiogine daleliy bei lastelés saveika.

6.4. Pavojingiausiy bakterijy inaktyvacija ultra-smulkiomis
aukso nanodalelelémis

Siame skyriuje pristatomos ultra-smulkios aukso ND, susintetintos
magnetiniy ND pavir§iuje metionino amino riigsties inicijuota aukso rigsties
redukcija magnetiniy ND pavirSiuje. Nustatyta gauty daleliy faziné sudétis,
pavirdiaus chemija bei istirtos antimikrobinés savybés. Siems tyrimams atlikti
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buvo pasirinktos trys padermés, kaip antai A. baumannii, S. enterica, ir
S. aureus (MRSA), — jos visos patenka j pasaulio sveikatos organizacijos
paskelbty 12-o0s paciy pavojingiausiy bakterijy sarasa.

6.4.1. Fe;0.@Met ND morfologija ir charakterizavimas

Siekiant susintetinti biologiskai draugiskas magnetito ND, D,L-metionino
amino rugstis buvo panaudota kaip ND augimo reguliatorius, aukso jony
reduktorius bei stabilizuojantis agentas. Magnetito Fes0.@Met ND buvo
suformuotos hidroterminiu metodu. Gautos dalelés yra kristalinés biisenos,
joms biidinga sferiné forma bei gana siaura ND dispersija, jy vidutinis dydis
— 11 nm (22 pav.).

a) - l . b : R : vid. 11 nm

6 8§ 10 12 14 18
Skersmuo, nm

| i S I s Y
22 pav. Magnetito ND PEM nuotrauka (a) bei dydziy pasiskirstymo diagrama (b).
Intarpe: vienos Fes0s@Met ND AR-PEM nuotrauka rodanti matomus gardelés
tarpplok$tuminius atstumus.

Nanodaleliy PEM analizés rezultatai sutampa su rezultatai gautais RSD
metodu, Kkuris patvirtina pavirSiuje centruotos kubinés gardelés kristalo
struktiurg. I$ difraktogramos matoma, jog gauti produktai yra kristalinés
struktiiros magnetitas (23 pav. (a)). Bitina paminéti, jog jokiy priemaisiniy
faziy §ia analize gauta nebuvo.

Fe,0,@Met
374 30+
(a) PDF-04-005-4319 (b) "> 1 —
> 2 204 .
@ E 20 e
@ £ 104 e ° 2
£
2, : : < : :
@ -4 -2 2
£ o4 H/kOe
— 20+
10 20 30 40 50 60 70 80 ~° 304+

20/ deg
23 pav. Fes0s@Met ND rentgenograma (a) ir magnetinés histerezés kreivés (b)
uzrasytos pries (1) ir po (2) funkcionalizavimo aukso ND.
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Be to, naudojant Halder-Wagner matematinj modelj i§matuotas ND dydis
siekia 11,90+0,15 nm, kas jrodo, jog ND budingas gan siauras dydzio
pasiskirstymas. Gauty daleliy magnetinés histerezés profilis (23 pav. (b) dalies
1 kreivé) pagrindzia, kad magnetiniam lauke ND biidinga superparamagnetiné
elgsena. Tokioms medziagoms buidingas nerySkus koercinis laukas, o jy
likutinis jmagnetéjimas artéja i nulj, kg ir rodo histerezés kreivé. Pastebéta,
kad ~11 nm skersmens dydzio FesOs@Met ND pasizyméjo soties
jmagnetéjimu, kurio verté 27 emu g,

6.4.2. Metionino inicijuotas Fes0,@Met ND funkcionalizavimas auksu

Magnetito Fe;Os@Met ND funkcionalizavimas auksu buvo vykdomas
panaudojant reduktoriy — metionino aminoriigstj. Gautos Fes;Os@Met@Au
ND charakterlzuotos PEM metodu (24 pav air b)

: > T § 3 5 Energija, keV 10
24 pav. Auksuoty magnetiniy Fe;Os@Met@Au ND AR-PEM vaizdai esant
skirtingiems didinimams (a, b) bei jy EDS spektras (c).

PEM nuotraukose rodyklémis pavaizduotos prikibusios aukso ND,
patvirtina sékminga, metioninu inicijuota, aukso rhgsties redukcija
magnetinés dalelés pavirSiuje. Gautos aukso ND yra sferinés formos,
apytiksliai 2 nm dydzio. Kaip minéta anks¢iau, nuotraukoje aiSkiai matomi
magnetito ND tarpplokstuminiai atstumai lygiis 2,5 A patvirtina kristaling
FesO4 ND struktiirg. Siekiant jrodyti, jog gautos smulkios dalelés, kuriomis
nusétas magnetiniy ND pavirSius yra Au, buvo atlikta EDS analizé (24 pav. c).
Gauti rezultatai patvirtina, jog tiriama medZziaga yra sudaryta i§ geleZies,
deguonies ir aukso. Be to, stebint auksuoty magnetito ND elgseng iSoriniame
magnetiniame lauke yra fiksuojamas ~22 % soties jmagnetéjimo sumazéjimas
(23 pav. (b) dalies 2 kreivé). Remiantis literatiira, buvo patvirtinta, kad toks
sumaz¢jimas yra gautas déka smulkiy aukso ND nusodinimo ant magnetito
ND pavirSiaus [145]. Bitina paminéti, jog pavieniy aukso nanodaleliy PEM
analizés metu pastebéta nebuvo, nepaisant to, kad ruosiant bandinj PEM,
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méginys buvo veikiamas ultragarsu. Daroma prielaida, jog gautos
paauksuotos ND yra stabilios ir tinkamos tolimeshiems tyrimams.

6.4.3. Metionino inicijuotas ultra-smulkiy Au@Met Nd ,,atkabinimas*

Siekiant gauti ultra—smulkias aukso ND, $iame darbe buvo panaudota
metionino aminorfigstis Au ,,atkabinimui® nuo FesOs@Met ND pavirSiaus.
Sis procesas yra sicjamas su stipresne aukso ND saveika su metionino
molekulémis. Ultra—smulkios aukso ND charakterizuotos PEM metodu. PEM

analizés vaizdy pagalba nustatyta, jog nuo magnetito pavirSiaus atskirtos
aukso ND yra sferinés formos, vidutiniskai ~2,0 nm dydzio (25 pav.).
—.-l.‘m:-;: )

& 250 (b)

T T T T
>1 1-2 2-3 34 4-5
ND aukstis, nm

25 pav. Aukso ND PEM vaizdas (a) ir ND dydziy pasiskirstymo histograma (b).

IS PEM nuotrauky buvo apskai¢iuotas ND pasiskirstymas, atvaizduotas
histogramoje (25 pav. b) rodo, jog ND biuidingas siauras dispersiSkumas.

6.4.4. FesO.@Met, Fe;0.@Met@Au ir Au@Met ND antimikrobinis aktyvumas
pries mediciniskai svarbias padermes

Antimikrobinis ultra—smulkiy aukso ir Fes0.@Au ND aktyvumas tirtas
Gram-neigiamy A. baumannii, S. enterica ir Gram-teigiamy M. luteus bei
meticilinui atspariy S. aureus bakterijy aplinkose, jvertinant kolonijas
formuojanciy vienety skaiciy (CFU). Kiekybinés analizés rezultatai pateikti
bakterijy gyvybingumo procentiné israiSka (26 pav.). Nesunku pastebéti, kad
Au@Met ir Fe:Os@Met@Au ND pasizymi didziausiu antibakteriniu
efektyvumu M. luteus mikroorganizmams, jy iSgyvenamumas siekia tik
7,76 — 14,43 %. Sie rezultatai patvirtina, kad Zmogaus patogeniski
mikroorganizmai yra atsparesni ir virulentiskesni uz antibiotikams neatsparias
bakterijas, tokias kaip M. luteus [155]. Pastebéta teigiama koreliacija tarp Au
kiekio méginyje ir bakterijy gyvybingumo. Palyginus su kontroliniais
méginiais, didesnés koncentracijos 70 mg mL™ Au@Met ND koloidiniai
tirpalai demonstravo 84,4-58,5% zudymo efektyvuma Gram-neigiamoms ir
89,1-75,7% Gram-teigiamoms bakterijoms. Be to, aiskiai matoma, jog ultra—
smulkios Au nanodalelés kur kas efektyviau veikia mikroorganizmy
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gyvybinguma, nei tos pacios koncentracijos pagal auksg FesO.@Met@Au
dalelés.

1404 B Kontrole EZZ2) 30 mg/L Au ND
Metioninas [l 70 mg/L Fe30,@Au ND
—~1204 E=Fe30, E==330 mg/L Fe30,@Au ND
X B 70 mg/L AuND
SN—
o 100
£
5 80
[®)]
£ 60+
Ke)
3
2, 40
O]
20
0-

(Bandiniai
26 pav. Ultra-smulkiy aukso ir Fe;0s@Met@Au ND antimikrobinio aktyvumo tirto
mediciniskai svarbiy Gram-neigiamy A. baumannii (a), S. enterica (b) ir
Gram- teigiamy S. aureus (MRSA) (c), M. luteus (d) bakterijy aplinkose, diagrama.
Svari D,L-metionino amino riigstis bei magnetito ND buvo naudotos kaip neigiama
kontrolé.

Reikéty paminéti, kad S. enterica bakterijos demonstravo stipriausia
atsparumg ultra—smulkioms Au@Met ir Fes0.@Met@Au ND. Palyginus su
kontroliniais méginiais, S. enterica bakterijy iSgyvenamumas buvo apytiksliai
lygus 67,14%.

6.5. Belaidis biopléveliy sudaryty i§ medicini§kai svarbiy
bakterijy ir gryby detektavimas

Siame  skyriuje  pristatytas  belaidzio, mediciniskai  svarbiy
mikroorganizmy, kaip antai P. aeruginosa, E. coli, S. aureus, C. albicans ir
S. gordonii jutiklio, paremto Ag/Ag® redokso pora veikimo principas ir
pagrindinés charakteristikos. Savaiminis biopléveliy susidarymas ant darbinio
elektrodo pavirSiaus bei jas formuojanciy mikroorganizmy metabolitiniai
procesai lemia elektrony generacija, kurie yra panaudojami nelaidziy AgCl
ND redukcijai iki metalinio AgP. Sio proceso metu, ant pavir§iaus spausdinty
elektrody (PSE) suformuotas metaliniy ND kontaktas keicia savo varza,
kurios pokytis fiksuotas radijo dazniy indentifikavimo sistema (RDIS).

6.5.1. Atviros grandinés potencialo matavimai

Siekiant sukonstruoti belaidj biopléveliy augimo kontrolés jutiklj, kuris
nenaudoty jokios iSorinés energijos $altinio, pirmiausia buvo atlikti atviros
grandinés potencialo matavimai (27 pav.). Tuo tikslu stiklo grafito strypelis
buvo jmerkiamas j Svarig LB terpg. Atviros grandinés potencialas iSmatuotas
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standartinio Ag/AgCl elektrodo atzvilgiu. Pradiniu laiko momentu jis svyravo
tarp 35-160 mV (27 pav. t = 0). Nustatyta, kad po mikroorganizmy jnesimo,
Sis potencialas pradeda Zeméti ir galiausiai jgauna neigiamg verte, kuri
varijuoja nuo -70 iki -300 mV. Pastebéta, kad $iy veréiy kitimo greitis
priklauso nuo mikroorganizmy kulttiros ir jai biidingo augimo charakteristiky.

100 P. aeruginosa '°{ S. gordonii
SR

01 Nt=oNlt=21§ t=4 { t=6

t=4 |

t=18[t=24

9. albicans S. aureus
P. aeruginosa

i
t=4§ t=6 |

AGP, mV

27 pav. Bioanodo atviros grandinés potencialo matavimy rezultatai gauti panardinus
darbinj elektroda i LB terpe¢ prie§s (t=0) ir po (a) E. coli, (b) S. aureus, (c)
P. aeruginosa, (d) S. gordonii, (e) C. albicans, (f) S. aureus ir P. aeruginosa
mikroorganizmy, kuriy koncentracija 108 KSV mL jne§imo (t=2-24).

Stiklo grafito atviros grandinés potencialas tampa neigiamas po 4 valandy
inkubacijos su E.coli ir S. aureus, tuo tarpu bioplévelés sudarytos i
P .aeruginosa, S gordonii ir C. albicans mikroby generuoja neigiama
potencialag po 8 ir 18 valandy (27 pav. ¢, d, e). Didziausias neigiamas
potencialas buvo gautas su P. aeruginosa bakterijomis ir sieké -250 mV.
Remiantis literatiira, toks aktyvumas yra aiSkinamas déka bakterijy lasteliy
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gaminamy tirpiy redokso mediatoriniy, kaip antai piocianinas, fenazinai ir
flavinai, kurie palengvina elektrony transportg [150].

6.5.2. Belaidzio jutiklio, skirto biopléveliy detektavimui, konstravimas

Siekiant sukonstruoti belaidZio jutiklio detektavimo platforma Siame darbe
buvo naudojami sidabro ir aukso ND miSiniais modifikuoti pavirSiaus
spausdinti elektrodai. Darbinis ir pagalbinis PSE elektrodai buvo sujungiami
siauru ND kontaktu. Matuojant varza tarp darbinio ir pagalbinio elektrodo
gautos vertés svyruodavo nuo 2-30 Q. Sekanciu etapu $is ND pavirSius buvo
elektrochemiskai oksiduojamas, tokiu budu padidinant varzg iki 2-3 KQ.
Paruostas PSE elektrodas buvo sujungiamas su bioanodu — stiklografito
elektrodu, ant kurio “auga” ir formuojasi bioplévelés. Idéjos koncepcija
pavaizduota naudojant chronoamperometrija (28 pav. a).

1801 R1=2-25Q 104
10/(@)
0,91

120+ =
< © 0,81
=% “
- ==0,7

60

30 06+

Rp=2-3 k@
0+HFH— 0.5 . . . ; ; ;
0 2 4 6 8 101214 16 18 20 22 24 0 5 10 15 20 25 30 35
time, h Frequency, MHz

28 pav. Chronoamperometrinés biojutiklio veikimo charakteristikos (a) bei
atspindZio koeficiento |S11]| priklausomybé nuo sistemos daznio (b), kuris veikia kaip
atsakas ir kinta detektuojant biopleveles LB terpéje su S. aureus ir P. aeruginosa
bakterijomis.

Kaip matome proseso pradzioje srové yra labai nezymi, déka prasto AgCl
ND laidumo. Po 2 h ji pradeda didéti ir proporcingai auga 2-7 h intervale, kol
pasiekia jsisotinimg, kuris zymi AgCl ND redukcijg iki laidaus metalinio
sidabro. Sios reakcijos kitimus patogu registruoti belaide RDIS sistema. Kuo
daugiau elektrony gaunama i§ biopléveliy, tuo grei¢iau AgCl ND yra
redukuojamos, todél gaunamas atspindzio koeficiento rezonanso poslinkis
dazniy skaléje kaip pavaizduota 28 pav. b dalyje. Sis pokytis ir yra
konstruojamo jutiklio atsakas.
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ISVADOS

. Palyginus su Cu;O/TiO; ir Cu2O/TiNT heterostruktiirizuotomis dangomis,
nanolapelinés struktiiros juodos anodinio vario oksido dangos pasizymi
didziausiu antimikrobiniu efektyvumu pries$ S. cerevisiae, A. versicolor,
C. cladasporioides, C. parapsilosis ir C. krusei mikroorganizmus.

. Itin ploni poréto AAO pavirSiai, dekoruoti sidabro nanosiiileliais
demonstruoja baktericidinj poveikj pries E. coli ir M. luteus bakterijas. Sios
dangos taip pat slopina A. fumigatus ir G. candidum mikroskopiniy gryby
augimg bei visiSkai prazudo S. cerevisiae lgsteles.

. 2,5 ir 15 nm dydzio kobalto ferito ND btidingos nuo dydzio priklausanéios
antimikrobinés savybés prie§ S. cerevisiae ir keleta Candida rusiy, kaip
antai, C. parapsilosis, C. krusei ir C. albicans.

. L-lizino amino ragstimi apvilktos, panasaus dydzio (5-6 nm), kobalto
ferito ND pasizymi auks$tu, nuo Co?* kiekio priklausanc¢iu antimikrobiniu
efektyvumu prie§ Gram-neigiamas E. coli ir Gram-teigiamas S. aureus
bakterijas bei keleta Candida genties risiy.

. Antimikrobinis ND aktyvumas smarkiai priklauso nuo daleles supanciy
medziagy prigimties. Oleino ragstimi stabilizuoty CoFe;O,@Ole ND
fiksuotas antimikrobinis efektyvumas yra zenkliai didesnis pries E. coli,
S. aureus, C. parapsilosis ir C. albicans padermes nei to paties dydzio
CoFe,Os@Lys ND.

. Ultra-smulkios aukso (< 2 nm) bei aukso-magnetito hibridinés ND, kuriy
koncentracija 70 mg L%, pasizymi auk$tu mikroorganizmy Zudymo
efektyvumu; jis atitinkamai lygus 84.4-58.5 % pries Gram-neigiamas
A. baumannii, S. enterica bakterijas ir 89.1-75.7 % prie§ Gram-teigiamas
S. aureus MRSA, M. luteus bakterijy padermes.
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Abstract

Nanoparticulate surfaces possessing antimicrobial and
fungicidal properties under visible light illumination have
found wide applications in a number of fields. In this study,
titania nanotubes, as well as titania compact films were
designed with pure Cu,O crystals in a mildly acidic copper
acetate solution using a simple alternating current (AC)
deposition approach. In this way, the thermally oxidized Ti
substrate was coated by densely packed pyramidal and bi-
pyramidal shaped Cu,O crystals with dominant (111)
planes and investigated against several types of fungi and
bacteria. For comparison, TiO, nanotube (TiNT) films were
also decorated with similar crystals and tested. The results
showed that, compared to bare TiO, films, both Cu,O-in-
TiNT and Cu,0-on-TiO, heterostructures exhibited
remarkably enhanced activity against tested fungi and
bacteria. We also demonstrated that the high photoactivity
of these crystals remained even after 50 h stability tests
under bright light illumination. The results obtained from
in vitro tests indicated that Cu,O-in/on-TiO, heterostruc-

tures show promise as visible light driven antimicrobial
materials.

Keywords nanocomposite, titania nanotube films, cuprous
oxide, antimicrobial

1. Introduction

Titanium (Ti), due to its high mechanical hardness, low
density, elevated chemical stability, relatively low cost,
environmentally-friendly characteristics and photocatalyt-
ic activity under UV irradiation, belongs to the category of
metals suitable for the production of orthopaedic and
dental implants, chirurgical instruments and self-cleaning
surfaces. In air, this metal is always covered by a thin
TiO; film, the thickness of which can be increased simply
by thermal and chemical oxidation or anodization high up
in the sub-um scale. TiO, films produced by anodizing/
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annealing may vary in terms of electronic and phase
structure (anatase, brookite, rutile) porosity and activity
[1]. Due to a large band gap energy (~3.2 eV) and a more
positive conduction band potential than the potential
required for water reduction (1.23 V vs. NHE at pH = 0),
pure TiO, films effectively absorb light, split water and
demonstrate self-cleaning properties under UV light
illumination [2, 3]. The antibacterial behaviour of UV
illuminated TiO, powders were first reported three
decades ago [4]. Recent reports on the bactericidal proper-
ties of various TiO, nanoparticles and films are frequently
based on pure TiO, photocatalytic behaviour under UV
irradiation [5]. Many studies have also been devoted to the
formation of TiO,-based bactericide particles under visible-
light illumination [6-9]. For example, the solvothermal
approach has been proposed for the synthesis of various
Cu,0 crystals, indicating that the obtained Cu,O crystals
show good antibacterial effects and that with the morphol-
ogy of the Cu,O crystals changing from cubic to octahedral,
their antibacterial properties change from general bacter-
iostasis to high selectivity [10]. Dispersed in the tested
solutions, these photocatalysts have shown promising
bactericidal effects under visible light irradiation. Howev-
er, in all of these applications, the post-separation of doped
TiO, species from the disinfected solutions are required.
This procedure is tedious and cost-intensive, rendering it
unsuitable for the cleaning of drinking water.

In the past decade, to avoid the cleaning of tested solutions,
immobilization of the TiO,-based photocatalyst species
onto various substrates have been proposed [11-14]. For
example, CNT-doped TiNT on glass by dip-coating [11],
Ag/TiO, composite films [12], CdS/Pt-TiNT [13] and high-
efficient CdS/TiNT films [14] on the Ti substrate have been
reported. However, most of these surfaces showed either
low-effectiveness under illumination by bright light or
were toxic due to the application of CdS.

Currently, several routes have been also reported for TiO,
conduction and valence band re-design, for example, via
attachment of non-toxic lower band gap semiconducting
nanoparticles, such as Cu,O [14, 15] and CuO [16, 17].

Cuprous oxide (Cu,0) is typically a p-type semiconductor
possessing a direct band gap of 2.0-2.2 eV [18]. Owing to
visible light absorption, chemical and physical stability,
and its low cost, nanostructured Cu,O particle arrays have
recently drawn significant interest in terms of the photo
conversion of bright light into electrical or chemical energy
[15, 19, 20]. Note that solar conversion efficiency is equal to
11% from the theoretically possible [21]. In addition, recent
studies have implied that Cu,O crystallites demonstrated
distinctive antimicrobial activity against some types of
bacteria [22,23]. According to Lu et al. [10], the antimicro-
bial activity of Cu,O crystallites, including cubic, octahe-
dral, hexa-spindel, polyhedral, etc., depended on their
morphology. All of these crystallites demonstrated anti-
bactericidal activity, but only octahedral-shaped ones
possessed high selectivity. Furthermore, it has recently
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been reported that polycrystalline Cu,0 with four-sided
pyramidal shape species that electrodeposited onto the ITO
glass substrate, in contrast to single-crystal p-Cu,O ones
[24, 25], were quite stable in aqueous solutions under
visible light illumination [26, 27]. This stability was linked
to the predominant Cu’-termination of (111) planes of
electrodeposited p-Cu,O, at which the reduction of Cu,0O to
Cu by reaction Cu,O + H,O + 4e — 2Cu’ + 20H" did not
take place [27]. It was therefore suspected that if well-
attached to the titanium oxide substrate, numerous
pyramidal Cu,0O crystallites with (111) planes could
provide stable fungicidal and antimicrobial activity under
visible light illumination.

The aim of this study was to design TiO,/Cu,O heterostruc-
tured films onto the titanium substrate possessing high
stability and effective antimicrobial properties against
several types of fungi and bacteria under solar light
illumination. To achieve this result, an aqueous solution
comprising Cu(Il) acetate, Mg acetate and acetic acid at a
pH = 5.3, as well as an alternating current approach, are
proposed in this study. For comparison, polyhedral- and
pyramidal-shaped Cu,O crystals with (111) prevailing
surfaces were organized both inside the TiO, nanotube
(TiNT) film and onto the TiO, substrate. The stability of
Cu,O species tethered to the thermally oxidized Ti surface
was investigated in a 0.5 mol L' Na,SO, aqueous solution
at -0.35 V (vs. Ag/AgCl, sat.) and 100 W tungsten lamp
illumination for 50 h. The antimicrobial properties of the
obtained Cu,O/TiO, heterostructures were tested against
several types of fungi and bacteria.

2. Experimental

2.1 Reagents

A 98% purity copper acetate, Cu(CH,COO),*H,O, 99%
purity magnesium acetate, Mg(CH,COO),» 4H,0 and 99%
purity ammonium hepta molibdate, (NH,),Mo0,0,,#4H,0,
were purchased from Sigma Aldrich. NaOH (98.8%),
aceton (99.8%), ethylene glycol (99%) and acetic acid,
CH,COOH (99.8%) were obtained from Eurochemicals,
Slovakia. Ammonium fluoride (98% purity) was obtained
from Merck.

Saccharomyces cerevisiae, Aspergillus versicolor, Candida
parapsilosis and Candida krusei fungi and Pseudomonas
aeruginosa, Escherichia coli, and Micrococcus luteus bacteria
were obtained from the Liofilchem (Italy).

2.2 Electrochemical formation of TiNT films

Ti foil at 99.7% purity and 0.127 mm thick and purchased
from Aldrich was used to prepare disc-shaped specimens
13.8 mm in diameter. The surface of samples was ultrason-
ically cleaned in acetone, ethanol and water, for 6 min in
each, air dried and anodized in the thermostated glass cell
containing ethylene glycol (Etg) with 0.3% wt. NH,F and
20 mL L' H,0 at 20+1°C and 50 V using a DC power supply



for 40 min. To decrease the thickness of the titania barrier-
layer, the anodizing voltage was decreased at the end of
anodizing ata 1.0 V min' rate down to 30 V. Two platinum
plates were maintained at a distance of 13 mm from the Ti
specimen as cathodes. Each sample was anodized in a fresh
solution. Resulting films were calcined in air at 450°C for 2
hrs using a 10°C min" ramp and were also subjected to
alternating current (AC) treatment. TiO, compact films
were obtained via thermal oxidation of Ti specimens in air
at 450°C for 2 hrs using a 10°C min™' ramp.

2.3 Electrodeposition of Cu,O species

Electrodepositions of Cu,O on TiO, nanotube walls and
TiO, surface were accomplished in a two-electrode glass
cell, in a 200 mL volume and containing an aqueous
solution of 0.1 mol L copper acetate, Cu(CH,COO), H,O,
0.1 mol L magnesium acetate, Mg(CH,COO), 4H,0 and
acetic acid. Based on previous investigations [28], Mg(II)
salt was used to prevent the breakdown of the titania
barrier layer during AC't it. Several graphite stripes
connected and positioned around the working specimen
were used as a counter electrode. All depositions were
carried out in a room temperature solution. Milli-Q water
(18 MQ) was used for the preparation of the Cu,O deposi-
tion solution. Analytical grade Mg(OOCCH,),
Cu(OOCCH;), and acetic acid were purchased from
Eurochemicals Ltd. Owing to the rectifying properties of
the titania barrier layer [29], the depositions were carried
out by AC at a constant peak-to-peak voltage (Uy,,,,) mode
using a programmable alternating current source Chroma
AC (model 61602, Taiwan). The frequency of AC was
varied within the 25 to 500 Hz range. All solutions were
prepared with deionized water and reagent grade chemi-
cals. After deposition, each sample was thoroughly rinsed
with pure water and air dried.

2.4 Characterization

To ascertain the purity of Cu,O species tethered to the TINT
walls, vol ric were performed using
a potentiostat/galvanostat AUTOLAB 302 and a three-
electrode electrochemical cell, in which Pt wire and a
hydrogen electrode were used in the working solution
(RHE) as a counter and reference electrodes, respectively.
Prior to measurements, a working solution composed of 0.1
mol L' KOH was de-aerated by Ar gas bubbling for at least
05h.

The stability tests of Cu,O crystals tethered to the TiO,
surface was carried out in 0.5 mol L' Na,SO; solution under
~10 mW cm™ irradiation provided by 100 W tungsten arc
lamp illumination potentiostatically at -0.35 V (vs. Ag/
AgCl, sat.) for up to 50 hrs. The content of Cu,0O and Cu
deposited (and dissolved during stability tests) was
determined by the analysis of solutions, obtained via
etching the specimens in a hot HNO;:H,O (1:1) solution
followed by careful rinsing and sonication in Milli-Q water.

The inductively coupled plasma emission spectrometer
OPTIMA 7000DV (Perkin Elmer, USA) was employed for
analysis. Measurements were made on emission peaks at
327.393 and 324.752 nm for Cu, at least five times for the
same solution.

To examine the morphology of films on the surface and in
cross-sections, a scanning electron microscope, model FEI
Quatra 200F and a Cross Beam Workstation Auriga,
equipped with a field emission gun and EDX spectrometer
were used.

Phase composition of the obtained heterostructures was
studied by X-ray powder diffraction (XRD) using a D8
diffractometer (Bruker AXS, Germany), equipped with a
Gobel mirror as a primary beam monochromator for
CukK, radiation. A step-scan mode was used in the 20 range
from 18 to 77° with a step-length of 0.02° and a counting
time of 8 s per step. The size of crystallites was determined
from the broadening of all diffraction peaks using PDXL
software and Halder-Wagner (H-W) approximation.

Raman spectra were recorded using an inVia (Renishaw)
spectrometer equipped with a thermoelectrically cooled
(-70°C) CCD camera and microscope. The 532 nm solid
state diode laser beam was used as an excitation source. The
laser power at the sample was restricted to 0.06 mW and
0.6 mW for samples Ti oxide/Cu,O and bare Ti oxide,
respectively. The Raman scattering wavenumber axis was
calibrated by the silicon peak at 520.7 nm. The spectral slit
width near 500 ecm™ was 6.7 cm™. The 50x objective was
used during all measurements. The laser line was focused
to a ~ 2 um diameter spot on the sample. The parameters
of bands were determined by fitting the experimental
spectra with Gaussian-Lorentzian shape components using
GRAMS/A1 8.0 (Thermo Scientific) software.

The antibacterial effects of the fabricated films were
assessed using the Saccharomyces cerevisiae, Aspergillus
versicolor, Clodosporium clad ioides, Candida parapsilosi
and Candida krusei fungi, cultured in Sabouraud CAF agar
at 27°C, and Pseudomonas aeruginosa, Escherichia coli and
Micrococcus luteus bacteria cultured in Nutrient agar at
27°C, and the effects on colony-forming units were ana-
lysed.

The antimicrobial activity of Cu,0O-in/on-TiNT samples
against Micrococcus luteus (M. luteus), Escherichia coli (E.
coli), Aspergilus fumigatus (A. fumigatus), Geotrichum
candidum (G. candidum) and Candida parapsilosis (C.
parapsilosis) was inv d using the zone inhibition
method. Following this method, the pieces of alumina
films were pressed gently onto Sabouraud CAF agar or
Nutrient-agar (“Liofilchem”, Italy) plates inoculated with
=10° CFU mL" microorganisms and analysed after 48 h
incubation at 2741 °C.

It should be noted that unless otherwise indicated, all the
above-mentioned experiments were repeated three times
and the obtained results were statistically analysed by
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calculating averages and standard deviations. The result-
ing data were applied for building corresponding dia-
grams,

3. Results and discussion

3.1 Composition and structure of heterostructured films

We have reported recently that TiNT walls can be decorat-
ed with numerous pure Cu,O species both inside and
outside tubes via alternating current deposition from a
slightly acidic Cu(Il) acetate solution (Fig.1 A, B) [29]. The
size of crystallites increased with the deposition bath
voltage and AC treatment time attaining 60 nm. In this
study, we demonstrate that the same solution can be
successfully explored for the formation of densely packed
pyramidal- and bi-pyramidal-shaped (octahedral) Cu,0
crystals onto the thermally oxidized Ti substrate (Figures
1C and D). The shape of crystallites was found to be
dependent on the pH of solution and AC deposition
conditions, similar to the case of potentiostatic depositions
from the alkaline cupric lactate solution onto the ITO
substrate [27]. The pH of solution kept at a pH within 5.2
to 5.35 range was found to be an optimal. In this solution,
by variables in the AC treatment conditions (Upiop value,
AC frequency and deposition time) the surface of the
thermally oxidized Ti substrate can be predictably covered
with densely packed pyramidal-shaped crystallites (Fig.
1C). The planar dimensions of the pyramidal and bi-
pyramidal crystals were found to be dependent mainly on
the AC treatment time and U, value, attaining sub-
micrometre size. Most uniform covering of TiO, surface
took place at 100 Hz frequency although some higher
deposition rates were observed at 50 Hz frequency (Figure
2). Please note that randomly dispersed crystals can be
formed at up to 250 Hz frequency. The shape of the
deposited species depends on the pH of the solution
although the pyramidal-shaped species can be deposited
only from slightly acidic acetate solutions (Figure 3A). In
the neutral solutions, e.g. at around pH = 7.0, the coral-
shaped species (Figure 3B) were formed, whereas in the
alkaline solutions, e.g. at pH = 10.0 (Figure 3C) the nano-
particulate species dominated.

XRD and Raman investigations were used to characterize
the phase structures of the deposited species. Figure 4
shows the XRD patterns of the Cu,O/TiNT heterostructure
(A) and Cu,0 octahedra obtained by AC deposition from a
slightly acidic Cu(ll) acetate solution on the thermally
oxidized Tisubstrate (B). As can be seen, both XRD patterns
contain several obvious diffraction peaks at 20 positions
29.58, 36.42, 42.32, 61.46 and 73.60 that, according to PDF
card no 01-078-2076, can be indexed as (110), (111), (200),
(220), and (311) planes of the cubic phase cuprous oxide,
allowing us to deduce that the deposited species are
polycrystalline Cu,O. It is also obvious that the preferred
orientation of Cu,0 grains is (111). The size of Cu,O grains
calculated from the main diffraction line (111) broadening
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Figure 1. Top-side (A) and cross-sectional (B) SEM views of TiNT film
fabricated by Ti anodizing in ethylene glycol solution, then annealed at 450

°C for 2 h and AC treated in Cu(ll) acetate electrolyte at U, ., = 1.1 V for 5
min. In (C) and (D): typical top-side SEM views of crystallites formed onto

the thermally oxidized Ti sub by AC dey in the same solution
at Uy, 1.3V for 10 min
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Figure 2, Vari 5 of the content of dep 1 copper suboxide species onto
the thermaly oxidized Ti substrate in the solution comprising 0.1 mol L
Cu(OOCCH,), + 0.1 mol L' Mg(OOCCH,), + CH,COOH (pH =53) at U,
= 1.3 Vand AC frequency: (1) 50, (2) 100 Hz on the deposition time. In the
Inset: the dependency of deposited copper at U, = 1.3 V for 10 min on the
AC frequency

was found to be dependent on the conditions of electrode-
position varying within 32-45 and 65-85 nm ranges for
Cu,0O species deposited inside the TiNT and onto the TiO,
substrate, respectively. No peaks that can be ascribed to
CuO or Cu(OH), were detected, although two small peaks
at 20 positions around 43.3° and 50.4° (Figure 4B) could be
linked with the presence of some Cu’ onto the heat-treated
Ti surface. It is also obvious that the pattern of TiNT film
demonstrating a set of 10 reflections as shown in Figure
4A by the blue stars, according to PDF card no 00-021-1272,



indicated the presence of TiNT in the anatase-TiO, phase,
whereas these peaks are absent in the heat-treated speci-
men.

Figure 5A compares the Raman spectra of the TiNT film
before and after deposition of copper containing species.
Strong Raman bands at 147, 397, 518, and 637 cm™' are
characteristic of crystalline anatase TiO, structure [30, 31]
whereas difference spectrum (c) clearly shows several
peaks associated with copper oxygenous compounds. In
brief, bands at 219, 533, and 625 cm™ evidence the presence
of Cu,O [32-34). The Raman spectrum of pure thermally
oxidized Ti substrate corresponds to the rutile TiO, phase
with characteristic E, and A,, modes at 444 and 609 cm™,
respectively (Figure 5B) [31], whereas bands at 98, 215, 531,
and 617 cm™ according to [33-35] evidence the presence of
Cu,O.

Figure 3. Top-side FESEM views of crystallites formed onto the thermally
oxidized Ti substrate by AC deposition at Uy, = 1.3 V and room tempera-
ture for 10 min in the same way as in Figure 2 with the solution kept at the
pH: (A) 5.0; (B) 7.0 and (C) 10.0

The purity tests for AC-deposited Cu,0 pyramidal crystals
were further performed in a 0.1 mol L' KOH de-aerated
solution by potential sweep from the open circuit potential,
e.g. 0.75 V versus RHE, to -0.25 V and backwards. Voltam-
mograms obtained for different contents of deposited
species are shown in Figure 6. As seen, only a sharp
reduction peak at ~-0.1 V, attributable to Cu,O reduction
is characteristic for all specimens. According to [36], such a
reduction plot indicates the presence of pure Cu,O.
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Figure 4. Typical XRD patterns (A) (B) of Cu,0 species deposited inside the
TiNT film (A) and on the heat-treated TiO, substrate (B) by AC (100 Hz)

treatment in the solution as in Figure 2 at U, = 1.2 V for 15 min

Figure 5. In (A): the Raman spectra of Cu,0-in-TiNT (a), pure TiNT (b) and
their difference (c) in wavenumber region from 65 to 700 cm™. In (B): the
same for the Cu O deposited on the thermally oxidized Ti surface (a) and
pure heat-treated Ti (b). Excitation wavelength is 532 nm. The same
conditions as in Figure 4 were used for sample preparation.

3.2 Antimicrobial properties

The antibacterial activity results revealed that the pyrami-
dal-shaped Cu,0 crystals encasing both the inside of the
TiNT film tubes and deposited onto the rutile TiO, surface
acted as excellent antimicrobial agents against all tested
fungi as well as Gram-positive and Gram-negative bacte-
rial strains. It should be noted that in the case of Cu,0-on-
rutile a fungistatic effect was observed for A. versicolor and
C.parapsilosis fungi, whereas in the case of Cu,0-in-TiNT
the fungistatic effect was obtained in the Petri dishes with
A. versicolor, C. parapsilosis and C. krusei strains. Figures 7
and 8 show the zones of inhibition produced by Cu,0O-in-
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TiNT and Cu,O-on-rutile TiO, against various eukaryotic
and prokaryotic microorganism strains, respectively.
Based on these results, some stronger fungicidal effects are
characteristic for Cu,O-on-rutile TiO, specimens showing
the inhibition zones up to 25-27 mm after 48 h incubation
(Table 1).

04 02 00 02 04 06 08
E/V (RHE)

Figure 6. Reduction profiles of Cu,0 species deposited on the TiO, substrate
by AC (100 Hz) treatment in the solution as in Figure 2, kept at a pH = 5.2
and Uy, = 1.2 V for 5 (1), 10 (2) and 15 min (3). Voltammograms were
recorded in the O,-free 0.1 mol L KOH solution at v=1.0 mV s and 20°C.

Figure 7. Zone of inhibition produced by Cu,0-on-rutile (A, B, D) and
TiO, CuO-in-TINT (C) specimens against the lawns of eukaryotic
microorganisms: (A, C) A. versicolor, (B) S. cerevisiae, (D) C. krusei. In the left
side - control specimen.

Figure 8. Zone of inhibition produced by Cu,O-on-rutile (A, B, D) and Cu,O-
in-TiNT (C) specimens against the lawns of prokaryotic microorganisms:
(A) M. luteus, (B, C) — P. aeruginosa and (D) E. coli. In the left side - control
specimen.
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Microorganism Antimicrobial Disc  Diameter Diameter z/d

agent potency  of disc  of zone (z)

(g (@ (mm)  (mm)

Saccharomyces  Cu,O-in-TNT 3 14 25 18+0.1
cerevisiae  Cu,0-on-TiO, 114 14 7 1901
Aspergillus ~ CuO-in-TNT 3 14 19 13202
versicolo Cu;0-on-TiO; 114 14 24 17202

Candida Cu0-in-TNT 3 14 17 12:0.1
parapsilosis Cu,0-on-TiO, 114 14 18 13201

Candida kruse*  CuO-in-TNT 3 14 18 13+0.1

Pseudomonas  Cu,O-in-TNT 3 14 25 18202
dweruginoser  CuO-onTiO, 114 14 24 17201

Cu,0-in-TNT 3 14 155 11+0.1

Escherichia coli

Cu,0-0n-TiO, 114 14 155 11201
Micrococeus CuO-in-TNT 33 14 16 11201
Iuteus Cu,0-on-TiO, 114 14 17 1201

.« Cultured in Sabouraud CAF agar (Liofilchem, Italy) at 27

. Cultured in Nutrient agar (Liofilchem, Italy) at 27°C

Table 1. Comparison of antimicrobial activities of Cu,0-in-TNT and Cu,0-
on-rutile TiO,

The antimicrobial efficiencies of pyramidal-shaped Cu,0
species attached to various TiO, substrates were also
assessed against typical Gram-negative (E. coli and
P.aeruginosa) and Gram-positive (M. luteus) bacteria. Note
that P. aeruginosa was found to be more sensitive both for
Cu,0-0on-TiO, and Cu,O-in-TiNT surfaces: the average
inhibition zone in this bacteria lawn was 1.5 to 1.6 times
wider than in E. coli and M. luteus bacteria lawns (see Table
1). We note that in contrast to Li et al.’s indication that E.
coli is resistant to cubic and spherical Cu,0 nanocrystals
[37], our Cu,O-TiO, heterostructures demonstrated a
strong antibacterial activity against E. coli. We hypothe-
sized that differences in the antimicrobial efficacy of Cu,O-
TiO, heterostructures and Cu,O nanoparticles could be
explained by synergetic behaviour of p-n heterojunction
between Cu,O and TiO, possessing a remarkable visible
light photoresponse creating OH' and H,O, oxidative
species [15] in the aqueous bacteria lawns. On the other
hand, as reported by Ren et al. [23], Cu,0 octahedral single
crystals bounded by {111} facets, as in our case, exhibited

higher activity inkilling E. coli than cubic ones. We also note
that a similar result has been obtained under visible light
illumination for E. coli inactivation by Cu,Oloaded on TiNT
film via direct deposition from alkaline CuSO, and lactic
acid solution [15].

3.3 Stability tests

To examine deterioration in photosensivity of Cu,0O
pyramidal-shaped crystals deposited from the slightly
acidic Cu(Il) acetate solution on the thermally oxidized Ti
substrate, the stability tests were performed in a 0.5 mol
L1 Na,SO, solution at-0.35 V (vs. Ag/AgCl, sat.) and 100 W
tungsten lamp illumination for up to 50 h. In these experi-



ments the tungsten lamp was placed in front of a quartz
glass window of an electrochemical cell at a 12 cm distance
from the socket of the lamp to the specimen. Figure 9 shows
the variations in the open circuit potential of the Cu,0-on-
TiO, specimen after light switching before and after the
stability test which lasted for 50 h. As can be seen, the Cu,0O-
coated-TiO, specimen remained quite photosensitive to
bright light even after prolonged 50 usage. It is noteworthy
that the contamination of copper ions was not detected in
the tested solution even after 50 h. These results imply the
prospective application of the Cu,0-on-TiO, antimicrobial
coatings in food and healthcare industries.
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Figure 9. Variation in the open circuit potential for as formed (1) and
deteriorate Cu,0-on-TiO, heterostructure (2) in 0.5 mol L' Na,SO,
solution after switching of light. The stability test was performed in the
same solution at -0.35 V (vs Ag/AgCl, sat) under 100 W tungsten lamp
illumination for 50 h,

4. Conclusions

Pyramidal-shaped pure Cu,O crystallites were successfully
deposited both in/on the TiO, nanotube film and onto the
thermally oxidized Ti substrate by using the alternating
current deposition approach from the slightly acidic copper
acetate solution. Both anodized and thermally oxidized Ti
surfaces after covering with pyramidal-shaped Cu,0
crystallites possess strong antimicrobial properties against
the tested fungi (A. wversicolor, C. parapsilosis, C. kru-
seiandS.cerevisiae), Gram-negative (E. coli and P.aeruginosa)
and Gram-positive (M. luteus) bacteria. In all cases, the
Cu,O-on-rutile TiO, surface demonstrated higher antimi-
crobial efficiency which could be linked with 2-3 times
larger amounts of attached Cu,O species. The antimicrobial
effect of the Cu,O species tethered to the TiO, surface was
linked with the semiconducting properties of cuprous
oxide capable of absorbing visible light and through
synergetic coupling with TiO, produced oxidative species
of OH" and H,0, destroying the walls of microorganism
cells. The Cu,0O-coated-TiO, specimen remained quite
photosensitive to bright light even after prolonged 50 h
exploitation.
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Design, optical and antimicrobial properties of
extremely thin alumina films colored with silver
nanospecies

A. Jagminas,*® R. Zalnéravicius,® A. Réza,® A. Paskevi¢ius® and A. Selskiené?

In this study, conditions for the fabrication of extremely thin and flexible anodic films decorated with silver
nanowire arrays by alternating current treatments for the finishing of high purity and commercial alu-
minium foils were developed. For characterization of these porous films with a thickness of <1.0 pm and
encased silver species, inductively coupled plasma optical emission spectroscopy, X-ray diffraction and
field emission scanning electron microscopy were used. Variable angle spectroscopic ellipsometry in the
wavelength range of 200-1700 nm was also used to determine the influence of the deposited Ag
content and the film thickness on the optical constants (n, k) of the fabricated alumina films. It is shown
that due to surprisingly low k values of nano-Ag-in-alumina films in the visible and near IR regions these
films could be applied as transparent films with an extremely low refractive index. In addition, the antimi-
crobial activity of the obtained films was assessed for the as-deposited and fully-encapsulated silver
nanowire arrays against several widespread fungi and bacteria. The results obtained from in vitro tests
indicated that the as-formed Ag-in-alumina films containing 219 ug cm™? of silver possessed antimicro-
bial properties and could be promising as foodstuff packaging materials.

Introduction

Nanoscale materials frequently demonstrate unique physical
and chemical properties due to their high surface area as well
as quantum-sized effects."” In recent years, these effects have
stimulated a rapid growth in studies devoted to fabrication of
various nanostructured architectures and composites. Among
others, silver nanoparticle-containing materials®® and silver-
based composites® ' with antimicrobial activity have been
synthesized. These materials can reduce infections during
burn treatment'>'* and prevent bacterial colonization of
dental materials,'* catheters,'™'® stainless steel instruments,'”
textile products,'™'” and human skin.””*' Note that silver
nanoparticle-containing materials frequently demonstrate
greater antimicrobial activity than silver ions alone, whose bac-
tericidal properties have been known for centuries.”” The
smaller the Ag” particles are, the greater are their antimicrobial
effects.">* The bactericidal efficacy of silver-containing
materials is frequently linked to the interaction of silver ions**
or free radicals®® with the liquid watery phase, resulting in
membrane damage. As also reported, silver nanoparticles can

“State Research Institute Center for Physical Sciences and Technology, Institute of
Chemistry, Gostauto 9, LT-01108 Vilnius, Lithuania. E-mail: jagmin@ktl.mii.lt
“Institute of Botany of Nature Research Centre, Zaliuju ezeru 49, LT-08406 Vilnius,
Lithuania
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exhibit genotoxic and cytotoxic effects in human tissues,
causing DNA and cell damage if they are directly applied above
a certain concentration.”® However, little is known about the
antibacterial and fungicidal properties of nm-scaled silver
species encased inside the alumina pores although decoration
processes of porous alumina films of a thickness of 26.0 pm
with nanowired silver arrays for the finishing of the
aluminium surface have been patented four decades ago.*” It
is also worth noting that usual anodic coatings are brittle and
unsuitable for surface finishing of foodstuff packaging alu-
minium foils.

In this study, extremely thin porous alumina films were
decorated in gold tints by alternating current deposition of
silver in various contents and their antimicrobial activity
against various microorganisms were tested. Variations in the
ellipsometric parameters ¥ (psi) and 4 (delta) data with angle
of incidence were also evaluated to determine the influence of
the deposited Ag content and film thickness on the optical
constants (n, k) of the fabricated alumina films.

Experimental
Milli-Q water (18 MQ) was used for the preparation of all solu-

tions. Aluminium (99.7% purity) foil was purchased from
Russia whereas high-purity foil with a thickness of 0.127 mm

This journal is © The Royal Society of Chemnistry 2015
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(99.99% purity) was purchased from Sigma-Aldrich. The
highest purity sulfuric, nitric and boric acids were purchased
from Labochem Ltd, and analytical grade AgNO;, MgSO, and
triethanolamine (TEA) were from Sigma-Aldrich. Saccharomyces
cerevisiae, Micrococcus luteus, Escherichia coli, Aspergillus fumi-
gatus, and Geotrichum candidum cultures were obtained from
the Botany Institute of Nature Research Centre. For the prepa-
ration of the YEPD medium, analytical grade peptone and
galactose were purchased from Aldrich.

Aluminum samples, 40 mm x 40 mm x 0.05 mm, were cut
from pure 50 pm thick, commercial Al foil (Al: 99.7%). The
samples were chemically cleaned by etching in 1.5 mol L™
NaOH at ~60 °C for 15 s, rinsed for ~3 min with running
water and desmutted for 60 s in a 1.5 mol L™' HNO; solution
at ambient temperature. After careful rinsing in distilled water,
the specimens were dried in a stream of argon gas. The
surface of high purity aluminium samples devoted to ellipso-
metric investigations was polished in the HClO,-ethanol solu-
tion at 17 Vand 7-10 °C.

Anodizing was carried out in a thermostated 15 + 0.1 °C
glass cell where an aluminium foil was used as a working elec-
trode and two platinum (45 mm x 70 mm x 0.5 mm) sheets
were used as the counter electrodes. For anodizing an aqueous
solution containing 1.2 mol L™ of H,S0, was used. To obtain
a thin and flexible porous film, the specimens were anodized
at 15 °C and 10 V for 10 min. For comparison, some specimens
were anodized under the same conditions for 2 h, obtaining a
porous alumina film with an average thickness of 9.5 pm. The
as-anodized sample was rinsed with distilled water for 2 min
and placed in the silver deposition bath containing 10 mmol
L~! AgNO;.

To obtain uniform deposition of silver within the extremely
short alumina pores and uniform colouring of the alumina
film in gold tints, the composition of the electrolyte was modi-
fied by the addition of H;BO;, H,S0O,, MgSO, and TEA. The
counter-electrode consisted of eight graphite strips connected
together. Due to the rectifying properties of the alumina
barrier layer,”” the depositions were carried out in alternating
current (ac, 50 Hz) at either a constant effective ac current
density or constant peak-to-peak voltage (Up.op) modes. Ano-
dized and coloured specimens were individually sealed in
boiling distilled water for 10 min.

The content of deposited silver was determined by induc-
tively coupled plasma optical emission spectroscopy analysis
of solutions obtained via etching of a 4.5 cm® Ag-in-alumina
film in a hot HNO;:H,0 (1:1) solution followed by careful
rinsing and sonication in Milli-Q water. A high-resolution
scanning electron microscope (SEM, Helios Nanolab 650) was
used to examine the morphology of alumina films as well as
the filling uniformity of alumina pores by the silver. For these
observations, cross-sections of alumina films were obtained by
cutting the film perpendicular to the substrate with a FIB
focused Ga'-ion beam.

The phase composition of coloured alumina films was
studied by X-ray powder diffraction (XRD) using a D8 diffracto-
meter (Bruker AXS, Germany), equipped with a Gobel mirror

This journal is © The Royal Society of Chemistry 2015
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as a primary beam monochromator for Cu Ka radiation.
A step-scan mode was used in the 20 range from 30 to 80°
with a step-length of 0.02° and a counting time of 8 s per step.
The size of crystallites was determined from the broadening of
all diffraction peaks using software PDXL and Halder-Wagner
(H-W) approximation.

The optical properties of the as-grown and decorated
alumina films were investigated by means of spectroscopic
ellipsometry in the wavelength range of 200-1700 nm by
measuring the change in the polarization states (¥ and 4) of
the light reflected off the surface of the film with an ellipso-
meter RC2. The Bruggeman Effective Medium Approximation
(EMA) was applied to calculate the optical constants of the
mixed transparent Ag-in-alumina layer on the aluminium sub-
strate using the specified Cauchy dispersion, which comprised
of an oxide, empty nanochannels and encased silver. The
optical constants, e.g. the refractive index n and the extinction
coefficient k, as well as the thickness of a film d were evaluated
by fitting the model functions to the measured data using the
CompleteEASE software program.

The antibacterial effects of the fabricated films were

d by the Saccharomyces ¢ (S. cerevisiae) colony-
forming unit assay (CFU) where Ag-in-alumina film pellets
were incubated for various times in the YEPD (1% yeast
extract + 2% bacto peptone + 2% galactose) medium and the
effects on colony-forming units were analysed. An aqueous
solution of methylene blue (0.01%) was applied for detection
of killed yeast cells.

The antimicrobial activity of Ag-in-alumina samples against
Micrococcus luteus SK4 (M. luteus), Escherichia coli SK 1.10
(E. coli), Aspergillus fumigatus BTL KO-5 (A. fumigatus), Geotri-
chum candidum BTL 2.1 (G. candidum) and Candida parapsilosis
BTL C.7.2 (C. parapsilosis) was also investigated by the zone
inhibition method. Following this method, pieces of alumina
films decorated with silver were pressed gently onto Sabouraud
CAF agar or Nutrient-agar (“Liofilchem”, Italy) plates inocu-
lated with 210° CFU mL™" microorg and lysed after
48 h incubation at 27 + 1 °C.

All experiments were performed in triplicate. Data from
triplicate counts were averaged and the resulting values were
applied for building the corresponding diagrams.

Results

Fig. 1 shows surface and cross-sectional SEM images of
alumina films fabricated by short-time (10 min) anodizing of
aluminum at 10 V in 1.2 mol L™" H,S0, at 15 °C after ac treat-
ment in a silver deposition bath. The images show a porous
anodic oxide film with an average pore diameter (@pore) Of
10 + 0.5 nm and a pore length of ~0.8 + 0.1 pm. SEM (inset in
Fig. 1C) also revealed that the diameter and shape of the silver
nanowires encased within the pores of such films by sub-
sequent ac deposition were close to those of alumina pores.
The mean size of the silver crystallites was 8-10 nm as
assessed from the full width at half maximum of the peaks via

Dalton Trans, 2015, 44, 4512-4519 | 4513
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Fig. 1 Surface (A, B) and cross-sectional (C, D) SEM views of a 0.8 ym
thick porous alumina film after ac deposition of silver at a constant
peak-to-peak voltage of 7.0 V mode for 600 (B), 40 (C) and 150 s (D).

the Debye-Scherrer formula. The deposition of silver at the
bottom of tiny pores was observed from about 0.15 A dm™,
The cross-sectional SEM observations also indicated that at
0.15 to 0.3 A dm™ ac current density ( i) most of the alumina
pores were filled to a height of ~200-250 nm. With further pro-
cessing, an uneven growth of silver nanowires prevailed
(Fig. 1D).

Further ac treatments resulted in the deposition of silver
onto the film surface (Fig. 1A) covering it with rod-shaped Ag’
crystals (Fig. 1B). However, with a precise control of the ac
treatment conditions, a wide spectrum of uniform colours
from light gold to bright brown could be obtained by this
process (inset in Fig. 2).

From the XRD patterns (Fig. 2), the as-deposited silver
nanowires within the alumina pores had a polycrystalline

70

¥ PDF - 01 - 089 - 3722 (Ag)

Intensity (cps)

30 40 50 60 70 80
2 - theta

Fig. 2 Typical XRD patterns of porous alumina films formed by anodiz-
ing aluminum in 1.2 mol L™ H,S0, at 10 V and coloured via electrode-
position (ac treatments) of densely packed silver nanowire arrays. In the
inset — the diagram of alumina colours can be obtained by this finishing
method.
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Fig. 3 Variations in the content of silver deposited inside the pores of
the alumina film from a solution containing 10 AgNO5 and 50 mmol L™
MgSO; at constant ac current densities (A dm™?): 0.15 (1), 0.2 (2) and (5),
0.3 (3) and a peak-to-peak voltage of 5.0 + 0.3 V (4) with a processing
time, @y0r6 10 nm and the thickness of the alumina film (in ym) was:
0.8 (1-4) and 9.5 (5).

structure with the prevailing orientation along the [110]
direction.

Quantitative results of silver deposition inside the pores of
the alumina film with a thickness of <1.0 pm grown under the
study conditions are presented in Fig. 3. At a constant j,.
within the 0.15 to 0.3 A dm™ range, the deposition of silver
inside the alumina pores proceeded at a constant rate strongly
dependent on the j,. value, while increasing the j,. resulted in
an increased silver deposition rate. It was interesting that at
low current densities, the deposition started after some time
possible required to re-construct the high-resistant barrier
layer of alumina at the film oxide interface.” It was also
surprising that deposition of silver inside the small, ca.
0.8 pm, pores at a constant j,. proceeded at a significantly
higher rate (Fig. 3, plot 2) than in the pores of the same dia-
meter in much thicker films (Fig. 3, plot 5).

Variability in the silver content deposited inside the pores
of an extremely thin alumina film in constant ac voltage Uy, oy
mode is shown in a representative plot (4) of Fig. 3. As seen, in
this case, the filling of alumina pores proceeded at a decreas-
ing deposition rate which indicated that longer ac treatment
times than at a constant current density are required for the
deposition of the same amount of silver. These data suggest
that the constant voltage ac regime was more suitable for
achieving uniform colouring of alumina films in the same
tint.

In this study, the optical constants (n, k) and the film thick-
ness were determined by fitting the ellipsometric data (¥ and
4) using the specified Cauchy dispersion, comprising of alu-
minium oxide, empty nanochannels and silver nanowires
(Fig. 4). Ten angles of incidence within the 30° to 75° range
with 5° step were used to obtain the dependencies of ¥ and 4
on the wavelength length (4) at each angle (Fig. 5). It was
determined that the variations of ¥{4) and A(4) at each angle
calculated using the applied model match well with the experi-
mental both for pure (Fig. 6a and b) and Ag-coloured (Fig. 6¢

This journal is © The Royal Society of Chemistry 2015
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length range. Fig. 7a shows typical variations of k(4) and n(4)

for an alumina film of 900 + 0.7 nm thickness grown under
the conditions of this study before and after the deposition of
~8.0 pg silver, which colors it in gold. Evidently, the variations
of the refractive index 7 and the extinction coefficient k with 2
for pure alumina and the same alumina film decorated with a
silver nanowire array differ significantly; both k(1) and n(4) for

This journal is © The Royal Society of Chemistry 2015
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(1, 2) and the same film decorated with silver nanospecies in the content
of 8.3 ug cm~2 (3, 4). Film roughness of 5.09 nm. (b) Same dependencies
for the bulk silver surface.

the Ag-in-alumina film show a sharp peak in a vicinity of
400-420 nm.

It is worth noting that increase in the content of deposited
silver results in the increase of k and n values in this peak
region (Fig. 8), whereas a twofold increase in the alumina
thickness leads to approximately four times lower k and n
values at each angle of incidence for the same content of
encased silver.

In order to evaluate the antimicrobial activity of silver nano-
wires encased inside the extremely thin alumina pores, in vitro
tests were performed with S. cerevisiae colonization in the
YEPD medium with and without exposure to Ag-in-alumina
pellets. Films sealed in boiling water and unsealed films con-
taining defined amounts of deposited silver were investigated.
For comparison, similar tests were performed by incubation of
yeast cells (S. cerevisiae) in the YEPD medium containing 1.0,
2.5, and 5.0 ppm of Ag' ions, pure alumina film, and silver-
coated alumina film pellets, respectively. The results obtained
from these antimicrobial activity assays against S. cerevisiae are
shown in Fig. 9.

It is seen that when the silver was fully encapsulated inside
the alumina pores, fungicidal activity was insignificant and
independent of the content of encased silver (Fig. 9A) which

4516 | Dalton Trans., 2015, 44, 4512-4519
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Table 1 The results of fungi growth by silver arrays in alumina pores and Ag* ions
The content of Ag” in Zone of inhibition
Culture Contacting materials pg or [Ag'] Effect (in mm)
A. fumigatus lawns Ag-in-alumina film 7.5 — -
28.5 Fungistatic 19-24
50 Fungistatic 21-24
AgNO; From 1to 5mg L™’ Fungicidic 15
G. candidum lawns Ag-in-alumina film 7.5 - -
28.5 Fungistatic 15-36
50 Fungistatic 21-25
AgNO, From 1to 5 mg L™" — -

Table 2 The results of bacteria growth inhibition by various Ag-in alumina nanowire arrays and Ag* ions

The content of Ag” in

Zone of inhibition

Culture Contacting materials pgor[Ag'] Effect (in mm)
E. coli (=) As-grown Ag-in-alumina film 7.5 — -
28.5 Bacteriocidic 3
50 Bacteriocidic 2-4
AgNO; From 1to 5 mg L™ — —
M. luteus (+) As grown Ag-in-alumina film 7.5 Bacteriocidic 17
28.5 Bacteriocidic 1.1-1.3
50 Bacteriocidic 1.5-1.7
AgNO; From 1 to 5 mg L™ - —

could be explained by the slow release and diffusion of Ag'
ions through the surface layer of the sealed alumina film. For
unsealed Ag-in-alumina films (Fig. 9B), the silver content con-
tributed to the fungicidal effect. It is also interesting to note
that nanowired Ag” species had a higher inhibitory activity
towards S. cerevisiae than the silver-coated alumina film. These
results are corroborated by other studies which indicate that
the antimicrobial activity of nanostructured particles, such as

be attributed to the lack of direct contact between fungi and
silver molecules, as well as the decreased content of the silver
ions diffusing through the comp lumina surface layer.

In the next setup, Ag-in-alumi peci C ining
various silver contents were tested against Gram negative
(E. coli) and Gram positive (M. luteus) organisms in Mueller-
Hinton agar by the standard well diffusion method™ and the
results are presented in Table 2. Data indicate that Ag-in-

Fe;0,,%" Zn0," Mgo," and Ag®,"** i d with d -

I films ¢ ing >19 pg em™ of silver exhibited anti-

ing particle size.

The antimicrobial activity of Ag-in-alumina samples was
also investigated by the zone inhibition method. Following
this method, pieces (~1.5 cm?) of alumina decorated with
silver nanowire arrays were pressed gently onto the surface of
agar plates, incubated with 10° CFU mL™" of uniformly dis-
persed bacteria, yeast or fungi, and analyzed after 5, 10
and 48 h incubation at 27 °C. We note that all of the tested
microorganisms are prevailing in the human’s nitty-gritty.
Table 1 displays the rep ive zone inhibition for Ag-
in-alumina samples in the A. fumigatus plates and AgNO;
(100 pL) solutions. These results suggest that all Ag” solutions
tested had a fungicidal influence effect at some distances from
the drop centre. For the as-deposited Ag-in-alumina samples
tested against A. fumigatus, a wide zone of inhibition could be
seen for films containing >19 pug em™ of silver, suggesting the
fungi-static activity for the silver nanowires encased inside the
thin alumina pores. A similar effect was seen against G. candi-
dum (Table 1) but not against C. parapsilosis.

No fungistatic activity was seen for sealed (boiling in water)
Ag-in-alumina films against all fungi tested. This effect could

This joumal is © The Royal Society of Chemistry 2015

microbial properties against both bacterial species. However,
the zone of inhibition around the as-grown Ag-in-alumina
samples was ~90% wider for the Gram-negative E. coli than for
the Gram-positive M. luteus. This behavior is similar to pre-
viously reported data where a significantly higher bactericidal
activity was seen for silver nanocomposite materials against
Gram-negative bacteria,™ attributed to differing structures of
their cell walls.

Discussion

foils as and quite inexp materials
have been used for decades for packaging of sweets and choco-
lates. Chemical stability of aluminium is linked to spon-
taneous oxidation of this metal at the damaged places even
under ambient conditions. To increase chemical stability, the
thickness of the naturally formed Al oxide can simply be
increased by thermal, chemical or electrochemical oxidation.
In fact, the short-time anodizing of Al in aqueous solutions of
sulfuric acid at lower bath concentrations and voltages, ca.
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1.2 M and 10 V, respectively, instead of typical 1.8-2.0 M and
17-18 V, have been chosen in this study in order to form a
nanoporous oxide layer with a thickness less than 1.0 pm. We
note that such films of approximately (1.5-1.7) x 10'' pores
em™ are densely packed and oriented perpendicularly to the
substrate, while still retaining elasticity, which is particularly
crucial for packaging materials. It is also noteworthy that a
decrease in the anodizing voltage down to 10 V resulted in the
formation of a thinner barrier layer at the alumina film Al
interface. We report that this circumstance allowed us to uni-
formly deposit silver inside the short (<1.0 pm) and tiny (@pore
< 10 nm) channels by ac treatment. To the best of our knowl-
edge, this is the first demonstration of uniform coloring of
extremely thin alumina films by an electrochemical approach.
The first reason for deposition of silver inside the alumi

Dalton Transactions

(<1 pm) porous anodic film and the subsequent ac deposition
of silver nanowire arrays. The antimicrobial properties of as-
grown and sealed Ag-in-alumina films were tested in vitro
against several fungi, bacteria, and yeast. Results indicated
that as-deposited Ag-in-alumina films, in contrast to fully

lated Ag-in-al films, p d antimicrobial
actmty against most of the organisms tested in this study,
suggesting the potential use in aluminium foil finishing and
foodstuff packaging materials.

Variations of the optical parameters, e.g. the refractive
index n and the extinction coefficient k, with 4 of the Ag-in-
alumina film demonstrate the sharp peaks in the vicinity of
400-420 nm contrary to the pure film. The height of these
peaks is related to the content of deposited silver and

with loading. E: ly low k values of nano-Ag-in-

pores was the fact that only nm-scaled Ag species dispersed
uniformly in the clear matrices even in the contents of less
than 0.1 g m™~ color them in esthetic gold tints. Besides, we
expected that densely packed silver nanowires, as small as
~10 nm in diameter and 50-200 nm in length, encased in
porous alumina films, as thin as <1.0 um, could exhibit anti-
microbial activity even after full encapsulation of Ag species.
On the other hand, it is also likely that silver will not be able
to penetrate through the layer of aluminium oxide formed at
the top-side during sealing in boiling water. Therefore, the
antibacterial as well as antifungal activities of Ag-in-alumina
films, both sealed and unsealed, were studied herein usmg
several wide-spread microorg; luding S. ¢ 3
M. luteus, E. coli, A. fi G. candid and C. parapsil
Our results have indicated that in contrast to unsealed

| fully silver had significantly
weaker or no antimicrobial effects most likely due to the
absence of direct contact between microorganisms and Ag
species. The results of the present study are in agreement with
other reports that indicate a greater activity of silver nanoparti-
cles against Gram-negative microorganisms.**

It was also determined that optical parameters of the
alumina film changed significantly after deposition of silver at
the bottom part of alumina pores. Both k{Z) and n(4) for the
Ag-in-alumina film show a sharp peak in a vicinity of
400-420 nm. The height of these peaks is related to the
content of d d silver. I in the of de-
posited silver results in the increase of k and n parameter
values in this peak region. Surprisingly a low dispersion extinc-
tion coefficient k of Ag-in-alumina films in the wavelength
range of 500-1700 nm, e.g. 0.004-0.0015 and dk/di = 1-2 x 10™°
1/nm, with respect to those of the bulk silver, where k =
2.0-10.0 and dk/di = 6 x 10~ 1/nm (see Fig. 7b) implies the
prospective applications of alumina films decorated with silver

p in the tronic devices for fabrication of
transparent films with a low refractive index.

bk

Conclusions

In this study, conditions were established for finishing alu-
minium foils in uniform gold-tints via formation of a thin

4518 | Dalton Trans., 2015, 44, 45124519

alumina films in the visible and near IR regions within the
/4 range from 500 to 1700 nm suggest the possible application
of these films in fabrication of transparent films with a low
refractive index.
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Abstract The growing resistance of bacteria to
conventional antibiotics elicited considerable interest
to non-typical drugs. In this study, antimicrobial
investigations were performed on low-size dispersion
cobalt ferrite nanoparticles (Nps) fabricated by co-
precipitation approach in several average sizes, in
particular, 15.0, 5.0, and 1.65 nm. A variety of
experimental tests demonstrated that the size of these
Nps is determinant for antimicrobial efficiency against
S. cerevisiae and several Candida species, in partic-
ular, C. parapsilosis, C. krusei, and C. albicans. The
small and ultra-small fractions of CoFe,O; Nps
possess especially strong antimicrobial activity
against all tested microorganisms. The possible rea-
sons are discussed. Nps were characterized by means
of transmission and high-resolution transmission
electron microscopy, X-ray diffraction, energy disper-
sive X-ray spectroscopy and atomic force microscopy,
chemical analysis and magnetic measurements.
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Introduction

The use of metals and their oxide-based nanoparticles
(Nps) as antimicrobial units is attractive, as some of
them offer high efficacy against resistant microorgan-
isms. Silver is probably the only chemical element that
literally every adult has heard about its antimicrobial
properties. During past two decades, hundreds of
papers have been also reported on the bactericidal
efficacy of Ag” and Ag-containing species, films, and
coatings (Campoccia et al. 2013). It has been reported
that silver-based Nps also exhibit strong antimicrobial
activity against human pathogens (Rai et al. 2009;
Baker et al. 2005) by disturbing the cell membrane
(Jena et al. 2012; Butkus et al. 2003) without harming
the host cells. This effect was also linked with
interaction of silver ions, released from nanoparticle
(Np), with disulphide or sulfhydryl enzyme groups
(Lok etal. 2007), as well as with membrane damage by
free radicals derived from the surface of Ag Nps (Kim
et al. 2007). Note that small-sized Nps of other zero-
valent metals, such as Zn and Fe, can also exhibit
bactericidal effect, being non-active in the bulk size
(Lee et al. 2008), whereas Cu” Nps demonstrate
antimicrobial properties even after covering with
polymeric shells (Cioffi et al. 2005). From the
previous reports, ZnO (Yamamoto 2001), MgO
(Makhluf et al. 2005), Cu,O (Li et al. 2013), CuO
(Ren et al. 2009; Azam et al. 2012), and Co304
(Pandey et al. 2015) Nps also demonstrate selective
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and size-dependent antibacterial activity (Li et al.
2013).

Antimicrobial activity of iron oxide Nps against S.
aureus bacteria has been reported by Tran etal. (2010),
suggesting that 9 nm-sized Fe,O5 Nps can penetrate in
the cell and generate reactive oxygen species. How-
ever, this effect was observed only at relatively high Np
concentrations presumably due to the negative zeta
potentials of Fe,O;3 Np (& = —19.09 mV). Quite
similar result has been obtained for S. epidermidis
and 8 nm-sized iron (III) oxide Nps inoculated in the
suspension comprised of 2 mg mL~' bacteria and
from 0.1 to 2.0 mg mL ™" of Nps (Taylor and Webster
2009). However, in these cases after 48-h treatment the
cell population was reduced only to 65 % of controls.
From the previous report, iron oxide (Fe,0;) Nps could
have a dual therapeutic function, particularly, enhance
bone growth and inhibit bacterium infection (Pareta
etal. 2008). Cobalt ferrite (CoFe,O4) Nps, exhibiting a
high coercivity of more than 5 kOe, a moderate
saturation magnetization (~ 80 emu g ') and excellent
chemical stability have been reported as a promising
material for magnetic resonance imaging (Zheng et al.
2008), biomedical drug delivery and hyperthermia of
cancer (Kim et al. 2008). From the recent report (Sanpo
et al. 2013), CoFe,04 Nps, 40-50 nm-sized, exhibit
antimicrobial activity against E. coli and Staphylococ-
cus aureus. This property can be strongly enhanced by
the partial substitution of Co®* ions with Cu®>* and
Zn’*. However, the bactericidal behaviour of CoFe-0y
Nps against other targets, such as Candida strain
microorganisms, has not been studied yet.

More than 200 different Candida species are known
in the world, but only 17 are recognized as etiological
agents of human infection. However, most of the
invasive infections are caused by Candida albicans,
Candida glabrata, Candida lusitaniae, Candida trop-
icalis, Candida parapsilosis, and Candida krusei
(Pfaller 2012). Candida species affect nail, skin, and
mucosal surfaces and cause the opportunistic yeast
infection widely known as candidiasis. The growing
population of immunocompromised patients that use
intravenous catheters, total parenteral nutrition, inva-
sive procedures and the increasing use of broad-
spectrum antibiotics, cytotoxic chemotherapies, and
transplantation are factors that contribute to the
increase in these infections (Ortega et al. 2011).
Besides, in recent years, the cases of onychomycosis,
especially of those caused by Candida, greatly
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increased. Onychomycosis due to Candida species
accounted for 44.9 % of culture-positive cases.
Among Candida species, C. krusei was isolated most
often and made up 38.0 %. C. albicans made up
29.0 %, C. tropicalis—17.0 %, and C. parapsilosis—
14.0 % (Paskevicius and Svediene 2013). This is the
principal reason for investigations performed for
creation of new effective antimicrobial surfaces,
particles, or liquids which could help to decrease the
count of these pathogenic microorganisms.

In this study, we designed experiments to synthe-
size Co ferrite Nps in average size of 15.0, 5.0, and
1.65 nm using co-precipitation synthesis and subse-
quently tested their antimicrobial activities against S.
Cerevisiae and several Candida species, in particular,
C. parapsilosis, C. krusei, and C. albicans strains.

Materials and methods

All the reagents in this study were at least analytical
grade and, except NaOH, were used without further
purification. CoCl,, Fe,(SOy)3, and citric acid were
purchased from Aldrich Chemicals Inc. NaOH was
purified by preparation of a saturate solution resulting
in the crystallization of others sodium salts. Deionized
distilled water was used throughout all experiments.

Small (mean size, @,,cqn = 5.0 nm) and ultra-small
(mean size, Dyeqn = 1.65 nm) Co ferrite particles
were synthesized in the thermostated glass reactor
from the complex-assisted alkaline solutions contain-
ing 45 mmol L~ ! of CoCl, and Fe,(SO,); salts and 75
mmol L' citric acid, as chelating agent, and NaOH
up to pH = (12,5 £ 0.1) at 80 °C for 3 h by co-
precipitation way (Massart 1981). Larger cobalt fer-
rite Nps in average size of = 15 nm were synthesized
by hydrothermal treatment in the same solution by
autoclaving at 130 °C for 10 h with 10 °C min ™'
ramp. All solutions were deoxygenated with argon
before mixing. The synthesis in the thermostated
reactor was conducted under a continuous argon gas
bubbling. For 5 nm-sized Nps, the crude products
were centrifuged at 7500 rpm for 5 min and carefully
rinsed/centrifuged five times with pure 12 mL H,O
probes, then isopropyl alcohol and water. For collec-
tion of ultra-small Nps, the supernatants of last three
centrifugations were connected and rinsed further
twice with isopropyl alcohol and finally again with
water obtaining Np suspension pH = 7.4.
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The composition of synthesized products was
investigated by energy dispersive X-ray spectroscopy
(EDX). Besides it, nanoparticles were dissolved in
HCl (1:1) solution and analysed by inductively
coupled plasma optical emission (ICP-OE) spectrom-
etry using OPTIMA 7000DV (Perkin Elmer). Mea-
surements were performed on emission peaks at
Aco = 238.89 nm and Ag. = 259.94 nm. A calibra-
tion graph was plotted using a series of calibration
standard solutions within 1-50 ppm concentrations in
the same acid matrix as the unknown solutions. The
calibration standard solutions and unknown solutions
were analysed at least four times. The detection limits
based on three standard deviations result in +3.5 %
erTor.

X-ray powder diffraction experiments were per-
formed on a D8 diffractometer (Bruker AXS, Germany),
equipped with a Gobel mirror as a primary beam
monochromator for Cuk,, radiation (% = 1.5418 A).

The morphology of as-grown products was inves-
tigated using a transmission electron microscope
(TEM, model MORGAGNI 268) operated at an
accelerating voltage of 72 keV. The nanoparticles
subjected to TEM observations were dispersed in
ethanol and drop-cast onto carbon-coated copper grid.
The average size of nanoparticles was estimated from
at least 100 species observed in their TEM images.
High-resolution transmission electron microscopy
(HRTEM) studies of as-synthesized products were
performed using a LIBRA 200 FE at an accelerating
voltage of 200 keV. The morphology of Co ferrite
nanoparticles, spin coated onto the mica surface, was
also investigated with the atomic force microscope
Veeco AFM dilnnova under a tapping mode. Hydro-
dynamic size of nanoparticles in water was determined
by dynamic light scattering (DLS) tests at 25 °C under
ambient conditions using Zetasizer Nano S (Malvern
Instruments, UK) equipment.

Magnetization measurements were accomplished
using the vibrating sample magnetometer calibrated
by Ni sample of similar dimensions as the studied
sample. The magnetometer was composed of the
vibrator, the lock-in-amplifier, and the electromagnet.
The magnetic field was measured by the teslameter FH
54 (Magnet-Physics Dr. Steingroever GmbH).

Antimicrobial activities of the synthesized cobalt
ferrite nanoparticles were tested against S. cerevisiae
M-99 and several Candida species, particularly C.
parapsilosis 0561, C. krusei 0145, and C. albicans

M-7. The microorganisms of Candida species were
isolated from nail specimens in the Laboratory of
Microbiology of the Centre of Laboratory Medicine,
Vilnius University Hospital, SantariSkiy Clinics (VUH
SC) and identified by use of Vitek 2 systems
(bioMérieux, France). All microorganisms were prop-
agated in Sabouraud CAF (Liofilchem, Italy) agar
medium (10 g L™" peptomycol, 40 ¢ L™" glucose,
0.5 ¢ L' chloramphenicol and 15 g L™" agar) at
27 £ 1 °Cfor 48 h. The fresh cultures were harvested
and diluted in sterile distilled water to yield 1-5 x 10°
colony-forming units CFU mL™" inoculum, based on
optical density at 530 nm (ODs3;). The range of ODs3,
was obtained between 0.12 and 0.15 using a UV-VIS
spectrophotometer (Thermo Scientific, USA). Then,
1 mL of the indicator strain suspension was poured
into Petri dishes and overlaid with a soft Sabouraud
CAF agar medium cooled to 45 °C and mixed.
Following a modified Kirby Bauer method (Wikins
et al. 1972), an equal amount of cobalt ferrite was
coated on filter paper disc (J = 14 mm) and placed
on the agar plate inoculated with ~ 10° CFU mL ™"
microorganisms. The pure filter paper was used as a
negative control, whereas the antifungal agent (flu-
conazole) was run as a positive control. Growth
inhibition zones were analysed after 48 h incubation at
27 = 1 °C. All tests were triplicated.

Quantitative analyses were performed to inspect S.
cerevisiae and C. parapsilosis microorganism colo-
nies growth. The diluted overnight culture was seeded
into 19 mL of liquid medium (in a 50-mL glass flask)
and incubated at 27 £ 1 °C with shaking (200 rpm)
until ODs3 achieved 0.14. For quantitative estimation
of the number of viable microorganisms assay, 1 mL
of CoFe,0Oy suspension, containing 20 mg Nps was
added to the medium of microorganisms and further
incubated for 25 h. Isolation of the pure yeast strain
from the growing culture was done via the serial
dilution technique. Finally, 100 pL of this mixture was
spread on Sabouraud agar medium plates using
stainless steel spreader and the growth of yeast was
tested after incubation at 27 & 1 °C for 2-3 days.

The minimum inhibitory concentrations (MICs)
were determined by a microdilution method of the
antimicrobial agent in standardized RPMI-1640 med-
ium with L-glutamine. The S. cerevisiae and C.
parapsilosis inocula were prepared by suspension of
cells in Sabouraud liquid medium to a final concen-
tration of 10* CFU mL™". The MIC was defined as the
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lowest Co”* ions concentration at which there was no
visible fungal growth. MICs were determined after
incubation for 25 h at 27 £ 1 °C. All tests were
performed in duplicate.

Results
Characterization of tested Co ferrite Nps

Figure 1 depicts AFM and TEM images of all cobalt
ferrite Nps designed in this study by co-precipitation
ways for subsequent antimicrobial tests. The size
distribution histograms calculated from these images
revealed their average size equalled to 1.65 (a), 5.0
(b) and 15.0 nm (c). Note that for all samples, both
EDX and ICP-OE spectrometry analyses indicated
that the CoFe,O4 composition was close to stoichio-
metric (Table 1). The crystalline nature of cobalt
ferrite Nps was verified further by X-ray diffraction
tests. The representative XRD patterns of ultra-small
and small Nps are shown in Fig. 2a, b, respectively. It
should be emphasized that the position and relative
intensity of all diffraction peaks match well with
standard CoFe->O, diffraction data, implying the
polycrystalline inverse spinel structure of these Nps.
The XRD pattern (Fig. 2c) and HRTEM image of Nps
synthesized by hydrothermal way at 130 °C for 10 h
also implayed on the formation of polycrystalline
15 nm-sized Nps with Co:Fe atomic ratio close to 1:2
(Fig. 3c). The zeta potential measurements performed
by phase analysis light scattering method, for the
synthesized cobalt ferrite Nps in stainless steel Teflon
line autoclave in an average size of 15 nm, indicated
—43.78 mV value, allowing for making a conclusion
on their partial stability without aggregation.

Antimicrobial tests

In the first set-up, the antimicrobial activity of cobalt
ferrite Nps was investigated against S. cerevisiae, C.
parapsilosis, C. krusei, and C. albicans yeasts using
lysis zone method. For these tests, the discs made from
filter papers in size of 1.5 cm® were covered with
1.0 mg of 15 nm-sized or 0.5 mg of smaller ferrite
Nps and placed gently on a lawn of microorganisms in
an agar plate. The antimicrobial property was
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ascertained by determination of the clear zone of
inhibition around the disc after 48-h incubation. The
obtained results are presented in Table 2, demonstrat-
ing the highest antimicrobial activity of all tested
cobalt ferrite Nps against S. cerevisiae. For this yeast,
the largest lysis zones approximated to 11-13 mm in
diameter were created. For comparison, the inhibition
zone around the discs impregnated with the commer-
cial antimicrobial agent—fluconazole, used in this
study as a positive control on S. cerevisiae lawn, was
almost 30 % less than that around our samples
impregnated with 1.65 and 5.0 nm-sized CoFe,O,
NPs. Moreover, antimicrobial effects against three
other Candida species were approximately fourfold
weaker (Figs. 4, 5, 6¢) than S. cerevisiae, reaching
only 2-5 mm the size of their lysis zones in agar-
diffusion assay. Besides, for C. parapsilosis, the
fungistatic effect was observed around the filter papers
only partially covered with 5 nm-sized CoFe,O4 Nps
(Fig. 5c¢).

It is worth noticing that for 1.65 and 5.0 nm-sized
CoFe,0O4 Nps, a fungicidal effect was greater than that
for 15 nm-sized cobalt ferrite Nps creating a narrower
zone of inhibition (Figs. 4, 5, 6). These results agree
with reported ones on the size-dependent antimicro-
bial activity of other metal oxide nanoparticles, such
as ZnO (Yamamoto et al. 2001), MgO (Makhluf et al.
2005), and CuO (Azam et al. 2012). However, obvious
significant differences in the width of inhibition zones
were established between the samples encased with
the same content of 5.0 and 1.65 nm-sized CoFe,Oy
Nps. On the lawns of C. parapsilosis, C. krusei, and C
albicans, the fungicidal zone caused by 1.65 nm Nps
was by 20, 20 and 40 %, respectively, higher than that
caused by 5.0 nm Nps.

In order to evaluate the size-dependent antimi-
crobial activity of cobalt ferrite Nps, in vitro tests
were performed further with two different yeast
cells’ colonization in the Sabouraud CAF medium.
The results obtained from these investigations
against S. cerevisiae and C. parapsilosis are shown
in Fig. 7. In this way, it was found that results
obtained using modified Kirby Bauer technique
agree with the ones obtained via quantitative
analysis of microorganisms inactivation, implying
also on the more effective antimicrobial action of
1.65 and 5.0 nm-sized cobalt ferrite Nps against
yeast cells than that on 15 nm-sized Nps. However,
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Fig. 1 Size distribution profiles calculated from the 1 AFM and SEM images of the tested CoFe, O, nanoparticles in average
size of 1.65 (a), 5.0 (b), and 15.0 nm (¢)
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Table 1 Average ratio of iron and cobalt in the synthesized
cobalt ferrite nanoparticles determined by EDX and induc-
tively coupled plasma optical emission (ICP-OE) spectrometry
analysis

Np size, Dpean (nM) Fe:Co at% ratio

By EDX By ICP-OE
1.65 1.99 1.97
5.0 201 2.05
15.0 197 1.96
61 CoFe204
PDF-04-007-8945
3 s
= g s = 3
HIB © ki %% =
= (C S ~ a -~ %42
- & |z % g §9 3
(b)
e "
(a)
I 1 i 1 |
20 30 40 50 60 70 80
26, deg

Fig. 2 Typical XRD patterns of cobalt ferrite Nps synthesized
under conditions of this study

Fig. 3 HRTEM image

(a) and EDX spectrum (b) of
Nps formed by
hydrothermal treatment at
130 °C for 10 h
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it should be noted that colonization of S. cerevisiae
and C. parapsilosis colonies with 15 nm-sized
CoFe,0O4 Nps decreased their count (Fig. 8).

Comparing the control sample of pure S. cerevisiae
yeast solution with the one containing 1.65 nm-sized
Nps, one can see that killing efficiency of 1.65 nm-
sized Nps is by 12 % higher than that of 5.0 nm-sized
Nps and their killing rate is improved by 25 % than
that of 15 nm-sized Nps. Similar results were obtained
for the C. parapsilosis. For this yeast, 1.65 nm-sized
CoFe,O4 Nps demonstrated 15 % higher Killing
efficiency than 5.0 nm-sized Nps did and 44 % higher
killing rate than 15 nm-sized Nps did. Moreover, half
volume of the smallest Nps (@,can = 1.65 nm) pro-
vided the same effective killing rate against S.
cerevisiae as 5.0 nm-sized Nps did; and 10 % higher
killing efficiency than 5.0 nm-sized Nps against C.
parapsilosis.

Discussion

As reported above, the fabricated cobalt ferrite
nanoparticles with average size ranging between 1.65
and 15 nm have size-dependent antimicrobial activity
against several kinds of yeasts. Significantly, higher
aggression of small and ultra-small-sized CoFe,O4
Nps was observed. It is not possible to discuss the
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Table 2 Antimicrobial

AT 3 Microorganism
activity of cobalt ferrite

Size of CoFe,0,

Diameter of disc Diameter of zone  z/d

g Nps (nm) (d) (mm) (z) (mm)
(CoFe,0;) nanoparticles
against S. cerevisiae and Saccharomyces 15 11 22 20+0.2
lhmg different Candida cerevisiae® 5 1 24 24401
species
<2 11 24 24 0.1
Candida 15 11 13 1.2 £ 0.05
parapsilosis® 5 11 15 14 +0.1
< 11 16 1.4 £ 0.1
Candida krusei® 15 11 13 1.3 £ 0.05
5 11 15 1.4 £+ 0.1
< 11 16 1.4 £ 0.1
Candida albicans® 15 11 13 1.2 £ 0.05
*bed Cultured in 5 1 14 1.3£0.1
Sabouraud CAF agar <« 1 16 1.4+ 0.1

(Liofilchem, Italy) at 27 °C

Fig. 4 Inhibitory activity of cobalt ferrite nanoparticles (@,c., = 1.65 nm) loaded filter paper specimens against the lawns of
microorganisms: a C. krusei, b S. cerevisiae, ¢ C. parapsilosis, d C. albicans. In the left side—control specimen

origin of this effect. However, some suggestions can be
outlined. Regarding the bactericidal activity of mag-
netic Co Nps, there is suggestion that 7-8 nm-sized
Co0,05 Nps can diffuse inside the cell interacting with
cell membrane, producing oxidative stress and
finally—DNA damage (Pandey et al. 2015). As for
crystalline cobalt ferrite Nps, it is commonly accepted
that their surface, similar to other iron oxide Nps, is
covered with a thin magnetically disordered shell of
about 1 nm thickness (Millan et al. 2007). Therefore,
the saturation magnetization of small Nps decreases
with the decrease in their size approaching zero for
3 nm-sized and smaller Nps (Millan etal. 2007), as one

can also see from the results presented in Fig. 9 and for
our ultra-small Nps. In fact, the surface spins have
some saturation arising from the clustering of surface
ions (Silva et al. 2005). For ultra-small Nps, the core
disappears and disordered part becomes prevalent,
what changes the chemical and binding properties of
such Nps. It is also worth noticing that the cationic
distribution in the shell region depends significantly on
the size of Nps. According to the report (Peddis et al.
2008), (Cog gFeq2)[Cog2Fe; 5]O4 distribution is char-
acteristic t0 @ean = 2.8 nm CoFe,04 Nps, whereas
(Cog.4sFeq 52)[Cog soFe; 4]04  cationic  distribution
prevails in 6.7 nm-sized Nps. Therefore, it can be

@ Springer
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Fig. 5 Inhibitory activity of cobalt ferrite nanoparticles (@.., = 5.0 nm) loaded filter paper specimens against the lawns of
microorganisms: a C. krusei. b S. cerevisiae, ¢ C. parapsilosis. d C. C albicans. In the left side—control specimen

'mean

Fig. 6 Inhibitory activity of cobalt ferrite (9,

15 nm) loaded filter paper specimens against the lawns of microorganisms: a C.

krusei. b S. cerevisiae, ¢ C. parapsilosis. d C. albicans. In the left side—control specimen

expected that in the Nps size window tested herein
continuous increase in the content of cobalt ions in the
outer part of cobalt ferrite Np shell with size decrease
could be the main reason of higher antimicrobial
activity of small and ultra-small Nps. To verify this
assumption, we have performed the experiments
seeking to determine the bactericidal behaviour as
well as minimum inhibitory concentrations (MICs) of
cobaltions sufficient to prevent the visible S. cerevisiae
and C. parapsilosis yeasts growth after 10* CFU mL ™"
their amount incubation for 25 hat27 + 1 °C. Thus, it
was found that the killing rate of cobalt ions for S.
cerevisiae is higher than for C. parapsilosis and this
effect is attributed to concentration of Co”*, as shown

a Springer
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inFig. 8. The MIC of Co> " ions for S. cerevisiae and C.
parapsilosis was 21 and 25 mmol L™, respectively.
These results are in accordance with the report by Wan
etal. (2012) that Co>* ions released from Nps induce
oxidative stress in cells eventually causing DNA
damage. This may also be happening in the case of
the tested yeasts in our experiments. In addition, it
should be noticed that the surface to volume ratio of
Nps, Sz/Vxp. increases significantly with their size
decrease. For 15,5.0, and 1.65 nm-sized spherical Nps,
Sz/Vxp is approximated to 4.8, 10.8, and 334,
respectively, allowing to predict the possible toxicity
increase with Np size decrease due to an increase in
area contacting with microorganisms.
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Fig. 7 Photographs showing the size-dependent antimicrobial
activity of CoFe,0, Nps for growth inhibition of C. parapsilosis
(top row) and S. cerevisiae (bottom row) microorganism probes
incubated in the Sabouraud agar plates. All microorganisms

@
=]

Yeast Survival (%)
a
o

[N]
=]

(a) (b)

Samples

1.65 nm-,
5.0 nm-, and 15 nm-sized cobalt ferrite nanoparticles and

Fig. 8 Comparative antimicrobial activities of

Co’* ions at indicated concentrations against S. cerevisiae
(a) and C. parapsilosis (b)

Conclusion

In summary, we have fabricated stoichiometric, crys-
talline cobalt ferrite Nps in average size of 1.65, 5.0,
and 15 nm from the same solution via co-precipitation
synthesis and post-fractionation way. Antimicrobial
activity of as-synthesized Nps was studied against C.
krusei, S. cerevisiae, C. parapsilosis, and C. albicans

175

were cultivated in liquid medium without (a, e) and with 15 nm-
sized (b, f); with 5.0 nm-sized (c. g) or with 1.65 nm-sized (d.
h) Nps for48 h

T m, emu/g

Fig. 9 Magnetization curves of CoFe,O,4 Nps in average size of
1.65 (1), 5.0 (2) and 15.0 nm (3)

yeasts by quantitative analysis and modified Kirby
Bauer methods, both indicating on the significant
higher antimicrobial activity of small and ultra-small
CoFe,04 Nps in comparison with 15 nm-sized ones.
This effect we linked herein with variation in the
composition of magnetically disordered shell around
Np core, ~1 nm thick, expecting that increase in the
content of cobalt ions in the shell side with Np size

@ Springer
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decrease should change the binding capability of small
Nps to yeast membrane, destroying it.
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The present study is focused on the determination the influence of cobalt content in the magnetic cobalt
ferrite nanoparticles (Nps) on their antibacterial efficiency against gram-negative Escherichia coli and
gram-positive Staphylococcus aureus bacteria and several Candida species, in particular C. parapsilosis and
C. albicans. For the synthesis of Fe(Il) substituted cobalt ferrite Nps by co-precipitation way, the L-lysine
was used as the capping biocompatible agent and the particle size was successfully controlled to be in the
range of 5-6.4 nm. The antimicrobial efficiencies of the CoyFe;.xFe;04@Lys Nps, where x varies from 0.2
to 1.0, were evaluated through the quantitative analysis by comparing with that of Fe304@Lys Nps and 1-
lysine. In this way, it was evidenced that increase in the Co?* content in the similar sized cobalt ferrite Nps
resulted in an increase in their antimicrobial potency into 93.1-86.3 % for eukaryotic and into 96.4-42.7
% for prokaryotic strains. For characterization the composition, structure, and morphology of the tested
herein Nps inductively coupled plasma optical emission spectrometry, X-ray diffraction, high-resolution

Characterization

transmission electron microscopy, Massbauer, and FTIR spectroscopy techniques were conferred.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Magnetic iron oxide-based nanoparticles (Nps) have become
the focus of many studies in the last two decades because of their
capability to mediate heat induction | 1,2}, transfer targeting drugs
[3.,4], separate cells [5], conduct magnetic resonance imaging (6],
and sense [7]. Besides, it has been shown that in contrast to eco-
friendly magnetite, Fe304, some ferrite Nps, MeFe;04, where Me
is Co, Zn, Mn, Cu, or Ni, can demonstrate antimicrobial properties
against multidrug resistant bacteria and fungi [8,9]. Recently, we
have shown that cobalt ferrite Nps display in-vitro size-dependent
antimicrobial activity against a range of pathogenic bacteria | 10]. As
reported, decrease in the size of Nps down to ~2 nm resulted in the
dramatic increase in their bactericidal efficiency. Observed effect
has been linked with an increase in the content of active cobalt
ions at the surface of ultra-small cobalt ferrite Nps [ 10]. As reported
by Wang et al. [ 11], the substitution of the Co?* ion in cobalt fer-
rite Nps with Zn?*, Ni?*, Cr?*, and Cu?* allows variation in their
magneto-optical characteristics as well as antimicrobial properties
and efficiency. The substitution of zinc and cobalt in cobalt fer-

* Corresponding author.
E-mail address: jagmin@ktl.miilt (A. Jagminas).

https://doi.org/10.1016/j.apsusc.2017.11.028
0169-4332/© 2017 Elsevier B.V. All rights reserved.

rite Nps significantly improved antibacterial activity against E. coli
and S. aureus. Unfortunately, these publications do not reflect the
influence of active Me2* content in the ferrite Nps on bacteri-
cidal efficacy. Consequently, the main task of this study was to
synthesize cobalt ferrite Nps similar in size but differing in the
Co(Il) content. To achieve this goal, we focused on the synthe-
sis and investigation of the Nps where Co(ll) is substituted by
Fe(Il) with the general formula CoxFe(Il);.xFe(lll),04 for several x
values. The bactericidal activity of four synthesized Nps, namely
Fe304, CoFe;04, CogsFe(1l)psFe;04 and CogzFe(1l)pgFe;04 with of
average size 5.0-6.4nm, has been studied against several kinds
of bacteria and fungi that are well-known as typical pathogens
for many skin, tissue, blood, and respiratory infections. Therefore
gram-negative Escherichia coli (E. coli), gram-positive Staphylococ-
cus aureus (S. aureus) bacteria and two Candida line fungi, namely
C. parapsilosis and C. albicans, were tested. It is worth noticing that
C. parapsilosis and C. albicans are significant clinical pathogens and
almost the most common species causing candidemia. While azoles
are the most commonly used drugs for the treatment of Candida
infections, short generation time and mutations in nucleic acids
lead the drug resistance [ 12]. Again, E. coli bacteria have the ability
to cause diverse and serious diseases, such as urinary tract infec-
tions (UTIs) and bacteremia [13]. S. aureus, is one of the common
causes of severe nosocomial infections, because of its capacity to
adapt fast to the different environmental conditions | 14]. Both of
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Fig. 1. TEM and HRTEM (Insets) images of synthesized transition metal-substituted cobalt ferrite nanoparticles: (a) CogzFegsFe,04@Lys, (b) CopsFeqsFe,;04@Lys and (c)
CoFe;0,4@Lys. Histograms of particle size distribution with the average diameter of (d) 5nm, (e) 6.4 nm and (f) 6.3 nm.

these microorganisms have garnered substantial public attention
due to increasing mortality associated with multidrug resistance
[15]).

Magnetic iron oxide-based particles of the nm size can be
formed by several methods [ 16,17]. As reported, co-precipitation of
Me(Il) and Fe(lll) species in the aqueous alkaline solutions is one of
the simplest and most efficient chemical pathway to form magnetic
Nps. By this approach, varying the nature of precursors, concentra-

tion of solution and pH, the synthesis temperature, pressure, and
time it is possible to form Nps with average size ranging from 3 to
20 nm. Driven by this idea, in this study we have successfully used
co-precipitation approach for the synthesis of uniformly sized mag-
netite, Fe304, cobalt ferrite CoFe,04, and Fe(ll)-doped cobalt ferrite
Nps. Based on the recent reports on the prospective applications of
biocompatible ligand for formation of uniformly sized Nps [ 18,19/,
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L-lysine amino acid was applied as the Np growth and stabilizing
agent.

2. Experimental
2.1. Materials and reagents

All of the reagents were used as received without further
purification unless otherwise stated. Iron(Il) chloride tetrahydrate
(FeCl;-4H,0, 99 %), iron(lll)chloride hexahydrate (FeCl;.6H,0,
99%), cobalt(Il)chloride hexahydrate (CoCly.6H;0, 97%) and L-
lysine (98 %) were supplied by Sigma-Aldrich Chemical Co.
Sabouraud CAF (10gL~" peptomycol, 40gL-" glucose and 0,5gL"!
chloramphenicol) and Nutrient Broth (1gL~' glucose, 15gL~!
peptone, 6gL~" sodium chloride and 3gL-! yeast extract) were
obtained from Liofilchem. Sodium hydroxide was purified by
preparation of a saturate solution resulting in the crystallization
of others sodium salts. Milli-Q water (18 M2) as well as a rinse was
used for the preparation of all solutions.

Gram-positive and gram-negative bacteria strain Staphylococ-
cus aureus (ATCC 29213), Escherichia coli (ATCC 25922) and several
Candida species, particularly Candida parapsilosis (CBS 8836) and
Candida albicans (CBS 2730) were obtained from Nature Research
Centre collection of microbial strains.

2.2. Synthesis of metal d cobalt ferrite particles

L-Lysine coated Fe-substituted magnetic cobalt ferrite Nps with
compositions of CoxFey.xFe;04 (where x varies from 0.2 to 1.0)
were synthesized by co-precipitation method. Co?*, Fe?*, Fe**
salts with molar ratios of 1:1:4 for CogsFegsFe;04, 1:4:10 for
CogFeggFe;04, 1:2 for CoFe;04 and 1:2 for Fe;04 were dissolved
in 25 mL deionized water under magnetic stirring and Ar gas bub-
bling for 30 min. The total concentration of metal salts was fixed
at 75mmolL~'. Then 1.14g of L-lysine was dissolved in 12mL of
distilled water and rapidly added to the mixture, Finally, 3 mL of
5M NaOH was drop-by-drop added to the black solution to get
pH = 12.35. The slurry mixture was put into a Teflon-lined stain-
less steel autoclave and the reaction was conducted at 130°C with
a 10°C/min ramp for 10h and then cooled to the room temper-
ature, Prepared black nanopowders, were separated magnetically,
washed from reaction fluid several times with deionized water and
dried in air overnight.

2.3. Characterization

The morphology and inter-planar spacing of the as-growth Nps
were investigated by transmission electron microscope FEI Tec-
nai F20 X-TWIN at an accelerating voltage of 200kV. TEM images
were recorded using a Gatan Orius CCD camera. A drop of Nps was
placed on a carbon-coated nickel grid. Fe-substituted cobalt ferrite
Np size distribution and mean particles size were determined using
Image | software. In this case, the average diameter of particles was
obtained by processing of TEM images. For this, one hundred Nps
were randomly selected and measured.

Phase analysis of Fe-doped cobalt ferrite nanopowders was
carried out using a diffractometer SmartLab (Rigaku) with rotat-
ing Cu anode. Cuk radiation (A =0.154183 nm) was separated by
multilayer bent graphite monochromator. The XRD patterns were
measured in Bragg-Brentano scan mode with a step 0.02° (in 26
scale) and counting time 8 s per step. Phase identification was per-
formed using the powder diffraction database PDF4+ (2015). The
size of Nps was determined by the Halder-Wagner (H-W) approx-
imation.

The composition of Fe-substituted cobalt ferrite Nps was
investigated by inductively coupled plasma optical emission spec-

trometer ICP-OES OPTIMA 7000DV (Perkin Elmer). Firstly a small
pinch of nanopowders were dissolved in HCI (1:1 by volume) solu-
tion. Thenacalibration curve was drawn using a series of calibration
standard solutions in the same acidic matrix as the unknown solu-
tions. All measurements were carried out on emission peaks at
Aco=238.89nm and Age =259.94 nm.

Infrared spectra were recorded in the transmission mode on an
ALPHA FTIR spectrometer (Bruker, Inc., Germany) equipped with
aroom temperature detector DLATGS. The spectral resolution was
setat 2cm- !, Spectra were acquired from 100 scans. Samples were
dispersed in KBr tablets. Parameters of the bands were determined
by fitting the experimental spectra with Gaussian-Lorentzian shape
components using GRAMS/A1 8.0 (Thermo Scientific) software.

Electrokinetic measurements were performed with Zetasizer
Nano ZS (Malvern) at 25 °C. The CoFe;04 Nps at a concentration of
0.1 mgmL-" were dispersed in 1.10~> M NaCl. The pH was adjusted
with 0.1 M HCl and 0.1 M NaOH respectively.

Mossbauer spectra were collected in transmission geometry
using 57Co(Rh) source. The hyperfine field B distributions and the
doublets (singlets) were fitted to the Méssbauer spectra using Win-
Normos (Dist) software. Isomer shifts are given relatively to «-Fe.

2.4. Antimicrobial activity

Antimicrobial nt of the syntt d Fe-substituted
cobalt ferrite nanoparticles were tested against prokaryotic (E.
coli, S. aureus) and eukaryotic (C. parapsilosis, C. albicans) microor-
ganisms using the serial dilution method. Followed by these
investigations bacteria and yeast strains had been propagated
in Nutrient and Sabouraud CAF agar medium at 30+ 1°C for
24h and 27+ 1°C for 48 h, respectively. The fresh cultures had
been harvested and diluted in sterile nutritional media to yield
colony-forming units (CFU) inoculum of 15 x 105 for yeast and
6.4 -8 x 108 for bacteria cells, based on optical density at 530 nm
(ODs30) and 600 nm (ODggo). The range of ODs3g and ODggg was
obtained between 0.12-0,15 and 0.08-0.1, respectively. Then 19 mL
of the diluted microorganisms suspensions were collected at the
logarithmic stage of growth and transferred in a 50-mL glass flask.
Finally, 1 mL of distilled water, containing 20 mg black Nps was
added to the liquid medium and further incubated at room tem-
perature for 72h with 150 rpm shaking. L-Lysine and magnetite
(Fe304) Nps were used as a negative control. During the cultiva-
tion, 1 mL of suspensions was taken from each reaction mixture,
diluted in glass tubes via broth dilution method and spread on
Nutrient Broth and Sabouraud agar media plates using stainless
steel spreader. The growth of microorganisms was tested after incu-
bation at 30+ 1°Cand 27 + 1°C for 2-3 days.

The field emission scanning electron microscope (FE-SEM,
Quanta 250, FEI, Netherland) was employed to analyze the mor-
phological features of microorganism exposed to nanoparticles.
Following these investigations, the probes of yeast cell suspen-
sion with and without 1 g/L CoFe;04@Lys nanoparticles were taken
from reaction mixture after 24 h incubation, washed several times
with distilled water and mixed with 1% uranyl acetate solution, to
enhance the sample contrast. Then 10 pL of solution was dropped
on a carbon tape and left to dry in the laboratory box at room
temperature and investigated.

3. Results and discussion

3.1. Synthesis and characterization of Fe(lI)-doped cobalt ferrite
nanoparticles

In an attempt to develop biocompatible magnetic Nps possess-
ing a narrow size distribution, first we applied L-lysine amino acid
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Fig. 2. X-ray diffraction patterns of Fe(ll}-doped cobait ferrite Nps: (a)
CoozFensFe;04. (b) CoosFeasFe204, and (c) CoFe;0s.

as Np growth and stabilizing agent in the hydrothermal synthe-
sis conducted by co-precipitation approach [19]. TEM observations
of the as-prepared nanoparticles showed that Fe;04, CoFe;04
and Fe(Il)-substituted cobalt ferrite Nps are mainly spherical with
average diameters 5.0-6.4 nm and quite narrow size distribution
(Fig. 1). HRTEM images (Fig. 1, Insets) clearly demonstrate that the
Nps grow preferentially along the (311) direction with a lattice
interatomic distance 0.25 nm. According to analysis of numerous
images, the decrease in the cobalt content results in the formation
of smaller Nps. Similarly sized magnetite Nps were also formed
under the same hydrothermal synthesis conditions (130°C; 10h)
using FeCl, and FeCls precursors at 1:2 molar ratio with 0.2 mol L~!
L-lysine. HRTEM observations agree with the XRD data (Fig. 2), con-
firming a face-centered cubic (fcc) crystal structure (PDF card No.
04-016-3954, space group Fd-3m, a=p=y=8385A) of all cobalt
ferrite Nps. Notably that the positions and relative intensities of
all diffraction peaks of cobalt ferrite and Fe(ll)-doped cobalt ferrite
Nps: (a) - CoFe;04, (b) - CogsFegsFe;04 and (c) - CogaFeggFe204
matched well with each other and the standard CoFe,04 diffraction
data.

The size of Nps estimated from the corresponding XRD pat-
terns using Halder-Wagner approximation equaled to 3.8, 3.1, and
3.6 nm for CoFe, 04, CogsFepsFe;04, and CogFeggFe;04, respec-
tively, complementing the fact, that our synthesized Nps are quite
uniformly-sized. The content of cobalt encased in ferrite Nps was
determined by chemical analysis of iron and cobalt after Nps probe
dissolution in HCI (1:1) using ICP-OES and the composition of Np
was calculated assuming that Mgy + Mcogn =2 Mgeq, as crys-
talline phases of cobalt oxide were not detected by the XRD analysis.

To explore the influence of substitution of cobalt with diva-
lent iron in the ferrite lattices, the Mossbauer spectra of the Np
arrays were collected. As seen, the Mossbauer spectra collected
under transmission mode at an ambient temperature differ (Fig. 3)
because variations in the composition and possibly in the size
of Nps. Two methods of evaluation of Fe(ll) content were used.
The spectra collected at the room temperature can be fitted using
two hyperfine field distribution having different isomer shift val-
ues 0.23-0.26 and 0.53-0.58 mm/s, respectively. Attributing the
area covered by hyperfine distribution with larger isomer shift
to Fe(ll)+Fe(lll) cations as in magnetite we obtain that approxi-
mately 17-20 % of all Fe cations are divalent. However, it should be
noted that isomer shift of B sublatice of magnetite is larger (about
0.67 mm/s), subspectra strongly overlap because of superparamag-
netic relaxation, and Co cations also have aninfluence on the isomer

shift of iron in A (tetrahedral) and B (octahedral sublatices) of Co
ferrite.

While comparing the isomeric shift values of Fe(Il)-doped
Nps with the cor ding values d for magnetite and
maghemite samples, some errors associated with fitting model of
Mossbauer spectra can be avoided. According to these data the
amounts of Fe(Il) (blue pointsin Fig. 3d for Co;Fex?* Fey3* 0.y X +2))
should be approximately four times lower than expected for
CogsFegs2*Fe;>* 04 and Cog,Fegg?*Fey>* 04 compositions. At the
same time, the Mossbauer spectra of the same Nps collected at a
cryogenic temperature of 10K are not quite informative because of
charge redistribution below Verway temperature. Whereas spectra
taken at the enhanced temperatures vary due to further oxidation
of Nps. To the end, the compositions of Fe(Il)-doped cobalt ferrite
Nps are likely to be better presented by calculations performed on
the basis of analytical results presented in Table 1.

Fig. 4 compares the FTIR spectra of L-lysine modified cobalt fer-
rite Nps and L-lysine hydrochloride powder. The intense and broad
absorption band near 592 cm~! corresponds to Fe—0/Co—O stretch-
ing vibration in tetrahedral metal complex [20]. Several broad
bands of lower intensity are visible in the higher frequency finger-
print spectral region of cobalt ferrite Nps stabilized with L-lysine
(Fig. 4a). These bands might be associated with vibrations of both
carboxylate and amino groups of adsorbed L-lysine amino acid used
for the stabilization of cobalt ferrite Nps. The most intense band in
the FTIR spectrum of crystalline L-lysine is located at 1581cm™!
(Fig. 4b). This feature can be assigned to antisymmetric COO~
group stretching vibration, v,5(COO0). The shoulder near 1603 cm~"!
belongs to the antisymmetric deformation vibration of proximal
and distal NH3* groups, 8,5(NH3). The clearly resolved bands near
1515 and 1406 cm~! can be associated with NH3* symmetric defor-
mation vibration, 8s(NH3), and symmetric stretching vibration of
COO~ group, v5(COO), respectively. The bands in the wavenumber
region from 1321 to 1356cm™! are due to the coupled vibrations
of 8,5(CHz) and §(CH) [21,22].

The FTIR spectrum of L-lysine-modified cobalt ferrite Nps (see
Fig. 4a) exhibit broad band near 1595 cm~"! which is associated with
the mixed v,5(CO0)/3,5(NH;) vibrational modes. The broad band at
1510cm~! belongs to 8:(NH3) mode and indicates the presence of
charged amino group at the interface. The frequency of vs(COO)
mode downshifts from 1406 to 1381 cm~' upon adsorption of L-
lysine on the Np surface. Previous SERS studies have demonstrated
that such freq hift is a si e of direct interaction
of carboxylate group with the metal surface [23,24]. Thus, FTIR
spectroscopy data suggest that L-lysine amino acid binds to cobalt
ferrite Nps through the carboxylate group; while the amine group
remains protonated. These results agree with those obtained by
Zeta potential measurements, which we have performed to deter-
mine the surface charge of Nps.

Fig. 5 illustrates variations of Zeta potential versus the pH for the
L-lysine coated cobalt ferrite Np suspensions. As seen, all particles
are positively charged in the acidic solutions if pH <7.0. Signifi-
cantly, the g-potential of the CoFe;04@Lys Nps is in 40-50 % larger
within (5.0-7.0) pH range than Fe(ll)-doped Nps, emphasizing to
the role of Co(ll) substitution with Fe(Il).

These observations can be attributed to the larger content of the
tethered L-lysine molecules at the particle surface, exposing more
amino groups in the protonated form |25].

3.2. Antimicrobial activity of Fe(ll)-substituted cobalt ferrite Nps

It has been determined by a modified Kirby-Bauer method
that all CoFe;04 Nps showed a fungicidal effect against the tested
pathogens after 48 h lasted incubation. The biggest inhibition zone
has been obtained around the discs impregnated with L-lysine func-
tionalized CoFe;04 Nps (Fig. 6).
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Table 1

ICP-OES analysis data and [; ition of the i CoFe,04 and Fe- substituted ferrite nanoparticles.
Expected sample The probe Co®*, mg/L composition* Fe¥*, mg/L Fe2*[Co® ratio Calculated formula
CoFe;04 457 91.17 195" CoFe; 0,
CoosFegsFe204 17.8 79.56 123 Cog.52Fep.asFe204
CogzFegsFe;04 564 7053 350 CouziFeazaFez05
* +0.03mg/L.

b Fe* [Co ratio.
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Fig. 4. FTIR absorbance spectra of (a) L-lysine modified Co-Fe nanoparticles, and (b) L-lysine powder in the wavenumber range 400-750 (left panel) and 750-1800cm™'
(right panel).
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Fig. 5. Variations in the Zeta potential of L-lysine-functionalized Fe(ll)-doped cobalt
ferrite Nps with solution pH.

These results agree with those obtained by quantitative anal-
ysis. It has been determined that Fe(ll)-doped cobalt ferrite Nps
also demonstrate high killing efficiency against all tested microor-
ganisms. Consequently, antimicrobial activity of doped CoFe;04
Nps were further investigated against multidrug-resistant clini-
cal pathogens Staphylococcus aureus (ATCC 29213), Escherichia coli
(ATCC 25922), Candida parapsilosis (CBS 8836), and Candida albi-
cans (CBS 2730) by assessing the colony forming units (CFU). To
quantify the bactericidal and fungicidal potencies, the microorgan-
isms were incubated in the liquid medium with the same content
of tested Nps under shaking for 24 and 72 h. The results obtained
from these investigations are shown in Fig. 7. Besides, 100mgL~'
of L-lysine and 1 gL~ of Fe304@Lys Np probes were also incubated
and investigated as the negative control samples. In this way, a
good correlation was found between the amount of overall Co?* in
Nps and the microorganisms survival. It can be easily seen that
CoFe;04 Nps showed the highest antimicrobial potency against
all tested microorganisms. If compare with control sample, these

R. 2alnéravitius et al. / Applied Surface Science 435 (2018) 141-148

Nps have showed the killing efficiency of 93.1-86.3 % for eukary-
otic and 96.4-42.7 % for prokaryotic strains. It should be noted
that both Fe(Il)-doped cobalt ferrites, namely CogsFeqsFe;04 and
CogzFeqgFe;04, show 11-24 % and 21-70 % decrease in the antimi-
crobial activity, respectively, after 24 h incubation with respect to
CoFe;04. One of the most striking result obtained from the data
comparison tests was that the same amount of both CoFe;04 and
CogsFegsFe;04 Nps killed a huge part of C. parapsilosis microor-
ganisms after 72 h cultivation. Furthermore, in the case of E. coli
and S. aureus incubation with a pure L-lysine for 24 h contact time,
it shows surprisingly bactericidal potency at a level of 9% and 6%,
respectively.

However, the number of microorganisms has increased after
72 h incubation with in a pure L-lysine, in comparison with con-
trol sample. In the case of L-lysine coated magnetite Nps, the same
amount of colony forming units, as for the control sample (Fig. 7),
has been obtained implying on the no toxically behavior of mag-
netite Nps. In addition, Fig. 8 shows the quantity of eukaryotic and
prokaryotic microorganisms grown on the Sabouraud and Nutri-
ent agar plates as a function of Co?* content in the cobalt ferrite
Nps demonstrating a significant reduction of colonies count with
an increase in the content of Co(Il) species in the Fe(ll)-substituted
cobalt ferrite Nps. Only two to three dozens of bacteria C. albicans
and S. aureus instead of thousands remain viable after incubation
with 10 ug mL~" amount of CoFe,04 Nps for 24 h.

Considerable alternations of the C. parapsilosis cells were
observed by SEM inspection of these microorganisms before and
after incubation with cobalt ferrite Nps (Fig. 9). In this study, the
interaction of CoFe;04@Lys Nps with yeast cells was also confirmed
using Energy-dispersive X-ray spectroscopy (EDX) results (see Inset
in Fig. 9). The EDX spectrum of cobalt ferrite treated C. parapsilo-
sis surface in the damaged sites shows the presence of Fe and Co,
confirming the interaction of nanoparticles with yeast cell.

The mechanism of interaction between the cobalt ferrite Nps
and bacteria is not clear and demands for further investigations.
Nevertheless, some suggestions can be derived from the FESEM
results obtained in this study. First, due to biocompatible L-lysine

Fig. 6. Inhibitory activity of L-lysine (D) functionalized cobalt ferrite Nps loaded filter paper specimens against C. albicans microorganisms. In the left side - control specimens:

A - filter paper, B - L-lysine and C - Fe;04, D - CoFe;04 NPs,
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Fig. 7. Antimicrobial activities of the synthesized pure and Fe(ll)-substituted cobalt ferrite Nps after (A) 24 h and (B) 72 h incubation with C. albicans (a), C. parapsilosis (b),
E. coli (¢) and S. aureus (d). For comparison, the behavior of pure L-lysine and magnetite Nps is presented.
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Fig. 8. Photographs showing the antimicrobial activity of various Fe(ll)-substituted cobalt ferrite Nps for growth inhibition of C. albicans (top row) and S, aureus (bottom
row) microorganisms incubated in the Sabouraud and Nutrient agar plates, respectively. All microorganisms were cultivated in liquid medium without (a and e) and with
Cog;FepgFe;04 (b and f); CopsFeg sFe,04 (c and g) or CoFe,04 (d and h) Nps for 24 h, The loading was 10 pgmL-",

Fig. 9. Scanning electron micrographs of C. parapsilosis cells before (a) and after (b) incubation with L-lysine coated CoFe,04 Nps showing the cell biomass destruction due
to interaction with cobalt ferrite nanoparticles. Inset: EDX spectrum taken from the surface of C. parapsilosis after incubation with CoFe; 04 Nps.

shell and the positive ¢-potential CoFe;04@Lys Nps can readily
interact electrostatically with the negatively bacterium cell wall
and damage it, as shown in Fig. 9b. We also suspect, as in [25],
this effect can be attributed to amino acid-induced generation
of negative curvature at the surface of membrane due to a spe-
cific interaction, where the cationic amine group induces negative
curvature wrapping of anionic membranes leading to micelliza-
tion/vesiculation and disrupt of membrane integrity causing the
thinning of membranes. Secondly, it is likely the content of cobalt
in the Fe(ll)-doped cobalt ferrite Nps to be determined by the
amount of L-lysine molecules bind to the Np surface through the
carboxylate link. A less cobalt is encased, less L-lysine molecules
are attached, and, thus, a lower ¢-potential value of Nps is created.

3.3. Conclusions

In summary, we have developed L-lysine capped magnetite,
cobalt ferrite and partially Co(1l) substituted with Fe(Il) cobalt fer-
rite Nps, quite similar in size and narrow size distribution. We
also have found that synthesized Coy_xFe(Il)x Fe(lll)04@Lys Nps in
contrast to Fe304@Lys and L-lysine alone had strong antimicrobial
effect against gram-negative as well as gram-positive and Candida
line fungal pathogens. Notably that an increase in the cobalt content
in the nanoparticles resulted in an increase in bactericidal activity
of Nps. This effect could be linked with the determined higher posi-
tive Zeta potential value of pure cobalt ferrite Nps than Fe(ll)-doped
ones in the neutral and slightly acidic environments.
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Uniformly shaped and sized super i particles (NPs) have recently received increasing
attention due to their prospective applications in theranostics, sensing and as antimicrobials. However,
utilization of magnetic NPs in dicine largely depends on their properties, which, in turn, are
influenced by the size, structure and composition of the core and the nature of stabilization shell. This
paper highlights the significant influence of stabilizing shell of superparamagnetic cobalt ferrite NPs
on the antimicrobial efficacy against several kinds of pathogenic microorganisms. Two very popular
preparation methods of biocompatible magnetic NPs, namely, co-precipitation from alkaline solutions
containing Co(ll) and Fe(lll) salts and L-lysine (Lys) as well as thermal decomposition of organometallic
Co(l1) and Fe(ll1) precursors in the presence of oleic acid were applied. The properties of resulting NPs are
characterized and discussed herein. Surprisingly, highly efficient bactericidal behaviour of cobalt ferrite
NPs capped with oleine shell compared to that of CoFe,0,@Lys, was ascribed to the differences in their
surface charge and more grained structure of the former.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

Current research in fabrication of nano-sized materials is mo-
tivated by the idea that unique, considerably changed physical,
chemical or biological properties of materials can be obtained
when their size is reduced to nanometre dimensions [ 1,2]. Accord-
ing to the recent publications, except for well-known antimicrobial
behaviour of silver nanoparticles (Nps) [3-5], the Nps of some
metal oxides such as TiO,, ZnO, MgO [6,7], Cu,0 [8], and ferrite,
MeFe,04, where Me = Co, Zn, Cu, Ni [9,10], are capable to fight
human pathogens more effectively than antibiotic agents do [11].
The toxicity of nanosized TiO, ZnO, and CuO Nps have been studied
by Heinlaan et al. [ 12]. Wang's group reported that the shape of

* Corresponding author.
E-mail address: arunas jagminas@ftmc.lt (A. Jagminas).
1 These authors contributed equally to this work.

https://doi.org/10.1016/j.nanos0.2018.03.007
2352-507X/© 2018 Elsevier B.V. All rights reserved.

Cu,0 crystals affects their antimicrobial activity: octahedral Cu,0
crystals bounded by {111} facets exhibited higher activity in killing
Escherichia coli than cubic ones bounded by {100} facets, presum-
ably due to stronger electrostatic interaction of the former [ 13). As
reported, the antimicrobial properties of NPs can easily be altered
by changing their size, shape, and crystallinity. Size-dependent
interaction of silver [14-16), ZnO [17], as well as cobalt ferrite
NPs [18] has been reported emphasizing effectiveness of ultra
small-sized species due to 4 times higher efficacy of ultra-small
NPs against S. cerevisiae and several kinds of Candida microorgan-
isms in comparison with the 15-nm sized ones [ 18].

Recently, the emphasis has been placed onto understanding the
role of the NP stabilizing shell because the specific properties can
be rendered via smart functionalization of NP surface. For exam-
ple, it has recently been reported that CoFe,04 NPs capped with
folic acid and hematoporphyrin fragments are effective anticancer
reagent [19]. Moreover, the surface composition of silver NPs
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strongly influences their interaction with bacteria membrane [20].
Nevertheless, according to review of Soenen et al. [21], surface
functionalization of NPs does not alter the intrinsic NP toxicity,
but may reduce the extent of cell-NP interaction. However, to the
best of our knowledge, until now no studies have been devoted
to investigation of the effect of the shell of magnetic NP on their
antimicrobial properties.

Therefore, the objective of this study is to investigate and com-
pare antimicrobial behaviour of cobalt ferrite NPs, grown by both
the co-precipitation [22,23] and by thermal decomposition [24,25]
methods, considering the role of their stabilizing shells. In order to
form biocompatible and superparamagnetic NPs, co-precipitation
synthesis was performed hydrothermally using L-lysine amino
acid, as stabilizing and capping surfactant. To the best of our
knowledge, the application of L-lysine has been reported earlier
only for fabrication of monodisperse magnetite NPs [26]. An im-
portant finding of this study is that the antimicrobial properties are
strongly dependent on the nature of the ligands capped on the Np
surface, even though they have similar size. The surprisingly en-
hanced antimicrobial behaviour of CoFe,0,@0le NPs with respect
to CoFe,04@Lys ones is likely to be due to the negative {-potential
of these NPs.

2. Experimental section
2.1. Chemical reagents and equipment

In this study, all the reagents were of analytical grade at
least and, except for NaOH, were used without further pu-
rification. CoCl,, FeCly, FeCl,, L-lyzine, Co(ll) acetylacetonate,
Co(acac),, (=297.0%), oleic acid, CoHs=CgH,5-COOH, (72%), and
Trimethylamine-N-oxide (98.0%) were purchased from Aldrich
Chemicals Inc. Dibenzyl ether (>98.0%) and iron (Ill) acetylace-
tonate, Fe(acac); (>97.0%) were obtained from Fluka Analytical.
NaOH was purified by preparation of a saturated solution resulting
in the crystallization of others sodium salts. After analysis, this
solution was diluted to 2.0 mol L~' concentration and used. Deion-
ized/distilled water was used in all experiments.

2.2. Synthesis of NPs

Hydrophilic cobalt ferrite nanoparticles were synthesized hy-
drothermally at 130°C with 10°C min~' ramp for 10 h in al-
kaline solution containing 25 mmol L~' of CoCl;, 50 mmol L~'
of FeCl; salts, 0.2 mol L™ of L-lyzine amino acid, as chelating
agent, and NaOH up to pH = 12.35 % 0.1. As-grown NPs were
centrifuged at 7500 rpm for 5 min, carefully rinsed with pure
H,0/centrifuged several times, and finally dried at 60 °C. Similarly,
magnetite (Fe304) NPs caped with L-lysine were synthesized in an
alkaline solution containing FeCl, and FeCls salts and 0.2 mol L'
of L-lyzine. Hydrophobic cobalt ferrite NPs were fabricated via
thermal decomposition of Co(acac), and Fe(acac); salts dissolved
in the dibenzyl ether deoxygenated by bubbling with nitrogen gas.
For stabilization of NPs size, oleic acid and Trimethylamine-N-
oxide were used. Briefly, to form small NPs, 18 mmol L~' Co(acac),,
36 mmol L~ Fe(acac)s, 15 mmol L™ (0.051 g) Trimethylamine-N-
oxide and 41.7 g L' oleic acid were dissolved in 45 mL of dibenzyl
ether under the stirring and nitrogen gas purge. The temperature
was increased to 230°C and the synthesis was conducted under
reflux, N, gas flow and stirring for 2 h followed by temperature
increase to 280 °C and processing further under reflux and N; bub-
bling for 1 h. After cooling to room temperature, the crude products
were centrifuged, rinsed with acetone/ethanol mixture (2:1) for
several times, collected with permanent magnet and dried in air
at 60 °C. For the synthesis of larger cobalt ferrite NPs, more than 15
nm in diameter, the same synthesis protocol was repeated using

2.3. Nanoparticle characterization

The morphology of the as-grown products was investigated
using a transmission electron microscope (TEM, model MORGAGNI
268) operated at 72 kV. The NPs subjected to TEM observations
were dispersed in ethanol, drop-casted onto a carbon-coated cop-
per grid, and dried naturally. The average size of NPs was estimated
from at least 150 species observed in their TEM images. High
resolution transmission electron microscopy (HRTEM) studies of
the as-grown products were performed using a LIBRA 200 FE at
an accelerating voltage of 200 kV. Hydrodynamic size of NPs in
water was determined by dynamic light scattering (DLS) tests at
25°C under ambient conditions using Zetasizer Nano S (Malvern
Instruments, UK) equipment. Magnetization measurements were
conducted using the vibrating sample magnetometer calibrated
by Ni sample of similar dimensions as the studied sample of NPs
placed in the plastic tube. The was ¢ d of the
vibrator, lock-in-amplifier, and electromagnet. The magnetic field
was measured by the teslameter FH 54 (Magnet-Physics Dr. Ste-
ingrover GmbH). X-ray powder diffraction experiments were per-
formed on a D8 diffractometer (Bruker AXS, Germany), equipped
with a Gobel mirror as a primary beam monochromator for CuK,,
radiation ( = 1.5418 A).

Infrared spectra were recorded in transmission mode on an
ALPHA FTIR spectrometer (Bruker, Inc., Germany) equipped with
aroom temperature detector DLATGS. The spectral resolution was
set at 2 cm~'. Spectra were acquired from 100 scans. Samples
were dispersed in KBr tablets. Parameters of the bands were
determined by fitting the experimental spectra with Gaussian-
Lorentzian shape components using GRAMS/A1 8.0 (Thermo Sci-
entific) software.

2.4. Antimicrobial tests

Antimicrobial assessment of the synthesized cobalt ferrite NPs
against prokaryotic (E. coli, Staphylococcus aureus) and eukary-
otic (Candida parapsilosis, Candida albicans) microorganisms was
performed using the serial dilution method. Antimicrobial tests
against eukaryotic microorganisms C. albicans and C. parapsilosis
were done in sterile Sabouraud CAF media composed of 10 g
L~"peptomycol, 40 g L' glucose, and 0.5 g L~' chloramphenicol;
pH = 5.6 + 0.2 at 25 °C. Antimicrobial assessment of the synthe-
sized cobalt ferrite NPs against prokaryotic microorganisms E. coli
and S. aureus was carried out in sterile Nutrient Broth (1 g L'
glucose, 15 g L' peptone, 6 g L~ sodium chloride and 3 g L'
yeast extract); pH = 7.5 £+ 0.2 at 25°C. Following these inves-
tigations bacteria and yeast strains were propagated in Nutrient
and Sabouraud CAF agar medium at (30 £ 1) °C for 24 h and
(27 + 1)°C for 48 h, respectively. The fresh cultures were harvested
and diluted in sterile nutritional media to yield colony-forming
units (CFU) inoculum of 1-5 x 10° for yeast and (6.4-8.0) x 10® for
bacterium cells, based on optical density at 530 nm (ODs3) and 600
nm (ODggo). The range of ODs3y and ODgy Was obtained between
0.12-0.15 and 0.08-0.1, respectively. Then 19 mL of the diluted mi-
croorganism suspensions, which were collected at the logarithmic
stage of growth, were transferred in a 50-mL glass flask. Finally,
1 mL of distilled water, containing 20 mg black NPs was added to
the liquid medium and further incubated at room temperature for
72 h with 150 rpm shaking. L-lysine and magnetite (Fe;04) NPs
were used as a negative control. Tween 80 was used as a solvent for
oleic acid. During the cultivation, 1 mL of the suspension was taken
from each reaction mixture, diluted in the glass tubes via broth
dilution method and spread on the Nutrient Broth and Sabouraud
agar media plates using the stainless steel spreader. The growth

already synthesized NPs in a double diluted solution, compared to
the first one, under the same conditions.

of microor was tested after incubation at 30 + 1°C and
27 4 1°C for 2-3 days.
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2.5. Confocal scanning laser microscopy investigations

Information about the C. parapsilosis cells structure before and
after incubation with cobalt ferrite NPs was obtained using the
confocal scanning laser microscope Nicon eclipse TE2000 C1 Plus
(Plan Apo VC, Nikon, Japan). For these investigations mid-log-
phase of C. parapsilosis cells (10° CFU/mL) were incubated with 1
g/L of CoFe,04 NPs and the MIC of Co®* ions, as reported in our
previous work [ 18]. The suspensions were centrifuged, washed and
re-suspended in the distilled water. Then, 1 mL of prepared sample
was dropped on the Petri dish with the coverslip embedded in
the bottom and examined with a confocal scanning microscope
equipped with argon laser for 488 nm excitation. Microorganism
cells were always included as auto-fluorescence controls. Image
acquisition was done by utilizing the FV10-ASW 1.6 imaging soft-
ware. Laser scanning was controlled by the Nikon EZ-C1 software.
The images were further processed using the EZ-C1 Bronze version
3.80 (Nikon, Japan) and Image] 1.41 software (National Institute of
Health, USA).

3. Results and discussion
3.1. Evaluation of morphology and structure of formed NPs

Fig. 1 shows a representative TEM and HRTEM micrographs
comparing CoFe;04@Lys NPs (a, b) with the ones obtained by ther-
mal decomposition of organometallic precursors in the presence
of oleic acid (c, d). As expected, the size and uniformity of evolved
NPs are dependent on the synthesis scenario. As also evidenced
from the Np spacing and its uniformity, the CoFe,04@0le NPs are
individually more isolated than CoFe,04@Lys NPs. The calculated
size distribution histograms of the corresponding NPs are depicted
in the right side of Fig. 1. As seen, the most uniform and finely
grained NPs with a main diameter of 7.5 nm have been formed
by thermal decomposition of Co(acac); and Fe(acac); mixture in
the presence of oleic acid and Trimethylamine-N-oxide. In the
case of repeated decomposition of Co(acac), and Fe(acac); onto
the as-formed cobalt ferrite NPs by an adapted protocol, signif-
icantly larger NPs with a mean size of 17.3 nm (Fig. 2) have
been formed. Moreover, these NPs seem to be cubic rather than
spherical. HRTEM inspection implied a well-expressed crystalline
structure of NPs (see Inset of Fig. 2a).

Fig. 3 A depicts the room temperature magnetization curves for
7.2 nm-sized CoFe,0,4@Lys and 7.5 nm-sized CoFe,0,@0le NPs in-
dicating their superparamagnetic behaviour. Note, that NPs capped
with oleic acid have higher saturation magnetization value (52
emu/g) than similar in size NPs capped with L-Lyzine (46 emu/g).
The XRD patterns of the both types of the tested herein CoFe,04
NPs stabilized with L-lyzine (Fig. 3B-a) and oleic acid (Fig. 3B b,c)
proved their highly crystalline nature because of the strong peak
intensities ascribed to (311), (440), (511), (220), (400), and (422)
planes of this material. According to the calculations obtained by a
Sherrer approach, the crystallite dimension of smaller NPs equalled
to 4.03 nm whereas the larger ones—had the diameter of 14.0
nm. It is worth to notice that observed diffraction peaks and their
relative intensities for the both types of the cobalt ferrite samples
matched well with standard CoFe,0, reflections, reported in the
PDF card no. 00-022-1086. Several wider diffraction peaks of the
small NPs (Fig. 3B-aand b) agree with the TEM observations (Fig. 1)
and indicate the significantly smaller crystallite size than 17.3 nm.
Quite similar XRD spectrum has been obtained for cobalt ferrite
NPs stabilized with L-lysine (Fig. 3B-a). In this case, the mean size
of crystallites approximated 4.0 nm that is somewhat smaller than
the size value determined by TEM observations. This difference
most likely should be due to NP sub-grains structure not detectable
by XRD as has been also reported recently for the synthesized
magnetite NPs [27].

3.2. The influence of composition on the properties of NPs

Fig. 4A compares the infrared spectra of oleic acid stabilized
cobalt ferrite NPs and bulk oleic acid. It is clear that two broad
and well-defined bands around 401 and 591 cm' belong to Fe-
0/Co-0 stretching vibrations of CoFe,04 NPs (Fig. 4A-a) [28-30].
The higher frequency band v, is associated with metal-oxygen
vibration of complexes in tetrahedral sites, while the lower fre-
quency component v, corresponds to vibrations in octahedral sites.
FTIR observation of these two modes confirms the cubic spinel
structure of synthesized CoFe;04 NPs. Two strong high frequency
bands near 1562 and 1603 cm~' belong to asymmetric stretching
vibration of COO™ group [31]. Appearance of these two vibrational
bands indicates the presence of two distinct adsorption sites at the
surface of CoFe,04 NPs. The broad band near 1406 cm ™' contains
contribution from symmetric stretching vibration of carboxylate
group.

As the characteristic for the bulk oleic acid C=0 stretching band
around 1710 cm ™' is absent, there is no spectroscopic evidence for
the presence of oleic acid at the interface of NPs (Fig. 4A-b). Thus
FTIR analysis indicate that studied magnetic CoFe,0,4 nanoparticles
are stabilized by adsorbed oleate anions.

Fig. 4B compares the infrared spectra of L-lysine stabilized
cobalt ferrite NPs and L-lysine hydrochloride powder. The intense
and broad absorption band around 592 cm~' corresponds to the
Fe-0/Co-0 stretching vibrations in tetrahedral metal complex [32].
Several broad bands of lower intensity are visible in the higher fre-
quency fingerprint spectral region of cobalt ferrite NPs stabilized
with L-lysine (Fig. 4B-a). These bands might be associated with
vibrations of carboxylate and/or amino groups of adsorbed L-lysine
amino acid used for stabilization of cobalt ferrite nanoparticles.
The most intense band in the infrared spectrum of pure L-lysine
is located at 1581 cm™' (Fig. 4B-b). This feature was assigned to
antisymmetric COO~ group stretching vibration, v,,(CO0) [33,34].
The shoulder near 1603 cm ™' belongs to the antisymmetric defor-
mation vibration of proximal and distal NH] groups, 8,,(NH3). The
clearly resolved bands near 1515 and 1406 cm™' are associated
with NH; symmetric deformation vibration, §,(NH3), and sym-
metric stretching vibration of COO™ group, v,(CO0), respectively,
whereas the bands in the spectral region from 1321 to 1356 cm™'
are due to the coupled vibrations of CH, antisymmetric deforma-
tion and CH deformation modes [ 35,36].

The infrared spectrum of L-lysine stabilized cobalt ferrite NPs
(Fig. 4B-a) exhibit broad band near 1595 cm ™' attributable to the
mixed v,,(CO0)/5,(NH;) vibrational modes, whereas the broad
band at 1510 cm ™" belongs to §,(NH3) mode and indicates the pres-
ence of charged amino group at the surface of NPs. The frequency
of v,(CO0) mode downshifts from 1406 to 1381 cm™' upon ad-
sorption of L-lysine on ferrite nanoparticles. Previous SERS studies
have demonstrated that this shifting is the main sign of the direct
interaction of carboxylate group with the metal surface [33,34].
Thus, infrared spectroscopy data suggest that L-lysine amino acid
binds to cobalt ferrite nanoparticles through the carboxylate group
while the amine group remains protonated.

Typical ¢-potential variations with the pH of suspensions con-
taining 10 mmol L' NaCl and 0.25 g L' either CoFe,04@0le (1)
or CoFe,04@Lys (2) NPs are shown in Fig. 5. As seen, in the pH
region from 3.0 to 8.0 CoFe,04@Lys NPs are positively charged
due to the exposed protonated amino groups of L-lysine molecules
attached to the NPs surface. The decrease in pH results in the
decrease in ¢-potential value although its variation is insignificant
and equals (23 & 1) mV within the pH 5.0-7.2, characteristic to
antimicrobial experiments. The NPs grown via thermal decompo-
sition of Co(acac); and Fe(acac); in the presence of oleic acid are
hydrophilic [37] what can be seen from solution of NP probe (A)
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Fig. 1. TEM (a, ¢) and high resolution TEM (b, d) images of CoFe,0,@Lys (a, b) and CoFe,0,@0le (¢, d) nanoparticles. In the Inser, typical SAED pattern of cobalt ferrite NPs

formed by thermal decomposition.
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Fig. 2. TEM (a), high resolution TEM (Inset ) images and size distribution histogram (b) of CoFe;0,@0le nanoparticles grown by repeated synthesis.

(Inset of Fig. 5). To make NPs hydrophobic and soluble in water for
the subsequent antimicrobial tests, we have used the prolonged
ultrasound agitation of these NPs in an aqueous solution containing
10 mmol L~' NaCl and some HCl or NaOH added to adjust the
required pH of suspension. It is noteworthy that upon the 4-6 h
agitation quite stable black-coloured suspensions of CoFe,04,@0le

NPs have been obtained (see probe (C) in the Inset of Fig. 5). Sig-
nificantly, these NPs possess a negative ¢-potential values within
all tested pH range, namely between 3.0 and 8.0 (Fig. 5). With an
increase in pH from 5.0 to 7.0, the ¢-potential of CoFe,0,@0le
increased from —33 to —44 mV.
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Fig. 3. A: Magnetic hysteresis loops of 7.2 nm-sized CoFe;04@Lys (1) and 7.5 nm-sized CoFe;04@Ole (2) NPs. In B: XRD patterns of 7.2 nm-sized CoFe;04@Lys (a), 7.5

nm-sized (b) and 17.3 nm-sized (c) CoFe,04@Ole nanoparticles.
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Fig. 4. (A): FTIR absorbance spectra of (a) oleic acid modified cobalt ferrite nanoparticles, and (b) pure oleic acid in the spectral region of 3501850 cm~". In (B): the same

of L-lysine cobalt ferrite

Table 1
Viability of bacteria after 24 h incubation with the indicated species.

(a), and (b) L-lysine powder in the spectral regions of 400-750 (left panel) and 7501800 cm~" (right panel),

Viability of bacteria, %

Microbes Control Fe;04 L-lysine Oleic acid CoFe;0,@Lys 7.5 nm CoFe;0,@0le 17.3 nm CoFe;04@0le
C. albicans 100 100 103.28 102.24 1371 934 10.16
C. parapsilosis 100 100 103.29 100.83 6.98 0.29 0.009
E. coli 100 100 90.71 13336 57.30 118 465
S. aureus 100 100 93.99 143.42 364 050 1.18
Table 2
Viability of bacteria after 72 h incubation with the indicated species.
Viability of bacteria, %
Microbes Control Fe;04 L-lysine Oleic acid CoFe,04@Lys 7.5 nm CoFe;0,@0le 17.3 nm CoFe; 04@0le
C. albicans 100 100 11439 133.10 952 333 351
C. parapsilosis 100 100 154.47 165.06 0 0 0
E. coli 100 100 108.01 132.14 20.03 051 067
S. aureus 100 100 11557 148.39 1.04 0 0

3.3. Antimicrobial activity of NPs

In this study, antimicrobial activity of CoFe;04 NPs has been
investigated against multidrug-resistant clinical pathogens S. au-
reus (ATCC 29213), E. coli (ATCC 25922), C. parapsilosis (CBS 8836),
and C. albicans (CBS 2730) by assessing the colony forming units
(CFU). To quantify the bactericidal and fungicidal potencies, all
microorganisms were incubated in liquid medium containing NPs
under shaking for 24 and 72 h. The results obtained in these inves-
tigations are shown in Fig. 6. The control sample consisting of pure

L-lysine and oleic acid at the concentrations of 0.1 mg mL~' and 5
v/v %, respectively, showed no antibacterial activity suggesting no
toxicity. Furthermore, in the case of 24 h exposure of oleic acid with
E. coli and S. aureus, the content of bacteria increased by approxi-
mately 33% and 43%, respectively, relative to the control sample
(Table 1). In the case of incubation of oleic acid with all tested
microorganisms for 72 h, their content increased at least by 32%
with respect to the control sample (Table 2). These observations
implied that 0.1 mg mL~" of L-lysine as well as oleic acid added
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Fig. 5. Variations of the c-potential values with the pH of aqueous suspension
containing 10 mmol L~" NaCl for CoFe,0,@0le (1) and CoFe;04@Lys (2). In the Inset,
CoFe;0,@0le NP (2 = 7.5 nm) suspensions in water before (A) and following 3 (B)
and 6 h ultrasound agitation (C) are shown.

into the tested bacteria medium alone significantly increased via-
bility of microorganisms with extending incubation time. It is also
noteworthy that pure L-lysine after 24 h incubation with E. coli
and S. aureus demonstrated statistically light antibacterial activity,
e.g. ~9 and ~6%, respectively. In contrast, after 72 h incubation of
L-lysine with C. parapsilosis the number of these bacteria increased
by more than 54%, whereas in the case of L-lysine incubation with
other bacteria lawns their vitality increased by 8%-15% (Table 2).
These observations implied that 0.1 mg mL~" of L-lysine as well as
5 v/v % of oleic acid added to the tested bacterium medium alone
increased vitality of bacteria with extending incubation time. It is
worth mentioning that incubation of all bacteria tested herein with
1 g L' of Fe;04 NPs stabilized with L-lysine also did not show
any antimicrobial efficacy (Fig. 6). This observation was further
supported by a modified Kirby-Bauer method for 48 h incuba-
tion of magnetite NPs stabilized with L-lysine (Fig. 7b). Contrary,
all cobalt ferrite NPs have shown a fungistatic effect against the
tested pathogens. The largest inhibition zone was obtained around
the disc impregnated with oleic acid-functionalized CoFe,04 NPs
(Fig. 7d). These results are in good agreement with those obtained
by quantitative analysis (Fig. 6), which is more precise and shows
that cobalt ferrite NPs functionalized with oleine shell possess a
higher killing efficiency for all tested microorganisms. Both 7.5
nm and 17.3 nm-sized CoFe;0,@0le NPs demonstrated the sur-
prisingly high inhibition of almost all microorganisms growth.
Consequently, after 72 h incubation, the number of survived mi-
croorganisms was only 0.06%-3.3% (Fig. 8).

The mechanism of antimicrobial behaviour of cobalt ferrite
NPs formed and investigated herein is not clear and needs to be
studied further. However, some suggestions can be derived from
the results obtained in this study. Firstly, due to the positive ¢-
potential of CoFe;04@Lys NPs they can readily interact electro-
statically with negatively charged bacterium cell walls, such as S.
aureus and E. coli, causing destruction and lysis of the cytoplasm.
Secondly, there seem to be different mechanisms of positively
charged CoFe,0,@Lys NPs and negatively charged CoFe,0,@0le
NPs by which they can affect bacteria cell homoeostasis [20]. A
strong interaction of negatively charged bacterium walls, such as
S. aureus and E. coli, can be expected only for L-lysine stabilized
cobalt ferrite NPs possessing a positive ¢-potential of about 23
mV. This process could facilitate the release of Co™2 ions from
the NP surface resulting in antimicrobial effect, as in the case
of Ag NPs [38,39]. Exceptionally high antimicrobial efficiency of
oleine-stabilized cobalt ferrite NPs against all tested bacteria could
probably be ascribed either to their higher stability than that of
CoFe,04@Lys NPs or to a negative curvature wrapping of anionic
membranes by a specific interaction with cationic amine groups
causing the thinning of membranes, as reported in [40]. Besides,
NP-based toxic effects could be associated also with their surface
area available for communication with microorganism cultured in
a given medium [41]. As can be judged from the XRD data, the
surface area of finely grained CoFe,0,@0le NPs can be signifi-
cantly larger than that of CoFe;04@Lyz NPs of the same average
size. To get a better understanding of the mechanism by which
CoFe,04@0le NPs kill bacteria new experiments, except for Co?*
release, need to be performed. This issue, however, was beyond the
scope of present study.

3.4. Structural observations

Due to the differences in the auto-fluorescence of live and dead
eukaryotic microor itisr ble to investigate them
with confocal microscopy. As seen (Fig. 9a), the untreated C. para-
psilosis yeast cells are oval and cylindrical shaped displaying the
intact cell walls. After incubation with MIC of Co?* ions, however,
the considerable alterations on cell walls were detected (Fig. 9b).
Similar damages of yeast cell walls were also observed after 24
h-long treatment with CoFe,0,@Lys NPs (Fig. 9a). Furthermore,
the agglomeration of these NPs on the surface of microorganism
(Fig. 9¢) confirms the interaction of CoFe,04@Lys NPs with yeast
cell. Similar damages of C. parapsilosis yeast cells were also visual-
ized after their incubation with CoFe,0;@0le NPs.

150 - I Control il Fe.O, Il L-ysine [ Oleic acid Elre0, Liysine [l Okeic acid
. [l 7.2 nm CoFe,0,@Ls @ 7.5nm CoFe,0,@0ke
17.3 nm CoFe,0,@0le
® R 1
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Fig. 6. Antimicrobial activities of the synthesized L-lysine and oleic acid-| cobalt ferrite icles against C. albicans (a), C. parapsilosis (b), E. coli (c),and S.

aureus (d) after (A) 24 h and (B) 72 h incubation. Except for the control tests, the efficacies of magnetite (Fe;04@Lys) NPs, L-lysine and oleic acid are also presented.
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Fig. 7. Inhibitory activity of L-lysine (c¢) and oleic acid (d) functionalized cobalt ferrite NPs loaded filter paper specimens against C. albicans microorganisms. In the left side

— control specimens: a — filter paper and b — Fe;04 NPs.

Fig. 8. Photographs showing the antimicrobial activity of the cobalt ferrite NPs for growth i

of C. albicans mic

incubated in the Sabouraud agar plates,

All microorganisms were cultivated in liquid medium without (a) and with CoFe;04@Lys NPs (b), 7.5 nm-sized CoFe;04 (c), or 17.3 nm-sized CoFe; 04 (d) NPs for 24 h,

. 9. Laser confocal microscopy images showing C. parapsilosis strains before (a) and after incubation with MIC of Co** ions (b) and CoFe;04 nanoparticles (c).
pa

4. Conclusions

Altogether, the analysis of bacterium viability results after in-
cubation with magnetic NPs, presented in this study, leads to the
conclusion that CoFe;0,@0le NPs are more efficient antimicrobial
agents than CoFe,04@Lys NPs. Antimicrobial efficiency of cobalt
ferrite NPs depends on the bacterium type. For CoFe,0,@Lys case,
the antimicrobial efficiencies increase in the following sequence:
E coli < C albicans < C. parapsilosis < S. aureus, whereas for
CoFe;,04@0le the sequence is: C albicans < E. coli < S. aureus
< C parapsilosis. The influence of CoFe,0,@0le NPs size on the
antimicrobial efficiency is not significant between @ 7.5 nm and @
17.3 nm. The L-lysine coated magnetite NPs show the same amount
of colony forming units as the control sample. The exceptional
antimicrobial efficiency of CoFe,0,@0le NPs against C. parapsilosis,
E. coli, and S. aureus pathogens was attributed to the differences in
the surface charge of the tested NPs and finely grained structure.
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ARTICLE INFO ABSTRACT
Keywords: In this study we the infls of ult 1l gold and Id (NPs)
Gold species with p, h Fe30. on their antib: | efficacy against lhm of twelve the worst bacterial
Antimicrobial behavior family mzmbefs included in the World Health Organization (WHO) list. In paniculat. gram-negative
Magnetite nanoparticles Imonella enterica and gram-positi mﬂhmlh aureus and
Methionine Micrococcus luteus were tested. Apart from the gold speci and NP an excess of

methionine has been used herein lo detach ultra-small gold NPs from the Fey0,@Au@Met surface, collect them
and gate. The of the uli 1l (@ ~ 1.8 nm) Au@Met NPs and Fe;0,@Au@Met
NPs was evaluated through the analysis by with that of naked magnetite NPs, ,.-Met
and BSA. It has been determined that compared with the control sample, 70mg L ™" probe of Au@Met NPs
exhibited the killing efﬁdency of 84.4-58.5% against gram-negative bacteria and 89.1-75.7% against gram-

positive bacteria. The

and of the and tested herein NPs were

investigated by inductively coupled plasma optical emission sp

XPS, AFM and HRTEM.

FTIR, XRD,

1. Introduction

It is commonly accepted that contrary to silver, gold in the metallic
state is highly stable, b patible, and not cy even in the
nanoparticulated size [1]. Au® nanoparticle (NP) antimicrobials render
the grafted drug molecules, such as ampicillin, peptides or zwitterionic
ligands [2-6]. On the other hand, antimicrobial behavior of gold ions is
well-known, has been widely i d, and well d in Djuran
and GliSic paper [7]. According to the some recent reports, Au’ NPs
reduced down to the nanocluster size, e.g. <2.0nm in diameter, may
also exhibit the antimicrobial activity against some fungi and bacteria
strains. For example, Zheng et al. [8] synthesized and tested 6-nm sized

This effect has been attributed to the strong ionic interaction with the
bacteria indicating that positively charged ligand molecules of Au NPs
are responsible for the bacteria membrane permeability increase.
Eventually, Chen et al. have synthesized gold clusters in lysozyme

;i and di d their si imicrobial efficacy
against two strains of multidrug-resistant bacteria [10].

Inspired by these works, in this study, we synthesized and tested
ultra-small gold and gold-functionalized magnetite NPs comprised of
Au’/Au* for possible inactivation of multi-drug resistant bacteria. To
the best of our k ledge, the b of ultra-small
gold NPs stabilized with the amino acid has not been investigated
asainsl the most dangerous microorganism such as methicillin-resistant

Y Bk

Au” NPs and =2.0-sized gold nanoclusters both templated and pro- aureus, A b b i, and lla enterica.
tected with the 6-mercaptohexanoic acid. Although these NPs p d For i the icrobial efficacy of the magnetite NPs deco-
quite similar surface P ial, a kabl imicrobial efficacy rated with Au’/Au" species as well as typical red-luminescent gold
has been blished just for 1 against S. aureus and E. coli clusters formed and templated in a bovine serum albumin (BSA) matrix

killing roughly from 95 to 96% of their population. Besides, it was
luded that the icrobial effect is not derived from the surface
ligand and its content. On the contrary, Zhang et al. [9] reported that

was also tested herein. It should be noted that Salmonella serotypes are
associated with three distinct human disease syndromes: bacteremia,
typhoid fever, and liti: h litis is the second
most frequently bacterial food-borne disease causing roughly 1.4

cationic ligands of gold NPs ibuted to their bial activity.
* Corresponding author.
E-mail address: arunas.jagminas@fime.lt (A. Jagminas).
https://doi.org/10.1016/j.msec.2019.04.062
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0928-4931/ © 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
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million illnesses [11] and approximately 550 annual deaths per year
just in the United States [12]. Consequently, the interest in Acineto-
bacter serotypes has risen sharply over the recent years from both the
scientific and public community since they cause a wide spectrum of
infections that include p i urinary
tract infection, and wound infection [13,14].

2. Experimental
2.1. Chemical reagents and materials

All the reagents in this study were at least of the analytical grade
and, except NaOH, were used as received. Iron(Ill) chloride hexahy-
drate (FeCly6H,0, =99%), iron(I) chloride tetrahydrate (FeCl;4H,0,
=99%), hl ie(ll)  acid (HAuCl44H,0,
=99.9%) p,.-methionine (=99%), M9 5x minlmal microbial growth
medium (33.9gL™" Na;HPO,, 15gL~" KH,PO,, 5L~ NH4Cl and
2.5gL~" NaCl, pH = 7) and bovine serum albumin (BSA, 96%) were
supplied by Sigma-Aldrich Chemical Co. Nutrient agar (3gL~" beef
ex(mcl. 15gL7" peptone and 15gL~" agar) and Nutrient Broth
(1gL™" glucose, 5g L.~ " peptone, 6 gL~ sodium chloride and 3gL ™"
yeast extract) were obtained from Lioﬁlchem Sodium hydroxide was
purified by prep of a | g in the crystal-
lization of other sodium salts. Following the analysis, lhls solution was
diluted to the 2.0mol L™" concentration and applied. Milli-Q grade
water was used (18 MQ) for preparation of all solutions.

Gram-positive methicillin-resistant Staphylococcus aureus (MRSA)
(ATCC 433300), Micrococcus luteus (GTC-BTL, B-30S) and gram-nega-
tive Acinetobacter baumannii (ATCC BAA-747), Salmonella enterica (GTC-
BTL, B-25) bacteria strains were obtained from the Nature Research
Centre collection of microbial strains.

2.2. Synthesis of NPs

In this study, the synthesis of ultra-small gold NPs was carried out in
the following way (Fig. 1). In the first step, magnetite NPs were syn-
thesized from the alkaline solution containing 15mmolL~" FeSO,,
30 mmol L™ FeCly, and 0.2mol L™ p,.-methionine (Met) amino acid,
as chelating agent, and NaOH up to pH=12.35 *+ 0.1 at 130°C for
10h hydrothermally using the 10 °Cmin ™' ramp. Then, as-grown NPs
were collected by centrifugation at 7500 rpm for 5 min, carefully rinsed
several times with water and dried at 60 °C. In the second step, the
surface of magnetite NPs was loaded with ultra-small gold nanocrystals
via Met-induced chemical red of the chl ic acid g to
our previous work [15]. Briefly, Fe;0,@Met NP probe (3.5mg) was
dispersed in 5 mL of water under ultrasound agitation until the mixture
became bright mustard-coloured. Then, 3.5 mL of this suspension was
transferred into a glass reactor along with 5 mL of Met (10 mM) and
HAuCl, (4 mM) solutions under stirring. The solution pH was adjusted
to 212.4 with 2M NaOH d and the synthesi d at

was
37°C for 4h under mild stirring. The products identified as
Fe,0,@Au@Met NPs were washed thoroughly with water and ethanol
for further examination. In the third step, ultra-small gold NPs were

Fe,O @ Met
2

Materials Science & Engineering C 102 (2019) 646-652

detached from the surface of Fe;0,@Au@Met NPs by chemical means.
To achieve this result, Fe;0,4 Ps were dinthe 0.3M
Met sol under for 7 min Iting in FesO4
removal from the surface of magnetite NPs viewed from the suspension
colour changes from bright brown to light pink. Finally, Au@Met NPs
were separated from the magnetic ones using a permanent magnet,
rinsed and stored at 4 °C for characterization and further experiments.

Itr: d

2.3. Measurements and equipment

The morphology of lhe as-growth NPs was investigated with the
(TEM) FEI Tec-nai F20 X-TWIN op-
erated at an accelerating voltage of 200 kV. TEM images were recorded
using a Gatan Orius CCD camera. The nanoparticles subjected to TEM
observations were dispersed in ethanol and drop-cast on a carbon-
coated nickel grid. The size distribution histograms of Fe;0,@Met,
Fe,04,@Au@Met and Au@Met NPs were estimated using the Image J
software. The average diameter of particles was estimated by analyzing
high resolution TEM images. For this purpose, at least one hundred of
NPs were randomly selected and measured.

Phase analysis of and Fe;0,@A et NPs was carried
out using a diffractometer SmartLab (Rigaku) with rotating Cu anode.
CuK, radiation (a = 0 154183 nm) was separated with the mul(ilayer
bent The XRD p were perf d in the
Bragg-Brentano scan mode in the 2theta range from 10 o to 80" with the
step size of 0.02" and a counting time of 85 per step. Phase identifi-
cation was performed using the powder diffraction database PDF4 +
(2015). The size of NPs was determined by the Halder-Wagner (H-W)
approximation.

X-ray photoelectron spectroscopy (XPS) experiments were carried
out in order to obtain about the ch | state of ultra-
small gold NPs dep d as well as detached from the mag sur-
face on the upgraded Vacuum Generator “VG ESCALAB MK II” (VG
Scientific) spectrometer fitted with a new XR4 twin anode. The non-
monochromatised MgKa X-ray source was operated at hy = 1253.6 eV
with the 300 W power (20 mA/15 kV). During the spectral acquisition,
the pressure in the analysis chamber was lower than 5107 Pa. The
spectra were d with the el lyzer pass energy of 20 eV
and resolution of 0.05eV.

Infrared spectra were recorded in the transmission mode on an
ALPHA FTIR spectrometer (Bruker, Inc., Germany) equipped with a
room temperature detector DLATGS. The spectral resolution was set at
4cm ™. Spectra were acquired from 64 scans. Samples were dispersed
in the KBr tablets. Parameters of the bands were determined by fitting
the experimental spectra with ian-L shape
using GRAMS/A1 8.0 (Thermo Scientific) software.

The amount of gold in the Fe;0,@Au@Met and ultra-small Au@
Met NP probes was estimated using an inductively coupled plasma
optical emission spectrometer ICP-OES OPTIMA 7000DV (Perkin
Elmer). In this way, a small pinch of nanopowders was dissolved in the
aqua regia solution. Then, a calibration curve was drawn using a series
of calibration standard solutions in the HCE:HNO, (3:1 by volume)
acidic matrix as the unk luti All were carried

Py :

Fe,04@ Auia Met Au@ Met

Fig. 1. The scheme illustrating fabrication of Fe,0,@Met, Fe;0,@Au@Met, and ultra-small Au@Met NPs.
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Fig. 2. (A): The FTIR spectra of pure Met (a) and as-synthesized NP samples “b, ¢, d and e” corresponding to Fe;04, Met-caped Fe;0,, gold-capped Fe;0, and gold
species detached from the magnetite, respectively. In (B): the magnetic response plots of magnetite NPs before (1) and after (2) gold deposition.

out at emission peaks A, = 267.595 nm and A5, = 242.795 nm.

The morphology of ultra-small gold NPs, spin coated onto the mica
surface, was also investigated with the atomic force microscope (AFM)
Veeco AFM dilnnova (Veeco Instruments Inc.) in a tapping mode.
TESPA-V2 cantilevers (Veeco Instruments Inc.) with a tip curvature of
8nm were used. Images were acquired at the scan rate of 1 Hz per line
with the 512 x 512 pixel image resolution. Image processing included
flattening to remove the background slope caused by the irregularities
of the piezoelectric scanner. The analysis was performed using the
SpmLabAnalysis software (Veeco Instruments Inc.).

Magnetization were lished using a vibrating:
sample magnetometer calibrated by a Ni sample of similar dimensions
as the studied sample. The magnetometer was composed of the vi-
brator, the lock-in ampli and the elec The magnetic field
was measured with a test meter FH 54 (Magnet-Physics Dr. Steingrover
GmbH).

2.4. Antimicrobial activity of as-grown nanoparticles

Antimicrobial assessments of the synthesized Fe;0;@Au@Met NPs
and ultra-small gold nanocrystals were tested against gram-negative A.
baumannii and S. enterica and gram-positive S. aureus (MRSA) and M.
luteus bacteria strains using the serial dilution method. Following these
investigations bacteria strains were propagated in the Nutrient agar
medium at 37° = 1°C for 24 h. The fresh cultures were harvested and
diluted in the sterile M9 minimal bial growth medium to yield
colony-forming units (CFU) inoculum of 6.4-8 x 108 for bacteria cells,
based on the optical density at 600 nm (OD600). The range of OD600
was obtained to be between 0.08 and 0.1. Then, 100 uL probe of the
diluted microorganism suspension was collected at the logarithmic
stage of growth and transferred in a 96 well cell culture plate. Finally,
100 pL of water containing 140mgL~" or 60mgL ™" of Fe;0,@Au@
Met or ultra-small gold NPs was added to the liquid medium, resulting
in their final concentration of 70 and 30 mg L™, respectively, and in-
cubated further for 24 h with 150 rpm shaking. In these investigations,

p,.-methionine and magnetite NPs were used as negative controls.
During the culti 100 yL of susp was taken from each re-
action mixture, diluted in the glass tube via the broth dilution method
and spread on the Nutrient Broth agar media plate using a stainless steel
spreader. The growth of microorganisms was tested after incubation at
37° = 1°C for one day. Each assay was performed in triplicate with
three independent experiments.

3. Results and discussion
3.1. Synthesis and characterization of Fe;0,@Met nanoparticles

In this study, gold NPs, ultra-small, quite uniform in size, and
containing zero-valent gold were synthesized on the surface of mag-
netite NPs by reducing the gold acid with Met molecules capped at the
surface of Fe;0,4. For this purpose, magnetite NPs were synthesized
hydrothermally employing both Fe>* and Fe** salts at the 2:1 molar
ratio as precursors and Met amino acid as the stabilizing agent for
control over the uniformity of the NPs growth. The adapted con-
centration of iron salts (45 mmol L") and Met (0.2 mol L™ "), synthesis
temperature (130°C) and duration (10h) allowed us to grow the
spherical NPs (Fig. 1S). The morphology of NPs synthesized via this
hydrothermal approach was investigated further by high-resolution
TEM and is depicted in Fig. 1S, part B revealing that as-grown NPs
possess mainly an average diameter of roughly 11 nm and quite narrow
size distribution (Fig. 2S). Besides, from the HRTEM image inspection
(Fig. 18, part B) as-grown NPs are single crystalline as clearly indicated
by atomic lattice fringes and most probably they grow p i
along the (311) direction with a lattice interatomic distance of ca.
0.252 nm. It should be noted that the XRD pattern taken from the scope
of these NPs (Fig. 3S) d d a set of diffi peaks clearly
seen at 26 positions: 18.28, 30.08, 35.43, 43.06, 53.42, 56.94, 62.53,
70.94, 73.97, 74.97, and 78.93. These peaks matched well with the
diffraction peaks characteristic of polycrystalline Fe;04 planes (111),
(220), (311), (400), (422), (511), (440), (620), (533), (622), and (444),
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respectively, (PDF Card No. 04-005-4319), and confirmed the forma-
tion of a face-centered cubic (fcc) crystal structure (space group Fd-3m,
a=f=y= 8.396 A). It is also seen that the average size of Fe;0,4 NPs
estimated from the XRD pattern using Halder-Wagner approximation
equaled to ca. 11.9 + 0.15nm was with the data ob d
from the HRTEM observations complementing the fact that our syn-
thesized NPs are quite uniformly-sized.

To probe the Met adsorption on the NPs surface, the FTIR spectra of
pure p,.-Met, as well as the synthesized and chemically modified Fe;04
NPs were collected and are depicted in the part (A) of Fig. 2. The FTIR
spectrum of pure Met (a) shows a set of numerous peaks most intense at
the 1413 and 1581 cm ™! which according to the literature [16-19] are

due to the sy ic and asy ic stretching of —CO0~
group. The two peaks localed at 15]5 and 1637 cm ™ correspond to
ic and ic ib of NH; " group, re-

spectively [16,17]. Thus, infrared spectrum confirms zwitterionic
structure of studied compound. The intense band near 1341cm ™" is
associated with symmetric CH; deformation vibration with contribu-
tion from deformation vibration of CH group, 8(CH) [17]. The clearly
defined band at 551 cm ™" belongs to out-of-plane deformation of car-
boxylate group, y(COO ™) [17].

According to the literature [20-22], the vibration band with the
peaks at 628 and 587 cm ™’ in the spectrum of as-grown Fes;O, NPs
should be assigned to the stretching modes of the Fe—O bond both at
the tetrahedral sites and on the surface of magnetite NPs. Besides, the
FTIR spectrum of as-grown Fe;0, NPs has an additional broad shoulder
peaked at 1630cm ™! attributable to the asy ic C=0 hil
vibration of deprotonated carboxyl group —(COO™) [23] in the Met
molecule bound to the surface of Fe;0,4. The intense bands from both
Fe30,4 and Met species are visible in the spectrum of Met-capped Fe;O4
(curve c of Fig. 2A) indicating presence of adsorbed Met in zwitterionic
form.

3.2. Fe;04@Met NPs decoration with ultra-small gold nanoparticles

Fig. 3 shows the formation of numerous gold species on the surface
of methionine-stabilized Fe;04 NPs after their sonication in the HAuCl,
solution under adapted herein conditions. From the TEM inspection,

Materials Science & Engineering C 102 (2019) 646-652

resulted in the (M) d Itk h in the
case of gold nanograins attachment onto magnetite nanocrystals with
an amino-terminated silane [26] M, decrease was insignificant. There-
fore, the attachment of gold species to the magnetite surface was ver-
ified by EDX and FTIR spectra and magneuzauon investigations. Fig. 2A

shows the plots as a function of the
applied magnetic ﬁeld for Fe;0,@Met NPs before (1) and after (2) their

ion in the ch ic acid sol From these A
the i value of NPs d d from 27

to21 emux" (at Hm,, = 4.4k0e) suppomng the proposition that gold
species were dep Ithough NPs i The
deposition of gold onto the surface of Fe;0;@Met NPs has also been
certified by EDX spectra (see Fig. 4S). In addition, the FTIR spectrum of
gold-decorated Fe;0,@Met NPs (Fig. 2B, sample d) clearly evidenced
the bond with Met molecules even after the careful NP rinse.

d su;

3.3. Detachment and characterization of Au@Met NPs

To remove ultra-small gold NPs from the surface of magnetite NP for
the first time we have used the same methionine amino acid as a de-
taching agent. This procedure was conducted via ultrasound agitation of
gold-coated NPs in thioni )l attributing the de-
tachment effect to the stronger interaction of the amino acid with gold
nanocrystals compared to the Au-Fe;0, bond. The obtained light-pink

I due to of Il gold NPs was further in-
vestigated by sampling on the Lacey grid followed by AFM and TEM
observations for the particle size inspection. As seen from Fig. 4 images,
the detached ultra-small gold nanocrystals exhibit mainly the spherical
particle morphology with an average diameter of 1.8 nm and a quite
narrow size distribution. It is noteworthy, that they seems to be not
aggregated.

3.4. Antimicrobial activity of Au@Met and Fe;0,@Au@Met NPs

For these investigations, we have chosen three the worst bacterial
family members included in the World Health Organization (WHO) list
of the drug-resistant bacteria that pose the greatest threat to human
health and for which new antibiotics are desperately needed [27].

however, it was difficult to determine the size distribution of hed
gold species, although most of them seem to be spherical and <2.0 nm-
sized (Fig. SB) From the literature the attachment of gold seeds [24]
and functi of Nps with gold shells [25]

Theref the antimicrobial acnvuy of ultra-small gold and
Fe;0,@ NPs was i d against g g A. bau-
mannii (ATCC BAA-747), S. enterica (GTC-BTL, B-25) and gram-positive
methicillin-resistant S. aureus (ATCC 433300), and M. luteus (GTC-BTL,

Fig. 3. TEM (A) and HRTEM (B) images of magnetite NPs after decoration with gold nanocrystals via
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induced HAuCl,
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Fig. 4. AFM 3D view of magnetite Nps (A), whereas TEM image and size distribution hi

(B) and (C) parts, respectively.
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Samples
Fig. 5. Antimicrobial activities of the S)'I‘I!hGIRd Au@Me( and Fe;0,@Au NPs
after 24 h ion with g 8 A ii (a), S. enterica (b), and

gram-positive S. aureus (MRSA) (c), M. luteus (d). For comparison, the behavior
of pure p,1- i and ite NPs is

B-30S) by assessing the colony forming units (CFU). During this in-
vestigation, the microorgani: were incubated in the M9 liquid
medium together with 70 or 30 mg L~ of Au@Met either Fe;0,@Au@
Met NP probes, respectively, under shaking for 24. The percentage ra-
tios of bacteria survival obtained from these assays are shown in Fig. 5.
Moreover, 100 mg L™ of p,.-methionine and 1 gL ™" of Fe;0,@Met NP
probes were also investigated as the negative control samples. It can be

Materials Science & Engineering C 102 (2019) 646-652

>1 1-2 2-3 34 4-5
Particle heigth, nm
of gold NPs detached from i particles are shown in the

easily seen that Au@Met and Fe;04@Au@Met NPs show the highest
killing efficiency against the M. luteus bacteria strain. These results
further support the idea that human palhogemc microorganisms are
more virulent and resi: than - ible microbes such as
M. luteus [28]. A positive correlation was also found between the con-
centration of Au in NPs and bacteria survival. In comparison with the
control sample, 70mgL~" of Au@Met NP probe exhibits the killing
efficiency of 84.4-58.5% against gram-negative bacteria and
89.1-75.7% against gram-positive bacteria. In addition, Fig. 6 shows
the quantity of gram-negative and gram-positive microorganisms
grown on the Nutrient agar plates demonstrating a significant reduction
of the colonies count. From these tests, one unanticipated finding was
that the decreasing of the concentration of gold NPs approximately in
the 2.3 times results in the weakening of bacteria assessment by 3.05,
2.52, 1.35, and 1.04 fold against A. baumannii, S. enterica, S. aureus
(MRSA), and M. luteus bacteria, respectively. These results seem to be

with other i which d d that 6 ized
AuNPs showed no ion d d ib ial effect against
B. subtilis and E. coli mlcroorgamsms [8]. It should be noted that S.
enterica d d the 8 i against the ultra-small

gold and Fe;0,@Au@Met NPs.

It is noteworthy, however, that in the case of Fe;0,@Met NPs, as
well as p,.-methionine amino acid, the same amount of colony forming
units as for the control sample was grown. From the antimicrobial ac-
tivity tests of methionine, this stabilizing agent of gold species and
magnetite Nps is nontoxic because this is an amino acid and can be
easily metabolized by bacteria [29]. Having in mind the biocompat-
ibility and non- toxlcny of gold materials even in the nm-scaled dl-

i the imicrobial bet of the sy
Au@Met nanocrystals as well tethered to the surface of Fe;04 NPs
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Fig. 6. Photographs showing the antimicrobial activity of Au@Met nanocrystals for growth i
i S. aureus, (g-h) M. luteus (bottom row) microorganisms incubated in the Nutrient agar plates. All the microorganisms

and gram-positive (e-f) methicilli: ist:

ofg gative (a-b) A. b i, (c~d) S. enterica (top row)

were cultivated in liquid M9 medium without (a, ¢, e, g) and with (b, d, f, h) 70mgL ™" Au@Met species for 24 h.
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Fig. 7. XPS survey of gold-coated magnetite NPs (A) and high-resolution deconvoluted XP spectrum of Au 4f (B).

required explanation. We hypothesized that one possible explanation of
such behavior should be ascribed to the composition and structure of
ultra-small gold species because the methionine shell showed no cyto-
toxicity and antimicrobial efficacy. In an attempt to shed light on the
reasons for the strong bactericidal effect of Au@Met nanocrystals and
Fe;0;@Au@Met NPs, X-ray photoelectron spectroscopy (XPS) in-
vestigations of these species were further performed. Fig. 7A displays
the XPS survey spectrum of the tested Fe;0,@Au@Met NP sample re-
vealing the clear signals from Fe, O, C, S, and Au. The carbon and sulfur
peaks were tentatively assigned mainly to the methionine molecules
attached to the magnetite and gold NPs. The deconvoluted

Au 4f XP spectrum taken from the scope of Fe;0,@Au@Met NPs is
presented in Fig. 7B. It is clear that the main Au 4f;,, photoelectron
peak is located at a binding energy (BE) 83.94 eV characteristic of the
pure metallic Au” [30]. The fitting of this spectrum was further per-
formed using the two spin-orbit split Au 4f; > and Au 4fs > components,
separated by 3.56 eV. In addition, the Au 4f plot fitting revealed an
additional shoulder peaked at 85.74 eV indicating the presence of Au™
[23,31]. Based on the relative contents of Fe, O, N, C, S, and Au mea-

presence of Au”* ions on the surface of gold species. Therefore, we at-
tributed this effect to the small gold species size coupled to their
composition, particularly Au®/Au”, capable to interact with bacteria
cell walls and membranes. The interaction between ultra-small gold
Nps containing Au” and bacteria is expected induce a metabolic im-
balance in bacterial cells and protein denaturation that kills bacteria.
Note that metallic gold (Au®) is inert, highly stable, and not easily
dissociate into ions [32] highly bi ible even in the
few-nm size [33].

4. Conclusions

Antimicrobial properties of ultra-small gold species as well as
tethered to the surface of magnetite NPs have been studied against
multidrug-resi g gative A. b ii, S. enterica and gram-
positive S. aureus (MRSA), M. luteus bacteria strains using the serial
dilution method. Uniformly sized gold species were formed by reduc-
tion of the gold acid with the Met capped to the surface of super-
i NPs of the average size of 11.9 + 0.15nm.

sured by high-resolution XPS, the average content of the dep d gold
was estimated roughly to be 1.67 at.% of the total NP mass. We suggest
that the main reason for the antimicrobial activity of our Fe;0,@Au@
Met NPs as well as Au@Met nanocrystals should be ascribed to the

651

Both the attached to magnetite surface (Fe;0;@Au@Met) and alone
(Au@Met) gold species were tested. It was determined that 70mgL ™"
Au@Met NPs probe exhibited the killing efficiency of 84.4-58.5%
against gram-negative bacteria and 89.1-75.7% against gram-positive
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wacteria. Numerous methods have been applied for characterization of
he synthesized gold species shown to be spherical, average sized
<1.8nm) and composed of Au® + Au”. The strong antimicrobial ef-
iciency of Met-capped gold species against several most dangerous
wacteria was related to the presence of single-valent gold on the surface
ide.
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