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INTRODUCTION 

Polysulfones are a class of high-performance thermoplastic polymers with remarkable 

properties. They are distinguished by excellent thermal stability, maintaining their structural 

integrity and performance even at high temperatures, an essential aspect for processes such as 

autoclaving sterilization, indispensable in the medical field. In addition, polysulfones exhibit 

remarkable chemical stability, which gives them resistance to a variety of acids, bases and 

solvents, ensuring durability of the material in the presence of biological fluids or disinfectant 

solutions. Furthermore, polysulfones are distinguished by high mechanical strength and intrinsic 

biocompatibility. The latter is a fundamental property, indicating that the material does not cause 

adverse or toxic reactions by interacting with living tissues or blood. 

Due to these exceptional characteristics, polysulfones are frequently used in various fields 

of biomedical engineering. One of the most important applications of this polymer is the 

manufacture of membranes for dialysis and blood oxygenation. In dialyzers, the controlled pore 

structure of polysulfones allows for the efficient filtration of toxins from the blood, while in blood 

oxygenators it facilitates gas exchange, both processes being vital for life support. In addition, 

due to their mechanical strength and ability to be repeatedly sterilized, polysulfones are optimal 

materials in the manufacturing processes of surgical instrument components, such as handles or 

housings, ensuring durability and compliance with strict hygiene standards. Polysulfones are also 

studied in the field of tissue engineering, to create three-dimensional support structures 

(scaffolds), which provide a stable and compatible matrix for cell growth and differentiation. 

Although polysulfones have considerable application potential, especially as biomaterials 

in various medical devices and techniques, research aimed at further exploring their properties 

and developing new biological applications remains limited. The absence of comprehensive 

studies and specialized literature underscores a substantial opportunity for continued 

investigation. Therefore, there is both a favorable framework and a clear need for new studies 

aimed at advancing fundamental and applied research in this field. 

For this reason, the present thesis seeks to make a significant contribution to advancing 

the applicability of polysulfone materials in the biomedical field by addressing three major 

objectives: 

➢ Generating a fundamental framework for understanding the influence of the structure of 

polysulfones on their properties, by investigating their behavior in solution, in order to 

obtain useful information regarding the preparation of films/coatings for medical devices; 

➢ Developing drug delivery systems based on polysulfone derivatives; 

➢ Improving the properties of polysulfones by functionalization with a biopolymer, 

chitosan, and evaluating the impact of the chemistry, the obtaining process or the nature 

of the material on the performance. 

The importance of the doctoral thesis lies in the potential of the research undertaken 

aiming to increase therapeutic efficacy through local administration (via controlled and targeted 

release, the drug reaches the target tissue in optimal concentration, minimizing systemic side 

effects), reduce the frequency of administration (sustained-release systems can reduce the need 

for repeated administration of doses), and develop multifunctional materials (by using 

components that present complementary activities, for example antimicrobial and antioxidant). 
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Thus, the novelty of the present thesis consists in exploring the ways of functionalizing 

the polysulfone structure, as well as in the rational and multifunctional design of the obtained 

systems, thus offering different strategies for controlling the properties of the material 

(biocompatibility, broad-spectrum antimicrobial activity, controlled drug release, antioxidant 

activity, hemostatic properties), adapting them to specific requirements in the biomedical field. 

The doctoral thesis entitled "Polysulfone materials with biologically active 

properties" had as its main goal the exploitation and improvement of the properties of 

polysulfones to meet stringent needs in the biomedical field. In this regard, commercial 

polysulfone was purified and chemically modified to obtain polysulfone derivatives capable of 

generating advanced materials with applicability in the biomedical field. 

The doctoral thesis is divided into two main sections. The first part (Chapter 1) includes 

a review of specialized literature, while the second part (Chapters 2-5) contains the results of the 

original contributions of this thesis. 

Chapter 1 provides a review of the literature, detailing the current state of research in 

the field of polysulfone and materials obtained from this polymer, with a focus on properties, 

chemical functionalization methods and applicability in the biomedical field. 

Chapter 2 is organized into two subchapters represented by two distinct and at the same 

time interconnected studies. Both subchapters begin with a brief introduction highlighting the 

reasoning behind the studies and a justification regarding the novelty brought to the field. The 

first subchapter aims to investigate the structure-properties-processing relationship of two 

polysulfone derivatives, quaternized polysulfone and sulfonated polysulfone, with the aim of 

designing functional systems, adapted for application as coating for medical devices. In the 

present study, the solubility parameter of the polymers was determined by a theoretical approach, 

based on the group contribution method, and an experimental approach, based on viscosimetric 

measurements of polyelectrolyte solutions in four different solvents. Subsequently, the 

compatibility of functionalized polysulfones with various solvents or solvent mixtures was 

evaluated based on the Hansen sphere theory, followed by investigating the behavior of these 

polysulfone derivatives in DMF – the solvent with the best compatibility. Their intrinsic viscosity, 

reduced specific hydrodynamic volume, macromolecular cluster density and B parameters were 

analyzed and compared, providing information about their conformation in solution and their 

interactions with the solvent. 

The second subchapter uses the conclusions drawn from the first study in the preparation 

of coatings for medical instruments with dual activity: antibiotic and antifungal. In this regard, 

the solvent identified as optimal for the synthesized and studied polymers was used to prepare 

quaternized polysulfone solutions, with the aim of being used as an encapsulation matrix for two 

antimicrobial agents: norfloxacin, a broad-spectrum antibiotic, and amphotericin B, an antifungal 

drug. The systems were characterized from a structural, morphological, supramolecular point of 

view, and their properties (wettability, surface energy, antioxidant and antimicrobial activity) 

were also investigated. Last but not least, the release kinetics of norfloxacin from the obtained 

systems were monitored. The recorded results confirmed the theoretical design underlying the 

preparation of these coatings, highlighting the potential of quaternized polysulfone to be used as 

an encapsulation matrix for antimicrobial agents, thus obtaining materials that can be applied to 

the surface of medical devices to effectively prevent infections at the surgical site. 
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Chapter 3 aimed to obtain controlled drug release systems by grafting an antifungal 

drug, amphotericin B, onto the side chain of formylated polysulfone. The reaction between the 

polymer and the drug was carried out using different ratios of their functionalities, aldehyde and 

amine, respectively, thus leading to the obtaining of four imine derivatives of polysulfone, which 

were subsequently physically mixed with poly(ethylene glycol), a polymer often used in 

biologically active formulations, to obtain viscous solutions with superior film-forming capacity. 

The systems were characterized from a structural, thermal, supramolecular, morphological and 

topographical point of view. Since the intended purpose was to use the obtained films in the 

treatment of onychomycosis, in the form of nail polish, a series of properties were evaluated, such 

as: the sustained release capacity of amphotericin B, wettability and hydrolytic stability, 

antifungal activity on various strains of Candida and on Saccharomyces cerevisiae and 

biocompatibility on normal human dermal fibroblasts. Due to their effective antifungal activity 

and biocompatibility, these systems have high potential to be used as nail polishes in the treatment 

of onychomycosis. 

Chapter 4 describes the preparation of hybrid systems based on polysulfone and 

chitosan by imination and amination reactions, on the surface or in the bulk, and their exhaustive 

characterization from a structural, morphological, topographical, supramolecular and thermal 

point of view. In order to establish their application potential, a wide range of properties were 

investigated, such as: wettability and surface free energy, swelling capacity in PBS, enzymatic 

biodegradation in the presence of lysozyme, water vapor transport capacity, antioxidant and 

antimicrobial activity, as well as the hemostatic effect. The results suggest that materials based 

on chitosan and polysulfone, linked by imine or amine units, represent a promising approach for 

the development of biomaterials with improved properties for biomedical applications. 

The thesis concludes with Chapter 5, which includes the experimental support on which 

the obtained results are based: the solvents and reagents used for the synthesis of the compounds 

presented in the thesis, the synthesis procedures as well as the methods and equipment used for 

their characterization. 

The thesis also includes a list of the results disseminated during the doctoral studies: 

scientific articles published or in the process of publication and participation in scientific events. 

The thesis concludes with the bibliographical references consulted in the development of the 

thesis. 
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Chapter 2 

Functionalization of polysulfone with ionic groups for biomedical applications 

2.1. Ionic polysulfone derivatives: synthesis, solubility parameters and behavior in solution 

2.1.1. Introduction 

Polysulfones and their derivatives represent an important class of polymers that are 

distinguished by their superior structure and physicochemical properties (thermal and chemical 

stability, mechanical strength, film-forming properties) [1, 2]. The introduction of functional 

groups into the polymer structure is an optimal way to improve its properties and expand its 

applicability [3]. Among the numerous ways to chemically modify the structure of polysulfones, 

the reactions of chloromethylation, quaternization and sulfonation stand out, because they have a 

positive impact on the characteristics of the polymer, such as its reactivity, solubility, flexibility 

and hydrophilicity. Moreover, the reactions of quaternization and sulfonation of polysulfones 

represent an efficient method for obtaining ionic polymers (polyelectrolytes), a class of chemical 

compounds of great interest in various scientific fields due to their physical and chemical 

properties [4]. The present study adopts both a theoretical and experimental approach to 

investigate the structure-property-processing relationship of two ionic polysulfone derivatives, 

PSFQ and PSFS, with the aim of designing materials for biomedical applications. For the first 

time, the solubility parameters of these two polymers were determined by a dual methodology: a 

theoretical approach based on the group contribution method and an experimental approach based 

on viscosimetric measurements of polyelectrolyte solutions in four different solvents. 

Subsequently, their compatibility with various solvents or solvent mixtures was evaluated based 

on the Hansen sphere theory. After the selection of solvents, the study focused on investigating 

the hydrodynamic behavior of these ionic polysulfones. Their intrinsic viscosity, reduced specific 

hydrodynamic volume, macromolecular cluster density and hydrodynamic interaction parameter 

B were discussed and compared, providing information about their conformation in solution and 

their interactions. The novelty of this study lies in establishing a rational and transferable 

methodology for selecting compatible solvents for the two ionic polysulfones, supported by both 

theoretical predictions and experimental validation. In addition to providing insights into the 

solution behavior of PSFQ and PSFS, this study also provides a framework for the development 

of polysulfone-based materials, facilitating the optimization of material properties from the 

design stage, through strategic solvent choice, prior to fabrication. 

2.1.2. Results and Discussion 

A preliminary step in the synthesis of the polysulfone derivative with quaternary 

ammonium groups consists in the chloromethylation reaction of polysulfone with an equimolar 

mixture of paraformaldehyde and trimethylchlorosilane. The success of the chloromethylation 

reaction was demonstrated by FTIR, 1H-NMR and 13C-NMR spectroscopy. In the 1H-NMR 

spectrum (Figure 2.3.) of PSFCM, along with the characteristic signals of the protons from the 

aromatic nuclei of the substituted polysulfone (7.87-6.83 ppm), and the signal of the isopropyl 
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protons of the bisphenol fragment (1.70 ppm), a signal appears at  = 4.54 ppm, attributed to the 

two protons of the –CH2Cl group. 

 
Figure 2.3. 1H-NMR spectrum of PSFCM-5 derivative 

The introduction of quaternary ammonium groups into the polysulfone structure occurred 

through the reaction between the reactive chloromethylene groups (-CH2Cl) on the polysulfone 

chain and the quaternizing agent, N,N-dimethylbutylamine (DMBA), in a molar ratio of 1:1.2. 

The functionalization of PSF with dimethylbutylammonium chloride was clearly demonstrated 

by the appearance in the 1H-NMR spectrum of PSFQ of signals located at 3.28, 3.03-2.99, 1.18-

1.13, 1.67 (overlapping with the signal for -C(CH3)2 from bisphenol) and 0.86-0.81 ppm, which 

correspond to the protons of this group. Also, the chemical bonding of dimethylbutylammonium 

group to polysulfone through the methylene group is also evidenced in the 1H,13C-HMBC 

spectrum (Figure 2.9.) of PSFQ by the presence of correlation signals over two or three bonds 

between the C-5 carbon atom of the methylene group, located at 61.2-61 ppm, and the H-3'B 

proton of bisphenol A, as well as with the H-10 protons of the dimethylbutylammonium group. 

Sulfonated polysulfone (PSFS) derivatives with different degrees of substitution were 

obtained by direct sulfonation of Udel polysulfone, using chlorosulfonic acid or a mixture of 

chlorosulfonic acid and trimethylchlorosilane as sulfonating agents, as well as by varying 

different reaction conditions (concentration of sulfonating agent, temperature or molar ratio 

between PSF and sulfonating agent). The synthetic route using an increased concentration of 

chlorosulfonic acid generated the best yield, leading to the obtaining of a sulfonated polysulfone 

derivative with a degree of substitution of 0.63, and the experiments carried out in the following 

studies were performed with this derivative. The sulfonated polysulfone was structurally 

characterized by means of FTIR, 1H-NMR and 13C-NMR spectroscopy. 
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Figure 2.9. 1H,13C-HMBC spectrum of PSFQ highlighting the correlation signals 

between the substituent and polysulfone 

The relationship between the structure and thermal stability of unmodified polysulfone 

(PSF) and functionalized polysulfones (PSFCM, PSFQ, PSFS) was investigated using 

thermogravimetric analysis (TGA). According to the thermogravimetric curves shown in Figure 

2.14, the thermal stability of the studied compounds decreases in the following order: 

PSF>PSFCM>PSFS>PSFQ, which suggests that the chemical modification of polysulfone with 

bulky side groups leads to derivatives more susceptible to thermal degradation, these functional 

groups having a spacer effect between the macromolecular chains and disrupts the intermolecular 

forces between them. 

  
a) b) 

Figure 2.14. a) TG and b) DTG curves recorded for unmodified polysulfone and polysulfones 

functionalized with chloromethyl (PSFCM), dimethylbutylammonium chloride (PSFQ) or 

SO3H (PSFS) groups 

For a more accurate classification of the solvents and solvent mixtures investigated in this 

study, the components of the Hansen solubility parameters of the functionalized polysulfones, 
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determined using the improved group contribution method, were correlated with the 

components of the Hansen solubility parameters of the analyzed solvents, according to the 

Hansen solubility sphere theory (Figure 2.15.). The three-dimensional representation of the 

Hansen solubility parameters can be observed in Figure 2.15. Theoretical methods for estimating 

the solubility parameter (group contribution method and Hansen solubility sphere) of quaternized 

and sulfonated polysulfone revealed that the two polymers present values close to those of the 

solvents DMSO, DMAc, DMF and NMP, which is why they can be considered good solvents for 

functionalized polysulfones from a thermodynamic point of view. However, their intrinsic 

viscosity, [η], presented the highest values when the polymers were dissolved in DMF, which 

denotes that this solvent induces an increase in the hydrodynamic dimensions of PSFQ and PSFS, 

as supported by Flory's theory [5]. Furthermore, analyzing the topography of the polymer films 

obtained by solubilizing the polymers in the four solvents identified as the most compatible with 

functionalized polysulfones, it was observed that the films prepared using DMF as solvent present 

a smoother surface, recording lower values of average roughness (Sa) and root mean square 

roughness (Sq). Thus, analyzing the results of the theoretical and experimental studies presented 

in this chapter, it can be concluded that N,N-dimethylformamide is the optimal solvent for 

quaternized and sulfonated polysulfones, which is why the following studies were performed 

using this solvent. 

 
Figure 2.15. 3D representation of the partial solubility parameters corresponding to dispersion 

(𝛿𝑑), polar (𝛿𝑝), and hydrogen bonding (𝛿𝐻) forces, according to Hansen’s solubility sphere 

theory, for the polysulfones studied in various solvents/solvent mixtures  
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The experimental method by which 

the behavior and properties of the 

synthesized polymers in solution were 

discussed was viscometry. While various 

equations are cited throughout the literature 

for determining the intrinsic viscosity, [η], 

the Huggins equation is most frequently 

employed in practice [6]. The dependence 

of 𝜂𝑠𝑝/𝑐 on the polymer concentration 

indicates that the chemically modified 

polysulfones, PSFQ and PSFS, exhibit a 

specific polyelectrolyte behavior in dilute 

solution, as a result of the Coulombic 

repulsions between the localized charge 

groups. Thus, the reduced viscosity increases as the polymer concentration decreases due to the 

increase in the macromolecular coil size (Figure 2.21.).  

Due to the impossibility of evaluating the intrinsic viscosity by extrapolation to infinite 

polymer concentration, the values of this parameter of PSFQ and PSFS were determined by 

applying the Wolf method [7]. Figure 2.22. illustrates the progressive increase in the relative 

viscosity values with increasing polymer solution concentration over the entire temperature range. 

As the concentration increases, the differences become more pronounced, due to the fact that the 

increasing number of polyelectrolyte molecules increases the ionic strength of the solution and 

the effects of Coulombic interactions are established. 

  
         a)       b) 

Figure 2.22. Dependence of 𝑙𝑛 𝜂𝑟𝑒𝑙  on the polymer concentration, c, for a) PSFQ and b) PSFS 

solutions in DMF, in the temperature range 20÷50 ºC 

To further understand the viscosimetric behavior of functionalized polysulfones in dilute 

solutions, other hydrodynamic parameters were investigated, such as the reduced specific 

hydrodynamic volume, {𝜂}/[𝜂], which provides information about the changes in the 

hydrodynamic volume of an individual macromolecular chain induced by the presence of other 

macromolecular chains nearby. The graphical representation of the dependence of {𝜂}/[𝜂] on 
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𝑐[𝜂] of PSFQ and PSFS indicates a decrease in the specific hydrodynamic volume of polymers 

in DMF with increasing reduced polymer concentration, over the entire range studied (Figure 

2.23.). This behavior was correlated with the influence of charge density and counterion 

dissociation on the conformation of polyelectrolyte chains. Thus, at high dilution, the counterions 

are far from the polyion, and the chains become more extended due to the ionic repulsion forces 

between the charged groups of the macroion. According to this approach, as the polymer 

concentration increases, the polyelectrolyte coil shrinks due to progressive charge screening. 

  

Figure 2.23. Variation of the reduced specific 

hydrodynamic volume ({𝜂}/[𝜂]) as a function 

of the reduced concentration (𝑐[𝜂]) for PSFQ 

(●) and PSFS (■) polymers, at 25 °C. The inset 

images show the same variations at different 

temperatures 

Figure 2.24. Variation of macromolecular 

coil density as a function of polymer 

concentration for PSFQ (●) and PSFS (■) 

in DMF at 25 ºC and 50 ºC 

The variation of the reduced specific hydrodynamic volume as a function of the reduced 

polymer concentration can be correlated with the dependence between the density (ρ) and the 

macromolecular coil as a function of concentration (Figure 2.24.). As the polymer concentration 

increases, the polyelectrolyte coil shrinks due to the progressive screening of charges and the 

increase in intramolecular interactions. For this reason, the density of the macromolecular coil in 

both the case of PSFQ and PSFS increases slowly with increasing the polymer concentration. 

However, we can observe that the values of this hydrodynamic dimension in the case of PSFS 

are higher than those of PSFQ, which suggests that DMF is less good thermodynamic solvent for 

PSFS than for PSFQ, the expansion of the macromolecular chain induced by the solvent being 

less pronounced [8]. 

2.2. Quaternized polysulfones as matrices for the development of broad-spectrum 

antimicrobial coatings for medical devices 

2.2.1. Introduction 

In recent decades, medical devices, especially those for the diagnosis, monitoring and 

treatment of injuries or diseases, have made a remarkable contribution to improving and 

increasing the life expectancy of people around the world [9, 10]. However, their use also 

represents a means of transmitting nosocomial infections, which endanger the health and, in some 
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cases, the lives of patients [11, 12]. The development of coatings that can be easily applied to the 

surface of medical devices and that prevent the adhesion and growth of bacteria, without affecting 

the tissue with which they come into contact, represents a promising solution that can prevent the 

occurrence of infections and improve the life quality of patients. In this context, to address the 

persistent challenges generated by infections associated with medical devices, especially in 

clinical and surgical environments, the working hypothesis of this study was formulated towards 

the development of coatings that not only inhibit the growth of bacteria and fungi, but also 

actively eliminate these microorganisms. With this objective in mind, the present study explores 

the use of quaternized polysulfone as a matrix for the encapsulation of two antimicrobial agents: 

norfloxacin (NFX), a broad-spectrum quinolone antibiotic, and amphotericin B (AmB), a polyene 

antifungal drug. This approach aims to create coatings with enhanced antibacterial and antifungal 

properties, specifically designed to prevent biofilm formation on surfaces of medical devices. The 

coatings were designed based on a rational, multi-level strategy, taking into account: (i) the ability 

of quinolones to enhance the efficacy of AmB through synergistic effects, as previously 

demonstrated in some studies [13], (ii) the chemical structures of the polymer and the two drugs 

that favor strong electrostatic interactions, capable of supporting the controlled release of drugs, 

(iii) the complementary bioactivities of the antimicrobial agents, NFX having antibacterial effects 

and AmB antifungal action, their combination in the same material leading to coatings with broad-

spectrum antimicrobial activity, and (iv) the inherent antimicrobial activity of the quaternized 

polysulfone matrix, with the potential to effectively inhibit a wide range of pathogenic strains, 

thus enhancing the overall antimicrobial efficacy of the coatings. 

2.2.2. Results and Discussion 

Comparative analysis of the 

FTIR spectra obtained for the drug-

containing formulations, along with 

their reference components (polymer 

matrix and individual drugs) revealed 

slight variations in both the positions of 

the absorption bands and their 

intensities. Thus, the broad band in the 

FTIR spectrum of the PSFQ sample, 

located at 3395 cm-1, progressively 

shifts to lower wavenumbers with 

increasing amounts of encapsulated 

drugs. This trend suggests the 

formation of strong intermolecular 

interactions between the polymer matrix 

and the encapsulated drugs. Considering 

the chemical structure of the incorporated drugs, which contains carboxylic groups, hydroxyl and 

primary amino groups in the case of AmB, but also ketone, secondary and tertiary amino groups 

and fluorine atoms in the case of NFX, it is plausible that these interactions involve both hydrogen 

bonds and electrostatic forces, which contribute to the observed spectral shifts. 
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Figure 2.28. FTIR spectra of the investigated 
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Supramolecular characterization of the formulations was performed using wide-angle  

X-ray diffraction. The diffraction patterns of the formulations are very similar to that of PSFQ, 

without distinct reflections specific to AmB or NFX. This suggests that the drugs were finely 

dispersed in the polymer matrix, probably due to intermolecular interactions with PSFQ that 

inhibit crystallization, at least below the detection level of this technique [14]. However, a slight 

shift of the diffraction peaks to higher degrees and consequently smaller intermolecular distances 

was observed, suggesting that the presence of the drugs promoted the coalescence of the polymer 

chains into more compact ordered domains. This effect is supported by the appearance of more 

pronounced birefringent domains under polarized light [15]. The lack of clear diffraction bands 

characteristic to crystalline drugs reinforces the idea of a very fine dispersion of the drugs in the 

polymer matrix. 

 

 
PSFQ 

 

 
P4AN 

Figure 2.31. XRD diffractograms of PA, PN, P1AN, P2AN, P4AN coatings and of the control 

components PSFQ, AmB and NFX and POM images of the PSFQ film, as well as of the 

sample containing both drugs (P4AN) 

The surfaces of the coatings containing one or both drugs have water contact angle values 

in the range of 60-90º, associated with good biocompatibility. In addition, moderate wettability 

is crucial for optimal interaction with water, facilitating efficient drug release and increasing its 

bioavailability [16]. 

The drug release kinetics were monitored in vitro in PBS (pH = 7.4). The samples 

demonstrated a similar capacity to release NFX (between 75 % and 77 %) over 48 hours, with a 

faster release in the first 4 hours (Figure 2.33. a, b). The drug release rate was dependent on the 

amount of antimicrobial agent in the matrix. Thus, sample P4AN released 69 % of the encapsulated 

drug in the first 4 hours, while samples PN and P1AN released only ~51 %. Monitoring the kinetics 

of AmB release from the polymer matrix was not possible, the supernatant concentration falling 

below the detection limit of the UV-Vis spectrophotometer. Following the fitting of the 

experimental release data to different mathematical models, it was found that the release of NFX 

from the polymer matrix is a diffusion-controlled process and influenced by the amount of drug, 

the exposure time and the hydrophilicity of the matrix. 
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a) b) 

Figure 2.33. Release kinetics of NFX from PN, P1AN, P2AN and P4AN samples for a) 8 hours 

and b) 48 hours 

The ability of the investigated 

coatings to capture reactive oxygen species 

(ROS) was analyzed by DPPH method 

(Figure 2.34). The antioxidant activity was 

superior in the case of samples containing 

AmB and increased with increasing its 

concentration, reaching a threshold at 67.49 

%. The samples containing both drugs 

showed a higher antioxidant activity 

compared to those containing a single drug 

at the same concentration, indicating the 

cumulation of their effects. The highest 

antioxidant activity was observed in the 

case of the P4AN sample, 67.49 %, this 

result being correlated with the additive 

antioxidant effect of the two drugs 

dispersed in the polymer matrix. 

Given that the aim of this study was to develop new antimicrobial coatings, through an 

intimate dispersion of two drugs in a quaternized polysulfone matrix, the efficiency of the 

formulations was investigated against microorganisms frequently associated with nosocomial 

infections, namely S. aureus (Gram-positive bacterium), E. coli (Gram-negative bacterium) and 

C. albicans (opportunistic microorganism). PSFQ exhibited moderate efficacy against S. aureus 

(inhibition diameter up to 14 mm) and stronger antibacterial activity against E. coli (up to 23 

mm), but did not exhibit antifungal activity. Encapsulation of AmB in the PA sample induced 

antifungal activity (inhibition diameter up to 18 mm) but no antibacterial activity was detected. 

In contrast, encapsulation of NFX in the PN sample significantly improved antibacterial activity 

compared to the PSFQ sample, consistent with the observed release of NFX. When both 

antimicrobial agents were co-encapsulated, the resulting coatings exhibited dual antimicrobial 
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activity, with inhibition diameters comparable to those of the PA and PN samples. This confirms 

that both drugs were released in sufficient concentrations to exert an inhibitory effect on the 

growth of microorganisms. 

 

Figure 2.36. Antimicrobial activity of the investigated samples against: a) S. aureus, b) E. coli 

and c) C. albicans 

 

Chapter 3 

Dynamic controlled release systems based on polysulfone formylated and amphotericin B 

for the treatment of onychomycoses 

3.1. Introduction 

Onychomycosis, the medical term for nail infections, is a prevalent condition, usually 

caused by dermatophyte fungi, yeasts (such as Candida species), and non-dermatophyte fungi 

[17]. These microorganisms enter through minor trauma to the nail or cuticle and subsequently 

develop due to favorable temperature and humidity conditions. Antifungal nail polishes (also 

known as medicated nail polishes) are a key topical treatment option for onychomycosis, 

especially for superficial infections or as an adjunct to oral therapies in more severe cases [18]. 

Their main advantage lies in the direct administration of the drug to the infected nail, minimizing 

the systemic side effects associated with oral antifungals. However, treatment with antifungal nail 

polishes requires patience and consistency due to the slow growth rate of nails. For this reason, 

the development of nail polishes that act as a sustained drug delivery system is of interest, having 

both a medical and aesthetic function. A sustained release profile should bring important 

advantages, from efficiency to reduced treatment costs [19]. The objective of this study was to 

create reversible imino bonds between amphotericin B (AmB), an antifungal drug with primary 

amino groups, and a formylated polysulfone derivative, with the aim of obtaining dynamic 

materials that, under humid conditions, would allow controlled and sustained release of the 

antifungal drug [20]. A material obtained by this approach should have superior performance 

compared to formulations in which the drug is simply encapsulated and trapped in a polymer 

matrix by physical interactions alone. 
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3.2. Results and Discussion 

To obtain dynamic materials capable of sustained release of the antifungal drug AmB, 

polysulfone was modified to introduce aldehyde groups on the macromolecular chain (PSFF-1). 

For this purpose, the commercial polysulfone, previously purified, was subjected to 

chloromethylation and subsequently Williamson etherification (Scheme 3.1.). The obtained 

polysulfone with formyl groups, PSFF-1, was used for grafting the antifungal agent AmB by the 

condensation reaction of the aldehyde groups with the amino groups of the drug, in different 

molar ratios of their functionalities, from 3/1 to 20/1 (Table 3.1.). This synthetic route led to the 

obtaining of derivatives with reversible imine bonds (P3*, P5*, P10*, P20*), which in the 

presence of moisture can be cleaved, releasing the drug. The number in the sample code signifies 

the molar ratio of the CHO and NH2 functionalities (Table 3.1.). To improve the film-forming 

ability of the polysulfone imine derivatives, PEG was also added to the system, and the resulting 

systems were coded with P3, P5, P10, P20. 

Table 3.1. Composition of polysulfone imine derivatives and the obtained delivery systems 

 
P3*, P5*, P10*, P20* have the same composition as P3, P5, P10, P20, but without PEG 
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Scheme 3.1. Synthetic route applied in this study: 1) chloromethylation of polysulfone, 2) 

Williamson etherification reaction of chloromethylated polysulfone with salicylaldehyde and 3) 

covalent bonding of formylated polysulfone with amphotericin B through imine units 

The structure of the chloromethylated polysulfone (PSFCM), used as an intermediate, as 

well as that of the formylate derivative, was demonstrated by 1H-NMR spectroscopy. The 1H-

NMR spectrum (Figure 3.1.) of the chloromethylated polysulfone displayed a signal at 4.54 ppm, 

assigned to the two protons of the –CH2Cl group, along with other resonance signals specific to 

aromatic protons, located in the range of 7.87-6.83 ppm. A singlet located at 1.70 ppm was also 

observed, which corresponds to the six protons of the isopropyl group in the polysulfone 

monomeric units. After the substitution of the chlorine atom with salicylaldehyde (SA), in the 1H-

NMR spectrum of the formylated derivative a signal appeared at 10.31-10.26 ppm, which 

corresponds to the aldehyde proton. In addition, the signal of the two protons of the methylene 

bridge was shifted to 5.13 ppm, as a result of the higher electronegativity of the oxygen atom, 

having a descreening effect on the protons. 
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Figure 3.1. 1H-NMR spectra of polysulfone (PSF), chloromethylated polysulfone (PSFCM) 

and formylated polysulfone (PSFF-1) 

The NMR spectra of samples 

P3*, P5* and P10* revealed the 

appearance of a new signal at 8.6 ppm, 

attributed to the iminie proton (Figure 

3.4.). Comparative analysis of the ratios 

between the integral values of the signals 

corresponding to the aldehyde and iminic 

protons for samples P3*, P5* and P10* 

revealed a progressive increase from 

sample P10* to sample P3*, consistent 

with the increase in the amount of AmB 

grafted onto the PSFF-1 chain from P10* 

to P3*, according to Table 3.1 [20]. In the 

case of sample P20*, no new signal was 

detected in the 1H-NMR spectrum, most 

likely because, in this case, the amount of 

imine formed was very low compared to 

the high mass of the other components. 

SEM micrographs of the obtained 

films revealed a relatively smooth 

surface, without cracks or visible defects. 

Also, the absence of micrometric agglomerations suggests a uniform structure over the entire 

surface of the samples. The images obtained in cross section revealed a compact structure, with 

Figure 3.4. 1H-NMR spectra of drug delivery systems 
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moderate roughness. By analyzing the data obtained by SEM, no significant morphological 

differences were observed between the analyzed samples, nor aggregations, regardless of the 

amount of AmB linked to the PSFF-1 chain. This result indicates that the imination reaction, 

although occurring in a statistical manner, leads to the formation of polymers with a uniform 

morphology.  

The strength of the polymeric 

films was evaluated by estimating the 

percentage mass loss of the films after 

immersion in water for 5, 15, 30 and 60 

minutes. The results revealed a decrease 

in hydrolytic stability after 30 and 60 

minutes of immersion, with mass loss 

ranging from 2 to 18 % after one hour 

(Figure 3.9.b). The best hydrolytic 

stability was observed in the case of 

sample P5, while sample P20 was the 

most susceptible to degradation in the 

presence of water. However, samples P3-

P10 showed mass losses below 10 %, in 

accordance with the permitted limits (<10 % loss of the total film mass) of targeted application 

[21]. 
Given that the antifungal drug is grafted onto the PSFF-1 chains through imine bonds, 

which are reversible in the presence of moisture, its release was monitored in vitro in PBS (pH = 

7.4), for 48 hours. The samples studied released the drug at different rates, as follows: the highest 

release rate was recorded for sample P20, which contains the lowest amount of AmB, while the 

lowest release rate was recorded for sample P3, which contains the highest amount of drug. The 

kinetic data obtained after the in vitro release experiment highlighted that the grafting density of 

imine units onto the PSFF-1 chains represents an important tool that can be used to adjust the 

release rate. 

As previously mentioned, the materials were designed with the aim of obtaining bioactive 

coatings with antifungal properties, which could be used in the treatment of fungal nail infections. 

Therefore, the antifungal activity of the formulations was evaluated on several strains of fungi, 

usually associated with nail infection: C. albicans, C. glabrata, C. parapsilosis and S. cerevisiae. 

The most effective antifungal activity was observed in the case of sample P3 against all strains 

tested, especially against C. glabrata ATCC20019 (with a diameter of the zone of inhibition of 

31 mm) (Figure 3.11.a). 
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Figure 3.11. a) Antifungal activity of samples against tested strains 

The cytocompatibility of the materials was evaluated according to the ISO 10993-5: 

Biological evaluation of medical devices – Part 5: In vitro cytotoxicity tests (2009) [22], which 

stipulates that a material is considered non-cytotoxic if the relative viability of cells in the 

presence of its extract exceeds 70 % compared to an untreated control.  

Following incubation of fibroblasts with extracts obtained from the synthesized samples, 

the relative viability of the cells reached values higher than 82 % (Figure 3.12.). Therefore, the 

results of the MTS test unequivocally confirm the non-cytotoxic nature of the evaluated materials, 

highlighting the fact that both the materials and the components released from them do not have 

a negative effect on cell metabolism or proliferation in vitro. Furthermore, bright field cell 

analysis shows that the morphology of fibroblasts that were in contact with the extract from 

samples P3-P20 remains unchanged compared to the control sample, presenting a fusiform shape. 

 

 
Control 

 
P5 

Figure 3.12. Relative cell viability after 24 hours for the extract solutions of the studied 

systems. Data are expressed as a percentage of the viability of the control group (n = 9 ± SD). 

Bright field microscopy images 
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Chapter 4 

Chitosan and polysulfone-based bioactive materials obtained through imine and amine 

covalent bonds 

4.1.  Introduction 

The main properties that recommend the use of polysulfone in various biomedical 

applications, including implantable devices, biosensors and blood-contacting devices, are the 

chemical, thermal and hydrolytic stability, remarkable mechanical strength and high glass 

transition temperature [23]. Despite its excellent physical and chemical properties, the inherent 

hydrophobicity of polysulfone represents a major limitation, as it favors the rapid adsorption of 

proteins onto the material’s surface, thus triggering platelet adhesion, aggregation and coagulation 

during prolonged exposure of these materials in contact with human blood [24]. An effective 

method to improve the hydrophilicity of polysulfone materials is to introduce hydrophilic organic 

or inorganic agents into the casting solutions [25, 26]. Chitosan, a biopolymer obtained by 

alkaline treatment of chitin, has received significant attention in the scientific community for its 

remarkable properties, such as hydrophilicity, biocompatibility and biodegradability, but also for 

its film-forming ability [27]. Although numerous studies have explored the modification of 

polysulfone with chitosan, mainly using blending or surface coating techniques [27-29], the 

literature to date has not documented the direct covalent bonding of the two polymers. In this 

context, the aim of this study was to lay the foundations for a new method of covalently bonding 

chitosan and polysulfone into a new material with improved properties, such as thermal stability, 

porous morphology, water vapor transport capacity or antioxidant activity. 

4.2. Results and Discussion 

A series of polysulfone and chitosan-based materials, covalently linked through imine or 

amine units, was prepared using different synthesis routes: (1) chloromethylation of polysulfone, 

(2) etherification of chloromethylated polysulfone, (3) grafting of chitosan onto the surface of 

formylated polysulfone-based materials (PSFF-2), (4) grafting of formylated polysulfone onto 

the surface of chitosan-based materials via imine linkages, (5) bulk synthesis of formylated 

polysulfone grafted with chitosan chains, (6) reductive amination reaction of (3), (4) and (5) 

compounds (Scheme 4.1.). 

 

 (1) 

 (2) 

 (3) 

 (4) 

 

(5) 
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Scheme 4.1. The main steps in the process of obtaining the studied hybrid materials and the corresponding 

codes: (1) chloromethylation of polysulfone; (2) etherification of chloromethylated polysulfone; (3) grafting 

of chitosan onto the surface of materials based on formylated polysulfone or (4) grafting of formylated 
polysulfone onto the surface of materials based on chitosan via imine or amine units; mass synthesis of 

formylated polysulfone with chitosan chains via (5) imine or (6) amine units  
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The results of NMR and FTIR spectroscopic analyses revealed the successful synthesis 

of the formyl-containing polysulfone, which was further used to react with chitosan via an acid 

condensation reaction to obtain imine units, which were subsequently subjected to a reductive 

amination reaction to obtain secondary amine units. 

In the FTIR spectra (Figure 

4.5.) of all materials resulting from the 

imination of PSFF-2 with chitosan, 

regardless of the method used to 

obtain them, either by surface 

imination (CS1I, PS1I, CS2I, PS2I) 

or by bulk synthesis (CS-PS-I and  

PS-CS-I), it was observed that the 

broad band specific to the vibration of 

the C-N amide bond in the acetylated 

glucosamine units of  chitosan  

(1642 cm−1) was replaced by a sharp 

band with an absorption maximum at 

1650 cm−1, most likely due to the 

overlap of the bands characteristic of 

the imine and amide groups [30]. In 

the FTIR spectra of the aminated 

materials, regardless of the 

preparation method, it can be observed 

that the absorption band characteristic 

to the vibration of the imine group decreased in intensity or disappeared, suggesting partial or 

total conversion into secondary amine, following treatment of the investigated materials with a 

NaBH4 solution. 

The thermal behavior of the investigated materials was studied by thermogravimetric 

analysis (TGA) to evaluate the influence of chemical modification on the thermal stability  

(Figure 4.8.). While the control samples of chitosan and unmodified polysulfone showed 

characteristic degradation stages around 290 °C and around 500 °C, respectively [31, 32], the 

general rule was to shift the degradation maximum towards lower temperatures, in agreement 

with the formation of chitosan-rich and polysulfone-rich domains. The percentage of ash residue 

varied between 24 % and 53 %, depending on the dominant polymer and the obtaining process. 
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e) f) 

Figure 4.8. TGA and DTG curves of e, f) films prepared by bulk reaction of formylated 

polysulfone and chitosan, through imine (PS-CS-I, CS-PS-I) or amine (PS-CS-R, CS-PS-R) 

bonds 

To further evaluate the liquid-absorbing capacity of the studied materials, their water 

sorption/desorption capacity was investigated, which provides information on both the water 

migration through their structure and the factors influencing water absorption or release [33]. The 

sorption/desorption curves reveal that modification of polysulfone films or xerogels with chitosan 

chains led to an increase in water retention from ~8 % to ~20 %, while functionalization of 

chitosan with PSFF-2 led to a decrease from ~55 % to ~38 %, highlighting the role of chitosan 

in improving liquid retention (Figure 4.13.). In addition, bulk synthesis of PS-CS materials led to 

water absorption values between 35–45 %, suggesting that this method is suitable for controlling 

the material’s properties. This aspect can be correlated with the disruption of the hydrophilic-

hydrophobic balance of the tested materials, given the abundance of hydrophilic groups of 

chitosan, capable of interacting with water molecules (-OH, -N=CH, NH₂, -NH-). 

  
a) b) 

Figure 4.13. Water vapor sorption/desorption isotherms of the studied samples compared to the 

reference materials: a) polysulfone (PS1I, PS1R) or chitosan (CS1I, CS1R) films modified on 

the surface by imination or amination and unmodified polymer films (PS1, CS1); b) 

polysulfone-based xerogels (PS2I, PS2R) or chitosan (CS2I, CS2R) modified on the surface by 

imination or amination and unmodified polymer xerogels (PS2, CS2) 
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The biodegradation was investigated in the presence of lysozyme, an enzyme found in 

biological fluids, capable of cleaving the β-(1→4) glycosidic bonds between D-glucosamine and 

N-acetyl-D-glucosamine units in the chitosan structure [34]. The highest mass loss was recorded 

for unmodified chitosan films and xerogels, 46 % and 19 %, respectively (Figure 4.15.a). By 

grafting polysulfone onto the surface of chitosan based materials, the degradation process was 

significantly slowed down, reaching mass losses of only 10 % and 2 % after 21 days of contact 

with lysozyme. This behavior can be explained by the formation of a hydrophobic layer after 

grafting formylated polysulfone onto the surface of chitosan materials, which prevents lysozyme 

from penetrating the material’s structure. In the case of materials obtained by bulk reaction, the 

percentage of mass loss was higher, with values close to those of chitosan materials. This 

phenomenon can be explained by considering the porous nature of the materials, which favored 

the access of the enzyme to the chitosan domains. 

 

 
CS1I 

 

CS2R 

a) b) 

Figure 4.15. a) Graphical representation of the biodegradation kinetics of the investigated 

materials in the presence of lysozyme and b) representative post-degradation SEM micrographs 

The samples that were immersed in the lysozyme solution were washed and lyophilized 

and subsequently analyzed by scanning electron microscopy, in order to observe the influence of 

biodegradation on their morphology. As can be seen in Figure 4.15.b, cracks appeared both on 

the surface of the materials and in their mass, as a result of the erosion process under the action 

of the enzyme, in agreement with the mass loss determined by gravimetric measurements. 

The free radical scavenging capacity of the studied materials was investigated using the 

DPPH method. The best antioxidant activity was observed in the case of samples CS-PS-I,  

PS-CS-I and CS2I (Figure 4.16.), whose performance can be explained by the synergistic effect 

between the -OH, -NH2 and -HC=N- functional groups present in the chemical structure of the 

material, as well as by the disruption of the hydrogen bond network between the hydroxyl and 

amino groups on the chitosan chain, thus making them available for free radical scavenging [52]. 
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Figure 4.16. Antioxidant activity of the investigated materials in solid state 

Given the ability of chitosan to induce hemostasis through direct contact with red blood 

cells and platelets and therefore its widespread use in wound care to stop bleeding [36], the ability 

of polysulfone and chitosan-based materials to promote blood coagulation was investigated, with 

the aim of identifying their potential application in the biomedical field. For a comprehensive 

analysis, the materials were compared with a commercial hemostatic sponge (gelatin-based-

Surgispon) and gauze. The chitosan-based and polysulfone-based materials showed absorbance 

values ranging from 0.01 (CS2I) to 0.19 (CS-PS-R), much lower than the absorbance of pure 

untreated blood (2.1), suggesting that a large part of the blood deposited on the surface of the 

materials was coagulated. Moreover, most of the materials showed a coagulation efficiency 

superior to gauze and, in some cases (PS1, PS1I, CS2, CS2R, PS-CS-I, PS2I), even higher than 

that of the commercial hemostatic sponge. 

Another property investigated in this study was the ability of the materials to absorb 

blood, with a positive impact on the coagulation process (Figure 4.20.) [37]. The highest swelling 

capacity was observed in the case of unmodified chitosan xerogel (11.95 mg/mg) and chitosan 

xerogel modified with polysulfone by amination (9.36 mg/mg). Furthermore, these materials 

showed the highest values of mass increase after direct contact with blood, exceeding that of the 

commercial hemostatic sponge (8.85 mg/mg) and that of gauze (3.18 mg/mg).  

 

Figure 4.20. Mass swelling degree (mg/mg) of the investigated materials in blood after 10 

minutes 
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This fact can be correlated with the very porous morphology of the material, but also with the 

presence of hydroxyl and amine groups in the chitosan structure that allow interaction with water 

molecules in blood, thus leading to blood absorption and implicitly to a significant increase in 

mass. It is worth noting that the modification of the chitosan xerogel did not significantly affect 

the porosity and hydrophilicity of the material, which suggests that the addition of the two 

polymers does not have a negative effect on the swelling capacity and hemostatic properties of 

chitosan. In contrast, the polysulfone film and xerogel, as well as the CS-PS-I and CS-PS-R 

samples, showed the lowest swelling capacity, with values ranging between 0.02-0.05 mg/mg. 

This result is similar to that obtained from the swelling experiment in PBS and can be correlated 

with the low affinity of polysulfone for water molecules, thus limiting their absorption. 

 

GENERAL CONCLUSIONS 

The doctoral thesis entitled “Polysulfone Materials with Biologically Active 

Properties” comprises 195 pages divided into five chapters, including 20 tables, 103 figures, 30 

schemes, and 467 bibliographic references. The thesis is structured in two parts: a literature 

review (Chapter 1) and the original contributions (Chapters 2–5), concluding with the general 

findings drawn from the conducted studies. 

The first chapter presents literature data regarding UDEL polysulfone and its derivatives, 

the structure–property relationship, and the main applications of polysulfone-based and 

polysulfone-derivative materials in the biomedical field. 

The original results, organized into four distinct chapters, address the following research 

directions: 

➢ The synthesis and characterization of polysulfone derivatives, including a specific 

study focused on evaluating their solubility through theoretical and experimental 

approaches, and another study focused on the use of quaternized polysulfone as a 

substrate for bioactive coatings; 

➢ The development of coatings for the treatment of fungal nail infections, based on 

formylated polysulfone and amphotericin B, using the dynamic chemistry of imine 

bonds; 

➢ The synthesis and characterization of hybrid materials based on polysulfone and 

chitosan linked through imine and amine bonds. 

The following conclusions were drawn from the studies undertaken: 

1. Two polysulfone derivatives were synthesized: polysulfone with quaternary ammonium groups 

(PSFQ) and polysulfone with sulfonic acid groups (PSFS). The chloromethylated derivative of 

polysulfone (PSFCM) was also synthesized, characterized, and used as an intermediate in the 

synthesis of PSFQ. 

• The chloromethylation reaction protocol of PSF was optimized to obtain a derivative with 

a high degree of substitution, without side reactions. 
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• The quaternization reaction protocol of PSFCM was optimized to yield a PSFQ derivative 

with a reproducible substitution degree (1.35), while the sulfonation reaction protocol let to 

a PSFS derivative with a substitution degree of 0.6. 

• The structures of the polysulfone derivatives were confirmed by FTIR and NMR 

spectroscopy (1H-NMR, 13C-NMR, 15N-NMR, and two-dimensional experiments). 

• Thermal characterization of the obtained polymers by TGA showed that their thermal 

stability decreased in the following order: PSF > PSFCM > PSFS > PSFQ. 

• The solubility parameters of the functionalized polysulfones were determined using the 

improved group contribution method in various common solvents, and the partial solubility 

parameters of the synthesized polysulfones were correlated with the Hansen partial 

solubility parameters of the analyzed solvents. 

• According to Hansen’s solubility sphere theory, DMF, DMSO, NMP, and DMAc were 

identified as the most compatible solvents for the two ionic polysulfones. 

• The solubility parameters of the polysulfone derivatives were also calculated based on 

intrinsic viscosity values experimentally determined for the two ionic polysulfones in DMF, 

DMSO, NMP, and DMAc, revealing DMF as the most thermodynamically favorable 

solvent. 

• The most compatible solvents identified through theoretical and experimental methods 

were subsequently used to obtain films based on PSFQ and PSFS. 

• Investigation of the topography of films cast from the synthesized polysulfone derivatives 

by atomic force microscopy indicated DMF as the optimal solvent for obtaining smooth 

films, with lower average and root-mean-square roughness values compared to films 

obtained using other solvents. 

• The wettability of PSFQ and PSFS films was determined through contact angle 

measurements with different solvents, and correlation of these values with RED values 

obtained from theoretical calculations allowed classification of the investigated solvents 

into three compatibility regions. 

• The hydrodynamic (reduced, specific, and intrinsic viscosities, etc.) and thermodynamic 

parameters of PSFQ and PSFS, as well as the interactions between macromolecular chains 

and solvent molecules, were investigated by viscometric measurements using the Huggins 

and Wolf models. These confirmed, on one hand, the polyelectrolytic nature of both 

polymers and, on the other hand, a greater affinity of PSFQ for DMF compared to PSFS. 

2. Five formulations were obtained by combining quaternized polysulfone with an antifungal 

drug, amphotericin B (AmB), and/or a broad-spectrum antibiotic, norfloxacin (NFX), in different 

weight ratios, with the aim of creating bioactive coatings for biomedical devices. 

• Structural analyses (1H-NMR, FTIR, and UV–Vis) of the formulations demonstrated strong 

interactions between the polymer matrix and the two drugs. 

• Morphological characterization using POM, WXRD, and SEM confirmed the fine, 

submicrometric dispersion of the drugs within the polymer matrix. 

• Surface property measurements showed water contact angle values between 60° and 90° 

and surface energy values in the range of 16.5–44.9 mN/m, indicating moderate wettability 
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and the ability to support cell adhesion and proliferation, key features for medical devices 

intended for contact with living tissues. 

• The release kinetics of NFX showed a sustained release profile, with approximately 74 % 

of the drug released over 48 hours, regardless of sample composition, and a faster release 

of 63 ± 6.6 % within the first 4 hours. 

• Monitoring the release kinetics of AmB from the polymer matrix was not possible, as the 

drug concentration in the supernatant fell below the UV–Vis spectrophotometer detection 

limit. 

• Fitting the experimental NFX release data to various mathematical models suggested that 

NFX release from the polymer matrix is a diffusion-controlled process influenced by drug 

content, exposure time, and matrix hydrophilicity. 

• The formulations exhibited significant antioxidant activity correlated with drug content, 

reaching a free radical inhibition capacity of 67.49 % for the sample with the highest drug 

loading, primarily attributed to amphotericin B. 

• All samples demonstrated antimicrobial activity against bacterial and fungal species 

commonly associated with nosocomial infections: S. aureus (Gram-positive bacterium),  

E. coli (Gram-negative bacterium), and C. albicans (opportunistic microorganism), as 

confirmed by two in vitro antimicrobial assays (Japanese Industrial Standard and Kirby–

Bauer), showing large inhibition zones of up to 39 mm against E. coli and 20 mm against 

C. albicans. 

• The experimental data demonstrated the potential use of quaternized polysulfone as a matrix 

for encapsulating antimicrobial agents to obtain coatings for medical devices or surgical 

instruments capable of preventing infections at the surgical site. 

3. Controlled release systems for the antifungal drug amphotericin B (AmB) were obtained 

through the acid-catalyzed condensation reaction of the therapeutic agent with a formylated 

polysulfone derivative, with the goal of applying these materials as nail polish for the topical 

treatment of onychomycosis. 

• Structural characterization by NMR and FTIR spectroscopy confirmed the successful 

synthesis of the formylated polysulfone derivative. 

• Imine-type polysulfone–AmB derivatives were synthesized by condensation reactions 

carried in different molar ratios between the aldehyde functionality of the formylated 

polysulfone and the amine groups of AmB. Flexible and transparent films were obtained 

using PEG as a viscosity-enhancing and film-forming agent. 

• Structural analyses of the drug delivery systems by 1H-NMR, FTIR, and UV–Vis 

spectroscopy confirmed the formation of imine bonds between the aldehyde groups of 

formylated polysulfone and the amine groups of AmB. 

• Morphological surface and cross-section analyses by SEM revealed continuous and smooth 

surfaces for all samples, free of cracks, indicating the good quality of the obtained films. 

• AFM microscopy revealed a rough surface topography, with average roughness values of 

approximately 15 nm. 

• WXRD data and POM images confirmed the semicrystalline nature of the obtained systems, 

consistent with their structural characteristics. 
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• Thermogravimetric analysis (TGA) indicated high thermal stability of the samples and 

indirectly confirmed the covalent bonding of the drug to the formylated polysulfone through 

the absence of a characteristic degradation step. 

• Water contact angle measurements demonstrated that covalent bonding of the drug to PSF 

significantly improves the hydrophilicity of the material. 

• The samples exhibited high hydrolytic stability, consistent with the requirements for nail 

polish applications, with mass loss below 10 % after one hour in aqueous medium. 

• The release kinetics of AmB, monitored by UV–Vis spectroscopy, showed the materials’ 

ability to sustain drug release, with more than 58 % released over 48 hours. 

• Fitting of kinetic data to mathematical models indicated that the release of the antifungal 

drug from the synthesized systems is a complex process, governed equally by diffusion, 

swelling, and matrix erosion. 

• The antifungal activity of the materials, tested by the Kirby–Bauer method on Candida 

albicans, C. glabrata, C. parapsilosis, and Saccharomyces cerevisiae, revealed large 

inhibition zones (up to 31 mm), supporting their potential application as antifungal coatings. 

• Cytotoxicity assessment using the MTS assay on fibroblasts showed cell viability greater 

than 80 %, indicating biocompatibility and safety for bioapplications, in accordance with 

ISO 10993-5 standards for medical devices. 

4. Hybrid materials based on chitosan and formylated polysulfone were obtained through surface 

imination or amination reactions, or by bulk condensation of the two polymers. 

• A new formylated polysulfone derivative was synthesized via the reaction between 

chloromethylated polysulfone and p-hydroxybenzaldehyde, and its structure was confirmed 

by 1H-NMR, 13C-NMR, and two-dimensional NMR experiments. 

• New polysulfone–chitosan materials were synthesized through imination reactions between 

formylated polysulfone and chitosan using various approaches: (1) imination of the chitosan 

film with formylated polysulfone; (2) imination of the formylated polysulfone film with 

chitosan; (3) imination of chitosan xerogel with formylated polysulfone; (4) imination of 

formylated polysulfone xerogel with chitosan; (5) bulk imination between formylated 

polysulfone and chitosan. The resulting imine derivatives were subjected to reductive 

amination to obtain the corresponding amine polysulfone–chitosan derivatives. 

• The obtained materials were structurally characterized by FTIR spectroscopy and UV–Vis 

spectrophotometry, both confirming the successful synthesis of the targeted derivatives. 

• Wide-angle X-ray diffraction (WAXD) analysis indicated short-range layering, most likely 

in the form of small agglomerates, possibly resulting from hydrophobic/hydrophilic phase 

segregation within the materials. 

• TGA analysis showed that the thermal degradation of the studied materials follows the 

degradation profiles of the two parent polymers, with no major changes for films but with 

significant shifts for bulk-synthesized materials, suggesting fine polymer mixing due to 

covalent bonding. 

• SEM analysis revealed morphologies ranging from slightly to moderately porous, 

depending on the composition and synthesis method. 
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• Detailed AFM analysis showed generally rough surface topographies, without a clear trend 

in the variation of average roughness values. 

• Most polysulfone–chitosan materials exhibited water contact angle values between 60° and 

90°, corresponding to moderate wettability, a property known to promote cell adhesion and 

proliferation. 

• The samples exhibited a low degree of swelling in PBS solution, attributed to both the 

intrinsic properties of the polymers and their covalent linkage. 

• Sorption/desorption curves indicated an increase in water retention capacity of the 

polysulfone-based materials after modification with chitosan, from approximately 8 % to 

20 %, highlighting chitosan’s role in improving hydrophilicity and liquid retention capacity. 

• The investigated materials exhibited good water vapor transport properties, with the best 

results obtained for samples in which chitosan was the dominant polymer. 

• The presence of chitosan imparted enzymatic degradability to the materials, with mass 

losses of up to 46 %. 

• The obtained systems showed mild antioxidant activity, with a free radical scavenging 

capacity of about 20 %, attributed to the hydroxyl and amino groups in the chitosan 

structure. 

• The materials exhibited moderate antibacterial activity against S. aureus and E.coli. 

• All synthesized systems showed a slight blood coagulation and absorption capacity, a 

property that supports their potential use in biomedical applications. 

 

The original results presented in this thesis have been, or are expected to be, published as scientific 

articles in international ISI-indexed journals. 
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on formylated polysulfone and chitosan: preparation and characterization, IasiCHEM 

Conference 6th Edition, Iasi, Romania, 31 October–1 November 2024. 

7. Dumbrava O., Ailincai D., Anisiei A., Marin L., A new approach for obtaining 

materials based on formylated polysulfone and chitosan linked by imine or amine units, 

5th Edition of Scientific Communications of Young Researchers - Open Door to the 

Future, MacroYouth 2024, Iasi, Romania, 15 November 2024. 

8. Serbezeanu D., Rosca I., Peptanariu D., Aflori M., Dobos A.M., Dumbrava O., 

Filimon A., Performance of the polysulfonic fibrous membranes in biomedical 

applications: Cell-material interaction and antimicrobial activity, International 

Congress “Preparing the Future by Promoting Excellence, XXXIV Edition”, Iasi, 

Romania, 29 February–3 March 2024. 

9. Filimon A., Serbezeanu D., Peptanariu D., Dumbrava O., Balan V., Milos E., Lupa L., 

Quaternized polysulfones/cellulose acetate phthalate/ polyvinylidene fluoride 

electrospun membranes: an approach towards bioactive materials for biomedical 



32 

applications, 16th Edition of the Conference ”New Trends in Chemistry Research”, 

Timisoara, Romania, 18–20 September 2024. 

 

Selective Bibliography  

[1]  Zhang S, Zhou J, Wang Z, Xia J, Wang Y. Preparation of polysulfone-based block 

copolymer ultrafiltration membranes by selective swelling and sacrificing nanofillers. Front 

Chem Sci Eng, pp. 745–754, 2022. 

[2]  Mamah SC, Goh PS, Ismail AF, Suzaimi ND, Yogarathinam LT, Raji YO, El-badawy 

TH. Recent development in modification of polysulfone membrane for water treatment 

application. J Water Process Eng, p. 101835, 2021. 

[3]  Dumbrava O, Filimon A, Marin L. Tailoring properties and applications of 

polysulfone membranes by chemical modification: Structure-properties-applications 

relationship. Eur Polym J, p. 112316, 2023. 

[4]  Ulrich S, Laguecir A, Stoll S. Titration of hydrophobic polyelectrolytes using Monte 

Carlo simulations. J Chem Phys, p. 094911, 2005. 

[5]  Flory PJ, Fox TG. Treatment of Intrinsic Viscosities. J Am Chem Soc, pp. 1904–

1908, 1951. 

[6]  Huggins ML. The Viscosity of Dilute Solutions of Long-Chain Molecules. IV. 

Dependence on Concentration. J Am Chem Soc, pp. 2716–2718, 1942. 

[7]  Wolf BA. Polyelectrolytes Revisited: Reliable Determination of Intrinsic Viscosities. 

Macromol Rapid Commun, pp. 164–170, 2007. 

[8]  Eskin VY, Baranovskaya IA, Khudaiberdiev US. On comparative interpenetration of 

macromolecules in various solvents. Polym. Sci. USSR, pp. 404–410, 1986. 

[9]  Jain S, Nehra M, Kumar R, Dilbaghi N, Hu TY, Kumar S, Kaushik A, Li C zhong. 

Internet of medical things (IoMT)-integrated biosensors for point-of-care testing of infectious 

diseases. Biosens Bioelectron, pp. 113074, 2021. 

[10]  Jiang X, Yao Y, Tang W, Han D, Zhang L, Zhao K, Wang S, Meng Y. Design of 

dental implants at materials level: An overview. J Biomed Mater Res A, pp. 1634–1661, 2020. 

[11]  Qu Y, McGiffin D, Hayward C, McLean J, Duncan C, Robson D, Kure C, Shen R, 

Williams H, Mayo S, Thissen H, Marasco S, Zimmet A, Negri J, Jansz P, Dhital K, Kaye 

DM, Peleg AY. Characterization of infected, explanted ventricular assist device drivelines: 

The role of biofilms and microgaps in the driveline tunnel. J Heart Lung Transplant, pp. 1289–

1299, 2020. 

[12]  Devine R, Douglass M, Ashcraft M, Tayag N, Handa H. Development of Novel 

Amphotericin B-Immobilized Nitric Oxide-Releasing Platform for the Prevention of Broad-

Spectrum Infections and Thrombosis. ACS Appl Mater Interfaces, pp. 19613–19624, 2021. 

[13]  Vitale RG, Afeltra J, de Hoog GS, Rijs AJ, Verweij PE. In vitro activity of 

amphotericin B and itraconazole in combination with flucytosine, sulfadiazine and 

quinolones against Exophiala spinifera. J Antimicrob Chemother, pp. 1297–1300, 2003. 

[14]  Lekoane T, Msomi PF. Quarternized polysulfone/ZSM-5 zeolite composite anion 

exchange membrane separators for aluminum-air battery. J Appl Polym Sci, pp. e54006, 

2023. 



33 

[15]  Ailincai D, Gavril G, Marin L. Polyvinyl alcohol boric acid – A promising tool for 

the development of sustained release drug delivery systems. Mater Sci Eng C, pp. 110316, 

2020. 

[16]  Singh D, Dilip Saoji S. The Role of Surface Energy and Wettability in Polymer-Based 

Drug Delivery Systems: Enhancing Bioadhesion and Drug Release Efficiency. J Macromol 

Sci Phys, pp. 1–8, 2024. 

[17]  Leung AKC, Lam JM, Leong KF, Hon KL, Barankin B, Leung AAM, Wong AHC. 

Onychomycosis: An Updated Review. Recent Pat Inflamm Allergy Drug Discov, pp. 32–45, 

2020. 

[18]  Akhtar N, Sharma H, Pathak K. Onychomycosis: Potential of Nail Lacquers in 

Transungual Delivery of Antifungals. Scientifica (Cairo), pp. 1–12, 2016. 

[19]  Nikhath M, S S. Formulation and Evaluation of Nail Drug Delivery System of Anti 

Fungal Drug. Asian J Pharm Res Dev, pp. 44–52, 2022. 

[20]  Ailincai D, Bercea M, Rosca I, Sandu IA, Marin L. Antimicrobial chitosan-based 

hydrogels: A novel approach to obtain sanitizers. Carbohydr Polym, pp. 123288, 2025. 

[21]  Khattab A, Shalaby S. Optimized Ciclopirox-Based Eudragit RLPO Nail Lacquer: 

Effect of Endopeptidase Enzyme as Permeation Enhancer on Transungual Drug Delivery and 

Efficiency Against Onychomycosis. AAPS PharmSciTech, pp. 1048–1060, 2018. 

[22]  ISO - ISO 10993-5:2009 - Biological Evaluation of Medical Devices — Part 5: Tests 

for in Vitro Cytotoxicity, 2009. 

[23]  Serbanescu OS, Voicu SI, Thakur VK. Polysulfone functionalized membranes: 

Properties and challenges. Mater Today Chem, pp. 100302, 2020. 

[24]  Li S, Cui Z, Zhang L, He B, Li J. The effect of sulfonated polysulfone on the 

compatibility and structure of polyethersulfone-based blend membranes. J Memb Sci, pp. 1–

11, 2016. 

[25]  Choi JH, Jegal J, Kim WN. Fabrication and characterization of multi-walled carbon 

nanotubes/polymer blend membranes. J Memb Sci, pp. 406–415, 2006. 

[26]  Bae TH, Tak TM. Effect of TiO2 nanoparticles on fouling mitigation of ultrafiltration 

membranes for activated sludge filtration. J Memb Sci, pp. 1–8, 2005. 

[27]  Zailani MZ, Ismail AF, Goh PS, Abdul Kadir SHS, Othman MHD, Hasbullah H, 

Abdullah MS, Ng BC, Kamal F, Mustafar R. Immobilizing chitosan nanoparticles in 

polysulfone ultrafiltration hollow fibre membranes for improving uremic toxins removal. J 

Environ Chem Eng, pp. 106878, 2021. 

[28]  Liu TM, Xu JJ, Qiu YR. A novel kind of polysulfone material with excellent 

biocompatibility modified by the sulfonated hydroxypropyl chitosan. Mater Sci Eng C, pp. 

570–580, 2017. 

[29]  Yasir AT, Benamor A, Hawari AH, Mahmoudi E. Graphene oxide/chitosan doped 

polysulfone membrane for the treatment of industrial wastewater. Emergent Mater, pp. 899–

910, 2023. 

[30]  Iftime MM, Rosca I, Sandu AI, Marin L. Chitosan crosslinking with a vanillin isomer 

toward self-healing hydrogels with antifungal activity. Int J Biol Macromol, pp. 574–586, 

2022. 



34 

[31]  Lisa G, Avram E, Paduraru G, Irimia M, Hurduc N, Aelenei N. Thermal behaviour of 

polystyrene, polysulfone and their substituted derivatives. Polym Degrad Stab, pp. 73–79, 

2003. 

[32]  Balau L, Lisa G, Popa MI, Tura V, Melnig V. Physico-chemical properties of 

Chitosan films. Cent Eur J Chem, pp. 638–647, 2004. 

[33]  Nistor A, Stiubianu G, Racles C, Cazacu M. Evaluation of the Water Sorption 

Capacity of Some Polymeric Materials by Dynamic Vapour Sorption. Materiale Plastice, pp. 

33-37, 2011. 

[34]  Ren D, Yi H, Wang W, Ma X. The enzymatic degradation and swelling properties of 

chitosan matrices with different degrees of N-acetylation. Carbohydr Res, pp. 2403–2410, 

2005. 

[35]  Wan A, Xu Q, Sun Y, Li H. Antioxidant activity of high molecular weight chitosan 

and N,O-quaternized chitosans. J Agric Food Chem, pp. 6921–6928, 2013. 

[36]  Chankachang P, Thiansem S, Raksanti A, Koonawoot R, Punyanitya S. Preparation 

and properties of chitosan/gelatin film containing capsaicinoid for hemostasis and 

antibacterial. Colloids Surf A Physicochem Eng Asp, pp. 134078, 2024. 

[37]  Neuffer MC, McDivitt J, Rose D, King K, Cloonan CC, Vayer JS. Hemostatic 

Dressings for the First Responder: A Review. Mil Med, pp. 716–720, 2004. 

  

 


