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ABSTRACT 
Implant-associated infections that develop after surgery, together with bacterial 

resistance to antibiotics, are the main obstacles to the successful use of different types of 

implants. To combat this, innovative antibacterial implant materials that can release 

antimicrobial agents locally and have a low potential for causing bacterial resistance are being 

sought. Among various antimicrobial agents, metal or metal oxide nanoparticles (e.g. AgNP, 

CuNP, CuONP, ZnONP) are attracting special attention as they offer diverse antibacterial 

mechanisms to mitigate bacterial resistance. The risk of cytotoxicity of NP can be reduced by 

immobilizing them in matrices. In this work, three matrices for the delivery of NP were 

investigated, namely polyelectrolyte multilayers (PEM), magnetron-sputtered ZnO thin films, 

and alginate hydrogels, some of which were mineralized with calcium phosphates (CaP) to 

enhance their biocompatibility. These matrices were chosen for their versatility, ease of 

preparation and the possibility to scale up the coating procedure. All matrices were extensively 

physico-chemically characterized and their biological properties were investigated to determine 

their potential for application. 

PEM were prepared on titanium surfaces using poly(amino acids), poly-L-lysine and 

poly-L-glutamic acid, with AgNP or CuONP incorporated as part of the multilayer. Compared 

to AgNP, CuONP was adsorbed in higher amount and formed aggregates on the surface, leading 

to increased roughness and hydrophilicity, as confirmed by energy dispersive X-ray 

spectroscopy, inductively coupled plasma mass spectrometry, atomic force microscopy and 

water contact angle measurements.  

Biodegradable magnetron-sputtered ZnO thin films doped with Ag and Cu were 

prepared by co-deposition in a multi-source magnetron sputtering system, and their properties 

were compared. X-ray diffraction (XRD) of the prepared thin films revealed the formation of 

wurtzite structure in all cases. Opposing trends were observed for grain size and water contact 

angle with increasing Ag and Cu content. The biomimetic CaP deposition led to a partial surface 

coverage with an apatitic phase, improving surface hydrophilicity.  

Non-mineralized and mineralized alginate hydrogels with incorporated AgNP, CuONP 

and ZnONP were prepared at different pH values (7.4 and 9.0). Mineralization was performed 

in situ using a CaCl2 solution, which initiated both gelation and CaP mineralization in the 

hydrogels containing Na2HPO4. The influence of pH on mineralization was investigated with 

XRD and Fourier-transform infrared spectroscopy. It was revealed that the hydrogels prepared 
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antibacterial applications, providing a promising approach to developing biocompatible 

surfaces. 

 

Keywords: metal nanoparticles, metal oxide nanoparticles, polyelectrolyte multilayers, 

magnetron-sputtered thin films, alginate hydrogels, calcium phosphates 
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market review [47]. Thus, biomedical implants represent a category of biomaterials, rigorously 

researched and developed with the aim of being approved as medical devices, ensuring both 

safety and efficacy aspect for clinical applications. 

 

 

Figure 1. Implantable medical devices. Adapted from [48]. 

 

Within the scope of this thesis, bone tissue engineering (BTE) is also important to 

mention, considering bone tissue defects affect millions of people worldwide. Fortunately, for 

defects smaller than about 2 cm, bone has a natural regenerative and self-repairing capacity 

without the need for additional treatment and leaving fibrotic scars. However, deformities that 

exceed this critical defect size, such as traumatic injuries, degenerative diseases, tumour 

resections, or congenital developmental deformities require clinical intervention [49,50]. In 

such clinical treatments, bone grafts are often used in orthopaedic surgery to augment bone 

regeneration. Natural bone grafts are divided into autologous and allogenic grafts. Autologous 

grafts are the ones that are taken from one anatomical site and transplanted to another site within 
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Figure 3. Schematic representation of biofilm formation cycle. The process begins with 
planktonic bacteria approaching and adhering to a surface (reversible phase). Once attached, 
bacteria produce an extracellular polymeric substance (EPS) matrix, leading to biofilm 
maturation. In the irreversible phase, biofilm disperses, releasing bacteria that propagate and 
initiate a new cycle. Adapted from [60]. 

 

These models can explain bacterial adhesion to a certain extent. However, they ignore 

the fact that the bacterial cell is not a colloidal particle with a smooth surface, but it is covered 

with protein appendages (e.g., pili, fimbriae, and flagella) that can even protrude 2-6 µm from 

the cell [46]. If the bacterial cell approaches the surface in Brownian motion, it could adhere 

reversibly to the surface (phase I). However, irreversible adhesion (phase II) occurs when the 

bacteria use appendages with which they can more easily overcome the energy barrier (Figure 

3). The longer the contact time, the greater the chance that the bacteria will irreversibly adhere 

and multiply [61]. When the bacteria finally adhere to the surface, they communicate with other 

bacteria via specific molecules with the aim of cell accumulation. This effect is known as 

quorum sensing [10]. 

For further colonization, the bacteria adhere to each other and produce an extracellular 

polymeric substance (EPS) that encapsulates them, forming biofilms. As the biofilm matures, 

microcolonies develop, eventually forming larger, structured microcolonies. The high bacterial 

cell density within biofilms facilitates the effective spread of resistance traits. Biofilm dispersal, 

that allows bacteria to colonize new surfaces and sustain infection, is possible at this stage [9]. 

EPS consists of exopolysaccharides, proteins, extracellular DNA and other components [9]. 
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Formed biofilms are bacterial survival adaptations that are difficult to eradicate as they can 

contain multiple bacterial populations and provide protection against antibiotics [10,62]. 

2.1.1.2 Strategies for infection prevention 

As mentioned, IAI are still a major challenge in modern medicine, especially when 

biofilms form on the surface of implants [8]. Systemic antibiotic therapy alone is often 

insufficient as it may not effectively penetrate biofilms, and the emergence of AMR has further 

complicated treatment. The biofilm formed provides protection to the adhered bacteria and 

allows them to survive exposure to antibiotics up to 1000 times stronger compared to non-

adhered (planktonic) counterparts [7]. Consequently, local infection prevention strategies are 

increasingly being developed that aim to prevent bacterial adhesion and biofilm formation on 

the implant surface, thus reducing susceptibility  to bacterial colonization [9]. 

Surface modifications can influence all processes that occur at the implant-host tissue 

interface. In general, surface modifications can be divided into additive and subtractive 

modifications. Additive surface modification involves the application of additional structures 

on the implant surface, such as surface coatings (organic, inorganic, or composite) or plasma 

treatment. Subtractive modifications include various techniques such as sandblasting, acid 

etching, anodizing, hydrothermal processes and also laser treatments [27]. These surface 

modifications can also be classified as physical and chemical modifications. The surface can be 

altered with various organic (e.g., antibiotics, antimicrobial peptides), metallic (e.g., silver, 

copper, zinc), and nonmetallic elements (e.g., selenium) and their combinations [63]. A new 

trend in biomaterials is their functionalization with delivery systems, from which the active 

ingredient is released in a controlled manner over a certain period of time. According to 

Chindamo et al. [64], 54 % of the drug delivery systems described in biomedical implant 

research consist of NP, cement, scaffolds, and gels/hydrogels. The delivery systems not only 

deliver an active ingredient locally but also influence the biological response. For this reason, 

this thesis focuses on the incorporation of metal and metal oxide NP into matrices. In this way, 

a local antibacterial effect can be achieved while the risk of AMR development remains low 

[11,12]. Furthermore, the concerns regarding the cytotoxic effect of NP can be addressed by 

their immobilization in matrices [10]. 

All these strategies for infection prevention can be divided into three categories: 

i) antifouling surfaces, ii) contact killing, and iii) surfaces that release antimicrobials [65]. 

Antifouling surfaces are the ones designed to prevent the bacterial adhesion by modifying 

wettability, charge or microstructures of the surfaces. Contact-killing surfaces are typically 
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2.3 MATRICES FOR NANOPARTICLES DELIVERY  

The initial objective of this research was to develop and evaluate three different matrices 

capable of incorporating AgNP, CuNP, CuONP and ZnONP. The matrices investigated were 

PEM, magnetron-sputtered ZnO thin films and alginate hydrogels. All the NP mentioned are 

suggested to have excellent antibacterial properties [68,86]. Nevertheless, the key issue of using 

metal-based nanomaterials in biomedical applications is their toxicity [98], but there is a way 

to mitigate this by incorporating NP into matrices [10]. Among various different matrices in 

which the incorporation of NP is possible, the matrices used in this research were selected 

according to their perspective use as biomaterials, two of them being intended for use as 

coatings, namely organic-matrix based PEM and inorganic-matrix based magnetron-sputtered 

thin films. The third matrix (alginate hydrogels) can be used as a standalone biomaterial. 

2.3.1 Polyelectrolyte multilayers 

Polyelectrolytes are macromolecules that combine the properties of flexible polymer 

chains with the behavior of highly charged electrolytes. These macromolecules contain in their 

structure at least 10-15 % functional groups that are either positively or negatively charged, 

classifying them as polycations (polybases, positively charged) or polyanions (polyacids, 

negatively charged). Some polyelectrolytes, known as polyampholytes, possess both positive 

and negative charges (amphoteric) in the same molecule [99]. They can also be classified based 

on their dissociation behavior. Weak polyelectrolytes have an ionization degree that depends 

on pH, with dissociation constant typically ranging between 2 and 10. In contrast, strong 

polyelectrolytes fully dissociate in solution, and their ionization degree remains unaffected by 

changes in pH [99]. 

Composed of repeating monomers, polyelectrolytes can be homopolymers (same 

monomers) or heteropolymers (different monomers), and exist as natural, modified natural, or 

synthetic with either linear or branched structures. Their physicochemical behavior is 

dominated by repulsive forces between like-charged monomers, while counter-ion 

condensation, binding of oppositely charged small ions, partially neutralizes their charge [99]. 

PEM are prepared by the layer-by-layer (LbL) technique, which involves alternately 

dipping substrate in solutions of polycations and polyanions and washing substrate between 

adsorption steps until the desired number of layers is obtained (Figure 4). The PEM build-up 

process is electrostatically driven. The method was first introduced by Decher in the early 1990s 

and has meanwhile become a cornerstone in the development of such coatings [14]. 
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Figure 4. Schematic representation of layer-by-layer build-up of polyelectrolyte multilayer. 

 

PEM are becoming increasingly important in the coating of orthopedic implants for a 

variety of reasons [15]. The most important reason is that active components can be 

incorporated into them allowing them to serve as a controlled-release drug delivery system [16]. 

A practical reason for their use is that they can coat a surface with almost no restriction in terms 

of composition, structure, size, morphology, or porosity. Polishing the surface before applying 

the multilayer provides a more homogeneous coating, but is not essential [100]. Mechanical 

friction can be a problem for multilayer durability, but crosslinking or better interaction of the 

multilayer with the surface through increased electrostatic surface charge or created covalent 

interactions could potentially solve it [100]. Moreover, the method to prepare them is simple 

and can be scaled up [15]. 

In addition, physico-chemical and mechanical properties of polyelectrolyte multilayers 

can be tailored by adjusting the building components, preparation conditions (e.g., solvent, pH, 

ionic strength, temperature), and the number of layers. This customization allows for precise 

control over the thickness, rigidity, and permeability of the coating [16,101]. 
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thermal treatment [23]. Regarding copper, only one study explored the incorporation of CuNP 

[121], while another focused on the incorporation of CuONP and ZnONP [25]. 

For biomedical applications, avoiding harmful reducing agents is crucial, as traces of 

NaBH4, hydrazine, dimethylformamide [24] may remain within the multilayers, posing 

potential toxicity risks. Another notable drawback of in situ AgNP synthesis is the lack of 

control over the content, size, and shape of synthetized NP. This is a critical issue, as these 

factors directly influence toxicity and the overall behavior of the material. Despite their 

importance, these parameters are often underexplored or insufficiently described in studies, 

making it difficult to tailor the NP for specific applications or predict their safety profile. This 

problem can be overcome by incorporating synthesized AgNP, CuNP, CuONP, and ZnONP as 

anionic or cationic multilayer components based on their charge, which was rarely used 

[25,121,122]. 

2.3.2 Magnetron sputtered thin films 

Magnetron sputtering is a widely used physical vapor deposition (PVD) method that can 

deposit metal and ceramic films up to 5 µm thick under vacuum conditions. The method allows 

the precise control of thin film properties, including thickness, composition, and structure, 

making it highly versatile for a range of applications [28,123]. The properties of the coating can 

vary due to different discharge power, deposition time, bias voltage, substrate temperature, and 

annealing treatment after deposition [29]. The advantages of this method include the cost-

effectiveness, reproducibility, excellent adhesion between the film and substrate, and its 

environmentally friendly nature [29,123]. Scalability of this method and the ability to coat 

implants with complex shapes is also possible. However, large-area films and curvatures pose 

a challenge to achieving consistent film thickness where the precision in power density, target-

to-substrate distance, and gas pressure play a critical role [123]. Another important advantage 

of the magnetron sputtering is the possibility of co-deposition by which thermodynamically 

immiscible materials (i.e. binary metals) can be produced [124]. This enables the preparation 

of numerous possible combinations of different materials with different properties than those 

prepared by other methods [125,126]. 
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Based on utilized power supply, in general, magnetron sputtering can be categorized 

into two groups: direct current (DC) and radio-frequency (RF) sputtering [28]. In the DC 

sputtering process, a negative voltage is applied to the target, which is placed in an environment 

of argon ions. This negative voltage causes the positively charged argon ions to accelerate 

toward the target, where they collide with the target surface with high energy. As a result, atoms 

from the target are ejected. During this process, secondary electrons are also produced as a by-

product. Secondary electrons are important because they help to maintain plasma by further 

ionizing the working gas, keeping the system active, and allowing the sputtering process to 

continue efficiently. However, DC sputtering is typically limited to conductive materials (i.e., 

metals), because it relies on a continuous flow of charge. When non-conductive (or insulating) 

materials are used as the target, a positive charge can accumulate on the target surface. This 

charge buildup disrupts the sputtering process by repelling the incoming argon ions, eventually 

halting the material ejection. Due to this limitation, DC sputtering is unsuitable for materials 

like ceramics or glass [129].  

To overcome this issue, RF sputtering can be employed for non-conductive materials. 

In RF sputtering, instead of a constant negative voltage, an alternating RF voltage is applied to 

the target. This alternating current regularly reverses the polarity of the target, preventing the 

accumulation of positive charges. As a result, RF sputtering allows for continuous sputtering 

of insulating materials, making it suitable for a broader range of target materials [28,129]. 

In reactive sputtering, gases like oxygen or nitrogen are introduced into the chamber, 

react with the target material and form chemical compound films on the substrate [129]. In such 

case, the reactive gas can directly impact deposition rates and quality of thin films using two 

strategies: (i) flow control and (ii) partial pressure control of the reactive gas [130]. 

As mentioned, several factors influence the sputtering process and its effectiveness, 

which can be adjusted, allowing for fine control over film characteristics such as thickness, 

morphology, and elemental composition. These attributes make the technique well-suited to 

meet the diverse requirements of biomedical coatings [128]. One key benefit of magnetron 

sputtering is that it can operate at low temperatures, making it suitable for temperature sensitive 

materials [129]. 

Despite having many benefits, the sputtering process has some disadvantages. One 

notable limitation is the relatively low sputtering rates compared to thermal evaporation 

techniques. Also, a significant portion of the energy used in sputtering is converted into heat, 

which must be managed and dissipated to avoid damaging the target [129]. Concerning the 
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biomedical field, the disadvantage of magnetron-sputtered thin films is the lack of porosity of 

prepared thin films. Porosity is crucial for osseointegration and cell attachment, and its lack can 

hinder bone growth and integration, making it challenging to develop coatings with the optimal 

surface topography for medical applications [29]. However, this can be improved by additional 

changes in microstructures, thickness, and surface morphology [131]. One way to overcome 

this problem is to firstly anodize Ti, by which TiO2 nanotubes are created on the surface, and 

then sputtered CaP thin film on top of nanotubes resulting in porous structure [132]. Other 

possible approach is to sputter Zn-ZnO composite films with varying O2 ratios and process 

pressures, followed by wet post-oxidation, which resulted in porous ZnO films with high 

surface area [133]. 

To prepare multicomponent thin film, magnetron co-sputtering is used. This refers to a 

process where multiple target materials are simultaneously sputtered to form a film on the 

substrate. In this method, each material is sputtered from a separate target, and the film 

composition is controlled by adjusting the power delivered to each magnetron responsible for 

sputtering the different materials (Figure 6). This technique provides flexibility in controlling 

the composition of the deposited films, as well as enabling the creation of materials with tailored 

properties [134]. 

2.3.2.1 ZnO magnetron-sputtered thin films 

ZnO is a widely studied II-VI semiconductor with a wide direct bandgap (~3.37 eV) 

and a large exciton binding energy (~60 meV) at room temperature, making it a material of 

interest in various fields of science and technology [87,135]. The wide bandgap ensures its 

transparency in the visible spectrum, making it highly suitable for applications that require 

transparent materials, and the large exciton binding energy is advantageous for light-emitting 

and light-sensing devices, as ZnO exhibits strong excitonic behavior even at room temperature, 

enhancing the efficiency of optical processes. Other significant properties include piezoelectric 

behavior, thermal stability and oxidation resistance in harsh environments. These properties 

make ZnO thin films highly attractive for a variety of applications, including optoelectronics, 

solar cells, photocatalysis, flat panel displays, spintronics, laser diodes, gas sensors, field-

emission devices, and so on [135,136]. 

Usually ZnO thin films grow as columnar structures perpendicular to the substrates 

[137]. These columnar structures arise from a nucleation process where ZnO islands coalesce 

during growth, with growth being influenced by temperature [137]. At lower temperatures, 

atomic mobility is limited, leading to a convex surface morphology due to nonequilibrium 
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The gelation of alginate can be achieved by physical or chemical crosslinking. 

Physically crosslinked hydrogels are interlacing polymers that remain as a network due to 

electrostatic interactions, hydrogen bonding, hydrophobic interactions and coordination bonds, 

while chemically crosslinked hydrogels have covalent bonds that make them a permanent 

network [163]. Ionic crosslinking is the most widely used method for preparing alginate 

hydrogels, with calcium ions being the most used. It is generally assumed that divalent ions are 

only bound to the G units of the alginate, as the G blocks formed have a high coordination of 

divalent ions. In addition, the G blocks of one polymer form bonds with the blocks of 

neighboring polymers, forming a crosslinked gel structure, often referred to as the egg-box 

model [161]. 

Controlling the gelation kinetics enables control of the properties of the formed gel, i.e. 

the slower the gelation, the more homogeneous and mechanically stable the gel will be. 

Although CaCl2 is often used, gelation in its presence is fast, resulting in poorly controlled 

gelation. An example of modifications to slow down the gelation rate is the use of phosphate 

containing buffers, in which phosphate groups can compete with the carboxylate groups of the 

alginates for the calcium ions. Another way to control gelation kinetics is to lower temperature. 

A lower temperature reduces the reactivity of the crosslinkers and leads to better ordering and 

better mechanical properties of the formed gels [161]. 

Considering application, hydrogels are particularly interesting for tissue engineering 

because they mimic the natural ECM of the tissue as a highly hydrated 3D crosslinked polymer 

network [30]. This biocompatible microenvironment enables incorporation of various active 

agents with controlled release along with the cell proliferation within the network [30,31]. 

Specifically, alginate hydrogels are recognized in regenerative medicine because their scaffold 

have in vitro histocompatibility and minimal cytotoxicity. Moreover, these hydrogels have 

optimal biodegradability and allow good vascularization with minimal inflammatory responses 

after transplantation. In the preclinical and clinical studies, alginates have application as wound 

dressing in form of hydrogels, sponges and electrospun dressings [162]. 

The main disadvantages of alginate hydrogels are their weak mechanical properties, 

their limited bioactivity and their unfavorable cell adhesion. The mechanical strength of 

hydrogels made from natural polymers is apparently weak, whereas this is not the case with 

synthetic polymers, which have somewhat more controllable mechanical and chemical 

properties. None of the polymers are universally suitable for tissue engineering, so natural and 

synthetic polymers are often blended to combine the advantages of each material. For example, 

it is recommended to mix polysaccharides with osteoconductive material to achieve better cell 















Literature review   35 

Ana-Marija Milisav   Doctoral dissertation 

for lower solubility. OCP is physiologically present as the stable component of dental and 

urinary calculi [37]. 

2.4.4 Hydroxyapatite 

HA is commonly represented by chemical formula Ca10(PO4)6(OH)2, as it indicates a 

crystal unit cell composed of two molecules. HA is the second most stable and least soluble 

CaP after fluoroapatite, exhibiting a slower resorption rate [179]. In its chemically pure form, 

HA crystallizes in the monoclinic space group P21/b. However, when subjected to temperatures 

exceeding approximately 250 °C, HA undergoes a phase transition to the hexagonal space 

group P63/m. The monoclinic form is relatively unstable in the presence of impurities and other 

ions, which is why the hexagonal structure is more commonly encountered [192]. Single 

crystals of natural HA are generally very rare and rarely stoichiometric [37]. 

The synthesis of HA can be achieved through solid-state reactions or wet chemistry 

methods, including precipitation, hydrothermal synthesis, and hydrolysis of other CaP. These 

methods require the mixing of calcium and phosphate-containing precursors to achieve the 

precise Ca/P ratio of 1.67. However, even under ideal stoichiometric conditions, the 

precipitated HA often deviates from stoichiometry, typically forming through intermediate 

phases such as ACP and CaDHA. As a result, unsintered HA is often poorly crystalline and 

non-stoichiometric, closely resembling CaDHA. However, well-crystalline HA can be 

synthesized from aqueous solutions at elevated pH levels (10-11) and temperatures above 90 °C 

[37]. 

 Stochiometric HA does not occur in organisms. Nonetheless, due to its chemical 

similarity to bone and dental minerals, HA finds widespread application in biomedical fields. 

It is commonly used as a coating on orthopedic and dental implants to promote osseointegration. 

Additionally, it is incorporated into certain toothpastes as a mild abrasive agent, serving as an 

alternative to calcium carbonate [37]. 
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3. EXPERIMENTAL SECTION  

3.1 MATERIALS  

Commercial metal and metal oxide nanoparticles 

Commercially obtained NP were copper (II)  oxide (CuONP, <50 nm, Sigma-Aldrich), 

zinc oxide (ZnONP, <50 nm, Sigma-Aldrich) and silver nanopowder (AgNP, 20-40 nm, 

Thermo Fisher Scientific). CuONP were used for incorporation in PEM matrices. All 

commercial NP were used for incorporation in alginate hydrogels matrices. 

Materials for AgNP synthesis 

The chemicals used for the synthesis of AgNP were: silver nitrate (AgNO3, Alfa Aesar), 

polyvinylpyrrolidone (PVP, Mw = 40,000, Sigma-Aldrich), ammonia (NH3, Sigma-Aldrich), D-

(+)-glucose (Sigma-Aldrich) and sodium hydroxide (NaOH, Sigma-Aldrich). Synthesized 

AgNP was used for incorporation in PEM matrices. 

Materials for the preparation of polyelectrolyte multilayers 

Polyelectrolytes used for the build-up of the multilayers were poly-L-lysine 

hydrobromide (PLL, Mw = 30,000-70,000, Sigma-Aldrich) and poly-L-glutamic acid sodium 

salt (PGA, Mw = 50,000-100,000, Sigma-Aldrich). The chemicals used for buffer preparation 

were 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES, Sigma-Aldrich) and 

sodium chloride (NaCl, Sigma-Aldrich). Titanium sheets were used as substrates for 

multilayers (99.6 % purity, 0.5 mm × 10 mm × 10 mm, HMW Hauner GmbH & Co. KG). They 

were cleaned by sonication in ethanol in three cycles of 10 minutes each to ensure that surface 

impurities were removed. Sodium dodecyl sulfate (SDS, Sigma-Aldrich) was used to clean the 

Ti sensors (QSX 310 Ti, Biolin Scientific, Sweden) used for build-up analysis. 

Materials for the preparation of magnetron-sputtered thin films 

High purity ZnO, Ag, and Cu circular targets (99.99 %, Ø = 1 cm, K. J. Lesker, USA) 

were used to prepare magnetron-sputtered thin films, while Ar was used as a discharge gas 

(Messer, Croatia). The thin films were sputtered onto Si substrates (University Wafer, USA). 

Materials for the preparation of alginate hydrogels 

For the preparation of alginate hydrogels, sodium alginate (Alginex® grade L, Kimica 

Corporation, Japan) was used with the Tris(hydroxymethyl)aminomethane (TRIS buffer, VWR 
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The particle size distributions of AgNP, CuONP, ZnONP and of magnetron-sputtered 

thin films were determined using SEM and TEM micrographs with the ImageJ 1.53e software 

(available for free at http://imagej.nih.gov/ij/). The results are expressed as the mean ± standard 

deviation based on measurements of 50 particles. 

3.3.4 Energy dispersive X-ray spectroscopy 

Energy dispersive X-ray spectroscopy (EDS or EDX) is an analytical technique for 

determining the elemental composition of materials often integrated with SEM or TEM. 

Characteristic X-rays can be emitted when a high-energy electron beam interacts with the 

sample. This emission is possible when electrons from the inner shell are ejected from the atoms 

of the sample, creating vacancies. These vacancies are then filled by electrons from higher 

energy shells. The energy difference between the higher and lower shells is released as 

characteristic X-rays, which correspond to the specific elements in the sample and enable 

element identification. The results can be displayed in the form of an energy spectrum in which 

the peaks correspond to the elements detected. Elemental mapping can also be performed, 

showing the spatial distribution of the elements in the sample. Quantitative analysis is also 

possible and is usually expressed as at. % or wt. % [202]. 

The elemental composition of the PEM and magnetron-sputtered thin films were 

analyzed using the Oxford Ultim Max 170 EDS detector (United Kingdom) integrated into the 

Zeiss Crossbeam 550 SEM setup. The EDS measurements were performed at an accelerating 

voltage of 20 kV to detect C, Ag, Cu, Zn, O, Ca, and P. For each sample, three regions of 

interest were analyzed. 

3.3.5 Transmission electron microscopy 

Transmission electron microscopy (TEM) is an imaging technique in which a focused 

beam of high-energy electrons passes through an ultra-thin sample. When the electron beam 

interacts with the sample, phenomena such as scattering, absorption or transmission of electrons 

occur, depending on the density, composition and structure of the sample. The transmitted 

electrons are collected and form an image that is magnified and focused onto a detector, usually 

a fluorescent screen, photographic film or a specialized digital camera. This process results in 

high-resolution images that reveal the internal structure of the sample at the atomic or molecular 

scale [202]. 

In this work, LaB Philips CM200 TEM and Jeol Jem 1010 operated at 80 kV, were used 

to visualize synthesized AgNP. The sample preparation for TEM/SAED analysis involved 

placing a drop of the AgNP suspension on a copper grid covered with a hollow Formvar 
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4. RESULTS AND DISCUSSION 
Three types of matrices for the incorporation of metal and metal oxide NP (AgNP, 

CuONP and ZnONP) were investigated, namely: PEM, magnetron-sputtered thin films and 

alginate hydrogels. These three matrices were chosen because of their versatility, ease of 

preparation and the possibility to scale up the coating procedure, as well as the possibility of 

incorporation of different types of NP. In order to improve biocompatibility of magnetron 

sputtered coatings and alginate hydrogels the biomimetic mineralization with calcium 

phosphates was also investigated. 

 

4.1 POLYELECTROLYTE MULTILAYERS MATRICES  

PEM are widely used for coating different surfaces [16]. In this study, poly(amino acids) 

PLL and PGA were chosen as PEM building blocks. In general, poly(amino acids) are 

biocompatible and biodegradable as they are naturally metabolized in biological systems, which 

reduces the risk of long-term toxicity [224]. In addition, the secondary structures of poly(amino 

acids) resemble the structural motifs of natural proteins, allowing them to mimic biological 

processes and making them valuable for the development of biomimetic materials that interact 

effectively with biological tissues [101]. Despite these advantages, to the best of our knowledge, 

no attempt has yet been made to incorporate NP into poly(amino acid) multilayers. 

4.1.1 Characterization of AgNP and CuONP 

For the incorporation into PLL/PGA multilayer, synthesized AgNP and commercially 

obtained CuONP were used. TEM was used to visualize the morphology and determine the 

primary size of AgNP, while SEM was used for CuONP as it was a more suitable method. The 

AgNP were predominantly polyhedral particles with an average size of 54.7 ± 9.5 nm, while 

the CuONP were irregularly rod- and plate-shaped with an average size of 114.2 ± 17.9 nm 

(Figure 13). 
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unless they are optimized for better release or surface interaction. Interestingly, there are no 

direct comparisons in the literature regarding the relative efficacy of AgNP versus CuONP in 

multilayers against bacterial biofilm formation. 

 

Figure 23. SEM images of Staphylococcus aureus and Pseudomonas aeruginosa grown 
overnight on uncoated Ti  sheets and ones coated with 10 deposited poly-L-lysine and poly-L-
glutamic acid bilayers without (PEMn), with incorporated silver (PEMAg) and copper oxide 
nanoparticles (PEMCuO). 
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not toxic to NIH-3T3 fibroblast cells but were still effective against S. epidermis bacteria. In 

our study, we observed that even with five times the amount of Ag incorporated into the 

multilayers, there was no significant cytotoxic effect on MG-63 cells. This discrepancy could 

be due to differences in the susceptibility of the different cell types or to the different 

composition of PEM. 

 

 

Figure 26. SEM micrographs of MG-63 cells seeded on uncoated Ti  sheets and ones coated 
with 10 deposited poly-L-lysine and poly-L-glutamic acid bilayers without (PEMn), with 
incorporated silver (PEMAg) and copper oxide nanoparticles (PEMCuO) after 24 h exposition 
to cell media. Blue arrow denotes a cell with round shape. 

 

4.2 MAGNETRON SPUTTERED THIN FILMS  MATRICES  

Magnetron sputtering is gaining attention as a preparation technique that enables the 

preparation of a wide variety of thin films of high purity and low cost at an industrial scale. 

Adding to the popularity of the method is the possibility to co-deposit several components by 

which mixtures of thermodynamically immiscible materials can be prepared [124]. It is 

precisely these advantages that make the magnetron sputtering method of considerable interest 

for coating medical implant surfaces. In the following chapter, effects of silver and copper 

doping on the properties of ZnO magnetron sputtered thin films are presented. 
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Figure 28. AFM images of ZnO thin films, undoped (a) or doped with 3 at. % (b,e), 6 at. % 
(c,f) and 12 at. % (d,g) of Ag (b-d) or Cu (e-g). 

 

Similar trend of decreasing crystallinity and preferential orientation, due to the 

increasing dopant concentration was observed in the case of Cu doped thin films. At low Cu 

concentrations, i.e. for ZnOCu3 and ZnOCu6 thin films, the (002) reflection of ZnO was the 

only one detected reflection. However, in the diffraction pattern of ZnOCu12 thin film, the 

(100) and (110) peaks became prominent. The loss of crystallinity with increasing Cu content 

up to 5 % was previously observed [250]. The intensity of (002) reflection decreased 

progressively with increasing Cu content, similar to the behavior observed with Ag-doped film. 

The crystallite size in (002) direction was higher for the Cu doped thin films (40.3 ± 1.4 nm 

ZnOCu3, 31.4 ± 2.7 nm ZnOCu6 and 24.9 ± 2.1 nm ZnOCu12) than for the non-doped ZnO 

thin films (11.43 ± 1.0 nm), and it decreased with increasing Cu concentration. 

AFM (Figure 28) provided insight into the surface topography of the films. AFM 

showed that undoped ZnO films exhibited a granular surface, with little change in grain size 

and surface roughness with increasing Ag content. However, for Cu-doped films, an increase 

in grain size and surface roughness was observed, especially for ZnOCu6 and ZnOCu12  

(Table 5). 
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In Figure 29 SEM micrographs of magnetron-sputtered thin films are shown. The 

micrographs of undoped ZnO film revealed typical irregular granular structures with an average 

grain size of 67.8 ± 29.2 nm (Table 5), indicating the presence of columnar structures within 

the film [90,137,251]. The cross-sectional SEM image showed that a homogeneous and dense 

thin film was formed, consisting of large-diameter columns, similar to the ZnO thin films 

prepared by RF magnetron sputtering [252]. This aligns with reports from Shin et al. [137], 

who observed that ZnO surfaces exhibit a convex profile due to crystallite coalescence as that 

the slower diffusion rate of atoms on the ZnO surface compared to the deposition rate during 

columnar growth contributes to this morphology. A number of previous studies of ZnO thin 

films revealed that the morphology of thin films is columnar [90,137,252]. The morphology 

depended on the deposition parameters, and both columns extending from the bottom to the top 

of the layer [90,137] and continuous structure [253] were observed. 

 

Table 5. Surface roughness obtained from AFM images and grain size obtained from SEM 
images of ZnO thin films undoped or doped with 3 at. %, 6 at. % and 12 at. % of Ag (ZnOAg3, 
ZnOAg6, ZnOAg12, respectively) or Cu (ZnOCu3, ZnOCu6, ZnOCu12, respectively). 

Sample RMS (Rq) / nm Ra / nm dSEM / nm 

ZnO 4.2 ± 0.6 3.4 ± 0.5 67.8 ± 29.2 

ZnOAg3 3.0 ± 0.1 2.4 ± 0.1 21.3 ± 6.5 

ZnOAg6 4.0 ± 0.1 3.3 ± 0.3 20.1 ± 8.0 

ZnOAg12 4.4 ± 0.1 3.5 ± 0.1 17.9 ± 5.9 

ZnOCu3 5.8 ± 0.1 4.6 ± 0.1 46.4 ± 15.2 

ZnOCu6 16.3 ± 0.9 13.2 ± 0.7 68.2 ± 23.0 

ZnOCu12 14.4 ± 0.5 11.8 ± 0.4 132.9 ± 34.6 
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Figure 29. SEM images (top view and cross-section) and EDS elemental distribution maps of 
ZnO thin films undoped or doped with 3 at. %, 6 at. % and 12 at. % of Ag (ZnOAg3, ZnOAg6, 
ZnOAg12, respectively) and Cu (ZnOCu3, ZnOCu6, ZnOCu12, respectively). 

 

For Ag-doped ZnO films, a morphology comparable to the undoped ZnO was observed. 

However, a prior study [90] indicated that, in a reactive Ar-O2 atmosphere, even small additions 

of Ag can change the columnar shape from circular to triangular, maintaining V shape form in 
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cross section. At higher Ag concentrations visible gaps between columns were observed, 

similar to our ZnOAg12 film. Notably, the grain size decreased with increasing Ag content 

(Figure 29). At lower Ag content, Ag+ ions are likely to replace Zn2+ ions in the ZnO lattice, 

despite Ag+ having larger radius (0.122 nm) compared to Zn2+ ( 0.074 nm) [143]. However, this 

substitution occurs only within a narrow composition range potentially causing lattice 

distortion. Once the solubility limit is exceeded, Ag segregation at grain boundaries leads to 

formation of small Ag particles between the grains (Figure 29). These particles were too small 

and too low in surface concentration to be detected by XRD. Similar segregation and NP 

formation have been documented in previous studies, where exceeding the solubility limit of 

Ag resulted in particle formation [144,251]. SEM cross-sectional images revealed that the 

columns developed from the substrate to the top of the layer and that their width increased at 

12 % Ag. In addition, AgNP could be noticed sporadically at different depths. It has already 

been observed that the shape of the columns changes when Ag is added to thin ZnO films. Since 

the columnar morphology is related to a preferential c-axis orientation, this could indicate that 

the presence of Ag may cause a different crystalline growth, leading to a change in morphology 

[90]. 

On the other hand, Cu doping led to a notable increase in grain size and higher surface 

roughness (Figure 29, Table 5). SEM cross-sectional images showed that irregular columns 

formed, the width of which increased with increasing Cu content. Khosravi et al. [253] observed 

that the structure changes from continuous to nanorod arrays for 3.4 % and 6.5% Cu-doped 

ZnO thin films, while Piedade et al. [252] observed no effect of Cu doping. The morphology 

was comparable to that of undoped ZnO films. Due to chemical and physical similarity of Cu 

and Zn, Cu acts as an optimal dopant with minimal lattice distortion [254].  

The homogeneous distribution of Ag and Cu in the doped films was confirmed by EDS 

analyzes, demonstrating the successful incorporation of these dopants during sputtering (Figure 

29). Quantitative EDS analyzes showed that the content of dopants increased proportionally to 

the content of Ag and Cu during the magnetron sputtering process. This gradual and consistent 

incorporation of dopants across different dopant contents, apart from the ZnOCu12 sample, 

demonstrated a high degree of control over the thin film deposition process. 

In BTE, bioactivity of metal coatings is often enhanced by the deposition of a CaP layer, 

as this layer promotes osseointegration [255]. To assess the biomedical potential of the ZnO-

based coatings investigated in this study, CaP were biomimetically deposited on each sample 

and characterized by SEM, EDS and Raman spectroscopy. 
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Figure 32. Raman spectra of deposited calcium phosphates (CaP) on ZnO thin films undoped 
(a) or doped with 3 at. % (b,e), 6 at. % (c,f) and 12 at. % (d,g) of Ag (b-d) or Cu (e-g). CaP 
bands are denoted with triangles. 

 

 

Figure 33. 2D (left) and 3D representation (right) of the AFM micrographs of deposited 
calcium phosphates on ZnO thin films doped with a) 3 % at. Ag and b) 3 % at. Cu. 
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Figure 34. Raman spectra of ZnO thin films undoped (a) or doped with 3 at. % (b,e), 6 at. % 
(c,f) and 12 at. % (d,g) of Ag (b-d) or Cu (e-g). Si-O vibrations are denoted with upper triangles 
and vibrations of silver nanoparticles are denoted with circles. 

 

 

Figure 35. a) Water contact angle (WCA) and b) total surface free energy (SFE) and its 
dispersive and polar component of ZnO thin films undoped or doped with 3 at. %, 6 at. % and 
12 at. % of Ag (ZnOAg3, ZnOAg6, ZnOAg12, respectively) or Cu (ZnOCu3, ZnOCu6, 
ZnOCu12, respectively), without (MS) and with deposited calcium phosphates (CaP/MS). 
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One possible mechanism, discussed in more detail in chapter 2.2, by which metal and 

metal oxide coatings exhibit antibacterial properties is the release of ions [12]. In this study, the 

release from undoped, Ag- and Cu-doped ZnO thin films was investigated for the first time, to 

the best of our knowledge. The release was measured in PBS over a 24 h period at 37 °C, which 

corresponds to the time scale for biological characterization (Figure 36). For each metal (Ag, 

Cu and Zn) there was an initial rapid release within the first 4 hours, followed by a gradual 

release during the remaining 24 hours. This release pattern is similar to the previously reported 

release behavior of Ag+ ions from Ag-doped ZnO nanocomposites in powder form [269]. 

One exception was the ZnOAg12 film, where the measured Ag ion concentration 

decreased over time. This decrease could be consequence of the precipitation of AgCl on the 

film surface when exposed to the chloride ions in the PBS [257]. This hypothesis is supported 

by the fact that ZnOAg12 exhibited the lowest Ag release despite having the highest Ag content 

(Figure 36c). In contrast, Cu release increased steadily with increasing Cu content in the films 

(Figure 36d). 

Regarding Zn release, the doped films generally released lower amounts of Zn than the 

undoped film after 24 hours, with the exception of the ZnOCu6 (Figure 36a-b). Furthermore, 

no substantial difference in Zn release was observed between films with and without deposited 

CaP (Figure 36a-b). Interestingly, the measured Ag ion concentration of Ag-doped ZnO films 

with deposited CaP was higher than that of films without CaP (Figure 36c), although Ag release 

decreased after 24 hours for all CaP-coated samples, probably because of the precipitation of 

AgCl. In contrast, the release of Cu was slightly higher in the films without deposited CaP than 

in those with deposited CaP (Figure 36d). 

4.2.2 Antibacterial tests 

Since the formation of biofilms can lead to serious health complications and prolong or 

even hinder the treatment of infections [62], the biofilm formation of P. aeruginosa (a Gram-

negative bacterium) and S. aureus (a Gram-positive bacterium) on ZnO-based thin films of 

different compositions was investigated. These bacterial strains are commonly associated with 

nosocomial infections, especially in the context of orthopedic implants [8,270]. 

The results showed a substantial inhibition of biofilm formation of P. aeruginosa on the 

undoped ZnO thin films, as demonstrated by a low OD ratio, however, biofilm formation of S. 

aureus was not inhibited (Figure 37a). The Ag-doping improved the inhibition of S. aureus 

biofilm formation at lower Ag contents and resulted in weak to no biofilm formation. However, 

a higher Ag content (ZnOAg12) resulted in moderate biofilm formation by S. aureus. Biofilm 
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CaP. However, this pattern was not observed for Cu-doped films, suggesting that Ag and Cu 

may act through different mechanisms. 

 

Figure 38. Representative SEM images of Staphylococcus aureus biofilm formed on ZnO thin 
films undoped or doped with 6 at. % of Ag (ZnOAg6) or Cu (ZnOCu6) without or with 
deposited calcium phosphates (CaP). 

 

SEM imaging enabled detailed visualization of biofilm development on the various 

samples (Figures 38-39). For S. aureus, the SEM micrographs showed individual cells and 

small clusters, with cluster formation being more pronounced on ZnOCu6 and CaP/ZnOAg6 

(Figure 38). This suggests that while CaP increases the efficacy of Ag against S. aureus, it also 

promoted biofilm formation in certain cases, which was not the case for Cu. In contrast, P. 

aeruginosa appeared mainly as isolated or sparsely scattered cells on the film surfaces, with 

minimal clustering. In some cases, cells with coccoid morphology were observed, indicating 

impaired growth (Figure 39). It is worth noting that, especially for Ag-doped ZnO films, the 
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quantitative assay for CaP-deposited samples showed lower OD ratio values indicative of less 

total biomass, while SEM micrographs showed some cell clustering and biofilm formation. 

Contrary, Cu-doped ZnO films were better inhibitors of biofilm formation. The discrepancy in 

the obtained results is consequence of SEM being the most sensitive method, able to detect the 

presence of a single or a few scattered bacterial cells, which could be undetectable by crystal 

violet assay. 

 

Figure 39. Representative SEM images of Pseudomonas aeruginosa biofilm formed on ZnO 
thin films undoped or doped with 6 at. % of Ag (ZnOAg6) or Cu (ZnOCu6) without or with 
deposited calcium phosphates (CaP). 

 

Several studies have investigated the antibacterial properties of magnetron-sputtered ZnO 

thin films, emphasizing the influence of film composition, structure and thickness on their 

effectiveness. Carvalho et al. [90] reported an optimal antibacterial effect for ZnO thin films 

with a thickness between 200 and 600 nm against E. coli. In our study, thicker ZnO films 














































































































