
                    

SEMMELWEIS EGYETEM 

DOKTORI ISKOLA 

 

 

 

Ph.D. értekezések 

 

 

2870. 

 

 

JURIGA-TÓTH KRISZTINA 

 

 

 

 
Celluláris és molekuláris biofizika 

című program 

 

 

  
 

 

 
Programvezető: Dr. Kellermayer Miklós, egyetemi tanár 

Témavezető: Dr. Simonné Dr. Nagy Krisztina, egyetemi docens 

Konzulens: Dr. Jedlovszky-Hajdú Angéla, egyetemi docens 

                                                             



 

 

DRUG-CONTAINING IMPLANTABLE 

ELECTROSPUN MESHES BASED ON DIFFERENT 

BIOCOMPATIBLE POLYMERS 

 

 

Ph.D. thesis 

 

 

 Krisztina Juriga-Tóth 

 

Doctoral School of Theoretical and Translational Medicine 

Semmelweis University  

  

 
 

Supervisor:    Krisztina S. Nagy, Ph.D. 

Consultant:   Angéla Jedlovszky-Hajdú, Ph.D. 

 

Official reviewers:  Krisztina Ludányi, Ph.D. 

  Zsombor Kristóf Nagy, Ph.D. 

 

Head of the Complex Examination Committee:  Alán Alpár, MD, D.Sc.  

 

Members of the Complex Examination Committee:  Mihály Kovács, D.Sc. 

 László Cervenák, Ph.D. 

 

 

Budapest 

 2023



 

 

 

Table of Contents 

List of Abbreviations ........................................................................................................ 4 

1. Introduction .............................................................................................................. 6 

1.1. Engineered biopolymers can replace naturally occurring polymers .................. 6 

1.1.1. Polymer-based based drug-delivery systems .............................................. 7 

1.1.2. Polymer-drug conjugates ............................................................................ 8 

1.2. Electrospinning technique and electrospinning of biopolymers ...................... 10 

1.2.1. Electrospinning in pharmaceutical applications ....................................... 12 

1.2.2. Drug-conjugated electrospun polymer fibers ........................................... 13 

1.3. Applied polymers – characterization and biomedical applications ................. 13 

1.3.1. Poly(vinyl alcohol) (PVA) ....................................................................... 13 

1.3.2. Polysuccinimide (PSI) .............................................................................. 15 

1.3.3. ε-polycaprolactone (PCL) ......................................................................... 16 

1.4. Applied substances .......................................................................................... 18 

1.4.1. The role of dopamine (DA) and dopamine receptors in biomedical 

applications ............................................................................................................. 18 

1.4.2. Doxorubicin (Dox) as an anti-cancer drug ............................................... 21 

1.4.3. Prednisone (Pred) and its anti-inflammatory effect .................................. 22 

2. Objectives ............................................................................................................... 25 

3. Methods .................................................................................................................. 26 

3.1. Preparation of neat and drug-containing polymer meshes ............................... 26 

3.1.1. Synthetization of polysuccinimide ........................................................... 26 

3.1.2. Synthetization of PSI-DA conjugates and PSI-Dox conjugate ................ 26 

3.1.3. Preparation of drug/polymer solutions to electrospinning ....................... 28 

3.1.4. Electrospinning process ............................................................................ 29 

3.2. Physicochemical and mechanical characterization of the electrospun meshes 30 

3.2.1. Chemical characterization by Attenuated Total Reflectance Fourier-

Transform Infrared Spectroscopy (ATR-FTIR) ..................................................... 30 

3.2.2. Chemical characterization by 1H-NMR .................................................... 30 

3.2.3. Powder X-ray Diffractometry (XRD)....................................................... 31 

3.2.4. Determination of the average fiber diameter of the electrospun meshes . 31 

3.2.5. Investigation of mechanical properties of electrospun meshes ................ 32 

3.3. Disintegration, solubility, and drug release of fibrous meshes ........................ 33 

3.3.1. Disintegration of fibrous, neat PVA, PSI, and PCL polymer meshes ...... 33 



2 

 

3.3.2. Solubility and drug release regarding nanofibrous polymer-drug 

conjugates and drug-loaded meshes ....................................................................... 33 

3.4. In vitro experiments ......................................................................................... 35 

3.4.1. Cell cultivation ......................................................................................... 35 

3.4.2. Immunofluorescence labeling................................................................... 36 

3.4.3. Cell viability assay ................................................................................... 37 

3.4.4. Examination of cell morphology and cellular internalization .................. 38 

3.4.5. Flow cytometry ......................................................................................... 39 

3.4.6. Cytokine release ....................................................................................... 40 

4. Results .................................................................................................................... 41 

4.1. Physicochemical and mechanical characterization of electrospun meshes ..... 41 

4.1.1. Chemical characterization by ATR-FTIR and NMR spectroscopy ......... 41 

4.1.2. Powder X-ray Diffractometry (XRD)....................................................... 45 

4.1.3. Morphology of the electrospun fibers by microscopy, and determination 

of fiber diameter ..................................................................................................... 46 

4.1.4. Mechanical properties of the electrospun fiber meshes............................ 49 

4.2. Disintegration, solubility, and drug release of fibrous meshes ........................ 52 

4.2.1. Disintegration of fibrous, neat PVA, PSI, and PCL polymer meshes ...... 52 

4.2.2. Solubility of fibrous PSI-DA conjugates and drug release from the fibrous 

conjugates and drug-loaded polymer fibers............................................................ 53 

4.3. In vitro experiments ......................................................................................... 57 

4.3.1. Detection of D1 and D2 receptors of PDLSCs and SH-SY5Y by 

immunofluorescence labeling ................................................................................. 57 

4.3.2. Effect of different drugs on cell viability assays and microscopy 

investigation of cell morphology ............................................................................ 57 

4.3.3. Effect of drug-containing fibrous polymer meshes on cell viability ........ 61 

4.3.4. Internalization of PSI-DA conjugates....................................................... 65 

4.3.5. Cytokine release profile – anti-inflammatory effect of Pred-loaded fibers

 68 

5. Discussion ............................................................................................................... 70 

5.1. Physicochemical and mechanical characterization of electrospun meshes ..... 70 

5.1.1. Chemical characterization of the meshes by ATR-FTIR and 1H-NMR ... 70 

5.1.2. Powder X-ray Diffractometry (XRD)....................................................... 72 

5.1.3. Morphological study of the electrospun fibers by SEM and two-photon 

microscopy, determination of fiber diameter ......................................................... 73 

5.1.4. The mechanical performance of the fibrous meshes ................................ 76 

5.2. Disintegration, solubility, and drug release of fibrous meshes ........................ 78 



3 

 

5.2.1. Disintegration of fibrous, neat PVA, PSI, and PCL polymer meshes ...... 78 

5.2.2. Solubility of fibrous PSI-DA conjugates and drug release from the fibrous 

conjugates (PSI-DA, PSI-Dox) and drug-loaded (Pred/PVA, Pred/PSI, Dox/PSI, 

Pred/PCL) fibers ..................................................................................................... 78 

5.3. In vitro experiments ......................................................................................... 81 

5.3.1. Presence of D1 and D2 DA receptors on PDLSCs and SH-SY5Y cells .. 81 

5.3.2. Effect of DA, Dox, and Pred on cell viability and cell morphology ........ 81 

5.3.3. Cytotoxicity of neat, DA-, Dox-containing fibrous meshes ..................... 83 

5.3.4. Cell-internalization of PSI-DA and PSI-Dox conjugates ......................... 84 

5.3.5. Production of cytokines by MDA-MB-231 cells treated with neat and 

Pred-loaded meshes ................................................................................................ 86 

6. Conclusions ............................................................................................................ 89 

7. Summary ................................................................................................................. 92 

8. Összefoglalás .......................................................................................................... 93 

9. References .............................................................................................................. 94 

10. Bibliography of the candidate’s publications .................................................... 124 

11. Acknowledgements ........................................................................................... 125 

  



4 

 

List of Abbreviations 

AE:   2-aminoethanol 

ATR-FTIR: attenuated total reflectance Fourier-transform infrared 

spectroscopy 

BCB: brilliant cresyl blue 

BMP-2:  bone morphogenetic protein 2 

COX-2:  cyclooxygenase-2 

D1R, D2R:  dopamine receptor 1, dopamine receptor 2 

DA:   L-dopamine-hydrochloride 

DAPI:   4′,6-diamidino-2-phenylindole 

DAT:   dopamine transporter 

DBA:   dibutyl-amine 

DG:   degree of grafting 

DMF:   dimethyl-formamide 

DMSO:  dimethyl-sulfoxide 

Dox:   doxorubicin 

DTT:   dithiothreitol 

EMEM:  Eagle’s minimal essential medium 

FBS:   fetal bovine serum 

FDA:   U.S. Food and Drug Administration 

IC50:   half-maximal inhibitory concentration 

ICAM:  intercellular adhesion molecule 

IFN:   interferon 

IL:   interleukin 

iNOS:   inducible nitric oxide synthase 

L-DOPA:  levodopa  

MCP:   monocyte chemoattractant protein 

MDA-MB-231: triple-negative breast cancer cell line 

NAD(P)H:  nicotinamide adenine dinucleotide (phosphate) 

NEAA:  non-essential amino acids 

OHDA, 6-OHDA: oxidopamine, 6-hydroxydopamine 

PASP:   poly(aspartic acid) 



5 

 

PBS:   phosphate buffered saline 

PCL:   ε-polycaprolactone 

PDLSCs:  human periodontal ligament stem cells 

PEG:   polyethylene glycol 

PFA:    paraformaldehyde  

Pred:   prednisone 

PSI:   polysuccinimide 

PVA:   poly(vinyl alcohol) 

SEM:   scanning electron microscopy 

SH-SY5Y:  human neuroblastoma cell line 

TGF:   transforming growth factor 

THF:   tetrahydrofuran 

TNF:   tumor necrosis factor 

VCAM:  vascular cell adhesion molecule 

WST-1:  water-soluble tetrazolium salt 

  



6 

 

1. Introduction 

1.1. Engineered biopolymers can replace naturally occurring 

polymers 

Polymer macromolecules consist of repeating monomer units, which are connected 

together with covalent bonds. Based on the origin, polymers can be classified into 

synthetic polymers and naturally occurring polymers (biopolymers), but biopolymers 

can also be produced by chemical synthesis (engineered biopolymers) (1).  

Synthetic polymers such as polyvinyl chloride, polyethylene, or polypropylene are 

produced in laboratories or in higher quantities in manufactories, in contrast 

biopolymers generally have a natural origin: for example, cellulose (2) or pectin (3) is 

extracted from plants; gelatin (4), collagen (5), hyaluronic acid (6), and fibrin gels (7) 

have animal-origin; polylactic acid (8) and xanthan gum (9) are produced by bacteria. 

Engineered biopolymers such as polyamino acids, elastin-like polypeptides, or silk-like 

proteins can also be synthetized in laboratories but these mimic the naturally occurring 

polymers (1). 

The application of naturally occurring polymers is restricted due to limited availability 

since the extraction method is mostly complicated, and it is difficult and time-

consuming to reproduce them, not to mention the risk of infections regarding animal-

origin. On the contrary, engineered biopolymers are producible in cost-effective ways 

even on large scale. However, there are only a few among these biopolymers, which are 

biocompatible and biodegradable at the same time (such as polylactic acid, 

polycaprolactone, or polyglycolic acid) (10).  

Biocompatibility and biodegradability are some of the most important features during 

the application since these biopolymers are usually potential components of different 

systems developed for drug delivery, and medical implantations or other biomedical 

purposes. In these fields, the applied polymer must not be toxic to the host organism, it 

should not induce any inflammation or irritation or exert a negative reaction in the body, 

consequently, which properties together are considered as biocompatibility. In addition, 

for therapeutical applications it is substantial that the polymers should be degraded into 

smaller biocompatible molecules which can enter the normal metabolic pathways after 

fulfilling their duty, requiring no surgical procedure for their removal (1). 
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Considering the limitations and challenges in most of the medical or pharmaceutical 

aims, there is a possible way to replace the naturally occurring biopolymers with their 

synthetic-engineered biopolymer analog (11). 

1.1.1. Polymer-based based drug-delivery systems 

A huge number of active substances have quick elimination from the systemic 

circulation by liver and renal clearance thus their utilization is limited, therefore a 

higher dose or more frequent administration is required. However, polymer-based drug-

delivery systems can overcome this problem by protecting the substance from early 

deactivation (11). In addition, by application of these systems the water solubility or the 

lipophilicity of the active substance can be increased, furthermore targeting and 

controlled drug administration can be ensured. By this way, the efficacy of the therapy 

can be improved, hence the amount of the applied substance can be decreased, and side-

effects can also be reduced. To construct these systems, usually biodegradable polymers 

are used since in such cases the release of the drug can be controlled by the degradation 

of the polymer backbone (11). 

The polymer-based drug-delivery systems may be classified into two main categories 

based on the formulation of the substance: physical encapsulation, adsorption or 

complexation, and chemical conjugation by covalent bonds (Figure 1.) (12).  

 

Figure 1.: Polymeric nanoformulations. The image was made by Biorender based on 

the work of Viswanthen et al. (12). 
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As a matter of encapsulation-based drug-delivery systems, an interstice is formed by 

association of certain macromolecules, and the substance can be delivered in this 

interstice or may absorb physically to the surface as well, for example in the case of 

polymeric nano- or microparticles (spheres and capsules), polymeric micelles, 

nanocrystals, dendrimers. During the complexation, two or more macromolecules 

associate with a nonbonded entity, these systems rely on for example London forces, 

hydrogen bonding, or hydrophobic interactions (at dendrimer complexes) (12).  

The resulting complexes produced by physical encapsulation, adsorption, or 

complexation are often unstable under physiological conditions, therefore polymer-drug 

conjugates – in which the substances are connected to the polymer chemically with 

covalent bonds – seem to be more suitable candidates for long-term controlled drug-

delivery systems (13). 

1.1.2. Polymer-drug conjugates 

By conjugation of small-molecule substances to polymer nanocarriers with ester, amide, 

or disulfide bonds more stable polymer-drug conjugates can be constructed (compared 

to physical encapsulation, adsorption, or complexation) in order to overcome the 

problems of poor solubility, short circulation half-time, and toxicity. The conjugation of 

a drug with a polymer forms a so-called polymeric prodrug due to the substance 

remaining inactive during the delivery with the assistance of the applied polymer. A 

polymer-drug conjugate may: 

• increase the water solubility 

• enhance the bioavailability 

• preserve the inactive form 

• improve the pharmacokinetics 

• reduce the antigenic activity 

• provide the possibility of the targeted delivery 

of the active substance during the treatment, based on the nature of the polymer (14). 

Successful conjugation depends on the chemical structure of both the drug and the 

polymer. The key features are molecular weight and steric hindrance hence it is often 

necessary to have an appropriate linker group between the active substance and the 

applied polymer (14). 
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Polymeric prodrugs can be divided into three major groups. The first group contains 

conjugates which enable the transformation of the delivered substance into its active 

form inside the cell. In the second group, the prodrug usually consists of two or more 

molecules that form the active drug under certain and well-defined conditions. The 

conjugates of the third group contain targeting agents besides the carrier polymer and 

the active components (14).  

Among the biocompatible and biodegradable polymers, only a few turned out to be an 

adequate alternative for polymer-drug conjugates. The major challenges regarding these 

polymers are the nonspecific distribution, in vivo circulation instability, inadequate 

drug-carrying capacity, unsuitable linkers, inefficient drug release, or difficulty during 

synthetization. Polyethylene glycol and dextran were among the first drug-conjugated 

polymers introduced as polymer-base of anticancer-drug conjugates in the 1970s (15). 

Besides these, poly(glutamic acid), polysaccharides (cellulose, chitosan, alginate), and 

proteins have also been applied as polymeric drug-delivery carriers (15). Although 

polyamino acids mimic the chemical structure of the natural proteins, there are only few 

examples in the literature about their use as a drug carrier: polyamino acid-based 

micelles (16), doxorubicin-peptide conjugates (17), α-amino acid based polymers (18), 

poly(glutamic acid) based paclitaxel (19), etc. 

Nowadays, polymer-based drug-delivery conjugates are commonly developed for tumor 

therapy, as polymer-based pharmaceuticals have the advantage of high molecular 

weight since the way of prodrug uptake is different compared to the uptake pathway of 

the same drug without polymer. The tumor cells usually internalize the conjugates by 

endocytosis (Figure 2.), while small molecules can enter the cells by diffusion. By 

applying polymers with a targeting moiety, the drug uptake of tumor cells can be 

enhanced, while side effects of the substance in the healthy cells can be reduced (20). 
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Figure 2.: Receptor-mediated internalization of polymer-drug conjugates: (1) 

interaction of targeting moiety and receptor, internalization; (2) transport; (3) fusion 

with lysosomes; (4) degradation and drug release. The image was made by Biorender 

based on the work of Khandare et al. (14). 

With additional nano- or micro-formulation of the polymer-drug conjugates, further 

improvement can be achieved in the bioavailability of the substance (14). Among these 

procedures, the latest cutting-edge technique is electrospinning. By using this technique, 

fibrous products can be produced with the average fiber diameter in the nano- or 

micrometer range (21). 

1.2. Electrospinning technique and electrospinning of biopolymers 

Biopolymer-based electrospun fiber mats can be applied as air filter, protective clothing, 

or in various biomedical and pharmaceutical applications for instance wound dressings, 

scaffolds for tissue engineering, or drug-delivery systems (21,22).  

The first appearance of the term “electrospinning” was in 1994, although Formhals 

patented the electrostatic spinning process and apparatus in 1934 (23), 1939 (24), and 

1944 (25). The first fibrous biopolymer produced by electrospinning was the DNA (26) 

in 1997.  

Generally, the apparatus consists of a capillary tube or syringe with a needle or pipette 

on the end; a power supply, and a collector or target, which can have different shapes 

and materials (plain plate or rotating drum, made of copper or covered with aluminum 



11 

 

foil). The power supply is connected to the needle of the polymer solution containing 

syringe tube, and the target collector is grounded – these parts of the equipment are 

placed at a short, well-determined distance from each other (Figure 3.) (21).  

 

Figure 3.: Electrospinning set-up. The image was made by Biorender.  

During the procedure, the polymer solution is pumped through the needle by a syringe 

pump, which controls the flow rate. At a critical voltage, the Taylor cone appears, and a 

straight jet of the polymer emerges from the cone. While the jet is reaching the collector 

a random movement appears due to the instability of the jet in the electric field, the 

solvent is evaporating, and a dry fibrous polymer mat can be deposited on the applied 

target (21). 

In general, the selection of the suitable polymer for electrospinning is challenging 

because the features of the product are highly influenced by the chemical and physical 

properties of the polymer. The important features of the polymer of choice are 

molecular weight, molecular weight distribution, and glass-transition temperature, as 

well as the solubility. The morphology of the electrospun fibers and the spinnability is 

highly affected by the viscosity, viscoelasticity, concentration, surface tension, and 

electrical conductivity of the polymer solution, the chemical properties of the introduced 

substances, the feed rate of the solution, the field strength, the geometry of the 

electrode, the vapor pressure of the solvent, and the humidity (27). Up to now, there are 

several examples for electrospinning of biopolymers have been described such as 

polysaccharides (cellulose (28), chitin (29), chitosan (30), alginate (31), and hyaluronic 

acid (32), dextran (33) and its derivatives), proteins (collagen (34) and gelatin (35), silk 

(36)) and even DNA (37). 

In the case of biomedical and pharmaceutical applications, solubility, biocompatibility, 

biodegradability, and mechanical properties of the polymer and the fibrous product 

should always be taken into account (21).  
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1.2.1. Electrospinning in pharmaceutical applications 

Due to the wide variety of applicable polymer materials, various kinds of drugs can be 

delivered by electrospun nanofibers (e.g., antibiotics, proteins, anticancer drugs, 

antioxidants). There are three main strategies for creating these drug-delivery systems 

by electrospinning: embedding/co-electrospinning (drugs are mixed with polymers 

before electrospinning); coating (drugs are immobilized to the surface of the fibers by 

electrostatic interaction, van der Waals interaction, or hydrogen bonds); and 

encapsulation (drugs are loaded into the fibers) (22). 

During the co-electrospinning technique (embedding) the drug and the polymer are 

going through the electrospinning process at the same time. The applied polymer and 

the solvent are usually selected based on the physicochemical properties of the chosen 

drug. For example hydrophobic drugs can be mainly dissolved in organic solvents, 

therefore the applied polymer also has to be soluble in the same solvent, which limits 

the number of the polymer of choice. 

When the drug is electrospun together with the polymer, the drug release is usually fast, 

and electrospinning may cause destruction in some molecules, which have sensitivity to 

high voltage and/or organic solvents. To avoid these drawbacks, in the case of sensitive 

molecules, the post-electrospinning immobilization (coating) can be a safer choice. 

Regarding coaxial electrospinning (encapsulation), a special needle is used with inner 

and outer parts in concentric setup for suitable spatial orientation the drug and the 

polymer respectively, hence drugs can be delivered in a core-shell structure. The shell 

can protect the drug from the external environment, and it can enhance the rate of the 

release (21). 

There are also several examples of smart electrospun nanofibers, which can release 

drugs at a specific location in the body due to external stimulus. These structures can 

respond to various environmental parameters such as pH value, temperature, light, and 

electrical- or magnetic fields (22). 

Due to the high specific surface of nanofibers, they can provide fast burst release of the 

drugs. However, by the careful selection of the appropriate polymer and the 

electrospinning strategy, the drug release can be regulated and tailored. 
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1.2.2. Drug-conjugated electrospun polymer fibers 

A further alternative to control and tailor the release of the chosen drug more precisely 

is to combine the polymer-drug conjugation with electrospinning.  

There are only a few studies in the literature about drug-conjugated polymer-based 

electrospun delivery systems. For e.g., Sasikala et al. conjugated bortezomib, a 

chemotherapeutic drug, to poly(D, L-lactide-co-glycolide) and used the electrospinning 

technique for tumor-triggered controlled drug release (38). Parwe et al. conjugated 

ciprofloxacin to poly(L-lactic acid) polymer for nanofiber fabrication and evaluation its 

antibacterial effect (39). Pitarresi et al. created a polyaspartamide-polylactide 

electrospun scaffold for delivery of ibuprofen, which was conjugated to the copolymer 

(40), while Jalvandi et al. produced composite nanofibers containing polyvinyl alcohol 

and conjugated levofloxacin-chitosan for controlled drug release (41). In addition to 

these works, conjugated electrospun drugs can be used for tissue engineering (42) and 

for wound dressing as well (43). 

In the case of electrospinning of polymer-drug conjugates, the drug is chemically bond 

to the polymer chain and therefore the kinetics of the drug release can be modulated by 

the properties of the polymer. The drug release can be either a burst release or it can be 

determined by the diffusion or the solubility kinetics of the polymer fibers (prolonged 

drug release). By combining chemical conjugation and electrospinning strategy, the 

solubility of the slightly water-soluble drugs can be increased due to the large specific 

surface area of the fibers. At the end of the electrospinning process, according to the 

rapid evaporation of the solvent and the quick deposition of the fibers, the crystal 

structure of the substance can alter from totally crystalline to more amorphous.  

1.3. Applied polymers – characterization and biomedical 

applications 

1.3.1. Poly(vinyl alcohol) (PVA) 

PVA is a biocompatible, white-colored semi-crystalline synthetic polymer, which is 

commercially available in granular or powder form. The physical attributes of PVA, 

such as the melting point (180-230 °C), viscosity, pH, and crystal structure are highly 

dependent on the degree of hydrolysis and the molecular mass of the polymer (44). 

PVA is usually synthesized by saponification (alkaline hydrolysis) from vinyl acetate 
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monomers in aqueous sodium hydroxide, due to the fact that vinyl alcohol monomers 

are unstable. During the polymerization, the ester groups of vinyl acetate is partially 

replaced by hydroxyl groups (44). 

Due to its biocompatibility, non-toxicity, non-carcinogenicity, non-immunogenicity, 

and its favorable physical and chemical properties such as water solubility in 

consequence of the high hydroxyl group content, and thermostability, it is a widely used 

polymer for various pharmaceutical and biomedical applications (44–47). 

According to the hydrophilic character of PVA, the polymer can swell in water. When 

crosslinkers are used (formaldehyde, acetaldehyde, glutaraldehyde, etc.), hydrogels can 

be prepared for a wide variety of biomedical applications. As a scaffold for tissue 

regeneration, PVA-based hydrogels must provide adequate mechanical and degradation 

properties, as well as swelling ratio according to the requirements. Concerning the 

abovementioned prosperous features and promising mechanical properties (elasticity, 

high tensile strength, and high elongation at break), PVA-based materials are U.S. Food 

and Drug Administration (FDA)-approved candidates for artificial replacements of 

cartilage (48) or certain organs for instance vocal cords (49). Because of the hydrophilic 

character, high oxygen permeability, transparency, and due to lack of protein 

adsorption, PVA is an ideal material for hydrogel-based contact lenses (50) and eye-

wetting drops (51).  

Regarding pharmaceutical applications, PVA hydrogel-based drug-delivery systems 

(52) and wound dressings (53) have been developed, due to its well-defined, tailorable 

drug-delivery characteristic (54). 

Besides the production of hydrogels, electrospinning is also a successfully applied 

technique in the case of PVA to create fibrous meshes for biomedical purposes such as 

skin (55), vascular (56), neural (57), corneal (58), bone (59), cartilage (60), hernia (61) 

scaffolds and implants applying PVA per se or in combination with other or drugs. 

Concerning drug-delivery applications, several examples can also be found in the 

literature about the incorporation of drugs (62,63), nanoparticles (64), proteins (65), 

growth factors, and DNA into PVA fibers alone (66,67) or PVA fibers combined with 

other polymers such as polylactic acid (68). Usually, hydrophobic drugs are loaded or 

incorporated into PVA since this hydrophilic polymer can enhance the solubility of a 

poorly soluble drug after electrospinning them together. The enhanced solubility can 
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originate from the altered crystal structure of the drug besides the higher specific 

surface area because of the nanofibrous structure. According to drug-polymer 

incompatibility, a drug with a hydrophobic character can migrate and localize onto the 

fiber surface generating burst drug release (69,70). 

1.3.2. Polysuccinimide (PSI) 

Polysuccinimide is a biocompatible, biodegradable hydrophobic, and amorphous 

synthetic polymer, which can undergo a hydrolysis at slightly alkaline pH transforming 

to poly(aspartic acid) (PASP) (71–73). PASP has peptide-like structure due to the amide 

linkages in the polymer chain, therefore the derivatives during the degradation process 

behave like amino acids or small peptides. This makes PASP based polymers fully 

biocompatible as the substances can be used up in amino acid metabolism or can be 

eliminated easily from the body (74,75).  

PSI can be synthesized by either a thermal polymerization reaction from aspartic acid or 

by a reaction based on maleic anhydride and ammonia. Although the maleic anhydride-

based synthesis is fast and cost-effective, this provides PSI only with low molecular 

weight (1,000-3,000 g/mol) (76). On the contrary, the thermal polymerization of 

aspartic acid in the presence of an acid catalyst can produce PSI with higher molecular 

weight (5,000-200,000 g/mol) (74,75,77). 

By an imide ring-opening (nucleophile attack) reaction, PSI can be easily modified with 

different molecules, which own a primary amine group (78). This feature makes PSI 

and polyaspartamides (modified PSI) promising candidates for polymer-based drug-

delivery systems (75,79). 

There are several examples in the literature for the modification of PSI regarding 

medical applications. For instance, Neri et al. modified PSI with ethanolamine to create 

a plasma expander (74), while Li et al. used L-cysteine to modify the PSI for the 

treatment of lead poisoning (80). For intracellular drug-delivery purposes, there are 

modifications using tetraethylenepentamine (81), cyclodextrin (82), dopamine (83), 1-

propylimidazole with dimethylpropylammonium (84). After a ring-opening reaction 

with hydrazine hydrate (82,85–87) aldehyde-containing polyaspartamides can be 

produced, which are capable to form drug containing hydrogels after cross-linking (88). 

Several nanomicelles and nanoaggregates were described in the binding of Dox to the 

PSI chain by a pH-sensitive linker (89–94) for cancer treatment. Research about 



16 

 

polyaspartic acid-based treatment  was also carried out regarding neurodegenerative 

diseases including epigallocatechin gallate conjugated polyaspartic acid micelle (95), 

and quercetin incorporated polyaspartamides (96). Polyaspartamide-based drug-delivery 

systems were also developed for gastrointestinal drug-delivery purposes (97,98) or for 

wound dressings (99). 

The PSI-based carriers can hinder the drug accumulation inside the targeted cells, 

increase the bioavailability and alter the solubility features of the drug (100,101). 

However, with applying PSI in combination with other polymers, the properties of the 

polymer carrier can be tailored more precisely according to the adequate aim (102). For 

example, PEGylated phospholipid-polyamino acid micelle with beclomethasone 

dipropionate (103) and ethylenediamine and lipoic acid-modified PSI (104) are prepared 

for pulmonary disease treatment or there are also examples for cancer treatment 

regarding poly(N-vinylpyrrolidone) and PASP block copolymer-based host-guest 

inclusion complexes loaded with cisplatin (105). 

1.3.3. ε-polycaprolactone (PCL)  

PCL is a biodegradable and biocompatible polyester with hydrophobic and 

semicrystalline characteristics. Its mechanical features and degradation profile are 

highly dependent on the molecular weight of the polymer, crystallinity, and branching, 

which can be affected by the different polymerization methods (106,107). PCL can be 

produced by ring-opening polymerization of caprolactone monomers through different 

polymerization mechanisms (anionic, cationic, coordination, or radical) (108). 

Regarding the degradation, the ester bonds-monomer ratio has also a crucial role. 

According to the literature, the total degradation of the polymer takes 2 or 3 years under 

biological conditions (109–112). The ester bonds can be cleaved by lipase enzymes and 

the derivatives of the polymer can be metabolized in the citric acid cycle (107), 

therefore, PCL is considered as a biocompatible polymer. 

Due to its favourable physicochemical and high load bearing capacity, PCL is a 

promising candidate for tissue engineering, and drug-delivery purposes according to the 

FDA (107,113,114). As a result of its slow degradation, long-term prolonged drug 

release can be achieved by drug incorporation. According to the drug-polymer 

compatibility, lipophilic drugs can be incorporated homogeneously inside the 

hydrophobic PCL. There is a wide variety of examples of PCL-based drug delivery 
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systems in the literature: curcumin-loaded nanoparticles (115), dexamethasone-loaded 

electrospun mats (116), paclitaxel-loaded polyethylene glycol (PEG) and PCL-based 

micelles and nanoparticles (117,118). Introducing hydrophilic drugs into PCL, such as 

in the case of doxycycline-encapsulated PCL microspheres (119), or carboplatin-loaded 

nanoparticles (120), the drugs can be localized on the surface generating a burst release 

due to the drug-polymer incompatibility (69). The solubility and the drug release time 

can be tailored by applying other polymers besides PCL (121). By using polylactic acid 

and poly lactic-co-glycolic acid-based copolymers the degradation of the drug-delivery 

system can be shortened (110,122), or the cytotoxic efficacy can be enhanced by 

applying polyethyleneimine to produce PCL-based graft copolymers with the 

encapsulation of doxorubicin and p53 plasmid DNA (123). Antibacterial efficacy was 

developed regarding triclosan-loaded PCL-poly(quaternary ammonium salt) micelles 

(124).  

In addition, some PCL-based electrospun meshes have been researched for different 

drug-delivery purposes, to exploit the high specific surface area of the fibers. For 

instance, dexamethasone-loaded PCL meshes were researched for potential ear and 

ocular treatments (116). Doxorubicin was also electrostatically bounded to PCL meshes 

by an immersion method for possible cancer therapy in the future (125), or tetracycline 

was loaded into PCL fibers for potential treatments of periodontal and rheumatic 

disease (126). The drug delivery purposes can be easily combined with tissue 

engineering aims as regards PCL-based electrospun nanofibrous meshes. Although PCL 

is hydrophobic and cells are not capable of adhering to its surface, by adding different 

bioactive factors, such as proteins or growth factors to the system, or using it in 

combination with other polymers (127), its applicability for tissue regeneration can be 

enhanced (128–132). There are PCL-based tissue-engineered scaffolds in the literature 

regarding soft and hard tissues as well according to their different mechanical 

requirements. The slow degradation feature of PCL makes it a good candidate for hard 

tissue implants that can be used in orthopedics (133–135) or dentistry (136) in the 

future. In addition, the possible wound-healing applications of PCL alone (137) or with 

other polymers (138,139) were also described, besides other potential soft tissue-based 

regeneration like bladder repair (140) or nerve regeneration (141) due to the prosperous 

mechanical properties of PCL (107). 
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1.4. Applied substances 

According to the previous chapters, several drugs with different physicochemical 

properties can be incorporated into polymers to tailor the drug release profile or even 

the pathway of the cellular uptake by the abovementioned electrospinning process. 

Regarding the following substances: dopamine (DA), doxorubicin (Dox), and 

prednisone (Pred), there is a strong demand to alter the drug release kinetics to enhance 

the bioavailability and to avoid the inconvenient side effects during a potential therapy. 

1.4.1. The role of dopamine (DA) and dopamine receptors in biomedical 

applications 

As a neurotransmitter or signalling molecule, DA plays a key role in the communication 

between neuronal cells (Figure 4.) (142).  

 

Figure 4.: Dopamine: synthesis and phasic/tonic transmissions. The image was made 

by Biorender based on the work of Klein et al. (142). 

Regarding its synthesis, levodopa (L-DOPA), which is the inactive form of DA (143), 

can be produced from tyrosine directly, or from L-phenylalanine through tyrosine in an 

indirect way (144,145) in the cytosol of dopaminergic neurons. DA is stored in an 

acidic environment in synaptic vesicles, which can stabilize and prevent its oxidation to 
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toxic quinones (146) and protect it from further metabolization (147,148). From the 

synaptic vesicles, DA can be released into the synaptic cleft through exocytosis driven 

by membrane potential changes (149), volume transmission, diffusion (150), and both 

phasic and tonic transmissions. During the phasic release, the action potential generates 

a fast and transient DA appearance at the presynaptic terminal. As regards the tonic 

transmission, the DA release is mainly regulated by other neuronal cells and by the 

reuptake of neurotransmitters – this process is not action potential related, therefore the 

DA release is milder compared to the phasic transmission (151). The reuptake of 

extracellular DA is regulated by dopamine transporters (DAT) and monoamine 

transporters as well (152,153). The extracellular DA can bind postsynaptic receptors or 

presynaptic receptors (D2R, D3R) as well. DA receptors are commonly targeted in 

clinical pharmacology during therapies for various neural diseases such as 

schizophrenia, Parkinson’s disease, bipolar disorder, or depression. The DA receptors, 

which are members of the G protein-coupled receptor superfamily, mediate all the 

physiological functions of DA through both G protein-dependent and independent 

mechanisms (154). According to the structure and properties, DA receptors can be 

classified into D1-like receptor (D1, D5) and D2-like receptor (D2, D3, D4) subtypes. 

D1 and D2 receptors are expressed mainly in the brain, but it is rare if both are 

expressed by the same cells (155,156). D1-like and D2-like DA receptors have different 

affinities to DA (D2R >> D1R) and respond to the DA concentration in different ways: 

D1-like receptors are activated by high concentrations of DA (phasic release), while 

D2-like receptors are stimulated by low levels of DA (tonic release) (157–159). The D1-

like receptors are coupled to the G protein Gαs,olf, which activates adenyl cyclase and 

generates increasing intracellular concentration of the second messenger cyclic 

adenosine monophosphate, while D2-like receptors are coupled to the G protein Gαi,o, 

which directly inhibits the formation of cyclic adenosine monophosphate by inhibiting 

the enzyme adenylyl cyclase (160). The cyclic adenosine monophosphate is responsible 

for the activity of the protein kinase A, which is involved in many intracellular 

signalling pathways triggered by the binding of a ligand to its transmembrane receptors 

including DA receptors (142,161). 

Since DA receptors are strongly involved in dopaminergic signalling, and DA is 

responsible for a wide variety of diseases and functions (memory, attention, learning, 
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movement, hormonal regulation, immune system), DA-based research is emerging to 

find potential therapies to cure diseases such as Parkinson’s disease, Huntington’s 

disease, schizophrenia, attention deficit of hyperactivity (142). 

Because DA is a primer amine group-containing monoamine molecule, it can be used 

for easy cost-effective modification of PSI to produce DA-containing polyaspartamides 

(162,163) or PSI-DA conjugates for drug-delivery purposes (78,164). 

According to the literature, DA was already conjugated to other kinds of polymers (DA-

Dox-polymer (165), DA functionalized thiophene-fluorene copolymer (166)). 

Moreover, there are some studies aimed to develop DA-containing electrospun fibers 

for different biomedical purposes, e.g. polylactic acid-DA-SiO2 (167) or Zein 

nanofibers with L-DOPA (168). Nevertheless, it is important to mention that DA cannot 

pass through the blood-brain-barrier. 

Regarding the above-mentioned literature, the in vitro experiments are mainly carried 

out using neuronal cells, such as the SH-SY5Y human neuroblastoma cell line, hence its 

differentiated and undifferentiated forms are commonly used as cell models in 

neuroscience. The SH-SY5Y cell line has catecholamine uptake system and possesses 

DAT as well (169). Regarding these cells, the intracellular DA concentration is 

relatively low but the DA uptake ability provided by DAT (170) is higher than their 

capacity to store, therefore these cells could be very sensitive to the increased cytosolic 

DA content (171). 

According to this, some examples can be found for the investigation of the effect of DA 

and its metabolites on this cell line. For e.g., Haque et al. showed that L-DOPA and its 

metabolites containing two OH residues exerted toxic effect on SH-SY5Y cells due to 

the generation of highly reactive quinones. After 24 h, the IC50 values for L-DOPA- 

and DA-induced cytotoxicity were 194 and 184 μM respectively. There were almost no 

changes in cytotoxicity induced by L-DOPA and DA co-incubated with a DA 

transporter blocker (172). 

Lopes et al. investigated the cytotoxicity of oxidopamine (6-OHDA) in the case of 

differentiated and non-differentiated SH-SY5Y cells. 6-OHDA is a neurotoxin it is used 

to generate Parkinson’s circumstances due to it causing dopaminergic and noradrenergic 

cell death. This toxin also enters the dopaminergic neuron via DAT and causes 

oxidative stress (173). The median toxic dose for undifferentiated cells was evaluated as 
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35 μM after 24 hour-long 6-OHDA treatment. Their study claims that DAT inhibition 

did not protect the undifferentiated cells against oxidative stress, in contrast to 

differentiated cells where DAT inhibition gave protection possibly because 

undifferentiated cells have low levels of DAT (174), which corroborates with previous 

results (175,176). 

Ham et al. investigated the neuroprotective effect of spirafolide against DA-induced 

apoptosis in human SH-SY5Y cells. The treatment with only 0.6 mM DA for 24 hours, 

showed diminution of cell number by 60% (177). Kawajiri et. al treated differentiated 

SH-SY5Y cells with 50 μM DA hydrochloride for 24 hours. The cell viability decreased 

to approximately 60% (178). 

In the literature, other prosperous features of DA were utilized beside its pharmaceutical 

effect: for e.g. DA can form strong covalent and noncovalent bonds with inorganic and 

metallic materials, Kim et al. used the catechol functional group of DA to immobilize 

heparin (Hep-DA conjugate) and BMP-2 on the surface of PCL fibers to enhance the 

proliferation and osteogenic differentiation of PDLSCs (179). Lee et al. also used DA 

for the immobilization of BMP-2 on a titanium surface, but in a different approach: they 

used the capability of DA for oxidative polymerization to make mussel-inspired 

polydopamine (180).  

1.4.2. Doxorubicin (Dox) as an anti-cancer drug 

Doxorubicin is an anticancer anthracycline drug molecule, which was the first to receive 

clinical approval for intravenous introduction in liposomal form as a therapy against 

different tumors including bladder, stomach, lung and breast cancer, leukemia, 

lymphomas, pediatric tumors, etc. (181,182). Dox exerts its effect at least by two 

different mechanisms: it can intercalate between DNA strands and inhibit the 

topoisomerase II enzyme production inhibiting the replication process. On the other 

hand, Dox generates free radicals, which are also toxic for the cells since they can attack 

the DNA and the cell membrane as well (182,183). 

Dox can be produced by genetically modified Streptomyces spp., however, there are 

more than 2000 analogs to overcome its cardiotoxic side effect (182,184,185), or it can 

be combined with cardioprotective agents and encapsulation by drug carriers can also 

applied for this purpose (184,186). By using different carriers, such as liposomes, the 

therapeutic index can be enhanced through favorable pharmacological distribution since 
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the liposomes are accumulated in tumors and only a reduced amount of Dox can reach 

the heart muscle, which has tight capillary junctions (187). On the other hand, the 

application of conventional liposomes is limited because of the short circulation half-

life, therefore pegylated liposomes were developed for more prolonged circulation 

(Doxil, Caexyl) (182). However, pegylated-liposome-based Dox delivery also has a side 

effect: hand-foot syndrome. Later nonpegylated liposomal Dox with stable, long 

circulation time was developed without the side effect of pegylated liposomes (Myocet, 

Nudoxa) (182). The development of Dox-containing systems for cancer therapy is still 

ongoing and emerging in recent years. Among them, stealth liposomes (188), 

immunoliposomes (189), temperature-, light-, pH-, and enzyme-sensitive liposomes 

(182,190) can also be found. Block co-polymer-based (191), hydroxyapatite-based 

hydrogel implants (192) were also investigated. Moreover, Dox-delivery systems based 

on different polymer-Dox conjugates (193,194) including PSI-Dox conjugates can also 

be found in the literature, although most of these nanocarrier conjugates possess a pH-

sensitive linker between Dox and PSI (89–93,195–197). Recently, implant-based local 

Dox therapies (198–200) open a new perspective as they can provide appropriate Dox 

concentration in situ during the therapy through a well-determined drug release profile 

with reduced side-effects. For potential implants, several examples can be found in the 

literature for Dox containing fibrous meshes with different polymer-carriers such as 

PCL and polylactic acid (201), functionalized PCL (202–204), functionalized PVA and 

PCL core-shell nanofibers (205), functionalized polylactic acid (206), poly lactic-co-

glycolic acid/polyethylene glycol fibers (207), poly-l-lactic acid fibers (208), 

polydopamine and alginate fibers (209), chitosan/PVA and polylactic acid/chitosan 

nanofibers (210), and silk fibroin nanofibers (211) amongst numerous others for this 

aim. 

Since the commonly applied Dox-containing treatments usually involve other 

substances along with Dox, for e.g., prednisone (182,212), the combination of different 

drugs with Dox in a layer-by-layer implantable mesh can be a promising path. 

1.4.3. Prednisone (Pred) and its anti-inflammatory effect 

Prednisone, which is the inactive form of prednisolone, is a glucocorticoid that mainly 

exerts its anti-inflammatory effect by suppressing the immune system during various 

therapies such as asthma, rheumatoid arthritis, dermatitis (213,214). In addition, it is 
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often applied even in different anti-cancer therapies (212) due to reducing the side 

effects generated by chemo- or radiotherapy (215), inducing apoptosis in the case of 

lymphoid cancers, and influencing tumor growth according to the applied dose and the 

cancer type (215). Pred, like other glucocorticoids, exerts its effects through the 

glucocorticoid receptor, a member of the nuclear receptor superfamily of transcription 

factors (216). The binding of glucocorticoids to the glucocorticoid receptor generates 

conformational changes hence the receptor can be released from the heat shock protein 

complex in the cytoplasm, and translocated to the nucleus where the receptor influences 

the gene transcription leading to its immunosuppressive effect (217).  

Besides several other effects and features (218), glucocorticoids can influence the 

immune response by decreasing the levels of pro-inflammatory (immune cell activation 

capability) molecules (interleukine (IL)-1β, IL-2, IL-4, IL-5, IL-6, IL-8, IL-12, IL-18, 

COX-2, E-selectin, iNOS, interferon (IFN)-γ, TNF-α, ICAM, MCP-1, and VCAM 

(219)) and anti-inflammatory cytokines (IL-1 receptor antagonist, IL-4, IL-10, IL-11, 

IL-13). Cytokines are small proteins secreted by numerous different types of cells to 

influence the interaction and communication among them. Proinflammatory cytokines, 

which are responsible for the up regulation of inflammatory reactions, are mainly 

secreted by activated macrophages, while anti-inflammatory cytokines control the 

function of the above-mentioned pro-inflammatory cytokines. Leukemia inhibitory 

factor, interferon-α, IL-6, and transforming growth factor (TGF)-β can be part of both 

anti- and pro-inflammatory cytokines according to the different circumstances. IL-1, 

TNF-α, and IL-18 can also inhibit the pro-inflammatory cytokines. In addition to the 

grouping system based on pro- and anti-inflammatory cytokines, these molecules can be 

categorized into lymphokines, monokines, chemokines, and interleukins based on the 

secreting cells (lymphocytes, monocytes, leukocytes) and their activity (chemotactic 

activities; acting on other leukocytes) or can be separated according to the place of 

action (autocrine, paracrine, endocrine) (220).  

Pred has poor water solubility, therefore in order to successfully apply as an 

immunosuppressor, there is a strong need to enhance the bioavailability by different 

carriers or formulation processes (221,222). Amongst these methods, the 

electrospinning formulation can be a promising technique. Regarding Pred-containing 

nanofibers, Poller et al. created polyvinylpyrrolidone-based nanofiber tablets to enhance 
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the solubility and the bioavailability of Pred (223), and Wang et al. produced Pred-

loaded electrospun poly (ɛ-caprolactone-co-l,l-lactide) copolymer against intimal 

hyperplasia after coronary artery bypass graft surgery to tailor the drug release (224). 

Besides prednisone, recently prednisolone-loaded electrospun fibers were also 

fabricated for the same purpose: to conquer the low aqueous solubility and 

bioavailability and to find alternatives to the commercially available orally 

disintegrating tablet formulation of prednisolone. For e.g., Celebioglu et al. compared 

electrospun cyclodextrin/prednisolone inclusion complexes and pullulan/prednisolone 

nanofibrous webs (225), Tawfik et al. made prednisolone-containing PVA nanofibers 

(226) and Jafari-Aghdam formulated methylprednisolone acetate-Eudragit RS100 

nanofibers for this aim (227). Besides the drug-delivery purposes, there are other 

biomedical aims regarding prednisolone such as different scaffolds: for e.g., Zhang et al. 

prepared polycaprolactone/polysialic acid hybrid nanofibers for the treatment of spinal 

cord injury (228) or Yao et al. produced methylprednisolone-loaded polyurethane 

fibrous patches for infracted myocardium restoring (229). 

Prednisone-containing nanofibrous systems can be promising candidates for local drug-

delivery therapies, therefore the side effects which occurs during the systemic 

introduction can be moderated.  
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2. Objectives 

The aim of my thesis was to create implantable nanofibrous polymer-based drug-

delivery systems for biomedical applications and to characterize their physicochemical 

and mechanical properties as well as their biological effect on cell cultures. 

The main objectives were the followings: 

1. to prepare electrospun meshes from dopamine (DA)-conjugated (chemically 

bound) polysuccinimide (PSI) and investigate the effect of the degree of grafting 

(DG) on the fiber diameter and the mechanical features (specific load capacity 

and initial modulus) of the meshes; 

2. to examine the dissolution of PSI-DA conjugates and to compare the kinetics of 

DA release from the nanofibers with different DG; 

3. to investigate the effect of DA-conjugated nanofibrous PSI meshes on the 

viability of two relevant cell types: a primary cell culture (e.g. periodontal 

ligament stem cells) and a neurogenic cell line (e.g. SH-SY5Y neuroblastoma 

cell line), and to study the potential internalization of the polysuccinimide-

dopamine conjugates;  

4. to load prednisone into poly(vinyl alcohol), polysuccinimide, and ε-

polycaprolactone electrospun meshes and to investigate the effect of different 

amounts of prednisone on fiber diameter, mechanical performance (specific load 

capacity, initial modulus and maximal elongation) and the effect of polymers 

with different polarity on drug release, as well as on anti-inflammatory effect in 

vitro; 

5. to prepare doxorubicin (Dox)-loaded and Dox-conjugated nanofibrous PSI 

meshes and compare their properties regarding drug release, cytotoxicity and 

cellular internalization in vitro. 

  



26 

 

3. Methods 

3.1. Preparation of neat and drug-containing polymer meshes 

3.1.1. Synthetization of polysuccinimide 

PSI was synthesized from the powder form of L-aspartic acid. The catalyst during the 

thermal polycondensation reaction was o-phosphoric acid, which was applied at a 

weight ratio of 1:1 along the L-aspartic acid. The substances were homogenously mixed 

in a round-bottom flask, which was installed to a vacuum rotary evaporator (Rotadest 

IKA RV-10). The mixture of L-aspartic acid and o-phosphoric acid was progressively 

heated up to 180 °C in an oil bath and the pressure was progressively reduced to at least 

4 mbar (Vacuubrand PC 3001 vario pump). After the 8-hour-long thermal 

polycondensation reaction, the brown viscous melt of the polymer was dissolved in 

dimethyl-formamide (DMF). After the completed dissolution, the solution was gently 

precipitated in distilled water during constant stirring. The white-color precipitation was 

filtered by a glass filter and resuspended in distilled water at least 4 times until the pH 

reached neutral. After this, the polymer was dried in a heated exsiccator (40 °C) until a 

constant mass was obtained.  

3.1.2. Synthetization of PSI-DA conjugates and PSI-Dox conjugate 

The PSI-DA conjugates were synthesized at different degrees of grafting (DG), which 

refers to the molar ratio between the succinimide monomer units and the DA (Equation 

1.), while in the case of PSI-Dox conjugate, there was only one composition (DG800).  

𝐷𝑒𝑔𝑟𝑒𝑒 𝑜𝑓 𝑔𝑟𝑎𝑓𝑡𝑖𝑛𝑔 (𝐷𝐺) =
𝑛𝑚𝑜𝑛𝑜𝑚𝑒𝑟

𝑛𝑑𝑟𝑢𝑔 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒
      (1) 

For the modification, dried PSI powder was dissolved in dimethyl-sulfoxide (DMSO) 

(25 w/w%). Thereafter, L-dopamine-hydrochloride and dibutyl-amine (DBA) were 

separately dissolved in DMSO and added to the homogenous PSI/DMSO viscous 

solution. In the case of PSI-Dox conjugate the doxorubicin-hydrochloride and DBA 

were dissolved in DMF. DBA was used in order to avoid the protonation of the primer 

amino group of the drugs. The degree of DA grafting in final PSI-DA conjugates was 1, 

2, and 4. In a unique case, 2-aminoethanol (AE) was also grafted to the main polymer 

chain to improve the solubility features of the dopamine-containing conjugate. The ratio 
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of DA and AE was 1:2. During the synthesis process, AE was also dissolved in DMSO 

at the same time as L-dopamine-hydrochloride and DBA (Figure 5.). In the case of PSI-

Dox conjugate, the amount of Dox on the polymer chain was 0.005 w/w% 

(approximately in accordance with DG800). 

 

Figure 5.: Chemical composition of different PSI-DA conjugates and the PSI-Dox 

conjugate. R1: NH2 group; R2: COOH group; n: repeating unit (KT1 and KT2). The 

image was made by ChemDraw. 

The final viscous solutions were heated up to 60 °C and stirred for 1 week in closed-

tempered tubes (IKA RCT basic). After 7 days of incubation, the PSI-DA DG1, DG2, 

and DA-AE 1:2 samples were filled into cellulose dialysis membranes (with 14 kDa cut 

off) at room temperature in order to exchange the organic medium for water. After 1 

week of dialysis and several changes of water, PSI-DA DG1 and DG2 conjugates were 

extracted, milled, and dried in a heated exsiccator at 40 °C until a constant mass was 

obtained.  

Regarding the PSI-DA-AE 1:2 conjugates, the polymer was extracted and freeze-dried 

after the dialysis.  

The PSI-DA DG4 samples after the 1-week-long reaction, were precipitated in water 

and dried in the heated exsiccator. 

The PSI-DA conjugates were dissolved in their proper polymer solutions before the 

electrospinning process according to the fine-tuning of a bead-free fibrous product 

(Table 1.). Besides the DMF and tetrahydrofuran (THF), in the case of PSI-DA DG1 
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conjugate, ethanol (EtOH) was also added to the final solution to enhance the beadless 

electrospinning. 

Table 1.: Spinning and solvent parameters of the different PSI-DA conjugates (needle-

collector distance: 15 cm; speed of rotating drum: 10 rpm) (KT1).  

Polymer-drug 

conjugates  

Solvent 

(Volume ratio) 

Concentration 

(w/w%) 

Voltage 

(kV) 

Flow rate 

(ml/h) 

PSI-DA DG1 DMF-EtOH-THF 2:1:1 30 11 0.3 

PSI-DA DG2 DMF-THF 4:1 40 14 0.3 

PSI-DA DG4 DMF-THF 4:1 35 10 0.4 

PSI-DA-AE 1:2 H2O 50 13 0.3 

 

The PSI-Dox conjugate was filled into a syringe right after the 7-day incubation to 

instantly electrospun the viscous solution.  

3.1.3. Preparation of drug/polymer solutions to electrospinning 

In the case of drug-loaded fibers, the drugs were also dissolved in their proper polymer 

solutions right before the electrospinning process according to Table 2.: Spinning and 

solvent parameters of the PSI-Dox conjugate and the Pred or Dox-loaded polymers 

(needle-collector distance: 15 cm, except in the case of PCL: 20 cm; speed of rotating 

drum: 10 rpm) (KT2).Table 2. 

Table 2.: Spinning and solvent parameters of the PSI-Dox conjugate and the Pred or 

Dox-loaded polymers (needle-collector distance: 15 cm, except in the case of PCL: 20 

cm; speed of rotating drum: 10 rpm) (KT2).  

Polymer-drug 

conjugate or 

drug/polymer mixtures 

Solvent 

(Volume ratio) 

Concentration 

(w/w%) 

Voltage 

(kV) 

Flow rate 

(ml/h) 

PVA or Pred/PVA H2O:DMF (8:2) 10 16 0.3 

PSI or Pred/PSI  DMF 25 14-16 1 

Dox/PSI or PSI-Dox DMF 25 14-16 1 

PCL or Pred/PCL DMF:THF (1:1) 15 12.5 1 
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In the case of PVA, the polymer was first dissolved in ultra-pure water and heated up to 

90 °C during stirring. After a homogenous solution was reached, the Pred (0.5 or 1 

w/w%) was dissolved in DMF and mixed with the PVA solution. In the case of PSI, the 

Pred (0.5 or 1 w/w%) or Dox (0.005 w/w%) was dissolved in the PSI/DMF 25 w/w% 

polymer solution before the electrospinning process. Regarding PCL, the polymer was 

dissolved in the solution of DMF:THF 1:1 V/V, and after the dissolution, Pred (0.5 or 

1%) was also added to the viscous solution, right before the electrospinning process. 

After a homogenous solution was obtained, the drug/polymer viscous solutions were 

filled into the syringe of the electrospinning setup. 

3.1.4. Electrospinning process 

Nanofibrous structures were prepared from the viscous solutions of PSI-DA conjugates 

with different degrees of grafting (DG1, DG2, DG4), and PSI-Dox conjugates by a 

homemade electrospinning equipment (Figure 6.). Besides the conjugates, the drug-

loaded polymers (Pred/PVA, Pred/PSI, Dox/PSI, Pred/PCL) were also formulated by 

electrospinning. 

 

Figure 6.: Summary of the applied methods and investigations. The image was made by 

Biorender. 

First, a syringe attached to a needle was loaded with the viscous solution of the 

polymer-drug conjugates or drug/polymer mixtures and this set-up was placed into a 

syringe pump (NE-500 Model, New Era Pump Systems Inc., USA). The positive 

electrode was connected to the metal needle tip and the ground (negative electrode) was 
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attached to the target collector, which was wrapped in aluminum foil. The rotating drum 

collector was placed at a well-determined distance (15-20 cm) in front of the metal 

needle. The voltage was provided by a direct current power supply (ES 30 Model, 

Gamma High Voltage Inc., USA). The adjustments and circumstances of the 

electrospinning process can be seen in Table 1., and Table 2. 

3.2. Physicochemical and mechanical characterization of the 

electrospun meshes 

The schematic representation of the applied methods for the characterization of DA, 

Dox and Pred-containing fibrous meshes can be seen in Figure 6. 

3.2.1. Chemical characterization by Attenuated Total Reflectance Fourier-

Transform Infrared Spectroscopy (ATR-FTIR)  

For the investigation of the chemical composition of the samples, FTIR measurements 

were carried out using a diamond ATR head (Jasco FT/IR-4700A, ATR Pro ONE, 

JASCO Ltd.). The investigated range was between 400 cm-1 and 4000 cm-1 at a 

resolution of 2 cm-1. A deuterated triglycine sulfate detector was applied, and 80 scans 

were accumulated per sample. Background spectra (H2O, CO2) were subtracted after the 

measurements.  

The transmittance of powder and fibrous form of the PSI-DA conjugate samples was 

determined beside the powder form of Pred, Dox, and the polymers (PVA, PSI, PCL); 

the fibrous form of the polymers (PVA, PSI, PCL), as well as the fibrous form of 

Pred/polymers (Pred/PVA, Pred/PSI, Pred/PCL); Dox/PSI, and PSI-Dox conjugate to 

detect the potential change in the chemical structure during the electrospinning process. 

3.2.2. Chemical characterization by 1H-NMR 

To confirm the success of the conjugation NMR spectroscopic measurements of the 

electrospun PSI-Dox conjugate sample were carried out applying a 600 MHz Varian 

DDR NMR spectrometer (Agilent Technologies, Palo Alto, CA, USA) by Szabolcs 

Béni at the Department of Pharmacognosy of Semmelweis University. Before the 

measurements, the PSI-Dox fibrous mesh was dissolved in DMSO-d6. The 

measurement parameters were the following: internal standard: tetramethylsilane; 

temperature: 22 ± 0.5 °C; pulse angle: 30°; delay: 2 sec; spectral width: 8.5 kHz; data 
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points: 16.5 K; scans: 1024. The 1H-NMR data were analyzed by the Top Spin 3.6.4 

software (Bruker, USA). 

3.2.3. Powder X-ray Diffractometry (XRD) 

To investigate the crystal structure of the samples X-ray diffraction spectra of the 

samples were recorded (PANalytical X’Pert3 Powder diffractometer, Malvern 

Panalytical B.V., The Netherlands) at the Department of Pharmaceutics at Semmelweis 

University by Bence Tóth. The powder form of the polymers (PVA, PSI, PCL) and 

Pred, the physical mixtures of the powder forms of the polymers (PVA, PSI, PCL) and 

Pred, as well as the Pred/polymer (Pred/PVA, Pred/PSI, Pred/PCL) fibrous meshes were 

measured by XRD. During the measurements the following parameters were used: Cu 

Kα radiation; 45 kV accelerating voltage; 40 mA anode current (range: between 2 and 

40° (2 θ)), 0.0084° step size, 100 s times/step, reflection mode. The sampler holder was 

spinning by 1 s−1. Incident beam optics parameters: programmable divergence slit; 

15 mm constant irradiated length; anti-scatter slit at fixed 2°. Diffracted beam optics: 

X’Celerator Scientific ultra-fast line detector; 0.02 soller slit; programmable anti-scatter 

slit with a 15 mm constant observed length. Data were collected by the PANalytical 

Data Collector Application, version 5.5.0.505 (Malvern Panalytical B.V., The 

Netherlands). 

3.2.4. Determination of the average fiber diameter of the electrospun meshes 

A Quanta400F Scanning Electron Microscope (SEM, University of Technology and 

Economics, Budapest) was used at a 2-20 kV accelerating voltage to study the 

morphology and the average diameter of the electrospun fibers. The fibrous samples 

were previously coated with gold (MCM-100 Model metal ion spraying device) to 

achieve higher contrast. The average diameter of the fibers was determined using the 

Fiji (ImageJ v1.53) program by measuring the diameters of 100 fibers altogether from 3 

parallel enlarged images, which were taken at a magnification of 5000x regarding each 

type of electrospun sample (Figure 7.). 
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Figure 7.: Average fiber diameter of fibrous 0.5% Pred/PSI sample (KT2).  

3.2.5. Investigation of mechanical properties of electrospun meshes 

The mechanical performance of the 1 cm x 6 cm rectangle-shaped electrospun test 

pieces (PSI-DA samples with different degrees of grafting, as well as Pred/PVA, 

Pred/PSI, Pred/PCL with 0.5 or 1% Pred, was investigated during unidirectional strain-

controlled experiments (Instron 5942 mechanical tester (Instron, USA); applying 50 N 

maximal load capacity, 0.5 mm/min elongation rate to sample-torn at room temperature) 

(Figure 8.). Six parallel measurements were carried out regarding each type of fibrous 

samples.  

 

Figure 8.: Set-up for unidirectional strain-controlled mechanical tests. 

Based on the experimental data, the specific load capacity and the initial modulus of the 

samples were determined. The specific load capacity (Equation 2.) and the area density 

(Equation 3.) were calculated according to the following formulas:  

𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑙𝑜𝑎𝑑 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 [
𝑁𝑚2

𝑔
] =  

𝑀𝑎𝑥𝑖𝑚𝑎𝑙 𝑙𝑜𝑎𝑑 [𝑁]

𝐴𝑟𝑒𝑎 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 [
𝑔

𝑚2]
     (2) 

𝐴𝑟𝑒𝑎 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 [
𝑔

𝑚2
] =  

𝑀𝑎𝑠𝑠 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑎𝑚𝑝𝑙𝑒 [𝑔]

𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑎𝑚𝑝𝑙𝑒 [𝑚2]
     (3) 
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The initial modulus of the samples can be determined from the slope of the linear 

function, which was fitted to the initial ascendant period of the load-extension curves. 

3.3. Disintegration, solubility, and drug release of fibrous meshes 

3.3.1.  Disintegration of fibrous, neat PVA, PSI, and PCL polymer meshes 

The disintegration of neat PVA, PSI, and PCL polymer meshes was investigated by 

measuring the amount of the transmitted light (lux), which was detected by a COSILUX 

LM2 device (Tungsram, Hungary). The fibrous samples were placed into a phosphate-

buffered saline (PBS) (pH 7.4, I=150 mM) solution containing Petri dish, and small 

weights were placed onto the edges of the samples to prevent floating. The sample 

containing Petri dish was placed on the top of the detector. Above the Petri dish, a 

micro-camera equipped with a lamp (DigiMicro 1.3, DNT, DE) was placed, which took 

photographs to follow the changes in the mesh morphology (Figure 9.). The 

illuminance of the transmitted light was detected for 180 h. The relative transparency 

change was calculated in each detected time point. 

 

Figure 9.: Set-up for the investigation of the neat fibrous polymer disintegration (KT2). 

3.3.2. Solubility and drug release regarding nanofibrous polymer-drug 

conjugates and drug-loaded meshes 

To determine the solubility of the PSI-DA meshes with different degrees of grafting, the 

fibrous conjugate samples were placed into a silk filter, immersed in PBS solution (pH 

7.4, I=150 mM) and stirred at normal human body temperature (36 °C) for 2 days by a 

magnetic stirrer (Figure 10. A).  
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Figure 10.: Solubility (A) and DA release setup (B) (KT1). 

To determine DA release from the fibrous PSI-DA meshes with different degrees of 

grafting, the fibrous PSI-DA conjugate was loaded, but into a dialysis membrane 

(Spectra/Por 3 regenerated cellulose, cut off: 3.5 kDa) instead of a silk filter, in order to 

separate the polymer-DA conjugates from the small molecules such as released DA 

molecules. In this manner, only the released DA could be measured outside of the 

membrane, due to that the larger molecules could not pass through the pores of the 

dialysis membrane. A magnetic stirrer bar was also placed into the dialysis membrane 

to exclude the effect of diffusion. The drug release was also investigated in PBS (pH 

7.4; I=150 mM) and in the presence of α-chymotrypsin enzyme as well. The samples 

were also stirred at human body temperature for 2 days (Figure 10. B).  

In the case of the Dox release from fibrous PSI-Dox conjugate meshes, the drug release 

was investigated similarly as in the case of PSI-DA conjugates, but besides the 7.4 pH 

PBS, 6.5 pH PBS was also used to mimic the more acidic environment of the tumorous 

and inflamed tissues (Figure 11. A).  

 

Figure 11.: Drug release setup in the case of PSI-Dox conjugate (A) and drug-loaded 

polymer samples (B) (KT2). 

To determine the drug release in the case of drug-loaded nanofibrous polymer meshes 

(Pred/PVA, Pred/PSI, Dox/PSI, Pred/PCL), a silk filter was used to hold together the 

larger pieces of the samples similarly to the investigation of the solubility of PSI-DA 
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conjugates. The volume of the PBS (pH 7.4; I=150 mM and pH 6.5; I=150 mM) was 20 

ml, and the samples were stirred with a magnetic stirrer at a human normal body 

temperature (36 °C) for 2 weeks (Figure 11. B). 

The absorbance of the external liquid samples was measured by an Agilent 8453 UV-

VIS spectrophotometer (Agilent Technologies, USA). Regarding both the solubility and 

the drug release investigations of DA, the absorbance values were measured at 280 nm, 

470 nm, and 690 nm. In the case of Pred, the samples were measured at 244 nm, while 

Dox-containing samples were measured at 481 nm. 

To calculate the concentrations from the absorbance values, calibration lines were 

determined using concentration series of DA (between 0.001 and 1 mol/l), Pred 

(between 0.001 and 0.2 mmol/l at both pH values (7.4; 6.5), and Dox (between 0.001 

and 0.1 mmol/l at both 7.4 and 6.5 pH). 

3.4. In vitro experiments 

3.4.1. Cell cultivation  

For the in vitro tests, three cell cultures were used: human primary cell cultures of 

periodontal ligament stem cells (PDLSCs), a human neuroblastoma cell line (SH-

SY5Y), and a triple-negative breast cancer cell line (MDA-MB-231). PDLSC cells are 

derived from the connective tissue adjacent to human wisdom teeth, which were 

removed from healthy patients at the Department of Dentoalveolar Surgery at 

Semmelweis University according to the ethical guidelines (ethical permission: 

25459/2019/EKU). PDLSCs were isolated by the members of the Department of Oral 

Biology at Semmelweis University.  

The SH-SY5Y and MDA-MB-231 cell lines were purchased from the European 

Collection of Authenticated Cell Cultures (Salisbury, UK). 

PDLSCs and SH-SY5Y cells were cultured at the Department of Oral Biology at 

Semmelweis University. 

The culturing medium of PDLSCs consists of Eagle’s Minimal Essential Medium 

(EMEM) supplemented with 10% fetal bovine serum (FBS), 2 mM L-glutamine, 100 

units/ml penicillin, and 100 mg/ml streptomycin.  
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The SH-SY5Y culturing medium is composed of Ham’s F12 and EMEM (1:1 V/V) 

supplemented with 15% FBS, 2 mM L-glutamine, and 1% Non-Essential Amino Acids 

(NEAA), 100 units/ml penicillin and 100 mg/ml streptomycin.  

The culturing medium of the MDA-MB-231 cell line contains EMEM supplemented 

with 10% FBS, 2 mM L-glutamine, 100 units/ml penicillin, and 100 mg/ml 

streptomycin. MDA-MB-231 cells were cultured at the in vitro laboratory of the 

Department of Genetics, Cell- and Immunobiology of Semmelweis University. 

All the cell cultures were maintained in a humidified incubator (Nuaire, USA) in tissue 

culture flasks under standard culture conditions (37 °C, 5% CO2, 100% humidity). 

For passaging the cells, 0.05% trypsin-EDTA solution was used during a 5-minute-long 

incubation at 37°C. 

3.4.2. Immunofluorescence labeling 

For investigating the presence of D1 and D2 DA receptors on PDLSC and SH-SY5Y 

cells, 10 000 cells/cm2 were seeded and grown on previously sterilized glass coverslips 

in 24-well plates and then fixed with 4% paraformaldehyde (PFA) in PBS. The cell 

membrane was permeabilized with 0.1% Triton X in PBS. After rinsing (PBS), the cells 

were incubated in 5% normal donkey serum in PBS at room temperature for blocking, 

then the fixed cells were incubated with 1:500 dilutions of anti-D1R (rabbit polyclonal 

IgG, Abcam) and anti-D2R (goat polyclonal IgG, Abcam) primary antibodies overnight 

at 4 °C. Afterwards, the cells were treated with 1:1000 dilutions of Alexa 488 

conjugated secondary antibodies (goat anti-rabbit IgG and rabbit anti-goat IgG, 

Molecular Probes) for fluorescence visualization. After washing with PBS and distilled 

water, the fixed cells were dried and mounted with Prolong Gold antifade reagent with 

4′,6-diamidino-2-phenylindole (DAPI) (Molecular Probes).  

The fixed and fluorescently labelled cells were examined with a Nikon Eclipse E600 

fluorescence microscope (Nikon Instruments) at the Department of Oral Biology. 

Images were captured from the cells with a cooled SPOT RT Color 2000 CCD camera 

(Diagnostic Instruments) and by using the SPOT Advanced image acquisition software 

(Diagnostic Instruments). 
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3.4.3. Cell viability assay 

During the cell viability test regarding the concentration ranges of the drugs, 10 000 

cells/cm2 PDLSC and SH-SY5Y cells were seeded in 100 µl cell culturing medium in 

96-well plates (Thermo Scientific). After 24 hours of incubation, stock solutions of DA 

and water-soluble PSI-DA-AE 1:2 conjugates were diluted with supplemented cell 

culturing medium according to the investigated concentration range between 0 and 200 

µmol/l and were added to the cells. In the case of Pred and Dox, MDA-MB-231 cells 

were seeded into white-walled optical bottom 96-well plates (Thermo Scientific, USA) 

in the concentration of 5 000 cells/well (13 513 cells/cm2). The stock solutions 

regarding Pred and Dox were previously diluted with DMSO (2 mol/l) due to the poor 

water solubility of these drugs. The DMSO-containing stock solutions were further 

diluted 200-fold with supplemented cell culturing medium and adequate concentrations 

were prepared according to the required concentration ranges (Pred: 0-400 µmol/l, Dox: 

0-100 µmol/l). 

Before the introduction of neat and drug-containing fibrous samples to the cells, these 

samples were previously sterilized with a hot air sterilizer and UV radiation. In these 

cases, the volume of the applied culturing medium was calculated and considered 

according to a well-defined final concentration regarding the adequate drugs. 

Cell viability was assessed after 24 and 72 hours of treatment with different drugs in 

different concentration ranges, and neat, DA or Dox-containing fibrous membranes by 

using WST-1 cell proliferation reagent (Roche, CH; dilution of 1:20) in the case of 

PDLSC and SH-SY5Y cells, and CellTiter-Glo Luminescent Cell Viability reagent 

(Promega, USA) in the case of MDA-MB-231 cells.  

The WST-1 reagent contains water-soluble tetrazolium salts, which are cleaved to 

formazan molecules by mitochondrial dehydrogenase enzymes in the metabolically 

active cells, and this reaction is accompanied by the formation of NAD+ from NADH. 

The absorbance of the formazan was measured by a microplate reader (Model 3550, 

Bio-Rad Laboratories, Japan) at 450 nm with a 650 nm reference wavelength at the 

Department of Oral Biology. In the case of the CellTiter-Glo reagent, luminescent 

signal is generated by luciferase enzyme in the presence of ATP (after the lysis of the 

cells). The luminescence, which is directly proportional to the number of living cells, 

was measured by a microplate fluorometer at 560 nm (Fluoroskan™ FL Microplate 
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Fluorometer and Luminometer, Thermo Scientific, Waltham, MA, USA) at the 

Department of Genetics, Cell- and Immunobiology of Semmelweis University.  

Statistical evaluation of the viability data was carried out using the Kruskal-Wallis 

nonparametric ANOVA followed by a median test. A difference was considered 

statistically significant if p < 0.05. 

3.4.4. Examination of cell morphology and cellular internalization 

PDLSC and SH-SY5Y cell cultures were observed using phase-contrast microscopy 

(Nikon Eclipse TS100, Nikon, Japan) with a 10x objective. Images were taken with a 

high-performance CCD camera (COHU, USA) and the Scion image software at the 

Department of Oral Biology. 

Regarding the MDA-MB-231 cell line, cells were observed by Axio Observer A1 

inverted microscope (Zeiss, Germany) and the AxioVision LE64 Rel.4.9.1. software at 

the Department of Genetics, Cell- and Immunobiology of Semmelweis University. 

Regarding two-photon microscopy, PDLSCs and SH-SY5Y cells were labelled with a 

fluorescent vital dye (Vybrant DiD, Invitrogen) before seeding at 10 000 cells/cm2 

density on an 8-chamber slide. After 24 and 72 hours of treatments, the cells were fixed 

with 4% PFA according to the above-mentioned fixation protocol and mounted with 

Prolong Gold antifade reagent with DAPI (Molecular Probes). During the observations, 

a Femto2d two-photon microscope (Femtonics, Hungary) was used with a Spectra 

Physics Deep See laser at 800 nm at the Department of Biophysics and Radiational 

Biology of Semmelweis University. Photos were taken by using a 10x objective and 

utilizing the MES4.4v program. 

For visualizing the PSI-DA conjugates internalized by PDLSCs and SH-SY5Y cells, 

and Dox or PSI-Dox internalized by MDA-MB-231 cells, confocal microscopy was 

used. To visualize the PSI-based DA-containing conjugates inside the cells, the polymer 

was labelled with the brilliant cresyl blue (BCB) fluorescent stain at a grafting degree of 

1:500 (BCB500) (Figure 12.) before the electrospinning process.  
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Figure 12.: Chemical composition of BCB conjugated PSI (PSI-BCB500); m: recurring 

module (KT1). The image was made by ChemDraw. 

For these experiments, cells were seeded onto round-shaped microscope coverslips and 

placed into 6-well plates. After 24 h of growth, the PDLSC and SH-SY5Y cells were 

treated with 4 different samples: PSI, PSI-DA1-BCB500, PSI-DA2-BCB500, and PSI-

DA4-BCB500. Regarding MDA-MB 231 cells, Dox, fibrous PSI, and PSI-Dox 

conjugate were introduced to the cells. After 72 h of treatment, the cells were fixed (4% 

PFA) and mounted with Prolong Gold antifade reagent with DAPI (Molecular Probes). 

The cellular internalization of the BCB conjugated PSI-DA and unstained PSI-Dox 

polymers and free Dox itself was observed under a Nikon Eclipse Ti2 Inverted Research 

Microscope (60x objective) at the Department of Biophysics and Radiational Biology of 

Semmelweis University. The pictures were recorded by the Abberior Imspector 

program, and analyzed with Fiji (ImageJ v1.53) software.  

3.4.5. Flow cytometry 

Internalization of the conjugates by the cells was verified by flow cytometry. For this 

experiment, the cells were seeded into 6-well plates. Regarding PDLSCs, and SH-SY5Y 

cells, after 24 h of culturing, 1000 µM stock solutions were prepared from BCB, DA, 

PSI-BCB500, PSI-DA1-BCB500, PSI-DA2-BCB500, PSI-DA4-BCB500 in DMSO. 

The DMSO-based solutions were diluted by 10 times with supplemented cell culturing 

medium before introducing them to the cells. After 72 h of the treatments, the cells were 

detached from the surface with TripLE Express enzyme solution (Gibco), then 

resuspended in a fresh cell culturing medium and centrifuged at 1200 rpm. After the 

elimination of the supernatant, the cells were resuspended in PBS and centrifuged 2 

times.  

The flow cytometry measurements were performed using a CytoFLEX S flow 

cytometer (Beckman Coulter, Inc. USA) by Éva Pállinger and Nóra Fekete at the 
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Department of Genetics, Cell- and Immunobiology of Semmelweis University. The 

population, which was negative for the propidium iodide staining, was denoted as viable 

cells. During the investigation, unlabelled and untreated cells were used for the 

identification of the autofluorescence of the cells. The BCB supravital stain was the 

positive control for internalization regarding the investigation of PSI-DA conjugates. 

3.4.6. Cytokine release 

To investigate the anti-inflammatory effect of Pred in different concentrations (0-400 

µM), and the potential anti-inflammatory effect of neat (PVA, PSI, PCL) and Pred-

containing polymer meshes (Pred/PVA, Pred/PSI, Pred/PCL), the presence and the 

amount of 13 cytokines in the MDA-MB-231 cell-supernatant were investigated 

(BioLegend LEGENDplex (13 plex), San Diego, USA) at the Department of Genetics, 

Cell- and Immunobiology of Semmelweis University. The investigated cytokines were 

the following: IL-1β; IFN-α2; IFN-γ; TNF-α; MCP-1; IL-6; IL-8; IL-10; IL-12p70; IL-

17A; IL-18; IL-23; IL-33. 

For this examination, first, MDA-MB-231 cells were seeded (300 000 cells/well; 2 ml 

cell culturing medium). 24 hours later, the medium was replaced by fresh serum-free 

medium containing Pred (0-400 µM) or neat polymer meshes, or Pred-containing PVA, 

PSI, and PCL fibrous meshes (400 µM regarding Pred). After 48-hour long treatments, 

the supernatant was removed, centrifuged (10 min, 1500 g), and stored at -80 °C.  

The investigation of the cytokine level in the supernatants was implemented according 

to the manufacturer’s protocol by Nóra Fekete at the Department of Genetics, Cell- and 

Immunobiology of Semmelweis University. The measurements were carried out using a 

flow cytometer (CytoFlex S, Beckman Coulter, Inc. USA) and the data were converted 

by Árpád Kovács using the LEGENDplex 0.8 software.  
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4. Results 

4.1.  Physicochemical and mechanical characterization of electrospun 

meshes 

4.1.1. Chemical characterization by ATR-FTIR and NMR spectroscopy 

In Figure 13. the FT-IR spectra of the different DA-containing powder conjugates 

(Figure 13. A) and their fibrous form (Figure 13. B) can be observed. The main 

characteristic peaks are highlighted in the images. 

 

Figure 13.: FT-IR spectra of PSI-DA conjugate powders (A) and fibrous meshes (B) 

(KT1). 

The peak, that can be observed at 1700 cm-1 belongs to the imid bond of the 

succinimide ring, which is related to the asymmetric stretching vibration of C=O in –

(OC)2N–. Additional characteristic peaks of imid groups can be found at 1384 cm-1 

(C=O delta vCN), at 1207 cm-1 ((C=O)-NH group vCN vibration, and at 1160 cm-1 

((C=O)-NR-(C=O) group). 
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The characteristic peak at 1600 cm-1 wavenumber is related to the amide bonds, which 

is a demonstration of the succinimide ring-opening. 1390 cm-1 belongs to the bending 

vibration of C–O and at 1355 cm-1 the stretching vibration of C–N in –(OC)2N– can be 

observed. The wavenumber of 1660 cm-1 and 1540 cm-1 belong to the C=O and C–N 

bending vibration of amide groups. The increase regarding these above-mentioned 

amide-related peaks compared to the PSI spectrum, refers to the succinimide ring-

opening during the successful DA-modification. 

The wide peak at 3270 cm-1 belongs to the asymmetric stretching vibration of the 

seconder and primer –OH groups. In addition, peaks at 2922 cm-1 and 2825 cm-1 belong 

to the asymmetric and symmetric vibration of CH2 groups, which also refers to the 

aminoethanol modification, such as the primer –OH groups. 

Based on the FT-IR spectra, PSI was successfully modified with DA and AE with 

different degree of grafting, and the formulation by electrospinning does not affect the 

chemical structure of the conjugates. 

In the case of Pred-containing fibrous PVA, PSI, and PCL samples, the results of the 

FT-IR measurements can be seen in Figure 14. 



43 

 

 

Figure 14.: FT-IR spectra of neat and Pred-containing PVA (A), PSI (B), and PCL (C) 

(KT2). 

Considering the spectrum of neat and Pred-containing PVA samples, the peaks of the 

introduced drug can be clearly observed at 1680 cm-1, and in the range between 750-

2000 cm-1, while in the case of PSI, this main characteristic peak of Pred (1680 cm-1) is 

fully overlapped with the strong characteristic peaks of PSI polymer around 1700 cm-1. 

Regarding neat and Pred-containing PCL samples, this specific peak (1680 cm-1) also 

appears, although this peak is slightly noticeable due to the small amount of Pred. 

Regarding Dox-containing samples, in one case the Dox was physically mixed with PSI 

before the electrospinning (Dox/PSI), without any conjugation, and another type of 



44 

 

mesh was produced by electrospinning: PSI-Dox conjugate. In Figure 15., the FT-IR 

spectra of these Dox-containing fibrous samples can be seen beside the neat PSI powder 

and mesh. 

 

Figure 15.: FT-IR spectra of neat and Dox-containing PSI samples (KT2). 

In the case of Dox-containing samples (Dox/PSI and PSI-Dox), the characteristic peaks 

of Dox can be observed between 1500 and 1700 cm-1. These peaks do not overlap with 

the main characteristic peaks of PSI (1612 and 1580 cm-1), which are related to the 

stretching of C=C bonds. However, only a slight appearance can be observed due to the 

relatively small amount of Dox in the fibrous meshes. Around 1282 cm-1, a slightly 

increased peak of Dox can be seen regarding Dox-containing samples compared to the 

neat PSI spectra. 

According to the FT-IR analysis, Dox/PSI and PSI-Dox samples do not differ notably 

from each other, therefore, 1H-NMR spectrum (Figure 16.) was also analysed to prove 

the conjugation of Dox on the PSI polymer chain. 
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Figure 16.: NMR spectra of PSI-Dox conjugate (KT2). 

The range between 0.8-2.1 ppm, and 3.9-4.8 ppm was enlarged, to analyze the peaks of 

the different protons of Dox (1.02, 1.06, 1.16, 1.92, 2.97 ppm), which mainly appear in 

this range. The peaks related to the succinimide rings can be seen at 3.23 ppm, and 2.74 

ppm (methylene peaks), as well as at 5.28 ppm (methine group). The peak at 4.65 ppm 

is related to aspartamide (methine proton), while 0.9, 1.25, 1.34, and 1.56 ppm peaks 

refer to the presence of dibutyl amine. The presence of the methine proton and Dox-

related peaks proves the modified succinimide monomers (aspartamide) and refers to 

the successful Dox-conjugation. 

4.1.2. Powder X-ray Diffractometry (XRD) 

Electrospinning may induce amorphization in the case of drug molecules with limited 

water solubility, such as Pred. To investigate the potential crystal structure change, 

physical mixtures of neat PVA, PSI, and PCL polymers and Pred were investigated 

before and after electrospinning by XRD (Figure 17.).  
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Figure 17.: XRD spectra of neat and Pred-containing polymers before and after 

electrospinning (KT2). 

According to the results (Figure 17.), the Pred itself is entirely crystalline. Regarding 

the applied polymers, due to the formulation by electrospinning in the case of neat PVA 

samples, the peak at 2θ=23° vanished, therefore the crystal fraction of PVA was 

reduced. On the contrary, regarding PSI and PCL samples, electrospinning had no 

significant effect on the crystal structure. 

Regarding the physical mixture of Pred and polymers (PVA, PSI, PCL), the 

characteristic peaks of the drug are remarkable on the XRD spectra between 2θ=13-20°, 

which means that the physical mixing has no effect on the crystal structure of the drug. 

In contrast, the characteristic peaks of the drug totally disappeared in the case of 

Pred/PSI and Pred/PCL samples after electrospinning, while in the case of Pred/PVA 

fibers, the disappearance of the characteristic peaks of the drug is incomplete. 

 

4.1.3. Morphology of the electrospun fibers by microscopy, and determination of 

fiber diameter 

The images taken by scanning electron microscopy (SEM) (Figure 18. A) from the 

fibrous PSI-DA conjugates show that the fibers are uniformly thick with a relatively 

narrow distribution of fiber diameter. No damages and defects can be observed on the 
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SEM photos due to the well-determined solvent composition development, which was 

tuned during the electrospinning process.  

 

Figure 18.: SEM (A) and two-photon microscopic images (B) of fibrous PSI-DA 

conjugates image. (Scale bars: 1 µm (A); 200 µm (B)) (KT1). 

A larger area of the fiber-structure of PSI-DA meshes can be observed by two-photon 

microscopy due to the smaller magnification and hence PSI-based fibrous conjugates 

show an autofluorescence signal due to the polymer structure (Figure 18. B). While 

PSI-DA DG4, PSI-DA DG2, and PSI-DA-AE 1:2 fibrous meshes have a uniform 

structure in two-photon microscopic images, at the same time, PSI-DA DG1 samples 

contained beads and showed diversity in shape and diameter. 

Table 3.: Average diameter of the different PSI-DA fibers (n=100) (KT1). 

 PSI-DA-AE 1:2 PSI-DA DG4 PSI-DA DG2 PSI-DA DG1 

Average fiber 

diameter [nm] 
431 ± 46 613 ± 172 179 ± 27 78 ± 15 

According to the determination of the fiber diameter, the results show that the thickness 

of the fibers is decreasing by the increasing amount of DA on the PSI (Table 3.). The 

PSI-DA-AE 1:2 samples are theoretically between DG2 and DG4 regarding DA 

content. In addition, the average diameter of these fibers is also between the values of 

DG2 and DG4 samples. 



48 

 

Regarding neat (0% Pred) and Pred-containing (0.5% or 1%) PVA, PSI, and PCL 

samples, the images taken by SEM also present fibers without defects. The distribution 

of the fiber diameter is homogenous, except PCL-based samples (Figure 19.). 

 

Figure 19.: SEM images were taken from fibrous neat and Pred-containing PVA, PSI, 

and PCL samples. The same magnification was applied for each image (Scale bar: 5 

µm) (KT2). 

Incorporating different amounts of Pred (0.5% or 1%) into PSI and PCL fibers had no 

noticeable influence on the structure and the appearance of the fibers, while the Pred 

loading showed a high impact on the appearance of PVA-based fibers (Figure 19.). 

Table 4.: Fiber diameter of neat and Pred-containing PVA, PSI, and PCL meshes 

(n=100) (KT2). 

Pred content PVA [nm] PSI [nm] PCL [nm] 

Neat 157 ± 61 584 ± 113 583 ± 255 

0.5% 212 ± 56 426 ± 84 546 ± 261 

1% 497 ± 117 616 ± 102 610 ± 299 

According to the fiber diameter measurements, the Pred loading into PVA fibers 

induces an increase in the average diameter of the fibers, which seems to be directly 

proportional to the amount of Pred (Table 4.). 
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In Figure 20., SEM images taken from Dox-containing PSI-based samples can be seen. 

 

 

Figure 20.: SEM images are taken from fibrous PSI-Dox and Dox/PSI meshes. The 

same magnification was applied for each image. (Scale bar: 5 µm) (KT2). 

The appearance of the fibers looks uniform and smooth, and no significant difference 

can be observed between neat PSI (Figure 19.), Dox-loaded PSI fibers (Dox/PSI), and 

the PSI-Dox conjugate fibers (Figure 20.) according to the photos and the fiber 

diameter measurements as well (Dox/PSI: 467 ± 107 nm; PSI-Dox (545 ± 90 nm). 

4.1.4. Mechanical properties of the electrospun fiber meshes 

The specific load capacity of the fibrous membranes was also investigated as the 

strength and mechanical performance of these membranes are crucial parameters as 

regards biomedical applications. The thickness of these fibrous meshes cannot be 

properly determined because the volume of the fibers is around 10% of the 

macroscopical volume of the meshes. In order to avoid the generally used ultimate 

strain values and considering that Young’s modulus cannot be calculated due to the lack 

of the thickness value of the sample, instead of these parameters, the specific load 

capacity and the initial modulus of the samples were calculated (Equation 2. and 3.).  

In the case of PSI-DA conjugates with different degrees of grafting, the specific load 

capacity values and the representative load-extension curves can be seen in Figure 21. 

beside the determination of the initial modulus values. 
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Figure 21.: Specific load capacity (A) and typical load-extension curves (C; B; D) 

of fibrous PSI-DA membranes with the fitted line to the initial linear ascendant period 

of the curves used for the determination of the initial modulus (x: extension [mm]; y: 

load [N]) (KT1).  

The calculated specific load capacity values and the determined initial modulus values 

with the fiber diameters of the fibrous PSI-DA meshes can be seen in Table 5. 

Table 5.: Mechanical properties of DA-containing fibrous membranes (KT1). 

Sample 
Fiber diameter 

[nm] 

Specific load capacity 

[Nm2·g-1] 

Initial modulus 

[N·mm-1] 

PSI-DA DG4 613 ± 172 0.039 ± 0.008 0.448 ± 0.061 

PSI-DA DG2 179 ± 27 0.022 ± 0.007 0.490 ± 0.066 

PSI-DA DG1 78 ± 15 0.010 ± 0.005 0.303 ± 0.130 

The results show that the higher DA content (DG4 < DG2 < DG1) of the fibers 

concerns decreased specific load capacity. According to the data, a correlation can be 

observed between the fiber diameter and the specific load capacity: with the increasing 

amount of DA, the fiber diameter decreases, and it results in decreased specific load 

capacity. 
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Regarding the Pred-loaded (0.5%, 1%) polymer samples, the typical specific load-

elongation curves can be seen on Figure 22. 

 

Figure 22.: Specific load-elongation curves of fibrous Pred-containing PVA, PSI, and 

PCL meshes (KT2).  

In the case of PVA, by incorporation of increasing amount of Pred, the maximum 

elongation of the meshes is decreasing in comparison with the neat PVA meshes. 

Regarding PSI fibers, the incorporation of Pred also leads to a decrease in the maximum 

elongation of the samples, the same as in the case of PVA. The typical deformation 

curve of PSI without drug content looks similar to those of a thermoplastic polymer, 

however, in the presence of Pred, the first linear ascendant period (elastic or Hookean 

region) of the curves is altered. In addition, with the increasing amount of the 

incorporated Pred, the yield point (endpoint of Hookean region) is shifted to a lower 

elongation value. Moreover, by incorporating an increasing amount of Pred, the PSI 

samples were torn at lower elongation values. 

The specific load-elongation curves of neat and Pred-loaded PCL meshes show plastic 

deformation. By the incorporation of an increasing amount of Pred, the elongation of 

the samples increases. PCL samples show a short Hookean linear ascendant period. 

Compared to other polymers (PVA, PSI), the elastic modulus of PCL-based samples is 

the lowest, but these samples were torn apart at the highest deformation. 

The data, which were calculated from the specific load-elongation curves of the 

samples, are presented in Table 6. in line with the fiber diameter of the samples. 
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Table 6.: The parameters of the mechanical performance of neat and Pred-containing 

electrospun meshes (KT2).  

Polymer Property 
Fiber diameter 

[nm] 

Specific load capacity 

[Nm2·g-1] 

Initial modulus 

[Nm2·(mm·g-1)] 

PVA 

Neat 157 ± 61 0.151 ± 0.006 2.794 ± 0.339 

0.5% 212 ± 56 0.164 ± 0.009 1.972 ± 0.212 

1% 497 ± 117 0.081 ± 0.005 0.650 ± 0.104 

PSI 

Neat 584 ± 113 0.233 ± 0.009 0.701 ± 0.019 

0.5% 426 ± 84 0.126 ± 0.005 1.680 ± 0.099 

1% 616 ± 102 0.136 ± 0.009 2.373 ± 0.270 

PCL 

Neat 583 ± 255 0.018 ± 0.004 0.007 ± 0.001 

0.5% 546 ± 261 0.139 ± 0.004 0.043 ± 0.003 

1% 610 ± 299 0.165 ± 0.012 0.050 ± 0.006 

 

According to the results, the incorporation of Pred into PVA meshes has a high impact 

on the mechanical performance of the meshes. By increasing the amount of the drug, the 

specific load capacity values are decreasing, such as the initial modulus of the meshes, 

along with the fiber diameter. By the incorporation of the increasing amount of Pred 

into PSI meshes, the specific load capacity values are decreasing, but the initial modulus 

values are increasing. In the case of PCL-based fibrous meshes, both the specific load 

capacity and the initial modulus values increase with the Pred concentration. 

4.2. Disintegration, solubility, and drug release of fibrous meshes 

4.2.1. Disintegration of fibrous, neat PVA, PSI, and PCL polymer meshes 

Since PCL and PSI are insoluble in water-based solutions in contrast to PVA, but PSI 

can hydrolyse in a slightly alkaline environment, the aim of these polymers was to 

deliver the drug inside the human body while protecting it from early deactivation or 

degradation processes. According to the result of the disintegration investigation 

(Figure 23.), we can observe the dissolution of the neat fibrous polymer meshes by 

measuring the relative transparency. 
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Figure 23.: Disintegration of neat PVA, PSI, and PCL meshes after 188 h (A) and 24 h 

(B) (KT2). 

The relative transparency change of PVA fibers reaches the maximal value within 6 

hours while, the hydrolysis of the PSI samples occurs approximately after 100 h and the 

sample became fully transparent by 200 h. On the contrary, PCL fibers are not 

transparent even after 200 h of dipping. 

4.2.2. Solubility of fibrous PSI-DA conjugates and drug release from the fibrous 

conjugates and drug-loaded polymer fibers  

In the next step, the dissolution kinetics of PSI-DA conjugates (Figure 24. A) and the 

DA release (Figure 24. B, C, D) from the fibrous polymer conjugates were 

investigated. 
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Figure 24.: Dissolution of PSI-DA conjugates in PBS (A) and DA release from fibrous 

PSI-DA DG4 (B), PSI-DA DG2 (C), and PSI-DA DG1 (D) conjugates under different 

conditions (KT1). 

Besides the polymer of choice, the conjugated drug can also affect the physicochemical 

parameters of the polymer regarding the solubility and the kinetics of the dissolution. 

The conjugation of AE at the same time with DA to the PSI chain, increases the 

solubility of the polymer. This type of fibrous conjugate immediately dissolves in water 

or PBS, therefore in this part, PSI-DA-AE 1:2 conjugates have not been investigated.  

The fibrous meshes with different DA content showed almost similar dissolution 

kinetics. The PSI-DA-DG4 dissolved the most rapidly and provided the highest 

solubility after approximately 3 days during the investigated period. Moreover, a sudden 

increase in the DA concentration can be observed after 8 hours (Figure 24. A). 

The release kinetic curves (Figure 24. B, C, D) show the proteolytic activity of the α-

chymotrypsin enzyme, which is capable to cleave the amide bonds next to an aromatic 

ring. The enzyme provides 2-3 times higher DA release compared to PBS without 

enzyme in the case of all types of conjugates. 
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The percentage of the dissolved conjugates and the released DA in PBS and in the 

presence of the α-chymotrypsin enzyme can be seen in Table 7. The values were 

calculated according to the theoretical content of DA on the polymer chain based on our 

previous publication (164). 

Table 7.: Percentage of the dissolved conjugates and the released DA after 65 hours 

(KT1). 

Polymer 

conjugate 

Dissolved conjugates 

[%] 

Released DA 

(PBS)  

[%] 

Released DA 

(α-chymotrypsin)  

[%] 

PSI-DA DG4 42.3 20.5 49.2 

PSI-DA DG2 7.6 14.5 38.0 

PSI-DA DG1 6.6 13.4 45.1 

The amount of the released DA in almost every case, is higher than the amount of the 

DA on the dissolved conjugates, the only exception is the PSI-DA DG4 conjugate 

(Table 7.). 

Amongst the PSI-DA conjugates with different degrees of grafting, the PSI-DA DG4 

releases the most DA after 65 h, namely 42.3%, and there is no significant difference 

regarding DA release between PSI-DA DG2 and PSI-DA DG1 fibrous meshes. In the 

presence of the α-chymotrypsin enzyme, the tendency between the different conjugates 

is similar: PSI-DA DG4 conjugate can release the most DA (49.2%), but in the presence 

of enzymes PSI-DA DG1 sample can provide more released DA than PSI-DA DG2, 

almost reaching the level of PSI-DA DG4.  

In the case of Dox-containing drug-delivery systems (Dox/PSI and PSI-Dox), the main 

long-term goal can be a therapeutic usage of these meshes after a potential breast cancer 

surgery. Therefore, to mimic the proper conditions, the drug release of Dox-loaded 

(Dox/PSI) and Dox-conjugated (PSI-Dox) meshes were investigated at two different pH 

values: pH 6.5 stands for the slightly acidic environment around tumors, and pH 7.4 

represents the healthy tissue conditions (Figure 25.). The aim of the Pred-containing 

meshes is to support the effect of Dox and hinder the inflammation after a potential 

surgery, therefore these samples were also investigated at both abovementioned pH 

values (Figure 26.). 
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Figure 25.: Drug release from fibrous Dox/PSI and PSI-Dox meshes (KT2). 

Regarding the Dox-loaded PSI meshes (Dox/PSI), and PSI-Dox conjugate meshes 

(Figure 25.) the Dox release in both cases is higher at pH 7.4 compared to pH 6.5. On 

both diagrams, a sudden increase can be observed in the drug release after 48 h in the 

case of pH 7.4. In addition, the release of Dox from PSI-Dox conjugate samples is 

noticeably slower, than in the case of Dox-loaded PSI fibers (Dox/PSI). 

 
Figure 26.: Pred release from Pred-loaded PVA, PSI, and PCL meshes (KT2). 

The release of Pred from fibrous polymer meshes were compared in the case of 3 

different polymers: PVA, PSI, and PCL (Figure 26.). Regarding Pred/PVA nanofibrous 

meshes, the release of Pred is the fastest compared to the other polymers. During the 

first 2-hour-long interval, 80% of the drug is released at pH 7.4, while the drug release 

reaches 60% of the total Pred content at pH 6.5, consequently at a lower pH value, the 

Pred release from PVA fibers is slightly slower. The total release time in the case of pH 

7.4 is around 6 hours, while at pH 6.5 it takes approximately 12 hours.  

In the case of Pred/PSI meshes, the release is far slower compared to PVA-based fibers, 

but the effect of pH is much more significant. At pH 7.4, the drug release is completed 

in 42 hours, while at pH 6.5 the released Pred content is about 77% after 155 hours and 

remains at this level until the end of the investigated period. 
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The slowest release can be observed in the case of Pred/PCL fibers, compared to PVA 

and PSI samples. No effect of the environmental pH value can be detected applying 

PCL fibers. After a sudden initial increase in the Pred release during the first 1 hour, a 

linear, controlled and relatively slow release can be observed. After 25 days of 

investigation, the released Pred is around 55% at both investigated pH values. 

4.3. In vitro experiments 

4.3.1. Detection of D1 and D2 receptors of PDLSCs and SH-SY5Y by 

immunofluorescence labeling 

The expression of two typed of DA receptors (D1R; D2R) was studied on both PDLSCs 

and SH-SY5Y cells to investigate whether these cells are capable to react and having 

sensitivity to DA (Figure 27.).  

 

Figure 27.: Immunofluorescence labeling of D1R and D2R DA receptors (green, 

cytoplasm) on PDLSCs and SH-SY5Y cells (A) with 2nd antibody controls (B). The 

nuclei were stained with DAPI (blue). Confocal microscopy images, scale bar: 20 µm 

(KT1). 

The staining control (Figure 27. B) proves the validity of the specific binding in the 

case both cell types.  

Our immunofluorescence labeling results proved that both of the D1 and D2 DA 

receptors are expressed on PDLSCs and on SH-SY5Y neuroblastoma cell as well. 

4.3.2. Effect of different drugs on cell viability assays and microscopy 

investigation of cell morphology  

The effect of different DA concentration on viability of PDLSCs and SH-SY5Y cells 

was assessed by in vitro tests. For this investigation, free DA and PSI-DA-AE 1:2 
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conjugates were also applied in a wide concentration range for 24 and 72 h (Figure 28. 

A, B). 

 

Figure 28.: DA-concentration dependent cell viability regarding PDLSCs (A) and SH-

SY5Y cell line (B). The data are represented as arithmetic mean ± standard error of 

mean. *Significant difference to the daily control. #Significant difference to the 24 h of 

treatment. Phase contrast microscopy (C) and two-photon microscopy images (D) taken 

after 72 h of treatments. Scale bar: 100 µm (C); 200 µm (D). In two-photon microscopy 

images, the red sign indicates the cytoplasm of the cells stained with Vybrant DiD and 

the green sign stand for the cell nuclei stained with DAPI (KT1). 

Based on our results, both DA and PSI-DA-AE 1:2 conjugate have no significant effect 

on the cell viability up to the concentration of 100 µM regarding both cell types and 
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both exposure times. However, at 200 µM concentration (related to DA) significant 

differences can be seen between the effect of free DA and its conjugated form regarding 

both cell types. 

In the case of PDLSCs, the viability significantly decreased in the presence of free DA 

after 24 hours, while in the case of the treatment with the conjugated form, only a slight 

decrease can be observed. 

On the other hand, SH-SY5Y cells were not affected significantly by either 200 µM free 

DA or its conjugated form during 24 h of treatment. 200 µM DA eliminated all PDLSCs 

after 72 h and also prevented the proliferation of SH-SY5Y cells. The PSI-DA-AE 1:2 

conjugate did not affect the SH-SY5Y cell viability even after 72 h of treatment. 

In summary, both cell types show a DA concentration-dependent decrease in cell 

viability. 

By phase-contrast microscopy we could confirm the results of the cell viability tests 

(Figure 28. C). Up to 100 µM DA concentration, confluent cultures of PDLSCs can be 

observed with normal cell morphology after 72 h. However, the PDLSC cultures, which 

were treated with 200 µM free DA, contained round shaped and floating cells indicating 

cell death. The undifferentiated SH-SY5Y cells normally show short neurites and 

generally grow in clumps, which can be seen in the images regarding the low DA 

concentrations. On the contrary, cell death can be observed at 200 µM free DA 

concentration, but SH-SY5Y cultures treated with conjugated DA, show no 

morphological changes even with 72 hour-long exposure to 200 µM concentration 

(related to DA).  

By applying two-photon microscopy (Figure 28. D), a larger area can be detected, 

therefore the distribution of the cells can be properly observed. According to the 

images, PDLSCs showed healthy, elongated shapes, and normal morphology, 

additionally, connections can be observed between the cells in several cases. SH-SY5Y 

cells also showed typical behavior, thus these cells formed clusters and generated 

clumps. These photos can confirm the cell viability results: the higher number of the 

observed cells is in a line with higher cell viability values.  

Besides the above-mentioned in vitro tests, the effect of the different concentrations of 

Dox and Pred on viability of MDA-MB-231 breast cancer cells was also investigated in 
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order to determine the optimal concentration for the electrospun implantable meshes 

(Figure 29.).  

 

Figure 29.: Cell viability (A, C) and morphology (B, D) of MDA-MB-231 cells in the 

presence of different concentrations of Dox (A, B) and Pred (C, D) for 24 and 72 hours. 

The data are represented as arithmetic mean ± standard error of mean. *Significant 

difference to the daily control. #Significant difference to the 24 h of treatment. Scale 

bar: 100 µm for all photos (B, D). (KT2). 

According to our results, 10 µM Dox can decrease the viability of the cells by 50% 

(IC50) after 24 hours of treatment, while the IC50 value for a 72-hour-long treatment is 

between 0.5 and 1 µM (Figure 29. A). Based on the phase-contrast microscopy images, 

after 24 hours of treatment with 0-0.5 µM Dox, the MDA-MB-231 cells show normal 

morphology, and almost confluent cultures can be seen, while applying higher 

concentrations of Dox, the number of cells with normal morphology decrease, and 

round-shaped floating cells can occur (Figure 29. B), which is in correlation with the 

viability results. 

Regarding treatments with Pred, it does not show cytotoxic effect in the applied 

concentration range on MDA-MB-231 cells after 24 or 72 hours of treatment (Figure 

29. C). In concordance with these measurements, phase contrast images show cells with 

normal morphology in each experimental group (Figure 29. D). 
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4.3.3. Effect of drug-containing fibrous polymer meshes on cell viability 

After the investigation of the effect of the concentration range of different drugs on cell 

viability, the neat fibrous polymers were tested to investigate their cytotoxic effect 

(Figure 30.).  

 

Figure 30.: Viability assay (A) and morphology (B) of MDA-MB-231 cells treated with 

neat PVA, PSI, and PCL nanofibrous meshes. The data are represented as arithmetic 

mean ± standard error of mean. #Significant difference to the 24 h of treatment. Scale 

bar: 100 µm for all photos (B). (KT2). 

According to the results regarding neat PVA, PSI, and PCL fibers, none of them exert 

cytotoxic effect on MDA-MB-231 cells (Figure 30. A). The data show that there is no 

significant difference in cell viability compared to the daily control in the case of each 

polymer. The MDA-MB-231 cells were capable to appreciably proliferate in the 

presence of nanofibrous neat PVA, PSI, and PCL meshes from 24 h to 72 h of 
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treatment. The phase-contrast images confirm the cell growth between two time points 

and show normal cellular morphology in each case (Figure 30. B). 

After these preliminary-investigation with neat-fibrous meshes, the potential cytotoxic 

effect of drug-containing meshes were assessed (Figure 31. and Figure 32.). 

 

Figure 31.: Relative viability (A) and cell morphology (B) after 24 and 72 h of 

treatment with fibrous PSI and PSI-DA conjugates at 300 µM related to DA. 

*Significant difference to the daily control. #Significant difference to the 24 h treatment. 

Phase contrast microscopy images (above; scale bar: 100 µm) and two-photon 

microscopy images (below; scale bar: 200 µm) were taken after 72 h of treatments. The 

red sign indicates the cytoplasm of the cells stained with Vybrant DiD and the green 

autofluorescence indicates the presence of the polymer (KT1). 
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We observed that both PDLSCs and SH-SY5Y cells were capable to proliferate from 24 

h to 72 h of the exposure to the fibrous PSI-DA meshes (Figure 31. A) despite the 

relatively high 300 µM concentration related to DA. This exceeds the concentration 

value that these cells are capable to tolerate regarding free form of DA according to the 

previous cell viability investigations (Figure 28.). Consequently, the cells are capable to 

proliferate in the presence of higher concentrations related to DA when DA is 

conjugated to the PSI. 

Although there are no significant differences between the different DA-containing 

conjugates after 24 h of treatment, comparing the examined two different cell types, 

reverse tendencies can be observed after 72 h of exposure. With the decreasing grafting 

degree (which corresponds to increasing DA content), the viability of PDLSCs showed 

a decreasing viability tendency, while on the contrary, the viability of SH-SY5Y cells 

tended to increase. 

Concerning both cell types, the images made by phase-contrast microscopy and two-

photon microscopy (Figure 31. B) show high confluency levels with normal cell 

morphology after 72 h of exposure in each experimental group. In addition, a high 

number of connections between the cells can be observed in each case. 
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Figure 32.: Cytotoxicity and morphology of MDA-MB-231 cells treated with Dox-

conjugated and Dox-loaded PSI fibers. *Significant difference to the daily control. 

#Significant difference to the 24 h treatment. Scale bar: 100 µm for all photos. (KT2). 

We also studied the cytotoxic effect of the Dox-containing nanofibrous meshes. Both 

PSI-Dox conjugates and Dox-loaded PSI (Dox/PSI) fibers were introduced to MDA-

MB-231 cells in 1 µM concentration related to Dox (Figure 32.) based on our previous 

cell viability results applying different concentrations of Dox (Figure 29. A). 

According to our results (Figure 32.), Dox/PSI fibrous meshes decreased the viability 

of MDA-MB-231 cells by 32% after 24 hours of treatment compared to the untreated 

control – this value was 95% after 72 hours of exposure. The same tendency and similar 

viability values can be observed when the free form of Dox was applied. However, 

when fibrous PSI-Dox conjugate was introduced to the cells, their viability did not 

change during the first 24 hours of treatment, and it decreased only by 38% after 72 

hours. Based on the phase-contrast images, MDA-MB-231 cells with normal 

morphology can be observed after 24 hours in each case. In contrast, after 72 hours, 
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significantly less cells can be seen in the case of treatment with Dox or Dox-containing 

samples, and round-shaped floating cells also appear, indicating the cell death. 

4.3.4. Internalization of PSI-DA conjugates  

As both free DA and Dox have a concentration-dependent effect on cell viability 

according to our previous results, in addition PSI-DA and PSI-Dox conjugates also 

influence cell behavior, we could assume that not only the free DA and Dox but also 

their conjugates can be uptaken by the cells.  

To investigate the internalization of the PSI-DA conjugates with different degrees of 

grafting, fluorescent BCB-labeled PSI-DA conjugates were added to the cells, which 

can be detected inside the fixed cells by confocal microscopy (Figure 33.). 

 

Figure 33.: Visualization of the internalization of BCB stain conjugated PSI-DA 

conjugates by confocal microscopy (A). Scale bar: 10 µm; nuclei (DAPI, blue); BCB in 

the cytoplasm (red). Validation of the internalization by flow cytometry (B) (KT1). 
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In the photos, the homogenous fluorescent signal of BCB (red color) can be observed in 

the cytoplasm of both cell types proving the internalization of the PSI-DA conjugates 

(Figure 33. A).  

The fluorescent signal and the uptake of the PSI-DA conjugates can be quantified and 

affirmed by flow cytometric analysis (Figure 33. B). To identify the autofluorescence, 

unlabeled cells were used as the negative control. Pure, free BCB-treated cells in the 

same concentration related to BCB, found in BCB-labeled PSI-DA conjugates, stood for 

positive control. In all cases, except the negative control, significant BCB fluorescence 

was observed. The results show that the fluorescence intensity signal of BCB-labeled 

conjugates is between the negative control (untreated cells) and the positive control 

(cells treated with pure, free BCB stain). 

In the case of PSI-Dox conjugates, there is no need of pre-labelling the polymer with a 

fluorescent agent to investigate the uptake, due to the fluorescent signal of Dox (at 470 

and 560 nm). 
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Figure 34.: Visualization of the internalization of PSI-Dox conjugates by confocal 

microscopy (A). Nuclei (DAPI, blue); BCB in the cytoplasm (purple), scale bar: 10 µm. 

Validation of the internalization by flow cytometry (B) (KT2). 

To detect the autofluorescence of the cells, untreated cells were also observed under a 

confocal microscope along with neat PSI, Dox and PSI-Dox treated MDA-MB-231 

cells (Figure 34. A). In the case of the control images (Control, and PSI-treated cells), 

only a weak signal (purple color) can be observed, which is generated by the 

autofluorescence of the MDA-MB-231 cells. Regarding Dox-treated cells, more 

fluorescence signal can be observed. The intracellular distribution of this signal is 

different in the case of PSI-Dox conjugate compared to free Dox. Regarding PSI-Dox 

conjugates, the fluorescent signal can be mainly seen in the cytoplasmic area. However, 

in Dox-treated cells, the purple signs are located in the nuclei as well. Regarding PSI-

Dox conjugates, more fluorescence signal are located to a well-defined area (intense 

dots), in contrast to the homogenous cytoplasmic staining of the Dox-treated cells. 
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According to the flow cytometric results, the measured fluorescence intensity signals 

regarding Dox- and PSI-Dox-treated cells are much higher compared to the control and 

the PSI-treated cells. In addition, the peak of the conjugate represents higher 

fluorescence intensity than in the case of the free Dox-treated cells (Figure 34. B), 

suggesting that the uptake of the Dox can be enhanced by conjugation to PSI. 

4.3.5. Cytokine release profile – anti-inflammatory effect of Pred-loaded fibers  

To determine the anti-inflammatory effect of Pred the level of 13 different cytokines 

were measured in the supernatant of the MDA-MB-231 cells after culturing them in the 

presence of Pred (0-400 µM), as well as neat and Pred-containing (400 µM) fibrous 

polymer meshes (Pred/PVA, Pred/PSI, Pred/PCL) (Figure 35.).  

 

Figure 35.: Relative cytokine level produced by MDA-MB-231 cells treated with a 

concentration series of Pred (A) and with different neat (PVA, PSI, PCL) and Pred-

loaded fibrous meshes (400 µM related to Pred) (B). Cytokine level values were 

normalized to the untreated control (0 µM, Control) (KT2). 
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According to the experimental data, only five interleukin (IL)-type cytokines (IL-1β, IL-

6, IL-10, IL-18, IL-33) and the monocyte chemoattractant protein (MCP-1) were 

detectable in the case of the MDA-MB-231 cells. According to the results, Pred has a 

concentration-dependent effect on the levels of the detected interleukins and MCP-1. 

400 µM Pred has a greater inhibition capacity (30-50%) in the case of the most 

investigated cytokines (only exception is IL-18 with approximately 20%) compared to 

the lower concentrations (0-200 µM). 

In the case of IL-1β, IL-6 and MCP-1, the decrease in the cytokine level was 51%, 43% 

and 41% respectively, which are the most considerable results. While in the case of IL-

18, IL-33, and IL-10, the decrease was 18%, 36%, and 32% respectively. 

Considering the nanofibrous neat PVA, PSI, and PCL samples, the level of IL-18 and 

IL-33 was slightly decreased after introducing PVA, while in the case of the treatment 

with PSI fibers inhibited the production of all the investigated cytokines (except the IL-

6). Neat PCL fibers generated a decrease under the detection limit of the IL-33 level and 

35-54% decrease regarding the other five cytokines.  

400 µM Pred-loaded PVA expressed a similar effect on the levels of cytokines such as 

free Pred in this adequate concentration. The only exception is IL-6, where no 

difference compared to the control was observed. 

In the case of Pred/PSI fibers, the IL-1β, IL-6 and MCP-1 levels decreased. Regarding 

Pred/PCL samples, no effect of Pred can be noted compared to neat PCL fibers. 
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5. Discussion 

5.1. Physicochemical and mechanical characterization of electrospun 

meshes 

5.1.1. Chemical characterization of the meshes by ATR-FTIR and 1H-NMR 

Based on our FTIR results regarding PSI-DA conjugates (Figure 13.), the characteristic 

peaks belonging to the imid bond of the succinimide ring (1700, 1384, 1207, and 1160 

cm-1), are decreasing with the increasing DA content (164). The existence of these 

peaks, even in the case of PSI-DA DG1 conjugates, show that there are still unmodified 

succinimide rings in every conjugates. In the spectra of PSI-DA-AE 1:2, these 

characteristic peaks of imide bonds cannot be seen, which proves that every monomer 

was successfully modified. 

Besides the changes of the imid peaks, the characteristic peaks referring to the amide 

bonds (1600, 1390, 1355, 1660, and 1540 cm-1) are increasing, due to DA grafting, 

since generation of the amide bonds indicates the presence of opened succinimide rings. 

The intensity of these peaks is lower regarding PSI-DA DG4 than the other grafted 

polymer types, which proves that this conjugate has less DA than PSI-DA DG2 or PSI-

DA DG1. 

The characteristic peaks of -OH groups (around 3270 cm-1) also can be observed in the 

case of PSI-DA-AE 1:2 conjugates referring to the successful modification of PSI with 

AE.  

The FT-IR spectra of the different PSI-DA conjugates in powder form (Figure 13. A) 

are similar to the previous results based on the work of Juriga et al., which confirms the 

successful chemical modification and refers to the reproducible synthesis of PSI-DA 

conjugates (164). All the above-mentioned characteristic peaks appear also in the FTIR 

spectra of the nanofibrous form of the conjugates (Figure 13. B), which also confirm 

that the electrospinning process does not have any influence on the chemical structure 

of the conjugates (KT1).  

Regarding Pred-containing PVA and PCL samples (Figure 14.), the characteristic peak 

of Pred at 1680 cm-1 occurs in the FTIR spectra of Pred/PVA and Pred/PCL fibrous 

meshes, which verifies the presence of Pred in the fibrous meshes. However due to the 

relatively small amount of the incorporated Pred, the difference between the spectra of 

the neat and drug-containing fibers is moderate. According to the spectrum of 
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Pred/PVA fibers, the intensity of the characteristic peaks relating to Pred is higher 

compared to that of Pred/PCL fibers. This difference can be explained by the drug-

polymer incompatibility theory (69,70), which means that this incompatibility effect 

(i.e., the distinct chemical nature of the polymer and the drug molecule) forces the 

migration of the hydrophobic drug molecules to the surface of the hydrophilic polymer. 

Therefore, in Pred/PVA samples, the drug is supposed to be accumulated mainly on the 

surface of the fibers.  

Regarding Pred/PCL samples the distribution of the Pred in PCL fibers can be more 

homogenous due to the higher drug-polymer compatibility, which is manifested in 

strong Van der Waals interactions between the apolar drug molecules and the apolar 

polymer chains (70). This phenomenon can explain why the characteristic peak of Pred 

(1680 cm-1) is less intense by this polymer than in the case of PVA. In addition, not only 

the van der Waals interactions, but also hydrogen bonding, hydrophobic interactions 

and electrostatic interactions between the drug molecule and the polymer can also 

enhance the homogeneity of the drug distribution inside the fiber (70,230). 

Nevertheless, in the FT-IR spectrum of Pred/PSI fibers, the characteristic peak of Pred 

at 1680 cm-1 overlaps with the characteristic peak of PSI, therefore the presence of the 

Pred in the PSI fibers could not be confirmed by this measurement.  

Concerning Dox/PSI and PSI-Dox samples (Figure 15.), the characteristic FTIR peaks 

of Dox (1282 cm-1 and between 1500 and 1700 cm-1) are observable. However, due to 

the modest amount of Dox, only a slight difference can be noticed on their spectra 

compared to those of the neat fibers (231). By this method, the Dox-containing PSI-

based samples (PSI-Dox and Dox/PSI) cannot be distinguished from each other, 

therefore, 1H-NMR measurements were carried out to explore aby difference in the 

chemical structure. 

The NMR spectrum of PSI-Dox conjugate (Figure 16.) also prove the presence of Dox 

(1.02, 1.06, 1.16, 1.92, 2.97 ppm) in the PSI fibers, and the position of the observed 

characteristic peaks of the modified (4.65 ppm – methine proton) and unmodified (3.23 

ppm, 2.74 ppm – methylene peaks, and 5.28 ppm – methine group) succinimide rings is 

in good correlation with the literature (98).  

In our case, the theoretical degree of grafting regarding PSI-Dox conjugate is around 

1:800, which is in accordance with the NMR results showing the molar ratio between 



72 

 

Dox and PSI (corresponding the degree of grafting) somewhere between 1:500 and 

1:1000 (KT2).  

5.1.2. Powder X-ray Diffractometry (XRD) 

Hence electrospinning can induce the amorphization of drug molecules possessing poor 

water solubility (232), the crystal structure of fibrous Pred-containing PVA, PSI, and 

PCL samples were investigated besides the stock materials (physical mixtures of 

polymers and Pred, and polymers alone) (KT2). 

Based on our results, Pred has a completely crystalline structure (most intensive 

characteristic peaks can be found between 2θ = 13-20°), and its structure does not 

change when it is physically mixed with the different polymers (Figure 17.).  

Regarding the applied polymers, PVA and PCL are semi-crystalline polymers according 

to the literature (233,234) and our presented XRD results (characteristic peaks of PVA 

(2θ = 18-25°) and PCL (2θ = 20-25°)) as well (KT2). The crystal structure of PSI is 

similar to those of an amorphous polymer, but there is no exact information in the 

literature regarding XRD measurements of PSI (235,236). 

After electrospinning of neat polymers, we found that the crystalline fraction of PVA 

was reduced (the peak at 2θ = 23° vanished), while the crystal structure of PSI and PCL 

polymers remained unchanged (KT2).  

Regarding Pred-containing nanofibrous samples, the characteristic peaks of Pred (2θ = 

13-20°) disappeared in Pred/PSI and Pred/PCL samples, while in the case of Pred/PVA 

samples, the disappearance is only partial. These results prove our initial hypothesis that 

the electrospinning of Pred with polymers, generate complete or partial amorphization 

of the Pred. In the case of Pred/PVA samples, the partial amorphization can be 

explained by the polarity difference of this polymer compared to PSI and PCL. This 

difference can also explain the FT-IR results: the hydrophobic Pred can be 

homogenously incorporated into the Pred/PSI and Pred/PCL fibers. In contrast, Pred 

molecules could be forced to the surface of the hydrophilic PVA fibers due to the drug-

polymer incompatibility (69,70), which corresponds to the partial amorphization of Pred 

in Pred/PVA fibers, and the XRD results described by Zupancic et al. (233). 
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5.1.3. Morphological study of the electrospun fibers by SEM and two-photon 

microscopy, determination of fiber diameter 

During the electrospinning process, it is crucial to choose the appropriate composition 

of the solvent to achieve smooth, homogenous fibers without beads and damage. In 

addition, several electrospinning parameters can also affect the diameter and the 

morphology of the fibers, such as the applied voltage, the polymer feeding rate in the 

syringe pump (Table 1. and Table 2.), and the chemical composition of the polymers or 

in this case: the chemical structure of the conjugates (Figure 5.) as well.  

In the case of PSI-DA conjugates, THF was introduced to the solvent mixture to 

eliminate the malformations of the fibers by reducing the surface tension and the boiling 

point of the applied polymer solution, respectively (Table 1.). During the 

electrospinning of PSI-DA DG1 conjugate membranes, this DMF-THF solvent mixture 

generated bands and irregular shapes of fibers, so EtOH was also added to the mixture 

to further reduce the boiling point and the surface tension of the polymer solution 

(Table 1.) (KT1). 

Our results show that the increasing amount of DA on the polymer chain generates 

thinner fibers (613 ± 172, 179 ± 27, 78 ± 15 nm for DG4, DG2 and DG1, respectively) 

(Table 3. and Figure 18.) (KT1). The conjugates may form more hydrogen bonds due 

to the presence of more DA, which can enhance the intramolecular interactions through 

the catechol-groups between the polymer chains (70,230), but the differences in the 

electrospinning parameters can also be the reason of the different diameters. 

According the two-photon images (Figure 18. B), the PSI-DA DG1 fibrous mesh 

contained some beads and malformations, which could be caused by the deviations in 

the flow of the polymer solution in the syringe. The green autofluorescence of the fibers 

might be the consequence of the secondary structure of the polymer chains similarly to 

other biopolymers such as polyamides that can provide an autofluorescence signal 

(164,237). 

Since PSI can be modified with different primer amine group containing molecules, 

such as DA (164) (KT1), PSI-Dox conjugates can also be produced by nucleophile 

addition. The fiber diameter of Dox-loaded and Dox-conjugated PSI fibers with same 

Dox content were investigated to compare the effect of the drug in loaded and 

conjugated form (Table 2.). Incorporating Dox into PSI fibers generated mildly thinner 
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fibers (Dox/PSI: 467 ± 107 nm; PSI-Dox (545 ± 90 nm) compared to the cases of neat 

PSI fibers (584 ± 113 nm), but the difference was not remarkable. The surface of the 

Dox-containing fibers (Dox/PSI and PSI-Dox) (Figure 20.) was smooth, such as in the 

case of neat PSI fibers (Figure 19.), therefore this relatively small amount of Dox did 

not affect the fiber diameter and the morphology considerably (KT2). 

Moreover, hydrophobic Pred was loaded in different amounts (0.5%, 1%) into PVA, 

PSI, and PCL fibers to elucidate the effect of loading into polymers with different 

hydrophobicity. Regarding the fiber morphology (Figure 19.), smooth fibers can be 

seen, and the diameter is consistent along the PVA and PSI fibers, which means that the 

incorporation of the drug did not affect the morphology of the fiber surface. However, 

in the case of neat and drug-containing PCL, the fiber diameter is altering along the 

fiber, which leads to a wide range in distribution of the fiber diameter values (KT2), but 

this effect is not originated from the drug incorporation hence neat PCL fibers show the 

same surface morphology (238,239). 

Regarding fiber diameter (Table 4.), incorporation of Pred with different amounts did 

not affect notably the PSI and PCL meshes but generated clear observable changes in 

the case of PVA samples. The measured fiber diameter is directly proportional to the 

amount of the incorporated Pred (157 ± 61, 212 ± 56, 497 ± 117 nm, regarding 0, 0.5, 

and 1% Pred-content, respectively), which also can be explained by the drug-, polymer 

incompatibility theory (70,230), as well as the influence of the incorporated drug on the 

viscosity and conductivity of the polymer solution used for electrospinning (Table 8.). 

In the literature, the changes in the fiber diameter are mainly explained by the viscosity 

change of the polymer solutions after incorporation of drugs. For e.g., decreased 

viscosity, therefore decreased fiber diameters were measured in the case of 

incorporating a curcumin- and β-cyclodextrin-based inclusion complex (67) or 

ibuprofen (65) with different concentrations into PVA polymer. On the other hand, 

increased viscosity and increased fiber diameters were measured in the case of PVA 

solution after loading a nonsteroid anti-inflammatory drug, meloxicam (62), which is in 

good correlation to our results related to Pred/PVA samples (Table 8.) (KT2). 

 

 



75 

 

Table 8.: Viscosity and conductivity of the different solutions used in electrospinning 

and the average fiber diameter of electrospun fibers containing different amounts of 

Pred (KT2). 

Polymer Property Neat 0.5% Pred 1% Pred 

PVA Viscosity (mPa s) 229.5 ± 3.5 282 ± 6 249 ± 3 

Conductivity (µS/cm) 144 ± 2 175.2 ± 2.3 174.9 ± 3 

Fiber diameter (nm) 157 ± 61 212 ± 56 497 ± 117 

PSI Viscosity (mPa s) 2325 ± 87.5 3150 ± 100 3230 ± 30 

Conductivity (µS/cm) 11.30 ± 0.06 11.06 ± 0.06 10.57 ± 0.12 

Fiber diameter (nm) 584 ± 113 426 ± 84 616 ± 102 

PCL Viscosity (mPa s) 99.3 ± 5 186.5 ± 0.5 189 ± 1 

Conductivity (µS/cm) 2.84 ± 0.2 2.28 ± 0.2 2.38 ± 0.15 

Fiber diameter (nm) 583 ± 255 546 ± 261 610 ± 299 

Concerning the fiber diameter change in the case of PSI samples, the explanation is also 

can be found in the viscosity and the conductivity changes beside the drug-polymer 

interactions (Table 8.) (KT2). According to the literature, the paracetamol-loaded PSI 

fibers are thicker than the neat PSI fibers (99). In addition, incorporation of different 

salts (LiCl, MgCl2, CaCl2) has slight influence on the fiber diameter of PSI, that mainly 

can be explained by the changed conductivity of the solution and the ion-polymer 

interactions (240). 

Decreased fiber diameters were observed in the case of PCL fibers with incorporation of 

doxycycline until a certain concentration (241), α-lactalbumin (204), or in the case of 

different hydrophobic plant extracts (242,243). In contrast, increased diameters of PCL 

fibers were reached by loading increasing concentration related to diclofenac sodium 

salt or introducing 20(S)-protopanaxidol (244). The increased fiber diameter in the 

above-mentioned articles is mainly explained by the higher conductivity, the viscosity- 

and surface tension change of the polymer solutions due to the different incorporated 

molecules. 

According to our results and the literature data, the fiber diameter (Table 4.), the 

morphology (Figure 19.) and the crystallinity (Figure 17.) are not only dependent on 

the electrospinning parameters (flow rate, distance, voltage etc.) (Table 2.) and the 
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physicochemical properties of the polymer solution (viscosity, conductivity, surface 

tension etc.) (Table 8.) (63) but loading of different types and amounts of drugs also 

influences these parameters (KT2). 

5.1.4. The mechanical performance of the fibrous meshes 

The appropriate mechanical properties of drug-containing fibrous polymer-based 

samples are essential for biomedical applications. According to the demonstrated results 

and the literature, the mechanical properties of these types of scaffolds can be affected 

by the physicochemical features of the polymer solution, and the chosen parameters 

during the electrospinning process, since these applied parameters have a high influence 

on the fiber diameter and distribution, the homogeneity, and the adhesion of the fibers 

(245). In addition, the amount of the incorporated drug also influences the 

physicochemical features of the fibers regarding the mechanical parameters (KT1 and 

KT2). 

The outcomes of our fiber diameter analysis show that with the increasing amount of 

DA on the polymer chain the fiber diameter decreases (Table 5.), which is in good 

correlation with the literature (246,247). The decreasing tendency in the fiber diameter 

ends up with decreasing tendency of the specific load capacity (0.039 ± 0.008 Nm2·g-1, 

0.022 ± 0.007 Nm2·g-1, and 0.010 ± 0.005 Nm2·g-1 for DG4, DG2 and DG1 

respectively), which means the specific load capacity has in strong correlation with the 

fiber diameter and the DA content of the polymers. The results have high standard 

errors of the mean, which can be explained by the macroscopically noticeable 

inhomogeneity in the thickness of the fibrous sample due to the different distances from 

the syringe during the electrospinning process (KT1). 

Regarding the initial modulus values (Table 5.), there are no correlation with the 

specific load capacity and no dependence on DA content (it is between 0.3 and 0.5 

N·mm-1 for all the PSI-DA conjugates). The possible explanation for this observation 

are that the elevated DA content promotes the formation of more hydrogen bonds, 

which could strengthen the fibers, or the DA content is able to alter the crystalline part 

of the polymer (KT1 and KT2) (70). 

In the case of Pred-loading into polymers with different polarity (PVA, PSI, PCL), 

diverse effect could be observed regarding the mechanical performance of the samples 

(Table 6. and Figure 22.). In the case of PVA, the higher content of Pred expressed 
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more significant decreasing effect on the specific load capacity (0.151 ± 0.006, 0.164 ± 

0.009, and 0.081 ± 0.005 Nm2·g-1 for PVA with 0, 0.5, and 1% Pred-content, 

respectively), the initial modulus (2.794 ± 0.339, 1.972 ± 0.212, and 0.650 ± 0.104 

Nm2·(mm·g-1) for PVA with 0, 0.5, and 1% Pred-content, respectively) (Table 6.), and 

the maximum elongation of the fibrous meshes (7.8 ± 0.7, 3.8 ± 0.2, and 2.6 ± 0.2 mm 

for PVA with 0, 0.5, and 1% Pred-content, respectively) (Figure 22.) compared to PSI 

and PCL. The possible explanation can be the increased fiber diameter (Table 6.), since, 

in general, the thinner fibers provide higher strength and modulus due to the strong 

interactions between the individual fibers (246–248). Additionally, the drug-polymer 

interactions could also affect the mechanical properties (69,70). Gutschmidt et al. 

noticed increased mechanical performance regarding hydrophilic soy protein-loaded 

PVA fibers (66), which is exactly the opposite effect compared to the hydrophobic 

Pred-loaded PVA fibers (KT2). Concerning PSI samples, the presence of the drug 

altered the mechanical properties although it did not significantly affect the fiber 

diameter: the specific load capacity is decreasing (0.233 ± 0.009, 0.126 ± 0.005, 0.136 ± 

0.009 Nm2·g-1) but the initial modulus is increasing (0.701 ± 0.0019, 1.680 ± 0.099, 

2.373 ± 0.270 Nm2·(mm·g-1)) with the increasing Pred content (0, 0.5, 1%) (Table 6.) 

(KT2). 

Pred/PCL samples show similarity to Pred/PSI fibers regarding the unaltered fiber 

diameter accompanied by changes in the mechanical performance (Table 6.). According 

to the deformation curves (Figure 22.), we can conclude that there are also changes in 

the fiber microstructure in the case of both Pred/PCL and Pred/PSI samples, which is in 

good correlation with the literature (248,249). In the case of PCL, The amount of the 

loaded Pred (0, 0.5, 1%) directly correlates with the specific load capacity (0.018 ± 

0.004, 0.139 ± 0.004, 0.165 ± 0.012 Nm2·g-1), the initial modulus (0.007 ± 0.001, 0.043 

± 0.003, 0.050 ± 0.006 Nm2·(mm·g-1)), and the maximal elongation values (7.6 ± 0.3, 

35.4 ± 0.9, and 44.8 ± 0.7 mm) (Figure 22.). Consequently, higher Pred content leads to 

stronger PCL meshes. In the literature some similar examples can be found for the drug-

concentration-dependent changes in the mechanical properties regarding vitamin D 

and/or curcumin (250) or cilostazol (251) loading into PCL fibers beside the effect of 

chloramphenicol (252). 
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The significantly smaller initial modulus values of PCL-based samples compared to the 

PVA and PSI meshes (Table 6.) can be explained by the short Hookean region (initial 

linear ascendant period) of the mechanical curves regarding PCL-based fibers (Figure 

22.). Compared to the PVA and PSI meshes Pred/PCL fibers reaches significantly larger 

elongation values (Figure 22.), which also can be explained by the strong interactions 

between the hydrophobic Pred and PCL (KT2). 

5.2. Disintegration, solubility, and drug release of fibrous meshes 

5.2.1. Disintegration of fibrous, neat PVA, PSI, and PCL polymer meshes 

PVA, PSI, and PCL-based fibers take different time intervals to reach the 100% relative 

transparency values in PBS (Figure 23.). As PVA is a hydrophilic polymer, these type 

of meshes reaches the 100% relative transparency value in the shortest time (6 h) due to 

the swelling of the fibers (65). Since hydrophobic PSI can hydrolyse to hydrophilic 

poly(aspartic acid) (PASP) above neutral pH values (79), the rate of disintegration of 

these meshes is between hydrophilic PVA and totally hydrophobic PCL meshes. Since 

PCL it a totally hydrophobic polymer, there is no transparency change in the aqueous 

environment at pH 7.4 (KT2). 

5.2.2. Solubility of fibrous PSI-DA conjugates and drug release from the fibrous 

conjugates (PSI-DA, PSI-Dox) and drug-loaded (Pred/PVA, Pred/PSI, 

Dox/PSI, Pred/PCL) fibers 

Although, the main aim was to create a proper delivery system for DA in order to 

protect the drug from the early deactivation before filling its final role, its conjugation to 

polymers can alter the solubility beside other important physicochemical parameters 

(98,164). Based on the outcomes of our solubility results, DA-containing fibrous 

meshes showed time-dependent dissolution kinetics (42.3, 7.6 and 6.6% were dissolved 

from the DG4, DG2, and DG1 conjugates after 65 hours, respectively) (Figure 24. A). 

The difference in the dissolution of the samples with different degrees of grafting could 

be the consequence of the hydrolysis of the rings in free succinimide monomers, 

generating aspartic acid monomers. These aspartic acid monomers compose the major 

part of the dissolved PSI-DA DG4 fibrous conjugate. The hydrolysis of the polymer 

chain can be the reason for the altered tendency in the dissolutions, showing up in a 
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form of a sudden increase in the DA concentration after 8 h of measurement (164) 

(KT2). 

Based on the previous publication of our research group about the dissolution and DA 

release kinetics of the powder form of PSI-DA conjugates (164), the kinetics of the DA 

release is mainly determined by the dissolution of the conjugates. In the case of the 

fibrous PSI-DA conjugates, the dissolution and the release investigations showed a 

completely different mechanism (KT1). According to our results (Table 7.), the amount 

of the released DA (DG1: 13.4%, DG2: 14.5%) is higher than the amount of the DA on 

the dissolved conjugates (DG1: 6.6%, DG2: 7.6%) regarding PSI-DA DG1 and PSI-DA 

DG2 fibrous samples. The reason for this could be found in the nanoformulation of the 

PSI-DA conjugates by electrospinning, which resulted in a higher specific surface area 

providing a faster release of DA.  

In the presence of α-chymotrypsin enzyme, DA release was enhanced (DG1: 45.1%, 

DG2: 38.0%, DG4: 49.2%) (Table 7.) due to the nanoformulation accompanied by 

higher specific surface area. Nanosized membranes may absorb higher concentrations 

related to the enzyme on their surface (253), therefore the enzymatic activity around the 

PSI fibers can enhance in our case the release of DA (KT1). 

Regarding the PSI-DA fibrous conjugates, the dissolution, and the kinetics of the 

hydrolysis of the amide bond between the DA and the polymer can be separated into 

two independent steps. In the previous publication of our research group (164), the 

hydrolysis of the amide bond was found to follow first-order kinetics and mainly 

occurred after the polymer conjugates were dissolved in the medium. On the contrary, 

the results of our investigation proved that this mechanism of the DA release kinetics 

regarding the fibrous form of the conjugates differs from the previously published 

kinetics regarding due to the higher specific surface of the fibrous conjugates (KT1). 

The dissolution of the conjugates was the limiting step of the DA-release when the 

conjugates were in powder form. On the contrary, the DA-release occurs from the 

surface of the fibrous conjugates, therefore dissolution has no significant effect on the 

release kinetics (164).  

As it was mentioned before, in the case of Pred-loaded PVA, PCL and PSI meshes as 

well as Dox/PSI, and PSI-Dox conjugates, the drug release was measured at two 
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different pH values (7.4 and 6.5) to mimic not only the physiological but also the 

cancer-related environments.  

In the case of Pred/PVA meshes (Figure 26.), the burst release of the drug can be 

explained by the swelling of the hydrophilic PVA fibers. Due to the drug-polymer 

incompatibility (69,70), relatively high percentage of the Pred may be located on the 

surface of the fibers, therefore these molecules do not have to overcome the diffusion 

from the inner fiber parts to the surface. Compared to the release at pH 7.4 (100% after 

6 hours), the release at pH 6.5 is slower (86.8% after 6 hours) – the reason could be the 

pH-dependent swelling behaviour of PVA polymer (65), and the pH 7.45 medium can 

intensify the repulsive forces between Pred and PVA (254).  

Considering the drug release from Pred/PSI (Figure 26.), Dox/PSI and PSI-Dox 

conjugate (Figure 25.) meshes, significant difference can be observed between the two 

investigated pH values. The difference can be explained by the hydrolysis of the PSI 

polymer chain to PASP at pH 7.4, which could be also observed during the 

disintegration measurements. The hydrolysis enhances the release of the drugs, such as 

in the case of PASP hydrogels (255) and in the case of Dox conjugated PSI 

nanomicelles and nanoaggregates (89,90,93). At pH 6.5 the drug release is mainly 

dependent on the diffusion of the drugs from the inner parts of the fibers to the surface 

of the fibers, which results in a more prolonged release profile.  

By comparing Dox/PSI and PSI-Dox nanofibers (Figure 25.), the release is noticeably 

slower in the case of PSI-Dox conjugates (PSI-Dox: 13.18%, and 30.67%, while 

Dox/PSI: 23.15%, and 87.53% after 200 hours at pH 6.5 and 7.4, respectively) due to 

the chemical bond between the drug and the polymer in this case. During the release of 

the drug, first the amide bond should be hydrolysed between the drug and the polymer, 

and this could be the limiting step (164). 

Regarding Pred/PCL fibers (Figure 26.), there is no significant difference between the 

release a different environmental pH values, since PCL has no functional groups that 

can be influenced by the pH (239). Consequently, PCL have no degradation products in 

aqueous environment hence it cannot induce acidosis (241). The initial burst release can 

refer to desorption of Pred molecules from the surface of PCL fibers (244), while in the 

case of the linear part of the controlled release, diffusion and permeation processes can 
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dominate. Similar release kinetics were observed in the case of doxycycline (241), α-

lactalbumine (204), acyclovir (249) and 20(S)-protopanayadiol-loaded (244) PCL 

fibers. 

5.3. In vitro experiments 

5.3.1. Presence of D1 and D2 DA receptors on PDLSCs and SH-SY5Y cells 

Due to the fact that the SH-SY5Y cell line consisting of neuroblastoma cells, and it has 

concentration-dependent viability regarding DA, the relevance to test them in 

connection with PSI-DA conjugates is proved by the literature (256,257). According to 

our investigations, we could confirm that undifferentiated SH-SY5Y cells owe DA 

receptors. However, in the case of PDLSC, there was no available information in the 

literature regarding the presence of DA receptors before our study. Our 

immunofluorescence labeling analysis (Figure 27.) reveals that PDLSCs also express 

D1 and D2 dopamine receptors. These outcomes can be in connection with the 

neurogenic differentiation capacity of this stem cell type (258). Due to having DA 

receptors, PDLSCs are able to provide a suitable and healthy cell model for the 

investigation of the effect of DA (KT1). 

According to the immunofluorescence labeling analysis of DA receptors, the SH-SY5Y 

neuroblastoma cell line along with PDLSCs may possess DA transporters that can 

mediate DA uptake (259). 

5.3.2. Effect of DA, Dox, and Pred on cell viability and cell morphology 

According to our cell viability results (Figure 28.), the SH-SY5Y cells can tolerate 

higher DA concentrations (200 µM) than PDLSCs (100 µM), which could be explained 

by the higher number of DA receptors or supposedly DA transporters (259) due to its 

neural origin. Consequently, the ability of SH-SY5Y cells to uptake DA could be higher 

than their capacity to store it in vesicles, therefore the concentration dependent DA 

effect could be different compared to PDLSCs (KT1). 

Concerning the cytotoxic concentration of DA, Haque and co-workers found that 184 

μM DA reduces the number of the viable SH-SY5Y cells by 50% by the end of a 24 

hour-long treatment (172), while in other studies 50 μM (177), 500 μM (178), and 600 

μM (260) concentrations related to DA also caused similarly decreased SH-SY5Y cell 

viability (177,178,260). According to our results, 200 μM free DA did not prove to be 
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cytotoxic, when applied for 24 hours, but this concentration induced cell death after 72 

hours. In contrast, if DA was conjugated to PSI (PSI-DA-AE 1:2), it proved to be 

cytotoxic for SH-SY5Y cells neither at 200 μM concentration after 72 hours (Figure 

28.). The different effects between the conjugated form of DA and the free DA on both 

cell types can be explained by the prolonged release of DA (164) from the conjugates, 

which provides less available free DA for the cells in the culturing medium. In addition, 

the conjugation of DA to the PSI prevents its degradation and the formation of oxidative 

quinones, which could express negative effects on the cell viability (172). 

Regarding the morphology of the undifferentiated SH-SY5Y cells, the individual cells 

owe short neurites and generally grow in clumps (164,256), while PDLSCs have 

elongated shape long projections and with several connections between the cells. This 

normal morphology can be seen on the phase contrast images related to the control 

groups (Figure 28.) and the cell cultures treated with low-concentration DA or PSI-DA-

AE 1:2 conjugate. The cells treated with high concentration related to DA undergo 

autophagy according to the literature (260) – in line with our results where floating dead 

cells can be observed, which could be the consequence of autophagy but definitely 

indicate moribund cells. 

To investigate the effect of different concentrations of Dox and Pred on cell viability, 

MDA-MB-231 breast cancer cell line was used as a model (261). We observed 

concentration-dependent effect of Dox in decreasing cell viability (Figure 29.), which is 

in good correlation with the literature regarding the IC50 values as well (between 0.5 

and 1 µM) (193,262–264). 

In general, Dox – such as DA – can force the cells to apoptosis, through regulating the 

expression of genes related to caspase enzymes. Similarly to DA, Dox can also trigger 

oxidative damage, but the main mechanism behind its cytotoxic effect is the 

intercalation ability between DNA helixes generating free radicals, and ruptured DNA 

(265). 

Pred was applied because of its potential anti-inflammatory ability but the non-cytotoxic 

effect regarding MDA-MB-231 cells in a concentration range between 0-400 µM was 

revealed, which is in good correlation with the literature (215). 
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5.3.3. Cytotoxicity of neat, DA-, Dox-containing fibrous meshes 

We demonstrated that none of the neat PVA, PSI, and PCL meshes exerted cytotoxic 

effect on MDA-MB-231 cells (Figure 30.). Moreover, PSI did not prove to be cytotoxic 

regarding PDLSCs and SH-SY5Y cells (Figure 31.) although this type of neat polymer 

slightly lowered the cell viability after 72 hours of treatment. A feasible explanation 

could be the hydrolysis of PSI, which sightly shifts the pH of the culturing medium to 

the acidic range. According to our results and the literature (44,75,107), these fibrous 

polymers are promising basis for implantable drug-delivery systems. 

By applying PSI-DA and PSI-Dox fibrous conjugates, the concentration of the free DA 

and Dox concentration available for the cells in the culturing medium remains lower 

than the revealed cytotoxic concentration based on the cell viability results, due to the 

prolonged drug release (Figure 28. and 29.) (164) (KT1). Therefore, the fibrous 

samples can be applied in higher concentrations related to the drugs then the free forms. 

Although a decisive amount of the fibrous conjugate samples is dissolved by the end of 

the 72 hour-long treatment, there still could be remaining drug attached to the polymer 

chains, which soes not influence cell viability remarkably (KT1). 

The different tendencies in cell viability of PDLSCs and the SH-SY5Y cell line after 

treatments with different PSI-DA conjugates (Figure 31.) could be explained by the 

different sources of these cells. Since SH-SY5Y neuroblastoma cells are practically 

premature neurons, they may express more DA receptors and more DA transporters, 

which pump DA from the culturing medium back into cytosol or isolate the DA into 

vesicles for storage and they release it later (173). Nevertheless, PDLSCs could be more 

sensitive to the presence of DA, due to their ectomesenchymal origin (258,266). The 

hypothesis is that the PDLSCs may not have enough DA transporter to regulate the 

uptake and the efflux of DA, therefore less free DA can be harmful for this cell type 

after 72 hours compared to SH-SY5Y cells. Due to our cell viability and cytotoxicity 

results (Figure 28. and 31.), the proper distinct amount of DA can even exert a positive 

effect on cell proliferation (KT1). 

In the case of PSI-DA DG4 fibrous conjugates, the DA release is the fastest compared 

to the other conjugates (Figure 24.), so regarding SH-SY5Y cells treated with this type 

of fibrous conjugates, the level of free DA is supposed to be too low after 72 h to 

promote cell growth. In contrast, in the case of PDLSCs this adequate free DA 
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concentration can enhance cell proliferation, as these cells are more sensitive to the free 

DA according to the concentration-dependent cell viability results (KT1). In the phase-

microscopic and two-photon microscopic images a decisive number of connections can 

be observed between the adhered cells with normal morphology regarding both 

PDLSCs and SH-SY5Y cells, which can be the consequence of the proper DA 

concentration (Figure 31.). 

Regarding PSI-Dox fibrous conjugates, the same tendency can be observed compared to 

the treatment with free Dox as we have seen at PSI-DA vs. DA (Figure 31.) (KT1): due 

to the prolonged Dox release, the available amount of free Dox is less in the case of the 

conjugate, in this way more Dox can be introduced to the cells without cytotoxic effect 

(Figure 32.). The difference between Dox/PSI and PSI-Dox samples can be also 

explained by the different release kinetics. By loading Dox into PSI fibers, the release is 

faster compared to PSI-DA conjugates where Dox is chemically bound (Figure 25.). 

Therefore Dox/PSI samples are proved to be more cytotoxic than the PSI-Dox 

conjugate (164) (KT2). 

It is important to mention that Dox can be conjugated to PSI polymer not only by the 

primer amine groups, but there are also different linkers presented in the literature 

(90,93). Regarding the pH sensitive linker-based nanoparticle conjugates (89,90,93), as 

high cytotoxic effect can be observed as in the case of free Dox, which can be explained 

by the different cellular internalization methods and the different drug release kinetics 

of nanoparticles compared to the nanofibrous Dox-containing meshes. 

5.3.4. Cell-internalization of PSI-DA and PSI-Dox conjugates 

In general, small free drug molecules such as Dox, can be internalized by the cells via 

plasma membrane diffusion (90,267) or such as DA, by transporter-mediated uptake 

(268). On the other hand, polymer-drug conjugates can be internalized by cells via 

different types of endocytosis, namely: fluid-phase-, adsorptive-, and receptor-mediated 

endocytosis. During fluid-phase endocytosis, there is no interaction between the 

conjugates and the cell surface. On the contrary, in the case of adsorptive endocytosis, 

there is a nonspecific binding of hydrophobic moieties or positive charges of the drug 

with the plasma membrane (267). 
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Regarding the cellular internalization of PSI-DA conjugates, the fluorescent BCB stain 

(269) was also conjugated to the PSI chain (Figure 12.) in a relatively small amount, 

hence the conjugates can be followed by confocal microscopy and flow cytometry. 

Although in high doses, BCB could have a cytotoxic effect (270,271), the molecule 

contains primer amino group, therefore it can be easily conjugated to the PSI main chain 

with a cost-effective nucleophilic addition process (78). In the case of PSI-Dox 

conjugates, there was no need to further conjugate a fluorescent stain, due to the fact 

that Dox itself can provide fluorescent signal (196). 

The confocal microscopy results (Figure 33. A and Figure 34. A) do not confirm 

clearly the endosomal drug-delivery of the conjugates (267). In the case of PSI-DA 

conjugates, a homogeneously distributed fluorescent sign can be seen in the cytoplasm 

instead of well-separated signs by the individual endosomes. Based on these 

observations, we could assume that the conjugates are able to escape from the 

endosomes due to the hydrolyzation of the polymer chain, which leads to a membrane 

destabilization process in the case of the endosomes (272). Regarding PSI-Dox 

conjugates, the weak fluorescence signal of the untreated control cells and neat PSI 

treated cells stands for the background signal from the autofluorescence of different 

proteins. The more intense signal from the cytoplasm regarding Dox and PSI-Dox 

treated cells compared to the control can be a consequence of the higher cellular 

internalization. It is important to mention that the significant difference in the 

intracellular distribution of the fluorescent signal regarding Dox and PSI-Dox can be the 

consequence of that the free Dox can be internalized by simple passive diffusion (90) 

and in free form it can also reach the cell nuclei (265). In the case of PSI-Dox, the 

brighter dots in the cytoplasm may refer to the endosomal presence of the conjugates 

(Figure 34. A). 

The afore mentioned lower cytotoxic effect of PSI-Dox conjugates compared to free 

Dox can also be explained by this observation: PSI-Dox conjugates are not able to reach 

the cell nuclei (KT2). 

Our flow cytometry analysis (Figure 33.) confirmed the cellular uptake of both PSI-DA 

and PSI-Dox conjugates. In the case of PSI-DA conjugates, the examined cells gave 

extra fluorescent signal thanks to the BCB conjugation. Regarding PSI-Dox conjugates, 

these results underline the cytotoxicity results: although the cellular uptake of PSI-Dox 
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was significantly higher compared to the uptake of free Dox, decisive amount of Dox 

remains conjugated to the polymer chain even after the uptake. Consequently, Dox is 

not able to exert the cytotoxic effect in this case because the PSI can protect and keep 

the drug in inactive form.  

According to our results (Figure 33.) and the literature (14,142), the uptake in the case 

of PSI-DA conjugates could be strongly related to the presence and the number of 

different DA receptors and transporters on the examined cells, therefore the uptake of 

the conjugates could be more complex than fluid-phase endocytosis. Due to the 

presence of DA receptors on PDLSCs and SH-SY5Y cells, PSI-DA conjugates are 

supposedly taken up via receptor-mediated endocytosis, which is based on cell-specific 

targeting moieties, which role could be played by DA. These results are in good 

correlation with the literature in connection with DA and receptor-mediated 

endocytosis. For example, Y. Liu et al. concluded that the uptake of polyethylene glycol 

nanoparticles by D2 receptor-rich Kupffer cells was enhanced by using polydopamine 

coating (273). This theory about the mechanism of receptor-mediated endocytosis 

related to PSI-DA conjugates can also confirm the viability difference between the 

investigated cell types due to the different DA receptor or DA transporter content. 

According to these findings, the role of DA may not only be the drug but the targeting 

agent as well. 

Regarding Dox, several kinds of nanomicelle and nanoaggregate-based carriers built on 

PSI and its derivatives have already been described (89,91,195,196). Amongst these 

drug-delivery systems, the number of such systems are small in which Dox was 

conjugated to the PSI chain (90,93). In addition, the internalization and the intracellular 

distribution of these systems was similar to our PSI-Dox conjugates. However, after a 

certain time, Dox could appear in the nucleus (90,195), which can be explained by the 

faster drug release in the case of these nanocarriers compared to our fibrous PSI-Dox 

conjugates. However, it is important to mention that this prolonged release can be 

crucial for the application of the meshes as an implantable drug cargo. 

5.3.5. Production of cytokines by MDA-MB-231 cells treated with neat and Pred-

loaded meshes  

Since none of the neat PVA, PSI, PCL meshes and Pred reduced viability of MDA-MB-

231 cells (Figure 29. CD and 30.), the potential anti-inflammatory effect of Pred (0-400 



87 

 

µM) and Pred-loaded PVA, PSI, and PCL meshes (400 µM), beside the neat fibers was 

investigated by measuring the level of 13 cytokines produced by MDA-MB-231 cells  

(Figure 35.). 

Almost all cell types secrete cytokines when the immune system is activated. These 

small proteins can be divided into pro-inflammatory and anti-inflammatory cytokines 

according to their mechanism: whether they activate the immune cells (pro) or inhibit 

the inflammation process (anti) (274). Amongst the investigated cytokines, the 

following interleukines (ILs): IL-1β, IL-18, and IL-33 and monocyte chemoattractant 

protein (MCP-1) are members of the pro-inflammatory group, while IL-6 and IL-10 

belong to anti-inflammatory cytokines (274).  

The secretion of all the above-mentioned cytokines was demonstrated also by other 

groups in the case of MDA-MB-231 cells (275,276), the only exception is IL-33, 

therefore its production can be considered as our new results regarding the control 

(untreated) MDA-MB-231 cells. 

Although the effect of Pred on cytokine secretion regarding MDA-MB-231 cells has not 

been investigated yet, the level of IL-10 and IL-33 was found to be reduced by Pred in 

the nasal mucus of patients (277). However, other types of glucocorticoids were tested 

related to cancer cells regarding cytokine production. Our results (Figure 35.) are in a 

good correlation with these papers: in general glucocorticoids inhibit the gene 

expression of several pro-inflammatory interleukins namely: IL-1β, IL-6, IL-10, IL-18, 

and MCP-1 (215). According to our results, Pred exerts decreasing effect on the 

cytokine level produced by MDA-MB-231 breast cancer cells (the relative cytokine 

level after the incubation with 400 µM Pred was 49.2, 56.8, 68.0, 81.5, 63.9, 55.6% 

regarding IL-1β, IL-6, IL-10, IL-18, IL-33, MCP-1, respectively.). Therefore, the 

relevance of loading Pred – as an anti-inflammatory agent – into Dox-containing 

implantable meshes to support the cancer therapy is proved (KT2). 

The controversial results regarding neat PSI (decreased cytokine levels were measured: 

55, 91, 73, 69, 69, 56% regarding IL-1β, IL-6, IL-10, IL-18, IL-33, MCP-1, 

respectively) (Figure 35.) can be explained by its hydrolyzation to PASP form, which is 

followed with a slight decrease in the pH of the cell culturing medium, negatively 

affecting cell proliferation (278). Although regarding peripheral blood mononuclear 

cells, the anti-inflammation effect of PCL-based nanoparticles was demonstrated (279), 
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the slightly decreased level of cytokines related to PCL in our case (decreased cytokine 

levels were measured: 46, 56, 56, 65, 65% regarding IL-1β, IL-6, IL-10, IL-18, MCP-1, 

respectively) can be rather the consequence of potential adsorption. Since PCL fibers 

have totally hydrophobic characteristic, the small proteins such as cytokines can be 

absorbed to the fiber surface, hence less cytokines can be determined in the supernatant 

(253). As PSI is also a hydrophobic polymer, the same process may occur during the 

treatment with PSI-based fibrous systems. The different cytokine levels triggered by the 

different kinds of Pred-loaded polymer samples can be explained by the unique drug 

release profiles of the different meshes (Figure 26.), which entail the different amount 

of released Pred after a certain time period. In conclusion, by applying different 

polymers, different kinetics of prolonged Pred release can be obtained according to the 

requirements and the therapeutic purpose (KT2). 
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6. Conclusions 

The main outcomes of my thesis are the following: 

1. I successfully created dopamine (DA)-conjugated polysuccinimide (PSI-DA) 

fibers with different degrees of grafting (DG: 1, 2, 4) by electrospinning. The 

increasing amount of DA on the polymer chain leads to thinner fibers (average 

diameters are 613 ± 172 nm, 179 ± 27 nm, and 78 ± 15 nm for DG4, DG2 and 

DG1, respectively) with lower specific load capacity (0.039 ± 0.008 Nm2·g-1, 

0.022 ± 0.007 Nm2·g-1, and 0.010 ± 0.005 Nm2·g-1 for DG4, DG2 and DG1 

respectively). However, the initial modulus of the meshes is independent of the 

DA content and it is between 0.3 and 0.5 N·mm-1 for all the PSI-DA conjugates 

(KT1). 

2. The solubility of the hydrophobic neat PSI increased significantly by the 

catechol side chain of DA: 42.3, 7.6 and 6.6% were dissolved from the DG4, 

DG2, and DG1 conjugates, respectively. The hydrolysis of free succinimide 

rings in the case of the PSI-DA DG4 generates a sudden increase in the 

concentration of dissolved conjugates after 8 h. PSI-DA conjugates provide 

prolonged drug release in PBS solution and the DG4 conjugate released more 

DA within 65 h (20.5%) than DG2 (14.5%) or DG1 conjugates (13.4%). The 

kinetic analysis confirmed that the release of DA occurs from the solid surface 

of the fibers and not from the dissolved conjugates. The DA release was 

significantly higher in the presence of the α-chymotrypsin enzyme, reaching 

49.2%, 38.0%, and 45.1% after 65 h regarding DG4, DG2, and DG1 conjugates, 

respectively than in PBS without enzymes (KT1).  

3. The PSI-DA-AE 1:2 conjugate can be applied in higher DA concentrations 

without toxic effect compared to free DA on periodontal ligament stem cells 

(PDLSCs) and SH-SY5Y neuroblastoma cell line. A treatment with 200 µM DA 

for 72 h eliminates all the PDLSCs and prevents the growth of SH-SY5Y cells. 

However, PSI-DA-AE 1:2 conjugates with 200 µM DA-content are not toxic for 

PDLSCs and enable proliferation of SH-SY5Y cells. Moreover, both PDLSCs 

and SH-SY5Y cells capable to proliferate for 24 h to 72 h in the presence of 

fibrous PSI-DA conjugates with 300 µM DA-content. I demonstrated by 

immunofluorescence labeling that the PDLSCs possess D1R and D2R dopamine 
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receptors. The flow cytometric and confocal microscopic studies proved that the 

PSI-DA conjugates can be internalized by both PDLSCs and SH-SY5Y cells 

(KT1). 

4. Incorporation of prednisone (Pred) into PSI or ε-polycaprolactone (PCL) do not 

affect notably fiber diameter, it is 420-460 nm for PSI, while 540-610 nm for 

PCL regarding both neat and Pred-containing meshes. In the case of poly(vinyl 

alcohol) (PVA), the average fiber diameter is directly proportional to the Pred 

amount: 157 ± 61 (neat), 212 ± 56 (0.5% Pred), and 497 ± 117 nm (1% Pred). 

Higher Pred content leads to lower specific load capacity (0.151 ± 0.006, 0.164 

± 0.009, and 0.081 ± 0.005 Nm2·g-1 for 0, 0.5, and 1% Pred-content, 

respectively), initial modulus (2.794 ± 0.339, 1.972 ± 0.212, and 0.650 ± 0.104 

Nm2·(mm·g-1) for PVA with 0, 0.5, and 1% Pred-content respectively), and 

maximal elongation (7.8 ± 0.7, 3.8 ± 0.2, and 2.6 ± 0.2 mm for PVA with 0, 0.5, 

and 1% Pred-content respectively) of PVA fibers. In the case of PSI, the specific 

load capacity is decreasing (0.233 ± 0.009, 0.126 ± 0.005, 0.136 ± 0.009 Nm2·g-

1) but the initial modulus is increasing (0.701 ± 0.0019, 1.680 ± 0.099, 2.373 ± 

0.27 Nm2·(mm·g-1)) with the increasing Pred content (0, 0.5, 1%). Regarding 

PCL, the amount of the loaded Pred (0, 0.5, 1%) directly correlates with the 

specific load capacity (0.018 ± 0.004, 0.139 ± 0.004, 0.165 ± 0.012 Nm2·g-1), the 

initial modulus (0.007 ± 0.001, 0.043 ± 0.003, 0.050 ± 0.006 Nm2·(mm·g-1)), 

and the maximal elongation (7.6 ± 0.3, 35.4 ± 0.9, 44.8 ± 0.7 mm). The 

hydrophilic PVA provides burst release of Pred, while hydrophobic PSI and 

PCL show more prolonged release. At pH 7.4, the Pred release is faster from 

PVA and PSI (after 6 h 100% for PVA and 27.4% for PSI) than at pH 6.5 (after 

6 h 86.8% for PVA and 15.3% for PSI) but in the case of PCL such difference is 

not remarkable. Pred reduces the level of 6 cytokines (IL-1β, IL-6, IL-10, IL-18, 

IL-33, MCP-1) produced by MDA-MB-231 breast cancer cells, justifying its 

relevance as an anti-inflammatory agent in a potential implantable nanofibrous 

mesh. (The relative cytokine level after incubation with 400 µM Pred is 49.2, 

56.8, 68.0, 81.5, 63.9, 55.6% respectively.) (KT2). 

5. I successfully conjugated PSI with doxorubicin (Dox) and fabricated nanofibers 

by electrospinning from this conjugate (PSI-Dox) and from Dox-loaded PSI 
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fibers (Dox/PSI). In the case of PSI-Dox, the chemical bond between the drug 

and the polymer provides noticeably slower release of Dox (reaching only 

13.18%, and 30.67% after 200 h at pH 6.5 and 7.4, respectively) compared to 

Dox/PSI (reaching 23.15%, and 87.53% after 200 h at pH 6.5 and 7.4, 

respectively). In both cases, the release is faster and more complete at pH 7.4 

compared to pH 6.5 due to the hydrolysis of PSI. The fibrous PSI-Dox conjugate 

mesh is less cytotoxic (the relative cell viability is 111% and 254% after 24 and 

72 h, respectively) for the MDA-MB-231 breast cancer cell line compared to 

Dox/PSI (the relative cell viability is 68% and 23% after 24, and 72 h, 

respectively) because of the prolonged drug release and the different cellular 

uptake. Although PSI enhances the internalization of Dox by the MDA-MB-231 

cells, significantly less drug can enter the cell nuclei, therefore the conjugated 

Dox is not able to exert strong cytotoxic effect (KT2). 
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7. Summary 

Functionalized biocompatible electrospun nanofibrous systems can be promising 

candidates for pharmaceutical applications as drug-delivery systems due to the high 

specific surface and the amorphous structure, which leads to higher bioavailability of 

the drug. Moreover, the early deactivation, degradation, and fast clearance from 

circulation can also be avoided by the conjugation of drugs onto polymers.  

The aim of this work was to create dopamine (DA)-, prednisone (Pred)-, and 

doxorubicin (Dox)-containing fibrous drug-loaded and drug-conjugated biocompatible 

polymer-based drug-delivery systems by electrospinning for different biomedical 

purposes, and to characterize them physiochemically, mechanically, and biologically. 

The chemical composition and structure of the drug-delivery systems were investigated 

by FT-IR, NMR, and XRD measurements, morphology of the fibers was observed by 

SEM and the mechanical performance was also studied. The drug release was examined 

under normal physiological conditions while the in vitro investigations (cytotoxicity, 

internalization) were carried out on human periodontal ligament stem cells (PDLSCs), 

SH-SY5Y neuroblastoma cells, and MDA-MB-231 triple-negative breast cancer. 

The presence of different drugs can influence the fiber diameter and the mechanical 

performance as well, but this effect can be controversial according to the 

physicochemical features of the drugs and the polymers. By loading or conjugating 

hydrophobic drugs into polymers with different polarities, the drug release can be 

tailored. In the case of drug loading into hydrophilic PVA, a burst release can be 

provoked, while applying hydrophobic PSI or PCL, the release is more prolonged. By 

conjugating DA or Dox to the PSI polymer chain, more prolonged drug release can be 

achieved compared to the drug loading and the drug can be tolerated in higher 

concentrations by the cells. The confocal microscopy analysis in line with the flow 

cytometry proves the enhanced cellular internalization of the conjugates and the 

immunofluorescence labeling analysis confirm the presence of DA receptors (D1R, 

D2R) on both PDLSC and SH-SY5Y cells. 

According to the outcomes, by applying biocompatible polymers with different 

polarities, the release and the bioavailability of the introduced drug can be precisely 

tailored for a prolonged local therapy based on implanting nanofibrous drug delivery 

systems.  



93 

 

8. Összefoglalás 

Az elektrosztatikus szálképzéssel előállított, biokompatibilis polimer alapú hatóanyag-

hordozó rendszerek nagy fajlagos felületüknek és a hatóanyag emelkedett 

biohasznosulásához vezető amorf kristályszerkezetüknek köszönhetően ígéretes jelöltek 

lehetnek különböző gyógyszeres terápiák esetén. A hatóanyag polimerhez történő 

konjugálásával elkerülhető a hatóanyag inaktiválódása a funkciójának betöltése előtt, 

valamint degradációja és gyors kiürülése a szervezetből. 

Célom dopamin-, prednizon-, és doxorubicin-tartalmú nanoszálas, hatóanyaggal töltött 

és konjugált biokompatibilis polimer-alapú hatóanyag-hordozó rendszerek előállítása 

elektrosztatikus szálképzéssel, ill. fizikokémiai, mechanikai és biológiai 

karakterizálásuk.  

A kémiai szerkezetvizsgálat FT-IR, NMR, és XRD módszerek segítségével történt, míg 

a szálas struktúrák morfológiáját SEM mikroszkóppal, mechanikai tulajdonságait 

egyirányú elmozdulás kontrollált húzást biztosító készülékkel vizsgáltuk. A hatóanyag 

felszabadulásának vizsgálata normál fiziológiai körülmények között történt, az in vitro 

kísérletek során pedig humán foggyökérhártya eredetű őssejtek (PDLSC), SH-SY5Y 

neuroblasztóma- és MDA-MB-231 emlőtumor sejtvonalakat használtunk. 

A hatóanyagok jelenléte eltérően befolyásolja az átlagos szálátmérőt és a mechanikai 

tulajdonságokat a hatóanyag és a polimer fizikokémiai tulajdonságaitól függően. 

Hidrofób jellegű hatóanyagok töltése vagy konjugálása különböző polaritással 

rendelkező polimerek esetén eltérő profilú hatóanyag-felszabadulást biztosít. A hidrofil 

PVA esetén egy kezdetben pillanatszerű, majd gyors hatóanyag felszabadulás érhető el, 

míg a hidrofób PSI és PCL esetében a felszabadulás ehhez képest jelentősen elnyújtott.  

A konfokális mikroszkóppal készült felvételek és az áramlási citometria vizsgálatok 

bizonyítják a konjugátumok megnövekedett mértékű internalizációját a hatóanyag 

szabad formájához képest, továbbá az immuncitokémiai analízis igazolja a D1 és D2 

dopamin receptorok jelenlétét a PDLSC és SH-SY5Y sejtek felszínén. 

A fentebb bemutatott eredmények alapján a különböző polaritással rendelkező 

polimerekből előállított komplex nanoszálas hatóanyag hordozó rendszerek a jövőben 

alkalmasak lehetnek klinikai terápia során lokálisan kifejtve hatásukat, ugyanis 

alkalmazásukkal a hatóanyag felszabadulása és a biohasznosulása megfelelően 

szabályozható.  
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