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Introduction 

The tremendous progress in the field off drug delivery systems (DDSs) capable of 

delivering therapeutic agents into the body, in the last few decades has led to significant 

achievements, such as sustained - release drug administration or drug-loaded implantable 

devices. Additionally, the explosive emergence of nanotechnology has led to breath-taking 

results in medicine as well, making it possible to use new DDSs. Although the design of these 

DDSs requires a combination of technologies, due to nanomedicine, targeted drug delivery is 

now achievable. 

Thanks to nano carrier-based DDSs, the revolutionization of drug administration can 

occur, as these systems, capable of overcoming physical and biological barriers, can provide 

controlled and prolonged drug release. One group of DDSs is local drug delivery systems 

(LDDSs). Their effectiveness lies in significantly enhancing the therapeutic effect of the active 

substance at the target site, thus minimizing potential side effects caused by the active 

molecule. 

The use of LDDSs has proven globally beneficial in orthopedics and dentistry as well. 

Their application is justified and necessary because although the implants are biocompatible 

and most of them bioactive, only a few of these materials have antimicrobial properties. LDDSs 

can offer solutions for the treatment of inflammatory or infection-prone sites and even for 

preventing the development of infections. The local application of antibiotic therapy also 

minimizes the development of further diseases. Improving the therapeutic index and the joint 

development of drug-biomaterial carriers significantly reduces the risk of implant rejection and 

can provide a solution for long-term treatments.  

However, many advances and developments are still the results of basic research. The 

actual implementation of potentially applicable systems in various fields of medicine can 

represent a huge-scale development. However, there are still numerous gaps that need to be 

addressed. Despite numerous studies reporting the beneficial use of local antibiotic therapy, 

standardization has not yet been achieved. Due to these drawbacks and shortcomings, there is 

still no clear DDS. The issue of customization further complicates the design problem. In the 

case of the majority of LDDSs, the complete therapeutic mechanism required for their 

application is still unknown, and even for specific devices, research reflects divisive opinions 
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and results. These include issues of biocompatibility, safety, stability, and controllability. 

Beyond scientific limitations, resolving scalability and technological barriers also requires 

further development. 

The present doctoral thesis aims to enhance the effectiveness of treating hard tissue 

diseases through the research and development of LDDSs that enable targeted and efficient 

therapy.  

The main inorganic component of bones and teeth is hydroxyapatite (HA), a bio-material 

that can be easily produced synthetically. Its medical application is made possible by its 

similarity to biological apatite due to its similar chemical structure. Often referred to as the 

“gold standard” of bio-materials, HA has long been known to accelerate healing processes in 

hard tissue implantation, in addition to being biocompatible, is also bioactive. Today's research 

goes beyond physical, mechanical, and biological analyses. Current development trends focus 

on investigating HA as an active substance carrier in medicine. The results presented below are 

mainly focused on the application of HA as LDDS, in three different systems: in bone substitute 

powder form, in polymer-composite film form, and in polymer nanofibers.  

However, in addition to HA, other calcium phosphates are also suitable for bone 

replacement. An example of this is the bioresorbable β-tricalcium phosphate (β-TCP), which 

due to its excellent biological properties, can also be used in tissue engineering. Upon entering 

the body, the release of calcium and phosphate ions leads to the formation of bone-like apatite, 

balancing the processes of bone formation and attachment to pre-existing hard tissue. 

Although the biological properties of these calcium phosphates (CaPs) are undisputed, 

their applicability is hindered by their weak physical and mechanical properties. Certain 

procedures, such as composite formation with polymers or ion substitution, can significantly 

improve these properties and open up numerous new possibilities for applications. Ion 

substitution has several other advantages as well, as the incorporation of silver or zinc into the 

structure results in antibacterial effects of the biomaterial. Silicon- and magnesium-substituted 

HA and β-TCP play a crucial role in physiological processes, primarily facilitating regeneration 

processes.  

 

As can be seen from this summary, the doctoral thesis was divided into two main parts. 

The Bibliographic overview provides a comprehensive description of local drug carrier systems 

and biomaterials suitable as drug carriers (bioceramics, biopolymers, metallic biomaterials). 

Following a thorough literature review, the Original contribution section outlines the 

objectives and aims of the four chapters. The presentation of the experimental parts follows a 
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similar structure, including the materials and methods section (experimental steps), results and 

discussions, and conclusions.  

 

Following current research trends, the first two chapters of the original contribution of 

the thesis focus on studying the drug-delivery capabilities of the previously mentioned CaPs. 

The studies used doxycycline (Doxy) as the test drug, which in addition to being a broad-

spectrum antibiotic, shows a high affinity towards various CaPs. In the fourth chapter, entitled 

“β-TCP, Si- and Mg-doped β-TCP synthesized by co-precipitation method for controlled 

drug delivery”, the release of Doxy was investigated from the carriers mentioned in the title. 

Nevertheless, this study includes the empirical optimization of β-TCP synthesis by co-

precipitation method, characterization of the synthesized carriers, drug loading, and drug 

release studies.  

In general, the co-precipitation method allows for the production of various CaP 

morphologies, including the formation of porous aggregate structures. Structural porosity 

serves not only as active sites for bone formation processes, but also results in reduced drug 

release. Diffusion of drug molecules trapped in the pores is hindered, facilitating long-term 

release. The presence of foreign ions also favors the retard effect, which results in slower 

diffusion of the active substance. Furthermore, the amount of released drug can be controlled 

by the initial drug content. By increasing the initial active substance content, a significant 

decrease in dissolution rate can be achieved. 

In the fifth chapter of the thesis (“The impact of hydroxyapatite-based biomaterials' 

chemical composition and morphology on their drug release characteristics”), the release 

mechanism of Doxy from HA produced by the co-precipitation method and ion-doped HA was 

examined. Essentially, this is a comparative study that discusses factors influencing drug 

release, such as the chemical composition and morphology of HA powder and the importance 

of the dissolution medium in in vitro processes. The majority of the samples involved in the 

comparison are diffusion-controlled systems providing regular Doxy release. 

Achieving controlled drug release depends on careful selection design and process 

parameters. Design processes take into account the main release mechanisms, so the system to 

be developed can be pre-regulated. Analyzing the experimental release profiles, and 

determining and characterizing drug transport mechanisms helps in understanding the release 

mechanism, discussing the extent of influencing parameters, and shaping the system according 

to therapeutic requirements.  
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The complex environment of the human body and the local limitations of the therapeutic 

site often demand the use of more intricate LDDSs, which require the design and development 

of various morphologies. Thus, moving forward in our research, was implemented HA (with 

regular microsphere morphology) containing Doxy for actual implant coatings. The sixth 

chapter of the experimental section (Original contribution) of the thesis is based on the 

combination of implant materials and LDDSs. Functionalization of the implant surface with 

LDDSs can result in a drastic reduction in post-operative complications. The primary objective 

of these devices is to prevent infections. The active substance can be properly applied to the 

surface of the implant using some biocompatible polymer. The most important role of HA in 

the surface functionalization of the implant is to improve biocompatibility and promote 

physiological processes.  

In the presented research, the coatings produced by the dip-coating method are based on 

polylactic acid (PLA). PLA is a biodegradable and biocompatible polymer with significant 

medical importance. It is used in various medical fields, including tissue engineering. It is 

suitable for the delivery of active molecules, and the specific properties of the polymer have a 

significant impact on the release.  

In the chapter entitled “Investigation of optimized poly(lactic acid)/hydroxyapatite/ 

doxycycline coatings on titanium alloy surfaces”, we also looked for answers to questions 

such as factors influencing the porosity of polymer coatings. Porosity plays a crucial role not 

only in bioactivity, but also in drug release mechanisms and corrosion resistance. The 

experimental design, including the Box-Behnken response surface method, is suitable for 

optimizing the pore size and thickness of the coatings, examining the effect of the experimental 

parameters, and significantly reducing the number of experiments to be performed. The success 

of the design lies in its efficiency compared to other similar response surface methodologies.  

The experimental parameters enable the production of porous Doxy-loaded PLA and 

PLA/HA coatings. The additives change the characteristics of the PLA coating, its wettability, 

and thus its corrosion resistance also changes. Drug transport can be controlled by the chemical 

and physical properties of the coating. Therefore, due to the diverse nature of the biomaterials 

composing the complex coating, it becomes possible to achieve multi-stage drug release as 

recommended by local antibiotic therapy.  

Taking advantage of new trends and opportunities in the design of LDDS, the drug carrier 

properties of HA were investigated in a novel morphological approach, namely in nanofibers 

produced by electrospinning. Nanofibers, owing to their texture, are not as suitable for bone 

implants but rather for applications in dental interventions, such as incorporation into the 
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periodontal pocket. However, numerous medical applications are also known, for example, 

targeted active material delivery, tissue engineering, or wound dressing.  

The use of nanofibers as drug carriers is increasingly becoming the focus of research. 

The drug-binding process is crucial for drug release. There are several methods for the 

preparation of the drug-loaded nanofiber: the drug can be encapsulated within the fibers during 

the fiber formation process (electrospinning process), or it can be bound to the surface of the 

fibers during post-electrospinning processes. In the latter case, the sequential release is easily 

achieved, since in the first step the molecules of the weakly bound active ingredient diffuse. 

The properties of the polymer can control the following stages. 

In the chapter “Real-time investigation of Doxycycline release by electrochemical 

method”, the goal was to investigate drug release from Doxy-loaded nanofibers bound by 

physical adsorption. This research part focused on innovating the in vitro monitoring of drug 

release. 

Performing and repeating in vitro experiments are essential in the design and 

development of LDDSs. However, the dissolution kinetics is not only influenced by the 

parameters discussed in the thesis, but also by the measurement method. For instance, dilution 

processes associated with continuous sampling, while simulating the flow of fluids in the body, 

may affect the release mechanism. Conventional UV-VIS spectroscopy or HPLC measurement 

methods are intermittent, so sampling is essential. Among electrochemical methods, 

particularly voltammetric techniques, some can be applied with sufficient precision and 

sensitivity for in situ measurement of drug release. One such method is the Differential Pulse 

Voltammetry (DPV). Compared to traditional methods, DPV is a cheaper and simpler 

procedure, allowing for faster measurements without the interference of any external factors. 

 

The final part of the thesis included the general conclusions of the thesis, the valorization 

of the results achieved during the doctoral studies and the bibliographic references used for 

sustaining and explaining the obtained experimental results.  
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I. Bibliographic Overview 

1. Local drug delivery systems 

Drug delivery systems (DDS) can be defined most simply as devices that are suitable for 

the targeted introduction of one or more therapeutic agents into the human body [1-2]. The 

possibilities offered by nanotechnology are promising, especially biomaterial-drug systems, 

which are of outstanding importance. Due to their unique properties, they offer a new and 

beneficial opportunity in clinical practice [3]. 

The use of biomaterials as local drug carriers is becoming increasingly common in many 

fields of medicine, including dentistry and orthopedics. Although there are many gaps in this 

area [4], the LDDS allows the drug release directly at the therapeutic site [5]. The use of LDDS 

is possible in several dental areas, such as oral diseases [6-7], anesthesiology [8], restorative 

dentistry [9], periodontics and endodontic [10], prosthodontics [11] and implantology [12]. The 

use of LDDSs at the target site significantly increases the efficacy of the drug [13]. The 

regulated drug release is an important advantage, as the design allows control of the target site, 

release period, and release rate [14]. Research reports has shown that the use of this type of 

system reduces recovery time [15] and improves osseointegration [16]. 

1.1. Study of the release mechanism 

During the design and development of LDDSs, special attention was paid to systems 

providing controlled drug release. Diffusion plays a crucial role in the majority of controlled 

and regulated DDS [17-19]. The phenomenon of diffusion is usually defined as a mass transfer 

process in which the driving force is the concentration gradient. The diffusion is of crucial 

importance in the pharmaceutical and medical fields, since in addition to controlling drug 

release, it is also responsible for the absorption of the active ingredient in the targeted tissue or 

cell [20]. 

Continuously developing science and interdisciplinarity have made it possible to predict 

the release profile of a given DDS by performing different calculation algorithms. 

Mathematical models and experimental observations permit in vitro and in vivo drug release 

analysis, their correct combined use helps to understand the release mechanism, thereby 

providing answers to questions related to drug release. 

Several methods can be used to study drug release kinetics, which can be divided into 

three categories: statistical methods, model-dependent, and model-independent methods. In 

order to understand the drug release kinetics and to predict further behavior, it is necessary to 
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use model-dependent approaches. These are mathematical functions that describe the release 

of the given drug from the DDS. Table 2 presents the main kinetic models, their associated 

equations, and the most important characteristics [21]. 

Table 2: The most commonly used mathematical models describing drug release kinetics. 

Kinetic model Mathematical equation S.N. The main features of the model 

Zero order Qt = Q0 − k0 ∗ t (3) 

o The release is independent of the 

initial drug concentration; 

o Constant release 

First-order 𝑙𝑜𝑔 Qt = 𝑙𝑜𝑔 Q0 +
k1 ∗ t

2.303
 (4) 

o The release is dependent of the 

initial drug concentration; 

o Sustained release 

Higuchi Qt = kH ∗ t (5) 

o Release according to Fick-

diffusion; 

o Linearly proportional to the square 

root of time 

Hixson-

Crowell 
Q0

1/3
− Qt

1/3
= kHC ∗ t (6) 

o Dissolution controlled release; 

o Surface changes of drug delivery, 

particles size decrease over time 

Korsmeyer- 

Peppas 

Qt

Q∞
= kKP tn (7) 

o The value of the diffusion 

coefficient n determines the mechanism 

of release of the active ingredient 

 n < 0.5: quasi fickian diffusion 

 n = 0.5: fickian diffusion 

 0.5 < n < 1: anomalous diffusion 

 n= 1: case II transport 

 n > 1: super case II transport 

where: Qt is the amount of drug released at time t; Q0 is the initial amount of drug; Q∞ is the 

amount of drug released at the time ∞; k0, k1, kH, kHC, and kKP are the zero-order, first-order, 

Higuchi’s, Hixson’s and Korsmeyer-Peppas release rate constant, respectively; n is the 

diffusional release exponent 

In the case of Korsmeyer-Peppas model, the limit of the diffusion exponent (n) can vary based 

on the sample geometry. Accordingly, for a thin film, n = 0.5, for a sphere, n = 0.45, and for a 

cylindrical particle, n= 0.43 [22]. 

 

2. Biomaterials for local drug delivery systems  

Biomaterials include all substances or combinations of materials that can be incorporated 

into the human body and whose effect improves or maintains the quality of life. So, their 
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application can have two main purposes: diagnostic and/ or therapeutic [23]. These are usually 

devices that supplement or replace some kind of tissues, from the category of both natural and 

synthetic materials. When biomaterials are implanted in the body, they interact with it, and their 

biocompatibility determines the response [24]. 

2.1. Bioceramics 

Bioceramics, or ceramic-based biomaterials, consist of molecules in which metallic or 

non-metallic elements are bounded by covalent or ionic bonds. Of course, it is possible for both 

bond types to be found in the same molecule [25]. The largest and most significant group of 

materials belonging to bioceramics are calcium phosphates (CaPs). CaPs are able to integrate 

into the physiological environment within a short time and with minimal risk [26]. 

Tricalcium phosphate (TCP) is one of the most important compounds of bioresorbable 

CaPs. Its general formula is Ca3(PO4)2, the Ca/P ratio is 1.5 and its molecular weight is 310.17 

g/mol. From a crystallographic point of view, β-TCP belongs to rhombohedral crystals with 

space group R3c. Its specific biological properties make it suitable for use in tissue engineering, 

both for bones and teeth treatment [27].  

Hydroxyapatite is the real 'gold standard' of biomaterials, as it is used in both orthopedic 

and dental applications. Its general formula is Ca5(PO4)3(OH), in which the Ca/P ratio for 

stoichiometric HA is 1.67, while for non-stoichiometric HA it is between 1.5 and 1.67 [28], 

with molecular weight of 502.31g/mol. HA is the main inorganic component of bones, teeth 

and tooth enamel. In this way, synthetic HA is easily recognized and accepted by the body. It 

has excellent biological properties, as it is bioactive, biocompatible, osteoinductive, 

osteoconductive and osteointegrative [29]. HA is suitable for bone scaffold, implant coating 

and for delivery active molecules [29-31]. The surface of the HA promotes the interaction 

between the carrier and the active molecules [32], and between the carrier and the cells [33]. 

2.2. Polymeric biomaterials 

Another important group of biomaterials and the group of compounds that are suitable 

for drug delivery are polymers. Polymers are macromolecules built by covalently bonded 

monomers [34]. Polymers are the most widely used material, both in science and everyday life 

[35]. They also have an outstanding role as DDSs [36], for example in the form of films and 

coatings [37-38], and microfibers and nanofibers [39-40]. 

According to the traditional definition, polymer nanofibers are cylindrical structures 

with a diameter of up to a few 100 nm and an aspect ratio greater than 50 [41]. The 
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electrospinning process proves to be the most suitable for the production of continuous 

nanofibers, most of the methods are only suitable for the production of discontinuous fibers. 

The poly(lactic acid) (PLA) is a biocompatible, non-toxic, non-carcinogenic compound, 

and its degradation products are also non-toxic [42-43]. The use of PLA in therapeutic 

treatments was already approved by the FDA in 1970 [44]. Nowadays, it can be used in cancer 

therapy, regenerative medicine, wound management, tissue engineering, stent applications, 

dental and orthopedic fields, and also as a drug carrier [43-45]. PLA has proven to be suitable 

for delivering small drug molecules [46] as well as large proteins and nucleic acids [47]. 

2.3. Metallic (implant) biomaterials 

In hard tissue implantology, Ti and Ti - alloys are most commonly used [48-49], followed 

by 316L stainless steel [50] and cobalt-based alloy [51-52]. Ti and Ti-based alloys receive 

significant attention in both the medical and material science fields. Its main application is 

complete bone and/or tooth replacement. Among the Ti alloys, implants made of the Ti-6Al-

4V (Ti64) alloy satisfy more than 50% of the needs [53]. This bioinert alloy has significantly 

higher rigidity than natural bone [54]. Its advantageous properties compared to other, also 

frequently used metallic alloys, is its relatively low density (4.5 g/cm3), and low elastic 

modulus (110 GPa) [55].  

Surface modification or even surface functionalization results in implants with improved 

biological and mechanical properties [56-57]. Clinical efficiency can be achieved by increasing 

the biocompatibility and bioactivity of the surfaces, which promote osseointegration and 

enhance the development of interactions between the implant and the surrounding tissues. 

Homogeneity, uniform thickness, and porosity are crucial criteria for the suitability of coatings. 

The three-step dip-coating technique is suitable for the production of large quantities of 

coatings with controlled porosity and film thickness.  

Thanks to developing science, the combination of metal implants with DDSs is possible, 

so they have a local drug-delivery role. The combinatorial therapy proves to be a more 

beneficial form of treatment. The active substance is not applied directly to the implant surface, 

some type of carrier matrix is required to obtain the appropriate system [9]. On the one hand, 

the carrier matrix has a transport and protective role in order to successfully deliver the active 

molecule to its target site, and on the other hand, it must meet the expected properties typical 

of coatings [58]. 
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II. Original contribution 

Objectives of the thesis 

The research of this doctoral thesis aims to contribute to the study, development, and 

optimization of local drug-delivery systems that increase the efficacy of the treatment of hard 

tissue diseases. Within the LDDS, the emphasis of the thesis is on local antibiotic therapy, with 

the investigation of systems using Doxycycline (a broad-spectrum antibiotic). The central goal 

is to develop and produce systems that ensure prolonged drug release. Another key goal is to 

achieve the appropriate release mechanism through a thorough investigation of factors 

influencing the Doxy release. 

The aim is to investigate CaPs, primarily as drug carrier systems. The justification of the 

topic was supported by a thorough review of the literature, since, although there are numerous 

studies on the subject, there are gaps in the issues of local drug carriers. The main goal of the 

doctoral thesis is to investigate and understand the drug release mechanism, considering aspects 

such as the chemical structure and morphology of the carrier, or the effect of the initial drug 

content of the system. Additionally, the aim was to study the in vitro drug release not only from 

bone substitute powders but also from polymer nanofibers and polymer composite films. 

Special attention was paid to the effect of HA on the properties of these systems. 

Based on these presented goals, the doctoral thesis was divided into four chapters, the 

individual objectives of which are described below. 

1. β-TCP, Si- and Mg-doped β-TCP synthesized by co-precipitation method for 

controlled drug delivery 

• Optimization of co-precipitation reaction for the synthesis of pure β-TCP and β-TCP 

doped with biologically active ions (Mg2+ or SiO4
4-) 

• Characterization of the carriers using conventional material characterization 

methods 

• Examination of β-TCP powders as LDDSs under in vitro conditions 

2. The impact of hydroxyapatite-based biomaterials' chemical composition and 

morphology on their drug release characteristics 

• Preparation of HA, Si-doped HA and Mg-doped HA, which ensures the 

sustained release of Doxy, by the co-precipitation method and the characterization of 

the powders, as well as the investigation of the effect of the Si source (used in the 

synthesis) on the properties of the carrier 
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• Production of various morphologies of HA powders through different drying 

techniques (conventional drying and spray dryer method) and comparison of these 

powders in terms of local drug carriers 

• Detailed investigation of factors influencing the release of Doxy (chemical 

composition, morphology, release medium), as well as demonstrating the effect of 

initial active substance amount, also in the case of HA-based powders 

3. Investigation of optimized poly(lactic acid)/hydroxyapatite/ doxycycline coatings 

on titanium alloy surfaces 

• Production of Doxy-containing, porous PLA and PLA-HA coatings using a 

simple dip-coating method  

• Optimizing the porosity and thickness of coatings in order to achieve controlled 

and prolonged Doxy release 

• Characterization of coatings and investigation of their anti-corrosion properties, 

using electrochemical method 

4. Real-time investigation of Doxycycline release by electrochemical method 

• Preparation of PLA and HA-containing PLA nanofibers by the electrospinning 

method, and binding of the active substance (Doxy) on the electrospun mats by a post-

electrospinning method 

• Innovating the measurement of Doxy release under in vitro conditions, in situ 

real-time monitoring of drug release, without sampling, utilizing the differential-pulse 

voltammetry method. 

• Verification of the electrochemical method using UV-VIS spectroscopic 

measurements and validation of the results using model-dependent and model-

independent approaches 
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3. β-TCP, Si- and Mg-doped β-TCP synthesized by co-precipitation method for 

controlled drug delivery 

3.1. Experimental steps 

Based on the current literature, the drug delivery properties of tricalcium phosphates are 

less explored. Therefore, it was justified that the first part of the doctoral thesis aimed to 

investigate pure β-TCP as well as SiO4
4-- and Mg2+-substituted β-TCP as drug delivery systems. 

Ions that are currently the focus of bone regeneration research were used for ion doping. The 

experiments were performed with a broad-spectrum antibiotic, doxycycline. 

Pure β-TCP powder and different ion-doped β-TCP were synthesized by a simple and 

controllable co-precipitation method followed by heat treatment. The characterization of the 

prepared samples was investigated using X-ray diffractometry (XRD), thermal analysis (TG), 

scanning electron microscopy (SEM), energy-dispersive X-ray analysis (EDX), and particle 

size analyzer (PSA). The Doxy adsorption and release study was measured 

spectrophotometrically.  

3.2. Results and discussions 

3.2.1. Optimization study 

The co-precipitation method was empirically optimized to produce high-purity β-TCP. 

Thermal analysis and XRD analysis were used to evaluate the reaction, and to analyse the phase 

purity and crystallinity of the samples. Mixing the reaction mixture for 2 hours (at pH=8) and 

then heat-treating the precipitate at 900 ℃ resulted in the formation of phase-pure β-TCP. Ion-

doped β-TCPs were synthesized under these conditions.  

3.2.2. X-ray diffraction analysis 

The results of the XRD analyses of the ion-substituted samples are presented in Figure 

10. It is evident from the plot that both the Si- and Mg-doped samples exhibit diffraction peaks 

that closely match the data for standard β-TCP. 

The ion substitution resulted in a shift of characteristic peaks [59]. The crystallographic 

changes induced by cationic ion substitution were much more significant than in case of Si-

doping, where only some differences in intensity changes were observed. When comparing the 

diffractograms of pure β-TCP and β-TCPMg, a noticeable shift of diffraction peaks towards 

higher values was observed. Accordingly, the characteristic peaks identified at 46.91º and 

52.95º were shifted to values of 2θ, 47.42º and 53.4º, respectively [60]. The successful 

incorporation of Mg into the structure was also indicated by the decrease in the degree of 
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crystallinity compared to pure β-TCP. The presence of Mg ions hindered crystallization, as 

observed by others [61], while silicon promoted crystallization processes. 

Figure 10: XRD diffractograms of (a) β-TCP, (b) β-TCPSi(1), (c) β-TCPSi(2), and (d) β-TCPMg, 

respectively 

3.2.3. Morphological properties 

Figure 12: Morphology of (a) pure β-TCP, (b) β-TCPMg, (c) β-TCPSi(1), (d) β-TCPSi(2) samples 

and the corresponding histograms presenting the particle size distribution (inset) 
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The morphologies of the β-TCP, β-TCPMg, β-TCPSi(1), and β-TCPSi(2), prepared at 

900 °C were presented in Figure 12. The β-TCP particles were predominantly uniform, 

spherical (or circular) in shape. The particle size distribution fell into a narrow range, with an 

average particle size of 480 nm. No significant changes were observed due to the Si 

substitution, the morphology of the particles was quite similar, regardless of the Si source used 

during the synthesis. The presence of Si, compared to pure β-TCP, resulted in a slight decrease 

in particle size (450 and 460 nm for β-TCPSi(1) and β-TCPSi(2), respectively) [62]. In 

addition, the tendency of the particles to aggregate was observed. Porous aggregates were most 

prominent in the case of β-TCPMg, where the average particle size was also larger, 630 nm. 

The nano-size of the powders was verified using a PSA. The individual particles formed 

larger aggregates and were not present as individual particles in the bulk material. The average 

particle size of the powders was between 0.635 and 0.887 µm. This real particle size is more 

decisive for the drug loading perspective than the size of individual particles [63]. 

3.2.4. Doxy adsorption study 

Figure 15: The adsorption capacity (mg/g) of (a) pure β-TCP, (b) β-TCPMg, (c) β-TCPSi(1), 

(d) β-TCPSi(2) powders at different initial Doxy concentrations 

High adsorption capacity values were achieved for each sample, ranging from 419 mg/g 

(β-TCPSi(2)_Doxy_10) to 1237 mg/g (β-TCPSi(1)_Doxy_25). This high affinity between 

Doxy molecules and β-TCP, as well as ion-doped β-TCP, is a promising property from the point 

of view of drug delivery. Regardless of the presence or absence of the foreign ion, a clear 

increasing tendency of the amount of active substance bound on the carrier with the initial drug 

concentration was observed. As can be seen in Figure 15, the effect of the concentration of the 

Doxy solution used for adsorption was highly significant. By increasing the concentration from 
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10 g/L to 25 g/L, a nearly threefold increase in drug loading was observed. The key role of drug 

concentration in drug loading via physical adsorption has been reported by other researchers 

[64-65]. 

3.2.5. Drug release study 

The release profiles of drug-loaded samples were compared according to two aspects. 

Firstly, the effect of initial drug content for the same carrier was investigated, and secondly, the 

differences in release profiles were discussed based on the chemical composition of the carriers. 

The release profiles of Doxy (Figure 16) showed a similar increasing trend, regardless of the 

chemical composition of the investigated systems. In most samples with low initial Doxy 

content, a two-stage release was observed: an initial burst release followed by a slower, 

sustained release. This burst release was attributed to the rapid and intense diffusion of weakly 

bound active molecules on the surface of the carrier [66]. 

Figure 16: Cumulative Doxy release profile from (a) β-TCP-, (b) β-TCPMg-, (c) β-TCPSi(1)-, 

and (d) β-TCPSi(2)- based systems 
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Increasing the Doxy content in different β-TCPs resulted in a decrease in the released 

drug quantity, for example, 7.5% for β-TCP_Doxy_10 and 1.25% for β-TCP_Doxy_25. This 

trend was observed for all carriers. The possible reason for this is the interactions between drug 

molecules. The Doxy-Doxy interaction was probably stronger, so the rapid release from the 

surface was also hindered, not only from the pores. 

In the case of samples with a small initial Doxy content, a retard effect was remarked. 

Comparing the β-TCP_Doxy_10, β-TCPSi(1)_Doxy_10, β-TCPSi(2)_Doxy_10, and β-

TCPMg_Doxy_10 samples, the highest amount of active substance released was measured for 

the pure β-TCP carrier. Compared to pure CaPs, Si-containing CaPs are able to form stronger 

secondary interactions with the active substances [67-68]. The Si-OH groups resulted in a 

retard effect on the carrier, which means that the drug release was hindered due to stronger 

interactions. Thus, fewer drug was released over time [69]. 

3.2.6. Drug release mechanism 

Table 5: In vitro drug release kinetics studies of investigated samples 

Samples 

Zero-

order 

First-

order 

Hixson-

Crowell 
Higuchi Korsmeyer-Peppas 

R2 R2 R2 R2 kH R2 kKP n 

β-TCP _Doxy_10 0.554 0.564 0.561 0.651 0.284 0.620 4.769 0.094 

β-TCP _Doxy_15 0.841 0.843 0.842 0.945 0.211 0.976 2.09 0.357 

β-TCP _Doxy_20 0.855 0.856 0.856 0.959 0.116 0.957 1.005 0.139 

β-TCP _Doxy_25 0.910 0.867 0.911 0.911 0.054 0.707 1.729 0.098 

β-TCPMg _Doxy_10 0.594 0.600 0.598 0.793 0.402 0.941 3.263 0.171 

β-TCPMg _Doxy_15 0.767 0.771 0.770 0.905 0.230 0.933 1.812 0.154 

β-TCPMg _Doxy_20 0.743 0.746 0.745 0.876 0.138 0.886 1.255 0.138 

β-TCPMg _Doxy_25 0.436 0.437 0.435 0.599 0.054 0.806 1.029 0.080 

β-TCPSi(1) _Doxy_10 0.846 0.851 0.849 0.961 0.410 0.983 2.314 0.192 

β-TCPSi(1) _Doxy_15 0.583 0.587 0.586 0.785 0.370 0.860 1.532 0.274 

β-TCPSi(1) _Doxy_20 0.884 0.885 0.885 0.974 0.094 0.953 1.812 0.179 

β-TCPSi(1) _Doxy_25 0.609 0.611 0.611 0.761 0.102 0.673 1.168 0.148 

β-TCPSi(2) _Doxy_10 0.756 0.762 0.760 0.919 0.609 0.958 1.028 0.422 

β-TCPSi(2) _Doxy_15 0.731 0.735 0.734 0.895 0.336 0.899 1.099 0.331 

β-TCPSi(2) _Doxy_20 0.862 0.864 0.864 0.952 0.208 0.958 1.888 0.324 

β-TCPSi(2) _Doxy_25 0.433 0.435 0.434. 0.639 0.130 0.792 1.600 0.281 
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The precise understanding of drug release kinetics, mechanism, and thereby the 

controllability of release rate is crucial in the development of DDSs. Different models were 

applied to the obtained Doxy release data, and the most fitting models were selected and 

discussed. Table 5 represents the determination coefficients of the examined models and the 

release constants for Higuchi and Korsmeyer-Peppas models. 

The graphic representation of the amount of released Doxy from the β-TCP_Doxy_20, 

β-TCP_Doxy_25, β-TCPSi(1)_Doxy_20, and β-TCPSi(1)_Doxy_25 systems against the 

square root of time showed a close linear relationship, suggesting that the release from these 

systems fit the Higuchi model. Consequently, the release from these systems occurred through 

diffusion according to Fick's law. 

Except the mentioned four samples, the release profiles were fitted with the Korsmeyer-

Peppas model. The values of n (diffusion exponent) were between 0.08 and 0.422 (for all 

samples), which was less than 0.45 (critical value). Thus, dissolution from these systems was 

based on quasi-Fickian diffusion [70-71]. The complexity of systems that behave very similar 

to Fick's first diffusion law was presumably due to molecular interactions and microstructural 

heterogeneities [72-73]. 

3.3. Partial conclusions 

 The prepared porous aggregate structures proved to be advantageous in terms of drug 

loading (with adsorption efficiency of 95-99%) and ensured effective drug binding. Drug 

release showed regular behavior in most cases. The in vitro experimental data were best fitted 

to the Higuchi and Korsmeyer-Peppas models. Fickian diffusion or quasi-Fickian Doxy 

diffusion from different β-TCP carriers (regardless of their chemical composition) could be 

controlled by the initial drug content of the system. The values of the Higuchi (kH) and 

Korsmeyer-Peppas (kKP) constants confirmed a significant decrease in the release rate by 

increasing the drug content of the sample. 

On the other hand, a higher release rate could be achieved with a low drug loading. In 

this case, the retard effect of ion doping was also demonstrated. The presence of both Mg and 

Si in the carrier improved prolonged and sustained drug release. 

Overall, the present research part highlighted that with simple methods such as ion 

substitution or changing the initial drug content of the system, β-TCP-based drug delivery 

systems can be easily adapted to meet different therapeutic needs.  
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4. The impact of hydroxyapatite-based biomaterials' chemical composition and 

morphology on their drug release characteristics 

4.1. Experimental part 

This present research part is a comparative study focusing on the release of antibiotics 

from different HA-based carriers. The release of Doxy was investigated based on the chemical 

composition of HA, its morphology, and the release media. Ion doping was carried out through 

a co-precipitation synthesis method. To create different morphologies, conventional oven 

drying and spray drying were used as drying techniques. The HA nanopowders and 

microspheres investigated primarily for drug delivery purposes were characterized using 

material characterization methods most commonly used in materials science (PSA, SEM, EDX, 

XRD, TG and DTA, BET). Drug release study was performed in SBF (simulated body fluid), 

and in PBS (phosphate-buffered saline) in a constant volume of 45 mL and at 37 ℃ and was 

measured spectrophotometrically. 

4.2. Results and discussions 

4.2.1. Particle size and morphological analysis 

During the particle size measurements, the following values were obtained for the HA, 

MgHA, HASi(1), and HASi(2) samples: 686 ± 417 nm, 681 ± 464 nm, 574 ± 390 nm, and 880 

± 390 nm, respectively. Regardless of the material's chemical composition, traditional drying 

resulted in particle agglomeration. The surface characteristics of HA produced by the co-

precipitation method, coupled with insufficient electrostatic repulsion, led to particle adhesion 

[74-75]. As a result of agglomeration, parts with irregular morphology and size formed the bulk 

material. 

By changing the drying technique to a mini spray dryer for suspension spraying, samples 

with a regular spherical morphology were obtained. It is evident from the images that the 

microspheres were not organized into agglomerates, they have well-defined edges. The surface 

of these microspheres has a very interesting morphology, characterized by a non-uniform, 

cauliflower-like structure (Figure 23). The achievement of the interesting morphology was 

facilitated, on the one hand by the operating parameters of the atomizer. On the other hand, the 

thorough preparation of the sample to be dried and the achievement of a sufficiently fine and 

homogeneous suspension contributed to the success of the production of uniform samples [74]. 
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Figure 23: The cauliflower-like structure of HA_M 

4.2.2. Determination of Doxy content  

The drug loading of the produced and characterized samples was carried out by physical 

adsorption, with four starting Doxy solutions of different concentrations for each sample. The 

experiments were repeated three times, and the average values of the adsorption capacity were 

presented in the bar charts of Figure 26. 

Figure 26: The adsorption capacities of the samples grouped according to their morphology ((a) 

irregular particles and (b) regular microspheres), and the concentration of the initial Doxy solution 

used for adsorption 

Doxy showed a high affinity for CaP, and the adsorption capacity of the carrier was 

mainly dependent on the drug concentration (≥450 mg×g-1 for samples carrier_Doxy_10 and ≥ 

1200 mg×g-1 for samples carrier_Doxy_25). The increase in this value is well-correlated with 

the increase in the Doxy content of the samples [76].  

The relatively low crystallinity of the carriers proved to be advantageous [77] in terms of 

adsorption capacity. Samples with similar crystallinity (HA, MgHA, and HASi(1)) showed 

similar drug loading, while the adsorption capacity of HASi(2) was lower. This could be 

explained by the high crystallinity of the carrier [78], which adversely affected the process. 
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4.2.3. Doxy release from HA-based nanopowders 

Figure 28: Profiles of Doxy release from (a) HA, (b) MgHA, (c) HASi(1), and (d) HASi(2) carriers, 

based on initial drug content 

The Doxy release profiles in SBF were similar to the dissolution profiles measured for 

β-TCP-based systems. However, significant differences in the amount of Doxy released were 

observed. The cumulative drug release percentage for HA-based samples was much higher and 

HA powders with different chemical compositions showed more favorable drug release. 

The release profile could be divided into two well-distinguishable stages, which were 

characterized by different release rates based on the change in slope of the curves. Practically, 

from the initial moment of soaking, the first 4-hour period was determined by the rapid release 

of Doxy molecules less bound on the surface [79-80]. This phenomenon is common in the case 

of drug-loaded samples produced by adsorption [67, 81]. The second stage of release (from 4 

to 48 hours after soaking) was characterized by a much slower release, which was evidenced 

by a notable change in the curve slope and the reduced amount of Doxy [32]. 
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A drug release profiles analysis showed that increasing the initial Doxy content led to a 

decrease in the burst release, which could be explained by the interactions between the stronger 

Doxy-Doxy molecules [76]. Moreover, the drug release from the DDS could be controlled by 

its initial drug content. 

Ion substitution imparts a retard effect to the carrier. The active substance molecule can 

form a stronger interaction with both Mg2+ ions [82-83] and SiO4
4- ion groups [68-69]. In the 

case of both Si- and Mg-containing carriers, the amount of Doxy released was up to 4% less.  

4.2.4. Doxy release from HA-based microspheres 

Figure 29: Release profiles obtained for (a) HA_M, (b) MgHA_M, (c) HASi(1)_M, and (d) 

HASi(2)_M microspheres with different Doxy contents 

Similarly, in the case of carriers with microsphere morphology and different chemical 

compositions, the increasing tendency of the profiles over time and the dependence of the 

amount of Doxy released on the initial Doxy content could be highlighted.  
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The two release stages were well defined. The burst release stage was much more gradual 

and continuous than in the case of nanopores. There was no sudden initial jump; each 

dissolution profile started from 0 or close to 0. The profiles plotted as a function of the initial 

drug content did not deviate significantly from each other. 

The systems studied and discussed in this section showed a more regular and pronounced 

retard effect than nanometric powder-based systems. Compared to agglomerates, the 

energetically more uniform spherical surface and the cauliflower-like porosity enabled the 

formation of stronger secondary interactions between Doxy and the given carrier [84]. The 

nature of these interactions determined the release and led to a slower release rate [78], which 

was true not only for the overall release profile but also for the burst stage. 

The delayed release due to the presence of Mg2+ and SiO4
4- groups was observed only in 

samples with low initial Doxy content. However, since this effect due to ion substitution was 

not clearly demonstrated at higher Doxy loadings (while it was visible in the case of completely 

asymmetric nanopore-agglomerates), the morphology proved to be crucial [76].  

4.2.5. Effect of release media on Doxy release 

The release of the active substance in PBS was much more intense and had a higher 

release rate than in SBF, as shown by the distinct upward trajectories of the release curves. An 

interesting observation was that the Doxy release from the nanopowders did not show a sudden 

increase from the 0th moment of soaking, the process was characterized by a gradual and 

continuous increase (in terms of the amount of released Doxy). 

The release of Doxy in PBS was more regular, and the trends of the curves were different. 

These observations were further supported by subsequent kinetic calculations. The improved 

properties of the regular spherical morphology and drug delivery compared to the irregular 

powder agglomerates were highlighted.  

During the soaking of bioactive materials in SBF, in addition to the drug release, another 

process typically occurs, characterized by ion exchange and crystal formation steps leading to 

the formation of a new apatite layer [85]. The system's pH variation was monitored. According 

to our assumption, the adsorption and ion exchange processes in SBF played a role in 

preventing the rapid release of Doxy molecules, so less Doxy could diffuse over time than in 

PBS [86]. 
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4.2.6. Discussion of Doxy release profiles from different carriers 

The changes in drug transport were examined based on the chemical and morphological 

properties of biomaterials. Table 10 presents the results of the regression analysis of the release 

data of the samples with the lower Doxy content.  

Based on the highest R2 value, the key influence of morphology on the Doxy release was 

clearly confirmed. The release from powder agglomerates followed the Korsmeyer-Peppas 

model, while HA powders with modified morphology and composition showed Higuchi 

release. 

As in the case of β-TCPs, the structural heterogeneity of the nanopowder carriers 

increased the complexity of various interactions (e.g. the orientation of the Doxy molecule on 

the surface). The values of 0.067 < n < 0.28 showed that the diffusion of drug molecules could 

not be perfectly described by Fick's first law [87]. The diffusion coefficients, regardless of the 

chemical composition of the carrier, were low and indicated the influence of an external 

physico-chemical phenomenon other than the release process [76,88]. In the case of these 

systems, quasi-Fickian diffusion took place. 

The ion doping did not have a significant impact on the Doxy diffusion process, in the 

sense that the release mechanism did not change for the discussed samples. The ion 

incorporation played a role in the retard effect on the release. For carriers with regular spherical 

morphology and controlled release, the Higuchi constant values for Si and Mg-containing HA 

were lower than that of pure HA_M, which also supports the retard effect. Based on these 

results, in SBF, Fickian drug diffusion could be easily achieved by morphological modification 

of the biomaterial [89-90]. 

Table 10: Kinetic modeling of drug release profiles obtained in SBF 

Samples 

Mathematical model 

Hixson-Crowell Higuchi Korsmeyer-Peppas 

R2 kHC R2 kH R2 kKP n 

HA_Doxy_10 0.899 0.014 0.969 3.743 0.984 8.588 0.280 

HASi(1)_Doxy_10 0.5348 0.002 0.660 0.918 0.838 12.370 0.067 

HASi(2)_Doxy_10 0.878 0.011 0.941 3.101 0.950 8.167 0.251 

MgHA_Doxy_10 0.523 0.010 0.685 2.969 0.745 9.206 0.233 

HA_M_Doxy_10 0.931 0.016 0.987 4.457 0.980 2.997 0.670 

HASi(1)_M_Doxy_10 0.943 0.012 0.991 3.216 0.975 2.678 0.597 

HASi(2)_M_Doxy_10 0.943 0.011 0.982 3.023 0.884 2.131 0.709 

MgHA_M_Doxy_10 0.876 0.014 0.962 4.002 0.951 3.384 0.620 
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4.3. Partial conclusions 

 The in vitro release studies have shown that the amount of cumulative drug release 

could be significantly influenced by changing the initial drug content of the system. High drug 

loading systems showed anomalous diffusive drug transport due to strong drug-drug 

interactions.  

 The degree of release was also influenced by the presence of foreign ions (e.g., 

significantly less Doxy was released from the Mg-containing carrier than from the pure HA 

carrier) and the ion concentration of the release medium. The presence of both Si and Mg 

resulted in a retard effect. The role of morphology proved to be crucial, carriers with an 

energetically more uniform surface (the microspheres) enabled a more regular Doxy release. 

The release of Doxy from these structures occurred gradually. Based on kinetic calculations, 

they showed Fickian diffusion in SBF. Due to the surface chemistry of the carriers, strong 

interactions were formed, suggesting a prolonged and sustained release. This was confirmed 

by the 15-day release studies conducted in PBS. 
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5. Investigation of optimized poly(lactic acid)/hydroxyapatite/ doxycycline coatings 

on titanium alloy surfaces 

5.1. Experimental steps 

The main goal of this research was the preparation and optimization of porous PLA and 

PLA/HA coatings, in order to achieve control and sustained Doxy release. The optimization of 

the coatings prepared with the dip coating technique focused on the parameters influencing the 

change in the average pore size and film thickness of the coatings. Box-Behnken response 

surface methodology (RSM) was used to optimize the operational parameters. Three-factorial 

and three-level design was selected, where the concentration of PLA solution (A), withdrawal 

rate (B), and immersion time (C) were the independent variables. In order to achieve the 

maximum average pore size and maximum film thickness, the value of each operating 

parameter was defined. The accuracy of the model was checked also experimentally on the 

obtained parameters. After that, the drug-containing composite coatings were prepared also 

using the optimal operating parameters. The coatings were characterized by SEM, EDX, TG 

and DTA. The thickness was measured with an Elcometer 456, and the wettability was also 

investigated. The corrosion behaviour was examined by potentiodynamic polarization (PP) and 

electrochemical impedance spectroscopy (EIS) measurements. The diffusion-controlled 

sustained drug release was demonstrated for 21 days. 

5.2. Results and discussion 

5.2.1. Optimization study 

According to the Box-Behnken design matrix (15 run), the morphology of the prepared 

coatings was examined using SEM. Open-pore coatings were formed in each run. The pore 

size distribution, as well as the average pore size, varied as a function of the examined 

independent variables. The choice of relatively high-concentration PLA solutions proved to be 

appropriate, as the viscosity of these solutions was sufficient to stabilize the condensed water 

vapour droplets responsible for pore formation on the surface [91]. 

The thickness of these coatings was also investigated. The lowest PLA concentration 

solution resulted in the preparation of the thinnest film (20.31 µm), while the thickest film was 

46.58 µm. The high viscosity of the polymer solution favored the preparation of thicker 

coatings [92-93]. 

Based on these experimental results and using the general second-order polynomial 

equation, the following regression response function was obtained for the average pore size: 
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𝑑𝑎𝑣.𝑝𝑜𝑟𝑒(𝜇𝑚) = 2.2813 + 0.3628 ∗ 𝑐𝑜𝑛𝑐 + 0.033 ∗ 𝑣 + 0.129 ∗ 𝜏 − 0.2378 ∗ 𝑐𝑜𝑛𝑐2 +

0.1052 ∗ 𝑣2 + 0.0292 ∗ 𝜏2 + 0.0237 ∗ 𝑐𝑜𝑛𝑐 ∗ 𝑣 − 0.0748 ∗ 𝑐𝑜𝑛𝑐 ∗ 𝜏 − 0.1618 ∗ 𝑣 ∗ 𝜏   (22)  
Similarly, another response function could be generated for the change in coating 

thickness: 

𝑇𝐻𝐾(𝜇𝑚) = 33.463 + 10.616 ∗ 𝑐𝑜𝑛𝑐 + 0.658 ∗ 𝑣 − 1.326 ∗ 𝜏 − 1.988 ∗ 𝑐𝑜𝑛𝑐2 + 0.290 ∗
𝑣2 + 0.992 ∗ 𝜏2 + 2.265 ∗ 𝑐𝑜𝑛𝑐 ∗ 𝑣 − 1.262 ∗ 𝑐𝑜𝑛𝑐 ∗ 𝜏 − 2.685 ∗ 𝑣 ∗ 𝜏             (23) 

 The equation obtained for pore diameter variation gave an R-squared value of 99.16%, 

while for film thickness, it was 99.11%. In other words, the model fits the experimental data 

well, with only about 0.9% of the variations could not be interpreted with the model. The 

importance of the models was also proven by the adjusted R-squared values (R2
adj = 97.65% 

for the pore size and R2
adj = 97.52% for the thickness, respectively). Naturally, the direction of 

the parameter's effect is defined by the sign of the coefficient [94]. 

The statistically significant effects of the independent variables were examined using 

ANOVA test. The Pareto diagram reproduced from these results were presented in Figure 40. 

Any factor whose column intersected the reference line at the value of 2.57 was considered a 

significant factor. 

Taking into account the effects of the factors, the concentration of the dipping solution 

proved to be a crucial parameter in the formation of spontaneously microporous polymer 

coatings. A high concentration could, also, be resulted in the preparation of thicker coatings. 

For the thicker film, the drying time was longer, essentially indicating an increased solvent 

evaporation period while condensation was still occurring. This probably resulted in the 

coalescence of several multiple small droplets, leading to the formation of larger voids at the 

end of the drying process [95]. 

Figure 40: Pareto plot of the standardized factors (α = 0.05) 
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After a detailed discussion of the accuracy and suitability of the models, the levels of the 

independent variables that result in the achievement of the maximum average pore size and 

maximum thickness in the range of experimental limits were determined. The thickness of the 

coating played a crucial role in drug loading. Studies have demonstrated that thicker coatings 

were suitable for preparing formulations with higher drug content [96]. According to the 

summarized results in Table 18, increasing the concentration of the PLA solution, maintaining 

a high withdrawal rate, and minimizing immersion time lead to the maximization of the 

investigated parameters. In the following, both HA and Doxy-containing coatings were 

prepared under these experimental conditions. 

Table 18: Optimal levels for max. dav. pore and max. thickness 

conc.  

(wt %) 

v  

(mm/min) 

τ  

(s) 

calculated d av. pore (µm) 

11.87 150 0 2.7 

   calculated thickness 

(µm) 

12 150 0 51.57 

 

5.2.2. Morphological characterization of coatings  

Figure 44: SEM images and the corresponding pore size distribution of (a) PLA, (b) PLA_HA, (c) 

PLA_D5, and (d) PLA_HA_D5 

The coatings with different compositions have different porosity. As expected after the 

optimization study, the pure PLA coating had ordered porosity and was crack-free. The pore 
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size fell within a narrow range, and a relatively regular pore size distribution was observed. 

The average pore size was 2.63 ± 0.55 µm. This value was very close to the calculated average 

pore diameter of 2.7 µm, which indicated the reproducibility of the results obtained during the 

experimental design. 

The addition of HA microsphere to the PLA dipping solution led to an increase in the 

average pore size. The quantity of 10 wt% resulted in a noticeable increase in the viscosity of 

the polymer solution, which delayed the solvent evaporation time, thereby facilitating the 

formation of larger pores.  

5.2.3. In vitro corrosion behaviour 

The lifetime of implants, calculated from the time of their insertion into the body, is 

greatly influenced by their corrosion resistance [97]. In this study, the corrosion properties of 

PLA and PLA_HA-based coatings were examined using PP and EIS. The main corrosion 

parameters obtained by extrapolation of Tafel curves are presented in Table 19. 

Table 19: Significant corrosion parameters derived using the Tafel extrapolation method based on the 

PP curves 

Sample 
EOCP 

(V) 

Ecorr, obs/ 

E corr, calc 

(V) 

Icorr (A) 
icorr 

(A/cm2) 

βc 

(V/dec) 

βa 

(V/dec) 
Rp (Ω) 

corr. rate 

(mm/year) 

PLA_HA -0.064 -0.097 7.708×10-8 3.083×10-7 0.043 0.045 10930 7.40×10-3 

PLA_HA_D2.5 -0.097 -0.098 3.280×10-8 1.312×10-7 0.02 0.021 5520 3.15×10-3 

PLA_HA_D5 -0.088 -0.213 6.498×10-8 2.599×10-7 0.062 0.044 18300 6.24×10-3 

PLA_HA_D7.5 -0.174 -0.194 2.298×10-8 9.192×10-8 0.01 0.009 1757 2.21×10-3 

PLA 0.017 0.01 1.071×10-8 4.283×10-8 0.046 0.041 76900 1.03×10-3 

PLA_D2.5 -0.095 -0.102 3.344×10-9 1.338×10-8 0.036 0.034 158800 3.21×10-4 

PLA_D5 -0.006 -0.043 4.656×10-9 1.862×10-8 0.07 0.074 478600 4.47×10-4 

PLA_D7.5 -0.033 -0.058 1.427×10-9 5.707×10-9 0.044 0.053 718700 1.37×10-4 

In general, icorr is the most significant parameter in the characterization of the corrosion 

process. As is well known, a high icorr value indicates a rapid corrosion rate [98]. According to 

the values in Table 19, the pure PLA layer provided better corrosion resistance compared to 

the PLA_HA coating.  

Our experiments showed that the addition of HA to the PLA solution led to the formation 

of coatings with an increased average pore size (see Figure 44). Larger pores created sites 
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where SBF could accumulate. Consequently, this allowed for enhanced permeation of various 

ions, such as HCO3
−, Cl−, and HPO4

2− ions [99]. Due to the conducting species from the 

electrolyte, the coating exhibited lower resistance [100]. In addition, the lower corrosion 

resistance was attributed to the surface hydrophobicity [101]. 

Similarly, it was observed that coatings containing Doxy showed better corrosion 

protection properties than those without Doxy. This suggested that Doxy had an inhibitory 

effect on corrosion. Based on our observations, it was noted that as the Doxy content in the 

coating increased, the layer more effectively hindered the electrolyte from reaching the metal 

surface [102]. The corrosion rate reduction caused by the drug was facilitated by the thickness 

of the coatings [103], which increased with increasing Doxy content 

5.2.4. Investigation of Doxy release 

 The average release profiles were presented in Figure 51. Most of the release profiles 

exhibited similar behavior throughout the entire observation period. Unacceptable, irregular 

behavior was not observed in any case. The behavior of the coatings during soaking in SBF 

was characterized by a continuous release of Doxy in all instances. In the first 12 hours of the 

experiment, a burst drug release characteristic of polymer systems [104-105] was observed, 

followed by a sustained release phase. In most samples, after the first day, the drug release rate 

decelerated, and the amount of released drug increased only slightly. Based on these 

observations, the ordered porous coatings provided consistent and controlled Doxy release. 

Moreover, the reproducibility of the in vitro behavior of the coatings was high, with low 

variances among individual measurements. 

Figure 51: Doxy release from (a) PLA and PLA_HA coatings 

The high affinity between HA and Doxy was also observed in this study. The HA-

containing coatings showed retard behavior compared to pure PLA-based coatings. Due to the 

secondary bonds and electrostatic attraction, the amount of released drug was reduced [106]. 
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Doxy has the ability to form a chelate complex with the Ca2+ ion present in HA, so the affinity 

between the two compounds is high [107]. However, the hydrophobic nature of the polymer 

layer also contributes to the achievement of sustained release [108]. 

5.2.5. Release kinetics study 

In the case of biodegradable systems, drug release is often a complex and intricate 

process. Almost all investigated coatings resulted in the highest R2 with the Korsmeyer-Peppas 

model. Its graphic representation is presented in Figure 52. The PLA_D2.5 coating stands as 

an exception, where the first-order kinetic model yielded the highest R2 value.  

During the investigation period, the coatings did not undergo significant damage that 

could have affected the Doxy release [109]. The release was controlled by the Fickian diffusion 

of Doxy molecules from the coating. Compared to the driving force of diffusion, the degree of 

relaxation of the polymer chain was minimal during the examined period [110]. The relatively 

small quantity of released drug supports the assumption that polymer degradation was not 

significant over 21 days. 

Figure 52: Release data fitted to the Korsmeyer-Peppas model to describe the release kinetics of 

Doxy from (a) PLA and (b) PLA-HA coatings 

5.3. Partial conclusions  

The combination of metal implants with DDSs has proven to be promising from a 

therapeutic perspective. Well-organized, open-porous PLA, and PLA_HA coatings with 

homogeneous HA distribution were prepared using the dip-coating method on a Ti6Al4V 

substrate.The porosity and thickness of the coatings are crucial parameters in terms of drug 

release, corrosion resistance, and bioactivity. The changes in the concentration of the PLA 

solution resulted in the most significant differences in the targeted parameters. Keeping the 

concentration and withdrawal rate at their maximum value resulted in coatings with maximum 

average pore diameter and thickness within the investigated experimental parameters. 
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The electrochemical investigations indicated that porosity plays a crucial role in 

corrosion resistance, as large pores favored corrosion processes. Moreover, Doxy proved to be 

a potent inhibitor, both for PLA and PLA_HA coatings.  

In vitro drug release studies in SBF confirmed the sustained Doxy release controlled by 

diffusion from the coatings. The relatively long duration (21 days) of the unchanged release 

mechanism indicated the stability of the coatings. 
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6. Real-time investigation of Doxycycline release by electrochemical method 

6.1. Experimental steps 

The objective of this research part was to innovate in vitro measurements by real-time 

monitoring of the release profile and comparing the results with values obtained through 

spectrophotometric methods. Among the electrochemical methods, the differential-pulse 

voltammetry (DPV) method was used to eliminate sampling. The method's applicability was 

investigated for carriers with new morphologies, such as Doxy-loaded PLA and PLA/HA 

nanofibers. Both PLA and PLA/HA nanofibers were produced using the electrospinning 

method. The drug loading of PLA and PLA/HA nanofibers was carried out during physical 

adsorption using aqueous Doxy solutions with initial concentrations of 3, 7, and 12 g×L-1. The 

nanofibrous carriers was characterised using SEM, EDX, and FTIR techniques. Both cyclic 

voltammetry (CV) and differential pulse voltammetry (DPV) measurements were conducted in 

an undivided three-electrode cell setup. Following the traditional cell configuration, an 

Ag/AgCl, KClsat reference electrode, a platinum wire auxiliary electrode, and a glassy carbon 

(GCE) working electrode were used.  

6.2. Results and discussion 

6.2.1. Investigation of the electrochemical behaviour of Doxy 

Figure 57: CV measurements at the GCE with and without Doxy. Experimental setting: electrolyte, 

0.1 M PBS (pH = 7); starting potential, -1.2 V vs. Ag/AgCl, KClsat, scan rate, 50 mV/s. 

In order to be able to monitor the drug release in situ, using an electrochemical method, 

the electrochemical behavior of the active substance must be known. For this, in the first step, 

CV was performed to study the redox behavior of Doxy, followed by optimization of the 

operating parameters of the DPV. Finding and applying optimal parameters are crucial for 

carrying out sufficiently sensitive and reliable measurements. 
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The tricarbonyl, dimethylammonium, and phenolic-diacetone groups of the Doxy 

molecule are ionizable groups. Due to this, typically three oxidation peaks appear in the 

voltammograms (depending on the pH) [111]. As shown in the cyclic voltammograms 

presented in Figure 57, at pH around neutral these peaks merge [111]. Regardless of the 

concentration of the Doxy solution, the anodic peak (Ia) attributed to the oxidation of the 

molecule was identified at a potential of +0.935 V vs. Ag/AgCl, KClsat. 

Figure 58: Changes of the DP voltammograms recorded on the GC electrode and the corresponding 

anodic peak currents in the presence of Doxy (1.4 x 10-4 M), with variations in the step potential (a, a') 

and the pulse amplitude (b, b'). Experimental setting: 0.1 M PBS (pH= 7) as the electrolyte; 50 mV 

pulse amplitude; 5 mV step potential; +0.7 V vs. Ag/AgCl, KClsat as the starting potential. 

The sensitivity of the DPV method depends on the input parameters, so an optimization 

study was carried out for the step potential and pulse amplitude. Based on these results (see 

Figure 58), a step potential of 5 mV and a pulse amplitude of 50 mV were found to achieve 

the maximum peak current for the desired sensitivity and measurement stability [112]. 

Consequently, these parameters were used for further investigations. 

6.2.2. Real-time release study of Doxy 

From the nanofibrous systems, regardless of their chemical composition, similar Doxy 

release was observed as those discussed so far. Although we are dealing with different carriers 
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both in terms of morphological and material quality, two phases of the release profile can be 

distinguished: an initial burst release followed by a sustained section (see Figure 62). The burst 

release was favored by several parameters. Firstly, as discussed earlier, weak secondary 

interactions quickly broke down, resulting in a relatively high initial release due to rapid 

diffusion [113]. Secondly, the properties of the Doxy molecule, such as its high affinity for 

aqueous media and the recrystallized form after adsorption, also influenced the initial stage of 

release [113-114]. 

For both carriers, predominantly, fibers larger than 500 nm composed the electrospun 

mats. Larger fiber diameters have been demonstrated to play a role in constant and prolonged 

release [115]. Comparing the drug-delivery properties of HA-containing PLA fibers with those 

of pure PLA fibers, it was observed that in some cases, 2-5 % less diffused Doxy was measured 

from the pure PLA carriers. Since the encapsulation of HA in the nanofibers did not cause any 

apparent morphological changes, the fiber diameters may have been crucial. 

6.2.3. Validation of the DPV method 

Figure 62: Doxy release profile measured by DPV (black scatter) and UV-VIS 

spectrophotometry (blue scatter) for (a) PLA_Doxy_3, (b) PLA_Doxy_7, (c) PLA_Doxy_12, 

(d) PLA/HA_Doxy_3, (e) PLA/HA_Doxy_7, and for (f) PLA/HA_Doxy_12 samples.  

The results of the spectrophotometric measurement showed similar behavior and nearly 

identical Doxy diffusion tendencies as the data recorded with DPV (Figure 62). Of these, the 
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irregular drug release from the PLA_Doxy_3 and PLA/HA_Doxy_3 samples and the 

dependence of the release on the initial Doxy content should be highlighted. 

For pure PLA nanofibers, it was observed that, according to DPV measurements, the 

released Doxy was about 1.6%, 4%, and 2% less than that determined by spectrophotometric 

measurements after the first 12 h of soaking. These differences were close to each other, 

suggesting that dilution associated with sampling during UV-VIS measurements influenced the 

release. Continuous replenishment with fresh PBS probably led to a change in concentration 

gradients and an increase in release rate. This observation was supported by the shift in the 

equilibrium state compared to the voltammetric release profiles [112]. One of the main reasons 

for the differences between the measured data series was the different sensitivity of the two 

methods [116]. Nevertheless, the application of DPV in this field proved to be successful, as it 

allowed the in situ measurement of Doxy diffusion from PLA-based electrospun mats without 

constant sampling and dilution. The method did not affect the monitoring of drug release and 

diffusion processes, so no shift in the equilibrium state was observed in the case of the profiles 

obtained with DPV. The voltammetric method was also advantageous due to its rapid 

measurement time. 

6.2.3.1. Model-independent methodology 

Table 23: Comparison of the release profiles obtained with the DPV and UV-VIS methods based on the 

difference- (fd) and similarity (fs) factors 

Samples fs fd 

PLA_Doxy_3 80 16.45 

PLA/HA_Doxy_3 53.65 96.56 

PLA_Doxy_7 72.2 36.56 

PLA/HA_Doxy_7 79.71 38.27 

PLA_Doxy_12 82.24 33.34 

PLA/HA_Doxy_12 95.35 4.42 

Following the graphical comparison, the Doxy release data of the investigated systems 

obtained by both methods were compared using a numerical method. The values of the 

determined similarity factors (fs) and difference factors (fd) were given in Table 23 [112]. These 

parameters well reflected the observations discussed during the graphical comparison, where 

the profiles showed similar trends, but the measured amount of released Doxy was different. 

The data obtained for both PLA and PLA/HA electrospun mats, regardless of their initial Doxy 

content, met the criteria for fs, as the values were greater than 50. The fd values illustrated the 

differences in the percentage of cumulative Doxy release. This model-independent approach 
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demonstrated that the voltammetric method was suitable for real-time, in situ monitoring of 

Doxy diffusion [112]. 

6.2.3.2. Model-dependent methodology 

Linear regression analysis performed with five models was fitted with both the UV-VIS 

and DPV release data series for the first 6 h of the study. The appropriate model was determined 

by the coefficient of determination.  

Comparing the results, two observations could be emphasized. Firstly, the DPV technique 

has proven to be a successful alternative method for studying Doxy release. Secondly, the 

release of Doxy from all investigated nanofibrous systems followed the kinetics of the 

Korsmeyer-Peppas model [117]. The investigated systems were not fully Fick-type. Due to the 

nature of the active substance and the polymer, the diffusion from the nanofibrous systems 

differed from the linear one [22,112].  

Table 25: The statistical analysis (ANOVA) of the release data of Doxy examined using the 

voltammetric and spectrophotometric methods and fitted with five different mathematical models. 

Origin of variation SS df MS Fcrit F p-value 

R2-based single-factor ANOVA 

0o, Io, HC, and H 

kinetic models 

0.096783 7 0.013826 2.2490 1.2486 0.3001 

0o, Io, HC, H, and KP 

kinetic models 

0.223502 9 0.024834 2.0733 2.5004 0.0190 

k-based single-factor ANOVA 

0o, Io, HC, H, and KP 

kinetic models 

80.38197 9 8.93133 2.0733 7.1450 1.4210-6 

Two-factor ANOVA, with replication in terms of R2 

0o, Io, HC, H, and KP 

kinetic models 

0.20871512 4 0.052179 2.5571 5.2538 0.0013 

Investigation technique 

(DPV/ UV-VIS) 

0.00903563 1 0.009036 4.0343 0.9097 0.3447 

Interactions between 

investigation technique 

and kinetic models 

0.0057515 4 0.001438 2.5571 0.1447 0.9644 

Two-factor ANOVA, with replication in terms of k 

0o, Io, HC, H, and KP 

kinetic models 

78.6933 4 19.67332 2.5571 15.7386 2.1210-8 

Investigation technique 

(DPV/ UV-VIS) 

0.257921 1 0.257921 4.0343 0.2063 0.6516 

Interactions between 

investigation technique 

and kinetic models 

1.430755 4 0.357689 2.5571 0.2861 0.8856 

The stability of the carriers was indicated by the low amount of cumulative released 

Doxy, suggesting that in the first few hours, the polymer nanofibers did not undergo any 
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structural changes that would have significantly affected drug release. This also supported the 

diffusion-controlled mechanism. 

Furthermore, a one-factor and two-factor replication ANOVA test was conducted to 

compare the models describing drug release. The tests were applied to both the release rate 

constants (k0, k1, kHC, kH, and kKP) and the values of R2. 

The results of one-way analysis indicated that while fitting with the 0o, Io, HC, and H 

models did not show significant differences (F = 1.25 < Fcrit = 2.25, p (=0.3) > 0.05), the 

addition of KP to the ANOVA test resulted in significant differences (F = 2.5 > Fcrit = 2.07, p 

(=0.019) < 0.05). The results of the same test for k-values showed significant differences. These 

findings were not surprising and resulted from the mathematical differences between the 

equations of the five different models.  

The results of the two-factor replication ANOVA test for k-values and R2-values were 

very similar, leading to similar conclusions regarding the analyzed data. The significant 

differences between kinetic models highlighted the mechanism of Doxy release. The 

differences between the two measurement methods were not significant, either in terms of R2 

and k values (F < Fcrit, p > 0.05). This observation supported the conclusions drawn from fs and 

fd values. The absence of interaction between the applied kinetic models and the measurement 

method was also confirmed by the F and p values. 

6.3. Partial conclusions 

It was possible to produce a drug delivery with a fibrous morphology imitating the 

extracellular matrix by electrospinning, which showed favorable properties in terms of drug 

release. 

These experimental results contributed to the development of continuous, in situ, real-

time monitoring of drug release. DPV proved to be a suitable alternative analytical method 

with numerous advantages. The method did not influence the release process, and the lack of 

sampling played a role in determining the real-time quasi-equilibrium state. This rapid, simple, 

and efficient method can be suitable for studying the release of electroactive group-containing 

drugs and improving the efficiency of LDDSs development. 
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III. General conclusions 

The topic of the research presented in this doctoral thesis was the investigation of 

biomaterials with different chemical compositions and morphologies as local drug delivery 

systems. Similar to other medical fields, in orthopedics and dentistry, LDDSs represent a new 

opportunity in treatments, infection prevention, and healing. My research is based on the design 

and development of systems that, in addition to being biocompatible and assisting the 

physiological healing processes, are suitable for the delivery of the drug at the therapeutic site. 

Through the targeted treatment, the efficacy of the active substance can be significantly 

increased, which results in a reduction in recovery time. The main aspect of the development 

of systems with different characteristics was to ensure controlled drug release and prolonged, 

even multi-stage release. The site, period, and drug release rate influence biological processes, 

so the design of LDDSs is based on these parameters. 

Doxycycline (Doxy), which can be used to prevent various inflammations and infections, 

was tested in the case of four different types of carriers. The key question was to understand 

the release behavior of Doxy, determine the factors influencing the process, and define the drug 

release kinetics. In the case of LDDSs, the properties of the carrier as well as the interactions 

between the carrier and the active substance significantly influence the release rate of Doxy. 

Among the LDDS, the release profiles of Doxy were investigated for β-tricalcium phosphate 

(β-TCP) and silicon-, as well as magnesium-modified β-TCP (Original contribution, Chapter 

4); for rounded nanopowder and microsphere morphology of hydroxyapatite (HA), Si- and Mg-

doped HA (Original contribution, Chapter 5); for polylactic acid (PLA) and PLA coatings 

containing HA (Original contribution, Chapter 6); and for PLA and PLA/HA nanofibers 

(Original contribution, Chapter 7). 

In the first chapter of the personal contribution, we aimed to investigate pure β-TCP and 

with silicon- or magnesium- substituted β-TCP as carriers for Doxy. The objectives of the 

research summarized in the chapter included the preparation and characterization of the 

aforementioned carriers, and the investigation of their properties as drug carriers in vitro.  

1) The co-precipitation method followed by subsequent heat treatment proved to be 

suitable for achieving the pure β-TCP phase. The pH of the reaction mixture, the reaction time, 

the sintering temperature, and its duration were identified as key parameters affecting the 

material quality. The optimized experiments showed that the starting materials Ca(NO3)2 and 

(NH4)2HPO4, with a mixing time of 2 h at room temperature (pH= 8), followed by stepwise 

sintering up to 900°C, resulted in the formation of pure β-TCP phase. 



 

45 
 

2) The thermal transformation of calcium-deficient apatite is a multi-step process, the final 

step of which is greatly determined by the initial Ca/P ratio. The transformation temperature 

depends on the elemental composition of the sample. 

3) The incorporation of foreign ions into β-TCP resulted in various crystallographic 

changes. Silicon doping led to less significant changes, while cationic substitution led to 

significant structural alterations. 

a)  The partial incorporation of Si, resulting in a change in the intensity of the X-ray 

diffraction patterns, was independent of the silicon source used during the reaction (Na2SiO3 

or Ludox AS-40). 

b)  The incorporation of Mg2+ was confirmed by the significant shift of the diffraction 

peaks (compared to pure β-TCP) and a decrease in crystallinity.  

4) The powders arranged into porous aggregates had a significant adsorption efficiency, 

which enables outstanding drug loading. The process depended on the initial drug solution 

concentration. 

5) Powders with porous aggregates, serving as carriers for Doxy, provide slow drug 

release in vitro. The drug release from β-TCP powders followed either Fickian diffusion 

(Higuchi model) or quasi-Fickian diffusion (Korsmeyer-Peppas model) mechanisms. 

6) The diffusion of Doxy can be greatly controlled by the amount of initial drug content 

of the sample. Strong Doxy-Doxy interactions result in a decrease in release rate, which reduces 

the amount of drug released over time. 

7) In addition to the drug loading level, the release rate can also be controlled through ion 

substitution. Compared to pure β-TCP, Mg-substituted β-TCP has a more retard effect, while 

the presence of Si in the structure of the carrier is even more significant. In this case, not only 

the release was more regular, but the cumulative drug release percentage was even 3-5% less 

at a given time.  

These observations regarding the release of Doxy, the influencing parameters, and their 

impact were also examined in the case of HA and ion-substituted HA carriers (Chapter 5). Due 

to its biological properties, the use of HA is more widespread, however, the approach as a local 

drug carrier represents a novel area of research. The structural changes were also induced by 

the substitution with Si or Mg, using the same foreign-ion sources as in the fourth chapter's 

starting materials. The purpose of the experiment was to examine and discuss the differences 

between HA powders with different chemical compositions and morphologys, primarily from 

the perspective of drug carrier suitability. 
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8) The powders produced by co-precipitation were characterized by various material 

testing methods in accordance with material science requirements. The purity of the materials 

and the successful incorporation of foreign ions were supported by X-ray diffraction 

measurements.  

a) In terms of crystal size, silicon facilitated crystal growth, the crystal size of Si-doped 

HA nanopowders was several tens of nanometers larger than that of pure HA. 

b) The high concentration of Mg2+ used in the synthesis inhibited crystallization and 

crystal growth. In addition, a structural destabilizing effect was noticed, which turned out to be 

stronger compared to those observed in the previous experimental chapter. Compared to the 

pure HA carrier, MgHA showed 3% less crystallinity, while in the case of β-TCPs, it was little 

more than 1%.  

9) The morphology of HA-based powders could be influenced by the drying method, as 

supported by the SEM images. Drying with a mini spray dryer resulted in the production of 

microspheres with regular spherical morphology. The cauliflower-like surface morphology of 

these spheres was not affected by material quality. The size distribution of the microspheres 

and the average particle diameter were similar for all samples.  

10) The thermal behavior of the powders was independent of morphology and elemental 

composition, there were no significant changes in either the TG or DTA curve. The 

destabilizing effect of the incorporation of Mg2+ was also visible here, in the largest mass loss 

(18 % in the case of MgHA_M, while 10 % in the case of HA_M).  

11) The presence of foreign ions significantly altered the porosity of the powder, the 

decrease in the pore diameter and the increase in the specific surface area were significant for 

both Si- and Mg-containing samples. 

12) Porosity is a crucial issue not only in terms of physiological processes but also in terms 

of drug loading. The drug molecules not only bound on the surface, but also penetrated into the 

pores of the carrier. 

13) The fourth and fifth chapters of the thesis emphasized the high affinity of the Doxy 

molecule to both CaP groups. A positive correlation was observed between high drug loading 

and initial drug solution concentration, in which the high affinity played a crucial role. 

Comparing the drug-loading properties of pure β-TCP and HA, it was found that HA had a 

higher adsorption capacity. This observation was especially significant in the case of lower 

Doxy loadings, where the adsorption efficiency of HA was up to 10% higher. Samples with 

lower crystallinity and a more amorphous structure proved to be advantageous from a drug 

carrier point of view.  
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14) Following the drug loading experiments, drug delivery properties of the carriers were 

also investigated, i.e., the release behavior was monitored in simulated fluids. Most of the 

systems exhibited the expected behavior, with drug release showing two distinct stages. An 

initial burst release was followed by a slower but sustained dissolution phase. The release of 

Doxy was examined and discussed from several perspectives. 

a) The similar elemental composition and drug loading of the carriers allowed for a 

comparison between HA-based carriers and β-TCP carriers. Based on the dissolution profiles, 

it was clear that the initial release stage of carriers with similar chemical composition was 

significantly different. In comparison, a higher amount of released Doxy was measurable from 

apatite powders over the same time. HA and ion-doped HA showed more favorable drug 

release.  

b) A negative correlation was observed between the amount of released active substance 

and the initial drug content, which was explained by Doxy-Doxy interactions. 

c)  The influencing parameters were mostly more significant in the case of lower drug 

content, so they were investigated in the following. Both Si and Mg played a role in decreasing 

of Doxy release rate. The retard effect of these carriers was visible, result ing in up to a 4% 

lower cumulative drug release percentage compared to unsubstituted carriers.  

d) The morphology of the carrier proved to be a more dominant influencing factor than 

the chemical composition. Both the dissolution profiles and the results of drug release studies 

indicated that regular spherical morphology enabled a more uniform antibiotic release. In other 

words, Fickian diffusion can be achieved even with morphological modifications.  

e) The regular morphology enhances the controllability of LDDS, which was confirmed 

by the gradual and continuous nature of the initial burst phase (in contrast to the behavior 

observed in the case of nanopowder carriers, where no initial jump was observed). A more 

uniform surface from an energetic point of view favored the formation of secondary 

interactions, the nature of which bonds influenced the release rate. This observation was further 

supported by the higher determination coefficient values. 

f) Measurement of long-term release using the UV-VIS spectrophotometric method, in 

simulated body fluid (SBF), was not feasible due to the disturbance of the solution over time. 

Consequently, the samples were also examined in phosphate-buffered saline (PBS). The results 

of the 15-day measurements demonstrated that both HA and ion-doped HA carriers with regular 

spherical morphology were suitable for providing sustained Doxy release. Furthermore, the 

experiments also highlighted that the concentration of the dissolution medium in which the 
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given LDDS is tested has a significant influence on the release. PBS, with lower ion 

concentrations, led to more intensive Doxy diffusion. 

Following this experimental section, the implementation of HA microspheres in implant 

coatings was carried out. Accordingly, the sixth chapter discussed the combination of metal 

implants and DDSs. The first part of the chapter focused on the preparation and optimization 

of porous PLA coatings. Doxy-containing coatings were produced based on the optimized 

parameters, and these coatings were investigated under in vitro conditions.  

15) The dip-coating surface modification technique was suitable for the preparation of 

porous PLA coatings. The change in the porosity of the coating was examined as a function of 

solvent, concentration of the polymer solution, withdrawal speed, and immersion time. 

a) The nature of the solvent, more precisely its boiling point, is a crucial parameter for the 

formation of open pores. Low-boiling-point solvents lead to the formation of smaller diameter 

pores. 

b) Response Surface Methodology (RSM) was used to investigate the effects of PLA 

concentration, immersion time, and withdrawal speed on pore diameter and coating thickness. 

A Box-Behnken design matrix was selected to perform an efficient and rapid optimization 

study. The empirical relationships obtained here are valid only within the levels investigated. 

i) The largest pore diameter and thickest coating can be achieved by maintaining 

the PLA solution concentration and withdrawal speed at their maximum levels while 

minimizing immersion time. 

ii) The concentration of the dipping polymer solution played a decisive role in the 

spontaneous formation of micropores in the coating. 

iii) The optimization method used proved to be adequate, as the properties of the 

coatings produced at the optimized parameters corresponded to the calculated values obtained 

during experimental design (the calculated average pore diameter was 2.7 µm, while the 

experimentally determined average pore diameter based on SEM images was 2.63±0.55 µm). 

16) PLA-Doxy and PLA-HA-Doxy coatings, with different drug content, were prepared at 

the optimized parameters and studied.  

a) The homogeneity of the coatings was supported by thermal analysis in addition to EDX 

mapping analysis. Coatings containing HA (as an additive) were found to be more 

advantageous thermally than pure PLA coatings. At the same time, the presence of HA 

microspheres increased the surface pore diameter (approximately 40% larger average pore 

diameter compared to pure PLA coatings). 
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b) Both the presence of the active substance and HA microspheres in the coating changed 

its wettability, enhancing the hydrophilic nature of the coatings. In this sense, both HA and the 

antibacterial agent confer better bioactivity to the coating. 

c) Based on the electrochemical corrosion tests, it was established that the large pore size 

weakened the corrosion resistance. On the other hand, Doxy molecules improve the corrosion 

resistance of the PLA coating, thus serving not only as an active substance but also as a 

corrosion inhibitor. A positive correlation was observed between the drug content of the coating 

and its resistance to corrosion, which was confirmed by both PP and EIS tests. The thickness 

of the coating also plays a crucial role in reducing charge transfer processes. 

17) The Doxy release from polymer-based coatings exhibited controlled and multi-step 

dissolution behavior in SBF. HA, in the case of coatings, was capable of forming secondary 

bonds and electrostatic attractions with Doxy molecules, resulting in reduced release rates. In 

other words, the addition of HA to PLA coatings can increase the release time of antibacterial 

agents. 

18) The diffusion of Doxy from these coatings is a complex process, which was also 

supported by the release kinetics study. However, during the investigated period, the relaxation 

degree of the polymer chains had minimal impact on the release of drug molecules. 

19) The constancy of the uniform and clearly defined release mechanism during the 

examined time proved the stability of the coatings.  

In the seventh and final chapter of the doctoral thesis, the investigation of a new 

morphology Doxy carrier, namely polymer-based nanofibers, as local drug carriers was 

proposed. However, the novelty of the research presented in this part lies not only in the 

examined systems but also in the innovation of monitoring in vitro drug release using the 

differential-pulse voltammetry method. The following results were obtained during the 

experiment:  

20) Using the electrospinning method, pure PLA and PLA nanofibers containing HA could 

be produced. 

a) As supported by the SEM images, the use of a binary solvent mixture during the 

preparation of the starting polymer solution facilitated the formation of nanoscale fibers and it 

resulted in the development of a slightly rough surface morphology of the fibers. 

b) The diameter distribution of the fibers and the average fiber diameter were a function 

of the chemical composition of the starting mixture. The additive (HA) caused a change in the 

physical properties of the polimeric mixture, leading to a significant decrease in the fiber 

diameter. 
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c) The point connections created between continuous fibers enabled the formation of 

porous structures, which advantageous 3D structures proved promising in dental applications.  

21) The surface and spatial characteristics of the nanofibers allowed for the binding of Doxy 

to the fibers during the post-electrospinning process. The adsorption efficiency was on average 

between 70-80%, the process mainly depended on the concentration of the initial drug solution.  

22) In vitro and in situ monitoring of drug release from carriers with such specific 

morphology and properties, was achievable through an electrochemical method.  

a) The GC electrode proved to be suitable for determining the electrochemical fingerprint 

of Doxy molecules containing electrochemically active functional groups. 

b) Under optimized conditions, the DPV method was adequate for real-time monitoring 

of Doxy release under in vitro conditions. The appropriate selection of the input parameters 

ensured the sufficient sensitivity of the method. 

23) The release of Doxy from the nanofibers showed similar behavior as observed in 

previous parts of the thesis, where LDDSs based on carriers with different morphologies and 

material qualities were discussed. The negative correlation between the initial Doxy content of 

the fibers and the amount of released drug was demonstrated. 

24) The burst release can be attributed to the rapid diffusion of weakly bound molecules, 

while achieving sustained release also depended on the presence of agglomerates of adsorbed 

drug molecules, alongside the diameter of the fibers. 

25) The release kinetics showed behavior according to Korsmeyer-Peppas, regardless of 

the nature of the investigated system. The values of the diffusion exponent reflected the 

complexity of the systems through the not full Fick release. 

26) Carriers with a fibrous morphology imitating the extracellular matrix were suitable for 

sustained drug release, which was supported by both electrochemical and spectrophotometric 

measurements. The DPV method was validated using conventional UV-VIS 

spectrophotometric investigations.  

a) The applicability of the DPV method for measuring the release of Doxy from PLA and 

PLA-based nanofibers was confirmed by both model-independent and model-dependent 

approaches. The obtained release profiles met the similarity criterion in pairs. 

b) This simple, rapid, efficient, and sufficiently sensitive method proved to be an 

alternative analytical procedure. The absence of sampling allows for the examination of the 

system without any external factors influencing the dissolution kinetics. 
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The research presented in the doctoral thesis highlights the key role of the carrier material 

properties in terms of the release of Doxy. The nature of the carrier, the appropriate material 

composition, and morphology enables to achieve controlled drug release. Through the 

investigation of the parameters influencing the release, the LDDS can be easily adapted to the 

therapeutic needs. These results contribute to the efficient design, development, production and 

in vivo application of these systems.  
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