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1. Introduction and objectives 

Polymers and plastics constitute one of modern society’s most important and versatile 

classes of materials. Owing to significant strides made over the past decades, their range of 

applications has continuously expanded, rendering them indispensable in most areas of industry 

and everyday life. The rapid development of polymer chemistry has fundamentally changed the 

way macromolecular materials are perceived: whereas earlier research primarily focused on the 

production of structural materials with appropriate physical and mechanical properties 

(strength, toughness, fire resistance, etc.), nowadays, there is a growing interest in designing 

functional polymers, i.e. polymeric materials with special electrical, magnetic, optical, biolog-

ically relevant, etc. properties. This paradigm shift of considerable scientific and historical sig-

nificance has been brought about by the emergence of novel polymerization techniques, post-

synthetic modification strategies and computer-assisted molecular design, which together en-

able precise control over macromolecular structure and functionality.  As a result, polymers 

have come to play a pivotal role in the field of biomedical engineering, electronics, energy, as 

well as in environmental applications. 

For applications requiring a precise combination of properties, it is essential to modify 

the polymer at the core of the functional system. For this reason, modern materials science 

increasingly targets polymers with properties that can be tailored in a controlled and versatile 

manner. Amid this multiplicity of macromolecular materials, however, one polymer in particu-

lar stands out: poly(vinyl alcohol) (PVA). PVA has become one of the most extensively studied 

polymers due to the combination of highly attractive characteristics, including excellent film-

forming ability, biocompatibility, biodegradability, water solubility, relative ease of modifica-

tion, etc. These qualities make PVA a preferred material across many industries, from biomed-

ical technologies to electronics, food processing, construction, pharmaceuticals, cosmetics, and 

packaging. Despite all these advantages, however, PVA-based products suffer from several se-

rious limitations: the high density of hydroxyl groups renders these materials in their pristine 

form highly sensitive to water, leading to pronounced swelling and generally inadequate me-

chanical performance, which can significantly shorten their service life. The overarching goal 

of modifying PVA, therefore, is not merely to overcome these shortcomings, but to do so while 

maintaining the advantages – biocompatibility, biodegradability, non-toxicity, processability, 

etc. – that make the polymer valuable in the first place. Building on this objective, the present 

work was directed towards developing modification strategies that address PVA’s limitations 

while retaining its promising features. 
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To address the challenges outlined above, the first part of the present work aimed at 

developing a PVA-based functional material cross-linked by reversible covalent bonds with the 

ability to self-heal after sustaining mechanical damage and with thermo-mechanical properties 

that can be tuned by adjusting the cross-link density. To achieve this, a simple one-pot synthetic 

approach was employed which, to the best of our knowledge, has not previously been utilised 

for this purpose. During the modification of PVA, small amounts (0.89–7.12 mol%) of low-

molecular-weight compounds bearing formyl and amino groups capable of forming dynamic 

imine bonds by reacting with each other were incorporated into the macromolecular chains via 

Steglich esterification. Following confirmation of successful functionalisation, our objective 

was to investigate the influence of the degree of modification on the mechanical and thermal 

properties of PVA, and to characterize the self-healing performance of the resulting systems 

using both qualitative and quantitative methods. 

The second part of this study focused on tailoring the wetting properties of PVA. Since 

both chemical composition and surface roughness determine how water interacts with solid 

surfaces, PVA was hydrophobised via silanization, while the desired surface texture was 

achieved by the addition of biocompatible cellulose particles. These modifications transformed 

the initially highly hydrophilic, water-soluble polymer into a material suitable for the formation 

of thin films with extremely low wettability. Further objectives included investigating the im-

pact of film composition on wettability and demonstrating that, by finding the optimal compo-

sition, the thin films can be converted into controlled drug delivery systems. The practical rel-

evance of this concept was illustrated using mitomycin C (MMC) as a model drug. MMC is a 

widely used chemotherapeutic agent with moderate water solubility, which, when administered 

in its free form, is rapidly eliminated from the body. As a result, ensuring therapeutic efficacy 

often requires relatively high doses and frequencies of administration, which in turn increases 

the risk of severe side effects. Encapsulation of the drug into composite thin films with tunable 

wetting characteristics offers a way to modulate its release profile. This enables the maintenance 

of a more consistent plasma concentration within the therapeutic range over a longer period of 

time, thereby reducing the likelihood of adverse reactions. 
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2. Experimental 

In the first part of my PhD work, a homogeneous, single-component macromolecular 

system capable of local and autonomous self-healing at ambient conditions, using atmospheric 

moisture as an external stimulus was developed. To impart dynamic self-healing ability, low 

concentrations (0.89–7.12 mol%) of 4-formylbenzoic acid (4-FBA) and 3,4-diaminobenzoic 

acid (3,4-DABA) – small molecules bearing formyl and amino groups capable of forming re-

versible imine linkages by reacting with each other – were introduced into PVA via a one-pot 

synthetic method based on Steglich esterification. The reaction was carried out in dimethyl sul-

foxide in the presence of N,N′-dicyclohexylcarbodiimide (DCC) and a catalytic amount of 4-

(dimethylamino)pyridine (DMAP). After removing the by-product, concentrating the reaction 

mixture, and precipitating the polymer, the product was isolated by centrifugation and dried at 

room temperature until constant mass was achieved. For control, samples with comparable de-

grees of functionalisation (0.89–7.12 mol%) containing either formyl or amino groups were 

also prepared. Next, free-standing films were fabricated from native PVA and its derivatives 

using the solvent casting technique. The chemical composition, the crystallinity and the thermal 

properties of the cast polymer films were investigated employing infrared spectroscopy (ATR-

FTIR), X-ray diffractometry (XRD), and differential scanning calorimetry (DSC) and thermo-

gravimetry (TG), respectively. Bulk and surface processes occurring during self-healing were 

studied by X-ray microtomography (micro-CT), digital microscopy, and scanning electron mi-

croscopy (SEM). To determine the mechanical properties and self-healing efficiency, the films 

were subjected to uniaxial tensile testing. 

The second part of my work focused on the preparation of composite thin films with 

composition-dependent wettability. For the fabrication of the samples, the matrix material 

(PVA) was first hydrophobised to a varying extent using a hexane-based silanization solution 

containing systematically varied amounts (0.01–2 vol%) of n-butyltrichlorosilane (BTS). After 

completion of the reaction, the liquid phase was removed by decantation, the modified polymers 

(BTS–PVA) were washed with hexane, and then dried at 50 °C. The success of the silanization 

reaction was confirmed by IR spectroscopy. The hydrophobic character of the samples (after 

swelling in distilled water) was verified by TG measurements, while the degree of hydro-

phobisation was quantified using a titrimetric method based on the acetylation of residual free 

hydroxyl groups with acetic anhydride. The solubility of both hydrophobised and unmodified 

PVA was determined gravimetrically in water as well as in a 10 vol% ethanol–water solvent 

mixture. 



4 
 

Thin films containing 0.25 wt% of the model drug MMC (with respect to the combined 

dry mass of the polymer and the cellulose mixture) were prepared by solvent casting from PVA 

treated with a silanizing solution containing 1 vol% BTS (1% BTS–PVA) and from the native 

polymer. Firstly, for the preparation of the casting solution, the polymers were dissolved in a 

10 vol% ethanol–water solvent mixture, after which the required amount of MMC was added 

to the obtained solutions. To generate surface roughness, varying amounts (0–95 wt%) of a 

cellulose mixture (“roughening agent”) were introduced into the MMC/polymer solutions. The 

roughening agent consisted of the 1:1 mass ratio physical mixture of cellulose powder (20–150 

μm) and microcrystalline cellulose (~20 μm). After thorough homogenization, the MMC/poly-

mer/cellulose suspensions were cast into Petri dishes and dried at 60 °C to constant mass. Drug-

free thin films of identical composition were also prepared to serve as control samples. The 

physical state of the model drug embedded in the films was determined by XRD. Surface mor-

phology was characterized by SEM, surface roughness by contact profilometry, film thickness 

by a digital profile gauge, and porosity by micro-CT. The the wetting behavior of the samples 

was analysed by static and dynamic contact angle measurements, while the apparent surface 

free energy values were calculated using the method of Drelich and the Owens–Wendt–Rabel–

Kaelble model. During in vitro dissolution tests, the amount of MMC liberated from the dosage 

forms into the medium (phosphate-buffered saline, PBS) was monitored via UV–Vis spectro-

photometry. 

 

3. New scientific results 

T1. A facile and versatile functionalisation strategy was developed for linear poly(vinyl 

alcohol) (PVA), enabling the formation of reversible imine cross-links between polymer 

chains via the reactions of the introduced formyl and amino groups. 

T1.1. It was demonstrated that ester bonds could be formed in a one-pot manner between the 

hydroxyl groups of PVA chains and the carboxyl groups of 4-FBA and 3,4-DABA in the pres-

ence of DCC and catalytic amounts of DMAP. 

T1.2. It was shown that this one-pot Steglich esterification approach enabled the degree of 

functionalisation of PVA (Mw = 46.83 kDa, degree of hydrolysis = 86–89 mol%) to be tuned 

over a wide range (0.89–7.12 mol%). 

T1.3. The simultaneous presence of formyl and amino moieties on the PVA chains led to the 

formation of Schiff base linkages between the linear macromolecules, as indicated by the ap-

pearance of new IR bands at ~1630 and ~1540 cm−1. In contrast, control samples bearing only 
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one of these functionalities displayed solely the vibrational bands of the corresponding free 

functional groups, while the characteristic IR peaks of the imine bond were not observed. 

 

T2. It was demonstrated that the reversible nature of the imine bonds formed by the con-

densation reaction between the incorporated formyl and amino groups imparted self-heal-

ing capability to PVA. 

T2.1. X-ray microtomography (micro-CT), scanning electron microscopy (SEM), and digital 

microscopy clearly revealed that artificially damaged, i.e., bisected specimens, once wetted and 

rejoined, virtually fused together at room temperature within 24 hours: the dynamic imine bonds 

present in the samples enabled them to successfully restore their integrity, both in the bulk phase 

and on the surface. 

T2.2. It was demonstrated that even a sample with a nominal degree of functionalization as low 

as 1.78 mol% was capable of complete regeneration, achieving a healing efficiency (𝜂) of 

175%1 as determined by tensile tests, whereas pristine PVA – apart from minimal self-adhesion 

– exhibited no self-healing behavior (𝜂ௗ~ௗ28%). 

 

T3. As a new scientific finding, it was demonstrated that the thermal and mechanical prop-

erties of the modified PVA can be tuned over a wide range by varying the nominal degree 

of functionalisation. 

T3.1. Thermal (DSC, TG) analysis and structural characterisation (XRD, FTIR) revealed that 

the incorporation of bulky substituents into the macromolecules had a pronounced effect on the 

polymer’s thermal transitions (𝑇௚, 𝑇௠). The glass transition temperature (𝑇௚) of PVA decreased 

from 65.3 °C to 35.0 °C with increasing extent of modification, indicating the disruption of 

interchain hydrogen bonds by the bulky substituents and the consequent enhancement of chain 

mobility. Similarly, both the melting temperature (𝑇௠, 195 °C → 170 °C) and the degree of 

crystallinity (𝑋௖
஽ௌ஼, 36% → 0%) – calculated from the heat of fusion values (𝛥𝐻௠) obtained by 

integrating the melting peaks – exhibited a decreasing trend, consistent with the values esti-

mated by XRD (𝑋௖
௑ோ஽, 37% → 8%) and IR (𝑋௖

ி்ூோ, 46% → 9%) measurements. 

T3.2. The appearance of an additional endothermic peak (𝑇௖௥ௗ) was also observed in the tem-

perature range of 234–250 °C; its intensity increased progressively with the nominal degree of 

 
1 The healing efficiency (𝜂) is a relative measure comparing the mechanical performance (here: the tensile strength) 
of the healed sample to that of the undamaged specimen. Values exceeding 100% can be attributed to the 
measurement configuration and to higher local mechanical load-bearing capacity arising from the rearrangement 
of the dynamic network. 
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functionalisation and was attributed to the cleavage of imine bonds and the subsequent rear-

rangement of the dynamic network. TG measurements indicated that the increasing extent of 

modification led to the reduction of the thermal stability of the polymer 

(𝑇ௗ௘௚  =ௗ307 °Cௗ→ௗ232 °C), which could be explained by the disruption of the crystalline do-

mains and the concomitant increase in the amorphous fraction. 

T3.3. It was demonstrated through uniaxial tensile testing that the mechanical properties of PVA 

could be tuned across a wide range by varying the nominal degree of functionalisation. As the 

amount of incorporated bulky substituents increased, the formation of ordered domains held 

together by hydrogen bonds became more and more hindered, resulting in a reduction in sample 

crystallinity (see T3.1). The decrease in hydrogen bond density, and thus chain rigidity, together 

with the gradual increase in imine cross-link density, transformed the initially brittle polymer 

into a softer, more viscoelastic material: the Young's modulus and the tensile strength decreased 

from 414.9 MPa to 3.44 MPa and from 34.46 MPa to 3.40 MPa, respectively, while the elon-

gation at break increased from 12.13% to 130.25%. 

 

T4. It was shown that the hydrophobisation of the polymer chains, combined with the use 

of appropriate fillers, markedly reduced the intrinsic water solubility of PVA, enabling 

the fabrication of thin films exhibiting extreme water-repellency (parahydrophobicity). 

T4.1. It became evident that even treatment with a silanizing solution containing as little as 1 

vol% n-butyltrichlorosilane (BTS) is sufficient to markedly reduce the solubility and wettability 

of the inherently hydrophilic, water-soluble PVA. By incorporating a filler composed of a 1:1 

mass ratio physical mixture of cellulose powder (0.02–0.15 mm) and microcrystalline cellulose 

(20 µm) – and by finding the optimal filler content (20–95 wt%) –, free-standing composite 

thin films with extreme water-repellent character (𝛩∗ > 150°) could be prepared from the mod-

ified polymer (1%BTS–PVA). 

T4.2. SEM micrographs revealed that increasing the proportion of the “roughening agent” (0, 

20, 40, 60, 80, 90, and 95 wt%) in the polymer matrix (PVA and 1%BTS–PVA) resulted in the 

formation of solvent-cast thin films with more and more textured and porous surfaces. 

T4.3. It was further shown that the use of fillers composed of particles of different sizes (20 µm 

and 0.02–0.15 mm) led to the simultaneous appearance of coarse, micrometer-scale protrusions 

and finer topographical features on the surface of films containing ≥ 60 wt% filler, indicating 

the formation of hierarchical surface roughness. As a result, both the arithmetic mean roughness 

(𝑅௔) determined by contact profilometry (e.g., PVA100/CK0: 0.02 ± 0.01 μm → PVA10/CK90: 

31.6 ± 4.8 µm) and the porosity values calculated from micro-CT data (e.g., 1%BTS-
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PVA100/CK0: 0.7% → 1%BTS-PVA40/CK60: 64.9%) increased systematically with increas-

ing cellulose content. 

T4.4. According to the results of static contact angle measurements, the composite thin films 

exhibited composition-dependent wetting behaviour. Increasing the filler content amplified the 

intrinsic wetting characteristics through surface roughening: the inherently hydrophilic PVA 

films became superhydrophilic (𝛩∗=ௗ60.3°ௗ→ௗ0°) as the cellulose content increased, whereas 

the initially hydrophobic 1%BTS–PVA films gradually developed extreme water-repellent 

characteristics (𝛩∗=ௗ97.4°ௗ→ௗ168.2°). Dynamic contact angle measurements revealed that 

1%BTS–PVA films at moderate/high filler loading (≥ 60 wt%) exhibited parahydrophobicity, a 

wetting behaviour characterised by high advancing angles (𝛩஺   = ~ 160°) and pronounced con-

tact angle hysteresis (𝛥𝛩ௗ=ௗ𝛩஺ௗ– 𝛩ோ  =ௗ~ 85°). The parahydrophobic nature of the surfaces was 

further evidenced by the apparent surface free energy values calculated from dynamic contact 

angle data (e.g., 1%BTS-PVA10/CK90, 𝛾௦
௧௢௧ௗ=ௗ1.7 ± 0.7 mJ/m2). 

 

T5. As a novel scientific finding, it was demonstrated that PVA-based thin films exhibiting 

composition-dependent wettability can be successfully employed as vehicles for controlled 

drug delivery. 

T5.1. In vitro dissolution tests conducted under physiological conditions (PBS, pHௗ~ௗ7.4, 0.9 

wt% NaCl, 37 °C) showed that the release rate of MMC from the composite thin films could 

be precisely controlled by varying the carrier composition, and thus the wetting characteristics 

of the surface. As anticipated, the dissolution rate of the drug embedded in the hydrophilic films 

(PVA100/CK0, PVA40/CK60) was substantially greater than that of its free form (~ 80%, 𝑡ௗ=ௗ8 

hours, 𝑘ெெ஼
ᇱ ௗ=ௗ1.49 ×10–4 1/s): 98% of the chemotherapeutic agent was liberated from the 

smooth PVA100/CK0 film over a two-hour period (𝑘௉௏஺ଵ଴଴/஼௄଴
ᇱ ௗ=ௗ2.8 ×10–4 1/s), whereas the 

MMC loaded into the thin film containing 60 wt% cellulose was almost immediately released 

(~ 100%, 𝑘௉௏஺ସ଴/஼௄଺଴
ᇱ ௗ=ௗ6.7 ×10–4 1/s). In contrast, the films prepared from the hydrophobized 

polymer (1%BTS-PVA100/CK0) displayed considerably slower dissolution rates (100%, 𝑡ௗ=ௗ8 

hours, 𝑘ଵ%஻்ௌି௉௏஺ଵ଴ /஼௄଴
ᇱ

ௗ=ௗ8.0 ×10–5 1/s), while the parahidrophobic 1%BTS-PVA40/CK60 

film showed strong retention of the drug, releasing only ~ 49% of the MMC over 8 hours 

(𝑘ଵ%஻்ௌି௉௏஺ସ଴/஼௄଺଴
ᇱ ௗ=ௗ3.7 ×10–6 1/s). 

T5.2. XRD measurements revealed that the originally crystalline MMC was embedded in the 

polymer matrix in a partially amorphous form. This amorphous fraction represents a higher-

energy, less stable form of the drug, in which the absence of lattice energy imposes no thermo-
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dynamic barrier to dissolution. As a result, dispersing MMC in a hydrophilic polymer matrix 

promoted faster dissolution and significantly higher solubility (see T5.1), which is expected to 

enhance its bioavailability. In the composite thin films exhibiting (para)hydrophobic wetting 

characteristics, MMC also existed in its partially amorphous form; however, the extremely wa-

ter-repellent nature of the matrix substantially hindered the water imbibition into the porous 

carrier, thereby decreasing the release rate of the partially amorphous drug (see T5.1). 
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