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ABSTRACT 

The thesis focuses on the study of hydrogel films prepared from the oxidized 

polysaccharide crosslinkers and polyvinyl alcohol (PVA) aimed at biomedical 

applications, particularly drug delivery. Initially, the role of the matrix (PVA) 

characteristics was studied in hydrogels crosslinked by 2,3-dialdehyde cellulose 

(DAC) and designed for the transdermal delivery of biologically active 

compounds. Hydrogel structure, properties, and drug release kinetics were 

investigated. Optimization was achieved by varying the amounts of DAC 

crosslinker and weight average molecular weight (Mw) of PVA. The best results 

were obtained for hydrogel films using 0.25% wt. DAC and PVA with Mw=130 

kDa which had high porosity, drug loading capacity, mechanical properties, and 

skin adhesion among all tested samples. Next, different types of oxidized 

dialdehyde polysaccharide crosslinkers (DAP) based on cellulose, dextran, 

dextrin, and hyaluronic acid were compared on the selected PVA matrix, from 

which PVA/DAPs hydrogel films were created. The goal was to formulate a 

structure/function relationship and to select the best crosslinkers for a given 

application. The properties of PVA/DAP hydrogels were compared based on the 

density of -CHO groups, the structure of the crosslinkers, the molecular weight, 

and the size of the crosslinker nano-assemblies formed spontaneously in their 

solutions. All prepared hydrogel films with different amounts of DAC and Mw 

PVA crosslinker (PVA /DAC) and PVA/DAPs films were analyzed based on 

mechanical, viscoelastic properties, porosity, swelling, water content, network 

parameters, and cytotoxicity. Crosslinkers based on linear polysaccharides 

(cellulose, hyaluronate) performed more reliably, while the presence of branching 

could be both beneficial (dextran) and detrimental (dextrin) at lower crosslinker 

concentrations. 

Keywords: crosslinkers, polyvinyl (alcohol), hydrogels, polysaccharides, 

biocompatibility 
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ABSTRAKT 

Práce je zaměřena na studium hydrogelových filmů připravených z oxidovaných 

polysacharidových síťovacích činidel a polyvinylalkoholu (PVA) se zaměřením 

na biomedicínské aplikace, zejména podávání léčiv. Zpočátku byla studována role 

matrice (PVA) zesíťované 2,3-dialdehydcelulózou (DAC) v hydrogelech 

navržených pro transdermální podávání biologicky aktivních sloučenin. Byly 

zkoumány vlastnosti hydrogelu, struktura a kinetika uvolňování léčiva. 

Optimalizace bylo dosaženo změnou množství zesíťovacího činidla DAC a 

hmotnostní průměrné molekulové hmotnosti (Mw) PVA. Nejlepších výsledků 

bylo dosaženo u hydrogelových filmů s použitím 0,25 % hm. DAC a PVA s 

Mw=130 kDa, které měly vysokou poréznost, kapacitu nanášení léčiva, 

mechanické vlastnosti a adhezi ke kůži u všech testovaných vzorků. Dále byly 

porovnány různé typy oxidovaných dialdehydových polysacharidových 

síťovacích činidel (DAP) na bázi celulózy, dextranu, dextrinu a kyseliny 

hyaluronové na vybrané PVA matrici, ze které byly vytvořeny PVA/DAPs 

hydrogelové filmy. Cílem bylo formulovat vztah struktura/funkce a vybrat 

nejlepší síťovací činidla pro danou aplikaci. Vlastnosti  PVA/DAP hydrogelů byly 

porovnány na základě hustoty -CHO skupin, struktury síťovacích činidel, 

molekulové hmotnosti a velikosti nano-souborů síťovacích činidel, které se 

spontánně vytvořily v jejich roztocích. Všechny připravené hydrogelové filmy s 

různým množstvím DAC a Mw PVA síťovadla (PVA/DAC) a PVA/DAPs filmy 

byly analyzovány na základě mechanických, viskoelastických vlastností, 

porozity, bobtnání, obsahu vody, síťových parametrů a cytotoxicity. Síťovací 

činidla na bázi lineárních polysacharidů (celulóza, hyaluronát) fungovala 

spolehlivěji, zatímco přítomnost větvení by mohla být prospěšná (dextran) i 

škodlivá (dextrin) při nižších koncentracích síťovacích činidel.  

 

Klíčová slova: síťovadla, polyvinylalkohol, hydrogely, polysacharidy, 

biokompatibilita 
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1. INTRODUCTION  

Biopolymers are biodegradable materials made from renewable sources by 

living organisms1,2. The repeating units of saccharides, nucleic acids, or amino 

acids form the backbone of their molecules, and sometimes, side chains also 

contribute to their functions. Some natural polymers such as polysaccharides 

provide energy for cell activity and function as structural components in living 

systems, other polymers produced by microorganisms, plants or animals 

manipulate basic biological information such as proteins and nucleic acids. In 

addition to their importance in biology, materials such as chitin, collagen, 

cellulose, or starch have over time proven their use for various applications in 

packaging, food, textile, medical, agricultural, and other industries1. Utilization 

of biopolymers has increased significantly across almost all aspects of life as a 

result of the ongoing health and environmental issues of synthetic polymers. 

Hydrogel-based biomaterials are receiving ever-increasing attention due to 

their similarity to living tissues in terms of mechanical properties, porosity, and 

high water content. Due to their ability to capture, store, and release substances, 

hydrogels are excellent materials for various drug delivery applications as well 

as wound dressings3–5.  

An important aspect of the use of hydrogels in pharmacy is their low toxicity, 

biocompatibility, and suitable mechanical properties. While synthetic polymer-

based hydrogels have well-defined structures and properties, they also have 

drawbacks. For instance, fully synthetic hydrogels, such as PVA hydrogels 

crosslinked with organic dialdehydes like glutaraldehyde6, have a relatively 

high level of toxicity due to the use of low molecular weight crosslinking 

compounds. On the other hand, purely biopolymer-based hydrogels have better 

biodegradability, but in the swollen state, they often have poor mechanical 

properties. One possible answer is the use of hybrid hydrogels made from two 

polymers of natural and synthetic origin7. These have better-defined properties 

and can be optimized more easily3–5. Polysaccharides such as cellulose, 

hyaluronan, dextran, and dextrin are potential candidates as they can be 

obtained from renewable sources, contain vicinal diols in their structure, and 

can be selectively oxidized to aldehyde groups to prepare dialdehyde 

polysaccharides (DAPs) 8–10, which are perfect for crosslinking matrices rich in 

hydroxyl groups, like PVA11. Here, we investigate the synthesis, properties, 

and applications of DAP/PVA hydrogels.  
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2. HYDROGELS  

Hydrogels are three-dimensional cross-linked structures that can absorb large 

amounts of water based on their hydrophilic nature 12–14. Their hydrophilicity 

arises from the presence of hydrophilic groups such as -OH, -COOH, -CONH2, -

CONH-, -SO3H etc. They can also have a main chain made of a water-soluble 

polymer, such as derivatives of poly(ethylene oxide), or can be based on 

ionomers, glycopolymers, acrylic, acrylamide, N-vinyl-2-pyrrolidinone, or 

poly(vinyl alcohol)13. 

  

2.1 Characterization and structure  

One of the most basic divisions of hydrogels is according to the method of 

cross-linking, namely permanent (chemical hydrogels), which contain covalent 

bonds between macromolecules, and reversible (physical) hydrogels, which 

contain molecular entanglements stabilized by ionic bonds, hydrogen bonds, and 

hydrophobic interactions. Hydrogels can also be divided based on the origin of 

the used polymer, i.e. whether it is a biopolymer or synthetic polymer. Hydrogels 

based on natural polymers generally have better biodegradability and 

biocompatibility. On the other hand, material properties or degradation can be 

more easily controlled with synthetic materials. By combining both types, we 

obtain biohybrid gels that include the advantages of natural and synthetic 

hydrogels 12,15. The origin of hydrogels and used natural/synthetic polymers is also 

related to their biological degradability, according to which we can divide 

hydrogels into degradable or nondegradable. In addition to the above 

classifications, hydrogels can be further divided based on their properties, 

reactions to external stimuli, charges, and other characteristics, which are 

summarized in Figure 1 14,16,17. 

The structure of the hydrogel network is determined by the presence of polymer 

chains that are covalently or physically linked into a 3D arrangement. Polymer 

chains can be formed from a homopolymer or copolymer, and those can form a 

single connected 3D network or an interpenetrating polymer network, i.e. two or 

more networks that are physically entangled with each other but not connected by 

covalent bonds12. Based on the structure of the polymer network, its interaction 

with the solvent, and the type of polymer, the properties of the hydrogel are given. 

For example, crosslinks between different polymer chains result in different 

viscoelastic behavior and give the gel its structure and elasticity17,18. The 

properties of crosslinkers are thus paramount in designing hydrogels for given 

applications. Among the most important properties of a hydrogel is its ability to 

bind water, which depends on the density of the hydrogel network and the content 

of the hydrophilic monomer. Important parameters that ensure water absorption 

are the compatibility between the polyelectrolyte and water and the osmotic 

pressure created by the high concentration of ionic groups in the gel 18. 
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Figure 1 Classification of hydrogels19 

 

The structure of the hydrogel network is characterized by the volume fraction 

in the swollen state (υ2,s), which indicates the percentage of the gel matrix in the 

gel volume, the number-average molecular weight of the polymer chains between 

the crosslinks (Mc), and the network mesh size (ξ) which describes the distance 

between individual chains and allows the diffusional movement of solute 

molecules. By obtaining and comparing these parameters for a given type of 

hydrogel, it can be shown how effective a given crosslinker is. 12,15. 

 

2.2 Hydrogel applications 

Hydrogels have been used in biomedicine since 1960 when Wichterle and Lim 

created the first contact lenses using a hydrogel based on poly 2-hydroxyethyl 

methacrylate20. Nowadays, hydrogels are widely used mainly for engineering, 

biological, and pharmaceutical purposes21. 

Tissue engineering 

In tissue engineering, hydrogels are mainly used as scaffolds, i.e. three-

dimensional structures that facilitate cell organization and respond to stimuli to 

guide the development of specific tissues, but can also be used as space-filling 
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agents or carriers for bioactive substances. Hydrogel scaffolds can be used to 

(re)construct almost every tissue in the body, including cartilage, bone, and 

smooth muscle22. The most widely used synthetic polymers are polylactic acid 

and its copolymers23, polyethylene glycol24, and polyvinyl alcohol25. Of the 

natural materials, collagen, gelatin, alginates, chitosan, dextran, or hyaluronic 

acid are the most widely employed26. 

Wound healing 

An ideal wound dressing must meet several conditions, such as good 

biocompatibility with tissues, maintaining a moist wound environment for cell 

hydration and absorption for wound exudate, having sufficient physical and 

mechanical strength to prevent the penetration of external bacteria, and, last but 

not least, having appropriate microstructure and biochemical properties to support 

cell adhesion, proliferation, and differentiation. Hydrogels are excellent wound 

dressings as they fulfill all of these criteria. To enhance the mechanical and 

biochemical properties of hydrogels, various bioactive compounds can be 

used27,28. For the production of antibacterial hydrogels, polymers with natural 

antibacterial properties are used, or antibacterial agents such as metallic 

nanoparticles, carbon-based nanomaterials, and nanofibers are incorporated into 

the hydrogel29. One example of a natural polymer with significant antibacterial 

properties is chitosan30,31. Chitosan represents the deacetylated form of chitin and 

is the second most widespread polysaccharide in the world after cellulose. It is 

found in the exoskeletons of crustaceans, insects, and fungi. It's a natural linear 

polysaccharide composed of N-glucosamine and N-acetylglucosamine units32. 

Chitosan is soluble in water only under diluted acidic conditions with a pH below 

6. This property is due to the protonated free amino group on glucosamine, which 

enhances the molecule's solubility33. Antioxidant hydrogels are prepared using 

polymers containing polyphenols, such as gallic acid, which can capture free 

radicals through their hydroxyl groups or aromatic rings34. Another option is the 

incorporation of antioxidant agents based on catechol and amino acid structures35. 

These substances help neutralize free radicals and protect tissues from damage 

caused by oxidative stress. Hydrogels based on methacryloyl and chitosan are 

used as adhesive materials for wound healing30,36. 

Drug delivery 

Based on their physical properties, such as their high porosity and affinity to 

aqueous environments, hydrogels are suitable for drug delivery applications. 

Their controllable porosity allows for the incorporation of drugs into the gel 

matrix and, subsequently the controlled release of drugs through the gel 

network37. Hydrogel delivery systems can be classified based on their size.  For 

instance, macroscopic hydrogels are typically on the scale of millimeters to 

centimeters and are used for transepithelial delivery and localized placement 

within the body in the form of injectable hydrogels, including in situ gelling 
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hydrogels, shear-thinning hydrogels, and similar applications38. Among the most 

used are synthetic polymers such as poly(vinyl alcohol)39 and poly(hydroxylalkyl 

methacrylate)40 and biopolymers such as alginates41, collagen42, or chitosan43. 

Temperature-responsive systems that gel at body temperature, such as gelatin or 

synthetic poly(N isopropylacrylamide) (PNIPAm),44 or shear-thinning hydrogels, 

which have a low viscosity under shear stress during injection the hydrogel, but 

quickly recovers its initial stiffness after removal of shear stress in the body, are 

ideal for implantations due to minimal invasiveness of the procedure. One 

example is modified alginate hydrogels45.  

Microgels and nanogels are particle-based hydrogels with dimensions in the range 

of micro or nanometers. They are also suitable for oral and systemic 

administration of drugs38. For example, nucleotide-based nanogels for gene 

therapy to treat cancer46 have been developed. 

2.3 Release of substances from hydrogel systems 

The permeability of substances that are not bound to the hydrogel network 

through an equilibrium swelled-state hydrogel is based on diffusion. Several 

criteria influence the diffusion behavior of these substances. One of them is the 

mesh size, which depends both on the concentrations of the polymer and the 

crosslinker, as well as on the external effects of temperature and pH. Due to 

network heterogeneity and polymer polydispersity, most hydrogels have a wide 

mesh size distribution 12,38. Mesh size can be calculated based on the established 

shear or Young's modulus or degree of swelling 47,48. The hydrogel mesh size can 

also be obtained using the Flory-Rehner equilibrium swelling theory 49,50. The 

classical theory of rubber elasticity relates the shear modulus G to the mesh size 

r mesh by 38: 

 

 rmesh = (
6𝑅𝑇

𝜋𝑁𝐴𝑉𝐺
 )1/3 (1) 

 

where R is the gas constant, T is the absolute temperature, and NAV is Avogadro´s 

number. 

To directly characterize the mesh size, techniques such as confocal microscopy, 

electron microscopy, atomic force microscopy, small-angle X‑ray scattering 

(SAXS), and small-angle neutron scattering (SANS)38,51,52 exist. 

The size of the mesh determines the method of drug diffusion. If the mesh size 

is significantly larger than the drug, diffusion is mostly unhindered, and small 

drug molecules freely migrate through the network. By increasing the polymer or 

crosslinker concentrations, the mesh size can be decreased. As the drug size 

approaches the mesh size, its release begins to slow down considerably. If the 

mesh size is smaller than the drug, the drugs remain trapped inside the mesh. To 

release drugs, network degradation, swelling, or network deformation is 

required38. 
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In network degradation-controlled release, the mesh size increases as the 

network degrades, thereby allowing drugs to diffuse out of the hydrogel. 

Degradation could occur in the main chain of the polymer or at the crosslinks e.g. 

by hydrolysis or enzymatic activity. Hydrogels based on polysaccharide 

crosslinkers such as alginate, chitosan, and cellulose, which are oxidized with 

sodium periodate, typically undergo mass erosion, and the rate of degradation can 

be controlled by the degree of oxidation.  

A second method for controlled drug release is the directed swelling of 

hydrogels. As the hydrogel swells, the mesh size increases. External parameters 

that influence the swelling are temperature, glucose, pH, ionic strength, light, and 

electric fields38. For example, pH-responsive swelling is important for anticancer 

systems. As the hydrogel passes through the intestinal tract, the pH becomes basic 

compared to the stomach, and thus, the mesh can be designed to swell as much as 

possible to allow rapid drug diffusion in the intestine or column13. Hydrogels 

based on acidic or basic groups are used for such purposes. A disadvantage of 

swelling-controlled drug release can be a slow water diffusion response. 

Therefore, to achieve a faster response, diffusion can be improved by reducing 

the size of the hydrogel or creating interconnected macropores within the 

hydrogel.  

A final method of controlled release is through mechanical deformation of the 

network, which can increase the size of the network by changing its structure, thus 

triggering convective flow in the network and thereby creating a pulsatile 

release38. Mesh deformation can be caused by mechanical deformation induced 

by ultrasound or magnetic fields. 

The empirical Ritger-Peppas equation is utilized to describe the kinetics of 

substance release from hydrogel systems38,53–55: 

 

 
𝑀𝑡

𝑀∞
 = ktn  (2) 

 

where Mt is the mass of the drug released at time t, M∞ is the total mass of the drug 

released, k is the kinetic constant, and n is the diffusion exponent. The size of the 

exponent n depends on the type of transport, the shape of the hydrogel, and the 

polydispersity of the polymer. If n = 0.5, the drug is released by Fickian diffusion. 

If n=1 surface erosion dominates. In general, real systems often have n between 

0.5 and 1 because more than one mechanism controls release in a given system. 

 

To achieve positive therapeutic results, it is necessary to know which way and 

at what time the hydrogel releases the drug. Simultaneously, at the time of drug 

exhaustion, hydrogel should ideally have the ability to degrade to prevent surgical 

removal38. 
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2.4 Transdermal drug delivery 

The skin, as the largest organ of the human body, serves as the first line of 

defense against the external environment. Its surface area reaches approximately 

1.5–2.0 m2 and constitutes around 15% of the total body weight of an adult 

individual56. The human skin is composed of three main layers, which are shown 

in the Figure 2. The outermost layer is called the epidermis, beneath it lies the 

dermis, and the final layer is the subcutaneous tissue. 

 

Figure 2 The structural composition of the skin57 

The epidermis, which is the outermost layer of human skin, has a variable 

thickness of 50-100 µm depending on its location on the body. This layer consists 

of five distinct layers that work together in the process of skin regeneration56,58: 

Stratum corneum (SC) – represents the outermost layer of the skin, 

composed of several layers containing keratin and cornified cells, which lack a 

nucleus (known as anucleate squamous cells). This layer undergoes gradual 

renewal every four weeks and provides a barrier function. 

Stratum lucidum – Below the SC lies a thin translucent layer called the 

stratum lucidum. It consists of rows of two to three layers of clear and flattened 

cells whose nuclei have lost their staining ability. This layer is most developed on 

the palms and soles. 

Stratum granulosum – The layer is formed from granules contained within 

living cells, which accumulate a protein keratohyalin. 

Stratum spinosum – The stratum spinosum represents an epidermal layer 

located beneath the stratum granulosum. Its name derives from its spiky 

appearance. The cells are connected by desmosomes, and antigen-presenting 

Langerhans cells are found within this layer. 
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Stratum basale - This deepest part of the epidermis, separated from the 

dermis by the basement membrane, is constantly active in producing 

keratinocytes, which play a role in keratin production and the formation of a 

barrier to maintain water and lipid secretion. In this layer, Merkel cells, functional 

cells of sensory systems, are also present, along with melanocytes producing 

melanin pigment that safeguards against damage from UV radiation. 

The dermis, also known as the corium, is connected to the epidermis at the 

level of the basement membrane and consists of two layers of connective tissue 

that are not clearly separated. The upper papillary layer is thinner, richly 

vascularized, and contains sensory nerve endings. The deeper reticular layer 

forms the main part of the dermis and is adjacent to the subcutaneous tissue. 

Unlike the papillary layer, it is thicker and is formed by dense connective tissue 

composed of collagen fibers, providing elasticity. Additionally, it contains 

numerous hair follicles, sebaceous and sweat glands, and plays a crucial role in 

immune function due to the presence of phagocytes, fibroblasts, leukocytes, and 

mast cells. 

The subcutis (Hypodermis) is the deepest layer of the skin, primarily 

composed of adipocytes, offering thermal insulation and functioning as 

connective tissue linking the skin, muscles, and bones. As a result, this layer 

contains a high concentration of proteoglycans and glycosaminoglycans56,59,60. 

The primary function of the skin is to protect the body from various external 

factors, including physical elements such as UV radiation, mechanical stress, 

chemical influences, and the penetration of pathogens that could negatively 

impact health. An important role is played by the acidic protective film on the 

surface of the skin, composed mainly of lactic acid, free amino acids from sweat, 

free fatty acids from sebum, and urocanic acid with pyrrolidone carboxylic acid, 

which are formed during the process of keratinization in the stratum corneum of 

the skin60. The skin also plays a role in metabolism, immunity, and body 

thermoregulation through the sweating process. Additionally, the skin is utilized 

as a primary site for absorbing various types of drugs for local or systemic 

delivery, due to the rich network of blood capillaries in the dermis56. However, 

the intercellular organization of the SC poses a barrier to the penetration of active 

substances from topical applications. This structural organization is described by 

the "brick and mortar" model, where the "bricks" refer to corneocytes 

interconnected by desmosomes (corneodesmosomes), and the "mortar" consists 

of intercellular lipids (ceramides, free fatty acids, and cholesterol) forming a 

cornified envelope surrounding the corneocytes61,62. 

The process of transdermal absorption can be divided into three phases. The 

first step is penetration, which involves the entry of a substance into a specific 

layer or structure, such as active components penetrating the SC. The second 

phase is permeation, where there is the passage of a substance from one layer to 
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another which is structurally different. The third stage is resorption, when active 

compounds are taken up by the vascular or lymphatic system and absorbed into 

the body63.  

Transdermal absorption also has several possible pathways for substance 

absorption through the skin, see Figure 3. In general, these pathways can be 

divided into two categories: transepidermal and transappendageal routes. The 

transepidermal route is further divided into two variations: the intercellular 

pathway, where active substances (hydrophilic, small molecules) diffuse through 

the lipid matrix of the intercellular space, and the transcellular pathway, where 

active substances (hydrophobic) penetrate directly through the SC cells56. Due to 

the highly impermeable cornified envelope of corneocytes, the majority of 

substances pass through the intercellular pathway. Another route for drug 

absorption (especially polar, ionizable, or large macromolecules) is the 

transappendageal pathway via hair follicles or sweat glands in the skin. However, 

the utilization of this pathway is limited due to a smaller absorption surface area. 

The choice of a specific path depends on the physicochemical properties of the 

substance and the condition of the skin itself57,61,62. 

 

Figure 3 Pathways for the penetration of drugs through the skin57 

2.4.1 Factors influencing transdermal absorption 

There are several factors that influence the process of drug absorption into the 

skin. For example, skin characteristics such as the thickness of the SC and the 

lipid content in different areas of the skin. The presence of capillary blood vessels 

in specific skin regions can affect the rate of drug absorption into the bloodstream. 

Additionally, the presence of hair follicles and sweat ducts can enhance drug 
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permeation into the body. Body temperature is another factor that impacts the 

dilation of skin blood vessels and blood flow. It's important to note that skin 

permeability decreases with age56,64. 

Furthermore, substances called enhancers are also used, which disrupt 

intracellular lipid domains within the SC and increase skin permeability. These 

enhancers can be either physical (such as iontophoresis, electroporation, 

sonophoresis, and micro-needling)65 or chemical in origin (like dimethyl 

sulfoxide DMSO, alcohols, fatty acids, surfactants PAL, biodegradable polymers 

for active ingredient storage, etc.65,66). Considering the composition of the SC, the 

optimal drug molecular size for effective absorption should be less than 600 Da. 

Drugs should be soluble in both water and oil, and their partition coefficient (Log 

P) should be between 1 and 3. The melting point of the drug is also important, 

ideally being below 200 °C56,67. 

2.4.2 Selected biologically active compounds 

In this section, selected bioactive compounds of natural origin, which find 

application in transdermal drug delivery or are utilized in cosmetic applications 

are discussed, including those used in this work. 

Polyphenols 

Polyphenols are typically extracted from plants and marine organisms. These 

substances can be categorized into three main groups based on the number of 

phenolic units and structural elements that connect the phenolic rings, namely 

flavonoids, phenolic acids, and non-flavonoids68. Flavonoids exhibit significant 

pharmacological characteristics, including antioxidant, anti-inflammatory, 

antiproliferative, photoprotective, depigmenting, and anti-aging effects. These 

properties hold great potential in the treatment of several skin conditions. Due to 

their lipophilicity, it's challenging to absorb flavonoids orally, thus many topical 

administration methods have been investigated. The SC acts as the principal 

barrier to skin penetration, and this barrier can be overcome by developing 

different flavonoid delivery systems, including nanoparticles, lipid nanocapsules, 

microparticles, microsponges, and others, that improve drug concentration at the 

target site69. 

Quercetin (QT), also known as 3,3',4',5,7-pentahydroxyflavone (Figure 4), is 

one of the most extensively studied flavonoids due to its biological effects, 

including antioxidative, anti-inflammatory, antimicrobial, and anticarcinogenic 

properties. It is found in various types of fruits and vegetables, especially onions, 

dill, fennel leaves, oregano, and citrus fruits. QT has proven to be an antioxidant 

with the potential to support regeneration and can suppress inflammation induced 

by UV radiation. However, QT's low water solubility and challenges in 

penetrating the skin pose a challenge that complicates its application. For this 

reason, nanostructures are utilized to enhance localized QT delivery68,70. 
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Figure 4 Structure of Quercetin71(in hydrated form) 

 Rutin is a chemical compound classified as a bioflavonoid glycoside (Figure 

5). It is present in plants such as passion fruit, tea, and apple, with buckwheat 

being among the most significant sources of rutin72. Rutin plays an important role 

in protecting plants from the harmful effects of ultraviolet radiation and 

pathogens. Rutin has been discovered to have a number of beneficial properties, 

including antioxidant, cytoprotective, vasoprotective, anticarcinogenic, 

neuroprotective, and cardioprotective benefits72,73. These properties make it useful 

in wound healing and dressing applications due to its capacity to show 

antimicrobial and anti-inflammatory behavior, as well as reduce oxidative stress 

in the affected area74. Another important role is its application in hair follicle cell 

apoptosis therapy, along with substances like spermidine and zeaxanthin. Another 

study examined its benefits concerning sun exposure in mice and revealed its 

potential to reduce skin inflammation induced by UVB radiation. Additionally, 

rutin has been shown to suppress atopic dermatitis and act against skin aging72.  

 

 

Figure 5 Structure of rutin75 
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Curcumin, also known as diferuloylmethane, is a polyphenol obtained from the 

rhizome of the Curcuma longa plant (Figure 6). Traditionally, it has been utilized 

for various diseases due to its wide range of pharmacological effects. It exhibits 

antioxidant, anti-inflammatory, antimicrobial, and anticarcinogenic properties, 

reduces the risk of thrombosis, protects against heart attacks, and possesses 

hypoglycemic and antirheumatic effects and many others76,77. Despite showing 

these positive effects, its low water solubility, poor absorption, and rapid 

metabolism and excretion limit its bioavailability. To enhance the bioavailability 

and stability of curcumin, its incorporation into liposomes78,79, nanoparticles80,81, 

and microemulsions is employed76,82. 

 

Figure 6 Structure of curcumin83 

 

Terpenes 

Terpenes are derived from five-carbon isoprene units with a molecular formula 

of (C5H8)n, where n represents the number of linked isoprene units. Monoterpenes 

are present in plant oils and are known as essential oils (EO). EO are complex 

liquid and volatile lipophilic compounds synthesized by aromatic plants through 

their secondary metabolism. These natural products serve as potent antioxidants 

and scavengers of free radicals68. For instance, Thymol exhibits anti-

inflammatory, antioxidant effects84. Other examples include tetraterpenes, known 

as carotenoids. They are lipophilic organic pigments biosynthesized by plants, 

algae, fungi, and bacteria. These pigments give yellow, orange, or red color to 

various fruits, vegetables, crustaceans, and certain fish68 and present in vegetables 

and fruits, have a preventive effect against aging and carcinogenesis68,85. 

Alkaloids 

Alkaloids are organic compounds containing nitrogen in their molecular 

structure, primarily sourced from plants, and less frequently from fungi and 

animals. These compounds exhibit various biological effects such as 

antimicrobial, analgesic, anti-inflammatory, antioxidant, anticancer, and 

antibacterial properties68. An example of this is caffeine (1,3,7-trimethylxanthine-

2,6-dione), an alkaloid derived from methylxanthine, which is found in tea leaves, 

coffee, cocoa beans, guarana, and cola nuts (Figure 7). It finds utility as a 
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medication or is applied for cosmetic purposes. The benefits of its utilization in 

skincare cosmetic products involve preventing excessive lipid accumulation in the 

skin, supporting lymphatic drainage, and protecting the skin from the harmful 

effects of light86. It has also been investigated for potential treatment of various 

types of cancer87. Caffeine is also a stimulant of the central nervous system and is 

frequently used as a model drug for research on the penetration of hydrophilic 

substances across the epidermal barrier86. Caffeine is a hydrophilic substance, 

thus it is primarily incorporated into emulsions, gels, and nanoparticles87,88. 

 

 

Figure 7 Structure of caffeine86 

 

 Vitamin C 

 It is a water-soluble vitamin that serves as an essential natural antioxidant 

(Figure 8). Although most plants and animals are capable of synthesizing vitamin 

C on their own, humans must obtain it through dietary sources. The biological 

availability of ascorbic acid in the skin is limited when taken orally, making local 

application a more effective option. This approach supports collagen formation in 

skin tissues, prevents malignancy, reduces radiation-induced damage, and 

accelerates wound healing89. Local application of vitamin C has been proven to 

positively impact burn healing in two ways: contributing to collagen formation in 

the skin and acting as an antioxidant that eliminates free radicals90. 

Ascorbic acid is present in many cosmetic products. However, the quick 

oxidation of L-ascorbic acid to dehydroascorbic acid in contact with air, which 

results in products turning yellow, caused a problem in these formulations. New 

formulations include chemically modified forms of ascorbic acid produced 

through hydroxyl group esterification. These derivatives include magnesium 

ascorbyl phosphate, sodium ascorbyl phosphate, ascorbyl-6-palmitate, and 

ascorbyl tetraisopalmitate89. Further research also examines squalene, the primary 

component of skin sebum, for its potential benefits90. 
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Figure 8 Structure of vitamin C89 

 Vitamin B12 

 Vitamin B12, also known as cobalamin, is found in animal products such as 

meat and dairy91. It plays a crucial role in cellular metabolism, particularly in 

DNA synthesis, methylation, and mitochondrial metabolism92. A deficiency of 

vitamin B12 is typically treated with subcutaneous or intramuscular injections of 

cyanocobalamin. As an alternative to this, the method of using microneedles can 

be employed91. 

Vitamin A 

Retinoids are compounds derived from vitamin A that have been used for 

decades in the prevention and treatment of aging skin (photoaging). They come 

in both natural and synthetic forms. In cosmetic products, natural retinoids are 

predominantly utilized. Retinoic acid (tretinoin) is the most extensively 

researched topical retinoid and acts against the formation of wrinkles and skin 

aging. Retinoic acid binds and activates the RAR-γ receptor and is generated 

through enzymatic reactions where retinol is initially converted to retinal through 

reverse oxidation, followed by further oxidation to retinoic acid. In the USA, it is 

available by prescription and comes in cream and gel formulations. Commercially 

available doses come in concentrations of 0.025%, 0.05%, and 0.1%. It reduces 

skin surface roughness, hyperpigmentation, and fine wrinkles due to histological 

changes in compactness within the stratum corneum and stratum spongiosum in 

the epidermis. However, higher concentrations of retinoic acid are associated with 

increased irritation93. 

Hydroxy acids (AHA, PHA, BA) 

Alpha-hydroxy acids (AHA) are organic carboxylic acids with one hydroxyl 

group in the α position of an aliphatic or alicyclic molecule. Many AHAs are 

present in food and fruit and are therefore also referred to as fruit acids. The most 

famous are glycolic acid, lactic acid, and citric acid. AHAs profoundly affect the 

keratinization and exfoliation of the stratum corneum. Later research showed 

significant anti-aging impact, and AHAs are still essential components of skin 

care today93. 
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Polyhydroxy acids (PHAs) are structurally similar to AHAs but have two or 

more hydroxyl groups in the molecule, one of which is in the α position. Many 

PHAs are endogenous metabolites that are naturally produced by the human body. 

These include gluconic acid or glucolactone. Glucolactone used in cosmetics has 

similar effects to glycolic acid, i.e. it acts as a chelating agent and provides 

increased moisturizing and exfoliating effects. It is compatible with sensitive skin, 

including rosacea and atopic dermatitis. With the addition of benzoyl peroxide or 

retinoids, they act against acne93. 

Bionic acids (BA) consist of two components: polyhydroxy acids attached to a 

sugar molecule. This group includes lacticobionic acid and maltobionic acid. 

Lacticobionic acid incorporates gluconic acid (PHA), which is linked via an ether 

bond to galactose. Similarly, maltobionic acid is connected to a glucose molecule. 

These bionic acids are hygroscopic because they include many hydroxyl groups. 

They easily attract and hold water, capable of forming a gel-like matrix. 

Additionally, bionic acids have chelating and antioxidant effects93. 
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3. DIALDEHYDE POLYSACCHARIDES 

Polysaccharides are formed of monosaccharide units that are linked by 

glycosidic bonds. Polysaccharides are very abundant in nature and are easily 

derived from various natural sources such as algae (alginate), higher plants 

(cellulose), microorganisms (dextran), or animals (chitosan). Thus, they offer a 

wide development potential due to their excellent properties, which include 

natural abundance, biocompatibility, biodegradability, chemical reactivity, etc26. 

Due to the existence of various functional groups in the structure of 

polysaccharides, such as carboxyl, hydroxyl, and amino groups, the chemical 

properties of polysaccharides can be changed by chemical modifications. In 

particular, polysaccharides containing vicinal diol(s) can be selectively oxidized 

to introduce aldehyde groups to prepare dialdehyde polysaccharides10,26.  

3.1 Preparation, structure and properties 

Dialdehyde polysaccharides (DAPs) are generally prepared by regioselective 

oxidation of source polysaccharides that contain neighboring (vicinal) -OH 

groups using periodate salt, which introduces a pair of reactive aldehyde groups 

into each oxidized unit 94,95. This reaction is shown in Figure 996. 

  

Figure 9 Periodate oxidation of polysaccharide featuring vicinal diol group at 

C2 and C396 

The structures of DAPs are closely linked to the architecture of source 

polysaccharides. The structures of source polysaccharides used in this work and 

respective dialdehydes are given in Figure 10 96. 

Cellulose is one of the most abundant polysaccharides worldwide and can be 

found in various plants, tunicates, and bacteria. It is composed of linear chains of 

anhydroglucose units (AGU) linked by β-(1→4) glycosidic bonds. The oxidation 

of cellulose by periodate is characterized by cleavage of the C2–C3 bond of AGU, 

leading to the formation of 2,3-dialdehyde cellulose (DAC) 95. It is thus highly 

regioselective.  

Dextrin is a product of the hydrolysis of starch or glycogen. Due to the presence 

of α-(1→4) and α-(1→6) glycosidic bonds, dextrin forms a branched structure, 

see Figure 10. Depending on its molecular weight, it is partially or fully soluble 

in water. Oxidation of dextrin with periodate produces 2,3-dialdehyde dextrin 

(DXI) in a way analogous to DAC.  
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Figure 10: Structures of source polysaccharides and corresponding 

dialdehydes96 

Complex glucans called dextrans are produced by microorganisms, particularly 

bacteria from the species Leuconostoc and Streptococcus. They are composed of 

AGU chains linked mainly by α-(1→6) glycosidic bonds with a degree of α-

(1→3) branching. The structure and properties of dextran differ not only for 

different species of bacteria but also for different strains 97. Because α-(1→6) 

bonded units contain three neighboring -OH groups, oxidation of dextran leads to 

a mixture of 3,4-, 2,4- and 2,3 dialdehyde dextrans (DXA) 98,99. In contrast, AGUs 

with α (1→3) branching lack any vicinal hydroxyl groups and are therefore 

entirely resistant to periodate oxidation94. 

D-glucuronic acid and N-acetyl-D-glucosamine connected by alternating β-

(1→4) and β-(1→3) glycosidic links form the anionic linear polysaccharide 

known as hyaluronic acid (HA). Compared to cellulose, only the D-glucuronic 

acid units contain vicinal diols and are oxidized, because the glycosidic link at 

position C3 protects the N-acetyl-D-glucosamine units from periodate oxidation, 

see Figure 10. This reduces the maximum amount of -CHO groups per unit of HA 

mass to 5 mmol/g, i.e. by a factor of 2.5 compared to cellulose/DAC (12.5 

mmol/g). HA is abundant in the human extracellular matrix, synovial fluid, 

cartilage, muscle connective tissue tissues, skin, etc. 100,101 
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3.2 Applications 

Based on the presence of reactive aldehyde groups, DAPs are used for different 

purposes. For instance, DAC is used as a filling for cellulose-based columns in 

aqueous chromatography102, an absorbent of heavy metal ions and dyes103, a 

material for protein immobilization104, a carrier for drug delivery105, material in 

tissue engineering106, and has applications in wound dressings96. DAH has been 

used, for example, as a crosslinker for hydrogels intended for chronic wound 

treatment and tissue regeneration107,108. Oxidized dextran is used for wound 

healing as a crosslinking agent for polymers containing amine groups, such as 

chitosan109. Applications of dextrin derivatives are mostly limited to 

cyclodextrins, which are used as carriers for hydrophobic types of drugs110, 

improving the ability of hydrogels to load drugs and control their release111. 

In general, dialdehydes are also known crosslinkers that are capable of two 

main types of crosslinking reactions: i) the formation of Schiff's bases with 

substrates containing -NH2 groups (chitosan)112 and ii) the formation of 

hemiacetal bonds between -CHO groups of aldehyde and -OH groups of the 

matrix that makes them ideal for crosslinking polymers rich in hydroxyl groups 

like PVA11, which is discussed in more details in section 6.2. This work focuses 

on oxidized cellulose, dextran, dextrin, and hyaluronic acid and their use as 

crosslinkers for PVA. 
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4. POLY(VINYL ALCOHOL) BASED HYDROGELS 

Poly(vinyl alcohol) (PVA) is a linear semi-crystalline polymer that consists of 

a main carbon chain containing hydroxyl (-OH) functional groups (Figure 11). It 

is obtained by hydrolysis of polyvinyl acetate (PVAc). By controlling the 

hydrolysis step, different degrees of hydrolysis (DH) of the PVA polymer can be 

prepared, which thereby affects the behavior of the polymer, such as solubility, 

crystallinity, and chemical properties. For example, low DH PVA shows higher 

solubility in water at low temperatures compared to high DH. Therefore, the 

temperature must be increased above ~70°C to dissolve high DH PVA in an 

aqueous system25,113.  

 

Figure 11 Molecular structures of (a) fully hydrolyzed polyvinyl alcohol (PVA), 

where each monomer has a hydroxyl group, and (b) incompletely hydrolyzed 

PVA molecular structure, where some PVA units still contain acetyl groups113 

Poly(vinyl alcohol) is one of the most widespread and used materials for 

hydrogel applications, due to its biocompatibility, biodegradability, low toxicity, 

etc.114,115 Based on these properties, PVA can be used for various purposes such 

as the formation of films, hydrogels, fibers, scaffolds, composites, or polymer 

membranes113. 

PVA is a hydrophilic and water-soluble polymer, due to the content of -OH 

groups in its backbone. On the other hand, solubility in water can reduce its 

mechanical properties, which can limit its use. This limitation can be overcome 

by cross-linking hydroxyl groups to form hydrogels116. 

4.1 Preparation of PVA-based hydrogels 

PVA-based hydrogels can be prepared in different ways that determine their 

network parameters and physico-chemical properties. 

The first method is physical crosslinking using freeze-thaw-induced 

crystallization or high-temperature (energy) processing, where network nodes are 

formed through prolonged heating. During the freeze-thawing process, the 

mechanical properties of the hydrogel increase with increasing temperature, the 

number of freeze-thawing cycles, the concentration of the polymer solution, and 



27 

the molecular weight of PVA117 . The advantage is the absence of a crosslinking 

agent. On the other hand, partial degradation of PVA caused by higher 

temperatures can lead to the formation of unsaturated bonds, chain splitting, and 

thus to covalent interactions. These hydrogels have worse mechanical properties 

in the swollen state, due to weak and less stable physical crosslinking118,119. 

The second method is chemical crosslinking, using agents such as 

epichlorohydrin, various aldehydes (formaldehyde, glutaraldehyde, 

benzaldehyde, etc.), anhydrides (EDTA dianhydride) or boric acid120,121. A 

common feature of crosslinking agents is their synthetic origin (except boric acid) 

and relatively high toxicity. The low molecular weight of crosslinking agents also 

enables easy penetration through various barriers into the living organism. The 

resulting hydrogels must therefore be intensively washed before use and can still 

be toxic to organisms upon long-term exposure. Therefore, an important step in 

the preparation of synthetic hydrogels is their intensive purification and removal 

of all potentially toxic reactive components that may be trapped in the gel 

network119. 

4.2 Applications 

PVA hydrogels find a wide range of biomedical applications, from serving as 

articular cartilage replacements to a controlled release of pharmaceutical 

substances122. They are also used in the food industry, in the cosmetic industry, 

and in sanitary products. For instance, poly(vinyl alcohol) hydrogels are utilized 

for the treatment of atopic dermatitis123 or as superabsorbents in hygiene 

products37. 

There are countless specific applications of cross-linked PVA hydrogels in 

many different fields due to the improvement of the physical and mechanical 

properties of PVA by the presence of other synthetic polymers or biopolymers124. 

For example, there are PVA-based double network hydrogels that serve as 

absorbers of heavy metal ions in waste-water treatment125 or PVA-based 

membranes that are used in various separation processes126,127. 

A lot of attention is focused, especially in the field of biomedicine117,128–131. For 

example, the work of A. Kumar and S.S. Han (2017) deal with advances in the 

production of PVA-based hydrogels in tissue engineering applications25. Another 

work by E.A. Kamoun et al. (2021) discussed modern perspectives of electrospun 

nanofibrous PVA hydrogel membranes, which are mainly used in wound dressing 

applications 132. G. Rivera-Hernández et al. (2021) focus on the field of drug 

delivery, suggesting a cancer treatment strategy using hydrogels, microparticles, 

or nanoparticles that are capable of encapsulating, protecting, and transporting 

and targeted delivery of a therapeutic agent39. Last but not least, an overview of 

the use of PVA hydrogels by Baker et al. (2012) includes their use in contact 

lenses, artificial cartilage, and orthopedics122.  
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5. AIM OF DOCTORAL THESIS 

This work deals with the study of the preparation of hydrogels based on 

modified polysaccharides as crosslinkers for transdermal/systemic administration 

of biologically active substances, and the study of the influence of their properties 

and structure on the kinetics of drug release.  

The aim is to investigate the impact of the PVA matrix on the prepared 

hydrogels and to optimize their properties for transdermal delivery of substances. 

Additionally, the research aims to examine the influence of crosslinking agent 

structures on the properties of the hydrogels. 

A synthetic polymer matrix (PVA) and modified polysaccharides as 

crosslinkers were chosen for hydrogel preparation. These polysaccharides are 

regioselective oxidized to the appropriate aldehydes capable of crosslinking the 

selected matrice. First, dialdehyde cellulose (DAC) was found effective for cross-

linking PVA matrices resulting in hydrogels with potential application for 

transdermal delivery of substances. Then, four different dialdehyde 

polysaccharides (DAP) crosslinker types based on cellulose, dextran, dextrin, and 

hyaluronic acid were selected to obtain deeper insight in the principles generally 

governing crossling of PVA matrices by the modified polysaccharides. The main 

research direction of the thesis can be divided into two objectives: 

1. Preparation and study of the PVA/DAC hydrogels to evaluate the effects of 

the crosslinking agent concentration and used PVA polymer on the resulting 

hydrogel properties. The loading of selected model bioactive substances into 

prepared materials and determination of the kinetics of substance release. 

2. Analysis and study of the influence of the PVA matrix and different 

crosslinker properties and structure on the characteristics of hydrogels, 

namely their mechanical and viscoelastic properties, porosity, swelling, 

water content, and network parameters. 
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6. EXPERIMENTAL PART 

6.1 Materials  

For the matrix evaluation study, hydrogels were prepared using poly(vinyl 

alcohol) (PVA) with 88% degree of hydrolysis and different Mw (130 and 31 kDa, 

respectively, Sigma Aldrich Co.). Alpha cellulose (Mw = 109 kDa) (Sigma 

Aldrich Co.) oxidized by sodium periodate (NaIO4) (Penta, Czech Republic) to 

2,3-dialdehyde cellulose (DAC) served as a crosslinker. Following source 

polysaccharides were employed in the study of the role of crosslinker structure 

PVA/DAPs hydrogels: cellulose SigmaCell type 20 (weight-average molecular 

weight Mw = 76 kDa, degree of polymerization DP = 468, polydispersity index 

PDI = 4.7; Sigma Aldrich Co.), dextran from Leuconostoc spp. (Mw = 71, DP = 

449, PDI = 1.9; Sigma Aldrich Co.), dextrin from corn starch type I (Mw = 52 

kDa, DP = 325, PDI = 2.3; Sigma Aldrich Co.), and sodium hyaluronate (Mw = 

1.5 MDa, DP = 3740, PDI = 4.3; Contipro Ltd., Czech Republic). Poly(vinyl 

alcohol) PVA with 88% degree of hydrolysis (Mw=130 kDa) served as a matrix. 

Other chemicals involved in modifications and characterizations can be found in 

relevant papers.96,133 All chemicals were of analytical purity and were used as 

received without further purification. Throughout the experiments, demineralized 

water with a conductivity of less than 0.1 µS/cm was used. 

6.2 Sample preparations 

6.2.1 Preparation of dialdehyde cellulose (DAC) for the matrix 

evaluation study 

DAC was produced by oxidizing alpha cellulose by NaIO4 using a 1:1.2 M 

molar ratio of reactants (DAC : periodate) following earlier works119,134,135. In 

summary, 10 g of cellulose was suspended in 250 mL of water containing 16.5 g 

of sodium periodate and stirred in the dark for 72 hours at 30 °C. The oxidation 

was stopped by adding 10 mL of ethylene glycol and the resulting product was 

washed and filtered. The raw DAC was then suspended in 175 mL of water, 

solubilized at 80 °C for 7 hours, and cooled before being centrifuged for 10 

minutes. 

6.2.2 Preparation of dialdehydes polysaccharides (DAPs) for the study of 

the role of crosslinker structure 

The general procedure for preparing DAP is as follows. Individual DAPs, 

namely cellulose, hyaluronate, dextrin, and dextran, were oxidized with NaIO4 

according to earlier works119,134,135 into their respective 2,3-dialdehyde derivatives 

(DAC, DAH, DXI, and DXA). To achieve this, 1 gram of each polysaccharide 

was dissolved in 50 mL of water, and 1.65 g of sodium periodate was used as the 

oxidizing agent. The reaction mixtures were left to stir in the dark for different 

time intervals depending on the type of polysaccharide used. Specifically, DAC 
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was stirred for 72 hours, DAH for 24 hours, DXI for 8 hours, and DXA for 4 

hours, all at a temperature of 30 °C. Reactions were stopped by the addition of 1 

mL of ethylene glycol. The insoluble DAC was centrifuged and homogenized. 

DXI, which was partially soluble, was dialyzed for a day against demineralized 

water. The DAC suspension and DXI sample were then solubilized in an oil bath 

under reflux, at 80 °C for 2 hours. The resulting solutions were purified by 

filtering and centrifugation to eliminate any residual insoluble material. 

Subsequently, they were dialyzed again for a day using 14 kDa MWCO dialysis 

tubing. All of the purified materials were then frozen using an ethanol ice bath 

and lyophilized, resulting in dialdehyde polysaccharide powders (DAPs). The 

dialdehyde polysaccharide powders were utilized as crosslinkers for different 

PVA matrices. 

6.2.3 Hydrogel preparation 

The hydrogels are formed through a reaction between the crosslinker and the 

matrix involving the -CHO and -OH groups of the dialdehydes and PVA in an 

acidic environment. The dialdehyde polysaccharides (DAP) react with the 

hydroxyl groups of PVA to form hemiacetal bonds (Figure 12). 

 

Figure 12 The mechanism of hemiacetal bond formation between PVA and 

DAP96 

To prepare hydrogel samples for the matrix evaluation study, 10 g of two types 

of PVA (with molecular weights of 31,000 and 130,000 g/mol) were separately 

dissolved in 80 mL of water at a temperature of 90 °C. Then, a catalyst (10 mL of 

1.3 M HCl) and a specific amount of DAC (either 0.25 wt% or 1 wt% with respect 

to the weight of PVA) were added to the mixtures. The resulting reaction mixtures 

were mixed thoroughly and poured onto Petri dishes (with a diameter of 140 mm) 

and dried at 30 °C until a constant weight was reached. The thin films obtained 

were washed with water to eliminate any non-crosslinked material, and circular 

samples with diameters of 15 and 50 mm were cut out and stored in an aseptic 

medium (70% ethanol solution) until use. 

The following general procedure was used for the study of the role of 

crosslinker structure: 10 g of PVA was dissolved in 80 mL of water heated to 80 

°C. Subsequently, the acidic catalyst (10 mL of 1.3 M HCl) was added and the 

solutions were thoroughly mixed. Then, solutions of DAPs were added to the 

acidified PVA solutions. These DAP solutions contained either 1.25 mmol/g of -

CHO groups (equivalent to 0.1 wt% of crosslinker for DAC, DXI, and DXA, and 
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0.25 wt% for DAH, which has fewer -CHO groups per unit of mass), or 12.5 

mmol/g (equivalent to 1 wt% of crosslinker for DAC, DXI, and DXA, and 2.5 

wt% for DAH). The reaction mixtures were stirred for 30 minutes and then poured 

onto Petri dishes (d = 140 mm), and allowed to crosslink upon drying at 30 °C. 

The prepared films were then washed with water for a week to remove non-

crosslinked material, and disc-shaped samples of 15 mm in diameter were cut out. 

6.3 DAPs characterization 

FTIR, degree of oxidation (DO), Gel Permeation Chromatography (GPC), and 

dynamic light scattering (DLS) techniques were used to characterize specific 

crosslinkers, including DAC, DAH, DXI, and DXA. The cytotoxicity of 

crosslinkers was done in cooperation with Prof. Humpolíček at CPS. The 

characterization of DAPs are described in more detail below. 

6.3.1 FTIR analysis 

The lyophilized DAPs powders were analyzed qualitatively using Fourier-

transform infrared (FT-IR) spectroscopy. The analysis was carried out using a 

Termo Scientific Nicolet 6700 FT-IR instrument equipped with a diamond crystal 

in the attenuated total reflectance (ATR) mode. The range of wavelengths 

analyzed was 4000-700 cm-1, with a resolution of 4 cm-1 and 64 scans. The 

analysis was performed with the suppression of atmospheric gases to ensure 

accurate results. 

6.3.2 Determination of the degree of oxidation 

To characterize the DAP, the oxime reaction was utilized. The procedure 

involved dissolving 0.1 g of each DAP in 30 mL of demineralized water and 

adjusting the pH to 4.0 using 0.1 M HCl. A solution of HAHCl was basified using 

0.1 M NaOH to pH 4.0 and mixed with each acidified DAP solution. The resulting 

mixtures were stirred in closed containers at room temperature for 24 hours. The 

conversion of aldehyde to oxime was determined by observing the consumption 

of 0.1 M NaOH. This method was adapted from Veelaert et al. (1997)136. 

6.3.3 GPC analysis 

To determine the molecular weight of the prepared dialdehydes, they were 

converted to double-oxidized corresponding dicarboxylated derivatives (DCP) 

including DCDXA, DCH, DCDXI, and DCC. This conversion was necessary as 

DCP is more stable and has a more defined composition compared to DAP. To 

prepare DCP, NaClO2 was used with a NaClO2 to –CHO molar ratio of 1:4. The 

concentration of NaClO2 was 0.2 M and the oxidation reactions were carried out 

in the presence of 0.5 M CH3COOH. The secondary oxidation started with the 

dropwise addition of NaClO2 solution into the acidified solution of the given 

dialdehyde. The reaction was performed for 7 hours at 30 °C in the dark. 

Subsequent addition of 10 M NaOH to pH 8 terminated the oxidation reaction. 
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The products were purified by dialysis against demineralized water using 14 kDa 

MWCO dialysis tubing, and the pH of all samples was adjusted to 7.4 with 0.1 M 

NaOH after dialysis. The solutions were then filtered, flash-frozen, and 

lyophilized. This method has been used previously with good results135. 

To analyze the molecular weight of the samples, a Waters HPLC Breeze 

chromatographic system was used, which included a refractive index detector 

(Waters 2414, drift tube T= 60 °C) and a Tosoh TSKgel GMPWXL column (300 

mm × 7.8 mm × 13 μm, T = 30 °C). The mobile phase used for the analysis was 

composed of 0.1 M NaNO3 and 0.05 M Na2HPO4⋅12H2O aqueous solution. The 

molecular weight was calibrated using a Pullulan polysaccharide calibration kit 

SAC-10 with a range of Mw 342–805,000 g/mol provided by Agilent 

Technologies, Inc.  

6.3.4 DLS analysis 

To determine the zeta potential (ζ) and hydrodynamic radius (dh) of DAP 

solutions, dynamic light scattering (DLS) analysis was carried out using a 

Zetasizer Nano ZS90 instrument from Malvern Instruments, UK. The analysis 

was conducted on concentrated DAP samples of 1 mg/mL at 25°C, utilizing a 

DTS1070 cell and the Smoluchowski model. 

6.4 Hydrogel characterization methods 

Several techniques were used to investigate the characteristics of the prepared 

hydrogels, including network parameters, viscoelastic properties, BET, and SEM 

analysis, which are described below96,133. In addition, drug release kinetics and 

transdermal absorption were measured for the PVA/DAC hydrogels for 

transdermal drug delivery (see section 7.1). For the role of DAP crosslinker 

structure in PVA hydrogels (section 7.2), the crosslinker structure, molecular 

weight, aldehyde group density, and size of the formed crosslinker nano-

assemblies were studied. Cytotoxicity at CPS in collaboration with a group of 

Prof. Humpolíček at CPS was determined for all prepared hydrogels. 

Network parameters 

The network parameters were determined using a swelling experiment. Disc-

shaped hydrogels with a diameter of 15 mm were washed in water for a week with 

regular water changes to remove excess reactants. The swollen discs were then 

gently dried to remove excess water, weighed, and further dried at 30°C in the 

oven until a constant weight was achieved. The Flory-Rehner equilibrium 

swelling theory was used to estimate the network parameters of the hydrogels50. 

This method has been described in detail in my previous works119,134. 
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Measurement of viscoelastic properties 

Properly prepared hydrogel discs with a diameter of 15 mm were tested using 

an Anton Paar MCR 502 rotary rheometer (Anton Paar, Austria) equipped with a 

D-PP15 shaft. To avoid any movement of samples, a roughened aluminum plate 

and a base plate with glued sandpaper were used. The testing was performed at 

room temperature for the matrix evaluation study and 37 ◦C for the role of 

crosslinker structure study. All hydrogel samples were measured in oscillatory 

mode in a frequency sweep from 1 to 10 Hz by applying a constant strain of 1%. 

In the chosen range of oscillatory measurement, the complex modulus G* was 

calculated as the square root of the sum of the square of the storage and loss 

modulus. The tan δ is defined as the ratio between loss and storage modulus 

(G′′/G′) and gives a measure of viscous to an elastic component of the material. 

BET and SEM analysis 

Before conducting scanning electron microscopy (SEM) analysis and 

measuring specific surface area using multipoint Brunauer-Emmet Teller (BET) 

analysis, hydrogel samples were first lyophilized to form cryogels. The cryogels 

of PVA/DAP and PVA/DAC were then analyzed using a scanning electron 

microscope Nova NanoSEM 450 (FEI, Czech Republic) with a 5 kV accelerating 

voltage. To prevent the charge accumulation effect, all samples intended for SEM 

analysis were sputtered by gold and palladium nanoparticles. BET analysis was 

performed on samples degassed for 24 hours, and absorption/desorption isotherms 

recorded at 77 K were evaluated using a Belsorp-mini II high-precision surface 

area analyzer (BEL Japan Inc., Japan). 

Drug release kinetics and transdermal absorption 

The release kinetics and transdermal absorption of two model drugs, caffeine 

and rutin were examined in a study of the matrix evaluation of hydrogels.  

Sample preparation – drug loading of hydrogel samples 

Hydrogel samples were loaded with biologically active compounds by putting 

them into 50 mL of stock solutions containing 0.1 mg/mL (rutin) or 10 mg/mL 

(caffeine) and shaking for 72 hours at 37 °C.  

Drug release kinetics 

The samples of each hydrogel were put in separate, closed containers with 10 

mL of demineralized water, and the containers were shaken at 37 °C in the dark. 

The UV-VIS spectrometer Perkin Elmer Lambda 1050 (Perkin Elmer Inc., USA) 

was used to evaluate aliquots of 1 mL at predetermined intervals all over 96 hours, 

using characteristic peaks at 353 nm (rutin) and 273 nm (caffeine). 

Transdermal absorption 
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The skin absorption tests for caffeine were conducted in accordance with the 

OECD Test Guideline for Skin Absorption: In vitro method, using pig ear skin. 

Skin samples of 3 x 3 cm were collected from the inner region of the auricle after 

shaving the pig's ear lobe. These samples were then placed in test cells and 

checked for skin integrity using a multimeter, with samples below 5 mΩ 

resistance being excluded. The skin samples were then combined with disc-

shaped hydrogel samples, which were previously loaded with caffeine by shaking 

for 120 hours at 37°C in 10 mg/mL caffeine. The testing was carried out using an 

automated diffusion cell system, with a continuous flow of receptor liquid (PBS 

buffer and 0,05% gentamicin sulfate) through samples being collected for 24 

hours at a constant flow rate of 2 mL/h. The fractions collected at specific times 

(1–24 hours) after the measurements were stored at –20 °C until analysis. 

Following filtering, the samples were subjected to liquid chromatography analysis 

using an HPLC chromatograph equipped with a UV-VIS detector. The caffeine 

was isocratically separated on a Kinetex C18 100A column (150 x 4.6 mm, 2.6 

m) using a mobile phase composed of 0.2% HCOOH and methanol in a 75/25 

ratio. The flow rate was 0.7 mL/min, and the temperature was set to 30°C. The 

caffeine was detected using a wavelength of 272 nm. 
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7. RESULTS AND DISCUSSION  

A variety of combinations of hydrogels were successfully prepared and 

analyzed. The results, discussions, and conclusions will be analyzed separately 

for each type of study followed below.  

7.1 PVA/DAC hydrogels for transdermal drug delivery 

7.1.1 Preparation of the PVA/DAC hydrogels 

Four different PVA/DAC hydrogels were prepared with varying concentrations 

of DAC and molecular weights of PVA, as shown in Table 1. Disc-shaped 

hydrogel samples are shown in Fig 13. Due to the poor physical properties of 

sample L-31, which were attributed to crosslinker concentrations and low PVA 

molecular weight, only network parameters were examined for this sample. The 

three other types of samples, L-130, H-130, and H-31, were, however, 

successfully characterized using all previously mentioned techniques (6.4).  

Table 1 Designation of PVA/DAC samples, Mw of PVA used and their 

composition133. 

Sample PVA Mw 

(kDa) 

PVA 

(g) 

DAC 

(wt.%) 

DAC (g) 

L-31 31 10 0,25 0,025 

L-130 130 10 0,25 0,025 

H-31 31 10 1 0,1 

H-130 130 10 1 0,1 

 

 

Figure 13 Photograph of PVA/DAC samples133 

 

 



36 

 

7.1.2 Characterization of the prepared hydrogels 

Network parameters 

The Flory-Rehner equilibrium swelling theory was used to estimate the 

network parameters of the hydrogels,50 for details see relevant works119,134. 

The swelling and equilibrium water content (EWC) of PVA/DAC hydrogel 

samples (L-130, H-130, L-31, H-31) depend on the amount of crosslinker and the 

Mw of PVA (Table 2). Generally, a lower amount of crosslinker and a lower Mw 

of PVA lead to greater swelling and EWC. Thus, sample L-31 has the largest 

swelling, equal to almost 80-times of its dry mass. On the other side, sample H-

130 swells only about 3.5-times. In contrast, the gel fraction grows when the 

concentration of DAC and Mw of PVA increase, therefore sample H-130 shows 

the largest gel fraction and sample L-31 the smallest. On the other hand, 

increasing the Mw of PVA decreases Mc (increases ρc) in the H-series (1% of 

DAC), but the opposite trend is observed in the L-series (0.25% of DAC). The 

difference is probably caused by differences in residual physical interactions, such 

as chain entanglements and hydrogen bridge networks between PVA 

macromolecules, as well as chemical crosslinks between PVA and DAC119. In 

particular, for the H-130 sample, where longer PVA chains offer significantly 

more crosslinking hotspots, it is probable that chemical crosslinking is more 

pronounced. Overall, the amount of crosslinker DAC plays a significant role in 

the network parameters of hydrogels, but the Mw of PVA further emphasizes this 

relationship. 

Table 2 Network parameters calculated for the PVA/DAC hydrogel samples133 

Sample Swelling 

(%) 

EWC 

(%) 

Gel 

fraction 

(%) 

Mc  

(g/mol) 

ρc 

(µmol/cm3) 

ξ  

(Å) 

L-31 7900 ± 800 99 ± 1 12 ± 1 12380 ± 20 103 ± 1 508 ± 17 

H-31 707 ± 17 88 ± 1 48 ± 1 6410 ± 160 198 ± 5 169 ± 4 

L-130 1150 ± 90 92 ± 1 59 ± 2 20700 ± 

1900 
62 ± 6 350 ± 30 

H-130 351 ± 6 78 ± 1 89 ± 1 2890 ± 90 440 ± 14 93 ± 2 
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Viscoelastic properties 

  The dependence of storage modulus (G′) and loss modulus (G′′) on angular 

frequency is given in Figures 14A and 14B. According to Figure 14A, the G′ 

values of the PVA/DAC hydrogel samples range from about 2100 Pa for 

sample H-130 to about 150 Pa for sample L-130. Corresponding G′′ values 

range (Figure 14B) from about 190 Pa to 4.3 Pa. The crosslink density of 

PVA/DAC hydrogel samples clearly affects the G′ and G′′ values, which are 

higher for denser mesh and lower for sparser mesh because the first type has a 

higher elasticity than the other one, which has more viscous behavior.134 The 

L-130 sample with the lowest crosslink density displays the lowest G′ and G′′ 

values, indicating more viscous-like behavior, while the most elastic is sample 

H-130. Viscoelastic properties of the hydrogels are similarly influenced by the 

Mw of PVA as lower Mw leads to lower G′ and G′′ values, as can be seen from 

a comparison of H-31 and L-130 samples. The decreased Mw of PVA resulted 

in a nearly 70 % decrease in G′  values.  

The complex dynamic modulus (G*) (Figure 14C) and damping factor (tan 

δ) (Figure 14D) show analogous correlations with the amount of crosslinker 

and Mw of PVA. Sample H-31, prepared with the same amount of crosslinker 

as H-130, has viscoelastic properties closer to L-130, highlighting the 

significant impact of the PVA matrix on hydrogel rheological properties. 

         

Figure 14 Dependence of the G’ (part A) and the G’’(part B) of PVA/DAC 

hydrogel samples on the angular frequency and dependence of the calculated 

complex modulus (G*, part C) and the damping factor (tanδ, part D) on the 

angular frequency133. 
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BET and SEM analysis 

PVA/DAC hydrogels were lyophilized and their specific surface area 

(αBET), total pore volume (Vp), mean pore diameter and adsorbed volume of 

nitrogen (Va) was measured, see Fig. 15. In comparison to samples H-130 (2.0 

± 0.1 m2/g) and H-31 (2.2 ± 0.1 m2/g), sample L-130 has a αBET value that is an 

order of magnitude higher (31.1 ± 0.9 m2/g) (Figure 15A). The results 

demonstrated that decreasing DAC concentrations significantly increased the 

hydrogels' specific surface area (BET), total pore volume (Vp), and Va, with 

sample L-130 displaying the highest values (Figure 15). This can be explained 

by the extent of cavitation induced by the lyophilization process, which is 

indirectly connected to the hydrogel's capacity to absorb water. Interestingly, 

the mean pore diameter did not follow the same trend, with the H-series 

cryogels having fewer larger pores and L-130 containing a larger number of 

smaller pores. This is attributed to the molecular weight of the PVA used, which 

influences the mean pore size. SEM confirmed that the surface of the L-130 

cryogel was highly porous in agreement with αBET values, while the H-31 

sample had slightly larger surface pores than the H-130 sample (Figure 15C). 

 

Figure 15 The specific surface area αBET, and total pore volume (Vp) of the 

prepared PVA/DAC cryogels (part A), the dependence of the amount of nitrogen 

adsorbed per mass of the cryogels on the relative pressure p/p0 (part B), and 

SEM images of individual PVA/DAC samples taken at a magnification of 30.000 

(part C) 133. 
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Cytotoxicity 

The biological evaluation was performed in collaboration with a group of Prof. 

Humpolíček at CPS. It consisted of two parts. Firstly, the cytotoxicity of hydrogel 

extracts in culture media was determined according to ISO 10993-12.96,133 

Secondly, the cell growth and morphology in the presence of hydrogels were 

observed, both in the media and directly on the gel surface.  

The cytotoxicity of hydrogel extracts in culture media was determined, and all 

materials were found to be non-toxic according to ISO 10933-5 (Figure 16). 

 

Figure 16 Various amounts of PVA/DAC hydrogel extracts and their relative 

cell viability133 

The effect of hydrogel samples on cell growth and morphology was 

investigated by incubating samples with an NIH-3T3 mouse fibroblastic cell line 

for 96 hours. The MTT assay and microscopic observation were used to quantify 

cell viability and morphology. The results showed that the presence of hydrogel 

samples had no significant effect on cell growth or morphology. The cells reached 

confluence at the same time and their viability was the same as for cells not treated 

with hydrogels (Figure 17, top). Additionally, the fibroblasts retained their typical 

elongated shapes (micrographs in Figure 17, bottom), and no degradation of 

hydrogels was observed during the tests or after one week of in vitro conditions. 

To assess the cells' growth and morphology in direct contact with the hydrogel, 

however, was impossible since they did not adhere to the hydrogel surface. 

Although the results suggest that hydrogel films are suitable for topical 

applications, additional tests are necessary to claim biosafety in vivo. 
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Figure 17 Relative cell viability of cells incubated in the presence of PVA/DAC 

for 48 and 96h and micrographs of cells after 96 h133 

 

7.1.3 Drug release and transdermal absorption performance of prepared 

PVA/DAC hydrogels  

The kinetics of release and transdermal absorption of two model drugs, caffeine 

and rutin, were investigated using a UV-VIS spectrometer at 353 nm (rutin) and 

273 nm (caffeine)96,133. The hydrogel samples were loaded by the selected 

compounds and tested as described above (6.4). 

The release rates of caffeine, which is a relatively small molecule, were 

identical for all three hydrogel materials tested (Figure 18B). For larger rutin 

molecules, there were minor differences in the release kinetics among the 

samples, with the fastest release observed in the H-31 sample (Figure 18A). These 

differences may be related to the lower molecular weight of PVA and its influence 

on pore size, but further tests would be needed to confirm this observation. The 

relatively low thickness of the hydrogel films may have minimized the impact of 

the hydrogel network on drug release rates. This could be improved by employing 

thicker films or changing the drug loading process. However, the observed release 

kinetics, which includes fast initial release rates (up to 80–90%) of compounds 

released in 8 h), seem to be well suited for topical drug delivery applications, 

where the expected time of application is in the order of hours.  
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Figure 18 Cumulative release of rutin (part A) and caffeine (part B) from 

PVA/DAC hydrogels133 

Transdermal absorption 

The skin absorption tests for caffeine were conducted following the OECD Test 

Guideline. The measurement was tested using an automated diffusion cell system, 

with a continuous flow of receptor liquid. The amount of caffeine absorbed 

through the skin was analyzed by liquid chromatography using an HPLC 

chromatograph equipped with a UV-VIS detector using a wavelength of 272 nm 
96,133.  

Although all samples were loaded using the same technique, the total caffeine 

dose differs between samples due to their different EWC, gel fractions, and 

equilibrium swelling. Sample L-130 had the highest caffeine load (around 900 

µg), whereas sample H-130 was able to absorb a small amount (about 500 µg), 

(Table 3). Aqueous caffeine solution containing 250 µg of caffeine was used as a 

reference.137. 



42 

Table 3 Caffeine amount present in the samples (µg) and the dose of caffeine per 

cm2 of skin133. 

Sample Total dose of caffeine 

(µg) 

Dose per cm2 

(µg/cm2) 

L-130 896 ± 8 1134 ± 10 

H-31 660 ± 6 832 ± 7 

H-130 495 ± 1 625 ± 1 

Reference 250  320  

 

 

Figure 19 The cumulative amount of penetrated caffeine [ng] (part A), the time-

dependent quantity of permeated caffeine [ng/mL] (part B), the total amount of 

transdermally absorbed caffeine relative to applied dose [%] (part C), and the 

time profile of caffeine absorption relative to applied dose [%] (part D) 133. 
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Results showed that penetration of caffeine through the skin was slow, with 

only between 0.07% and 0.2% of the total dose crossing the skin barrier within 24 

hours (Figure 19 C, D). According to Trauer et al.137, this is due to an absence of 

blood supply to the skin during the in vitro study. Caffeine absorption through the 

skin of a living organism would be much faster. Moreover, the hydrophilic nature 

of caffeine presents a significant challenge to its penetration through the stratum 

corneum. This is consistent with the results of several other studies, including 

those by Bonina et al.138, Santander-Ortega et al.139, and Pilloni et al.140, where it 

was also discovered that caffeine transdermal absorption was relatively low, 

typically in the range of tenths of a percent of the applied dose, despite of the 

various carriers used. Despite this low amount, the L-130 sample, which had the 

lowest elasticity and best adhered to the skin, had the highest overall amount of 

caffeine absorbed (1400 ng/0.15%), whereas only 350–450 ng (0.06-0.07%) of 

caffeine was absorbed from H-series samples over 24 hours. The amount of 

caffeine permeated from the L-130 sample is approximately twice larger than 

from H-series samples, Fig. 19 C, D.  

 

 

Figure 20 The comparison between H-130 and L-130 hydrogels on an uneven 

skin surface133 

Wound dressing applicability note 

The samples showed no significant signs of cytotoxicity and all of them seem 

to be suitable for topical applications, although additional tests are necessary to 

claim full biosafety in vivo. Besides transdermal application, wound dressing 

application may be considered as well. Comparing individual hydrogel samples, 
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easy handling and best adherence to the skin would be the criterium for material 

selection. Hence, selected samples of L-130 and H-130 hydrogels were tested on 

the uneven skin surface to visualize the compliance of the material to the human 

skin under real condition. The result is depicted in Figure 20 demonstrating 

superiority of the L-130 hydrogel.  

Concluding remarks 

The hydrogel L-130 was identified as the most promising candidate for 

transdermal delivery of biologically active substances without the need for skin-

penetration enhancers. Its physical properties allow easy handling and adherence 

to the skin, which enhances its transdermal drug delivery properties. Next, the role 

of crosslinker structure and properties was examined. 

The results presented in section 7.1 were published in an article Muchová, M.; 

Münster, L.; Capáková, Z.; Mikulcová, V.; Kuřitka, I.; Vícha, J. Design of 

Dialdehyde Cellulose Crosslinked Poly(Vinyl Alcohol) Hydrogels for 

Transdermal Drug Delivery and Wound Dressings. Materials Science and 

Engineering: C 2020, 116, 111242. https://doi.org/10.1016/j.msec.2020.111242 

which is attached as Appendix I. 
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7.2 The role of DAP crosslinker structure in PVA hydrogels 

7.2.1 Preparations of PVA/DAPs hydrogels 

The hybrid hydrogel samples prepared in this study are designated as 

PVA/DAP and are categorized and named DAC, DXI, DXA, or DAH based on 

the type and concentration of the crosslinker used, with -L and -H indicating lower 

(0.1/0.25 wt%) or higher (1/2.5 wt%) concentrations, respectively. Some of the 

swelled PVA/DAP hydrogel samples (H series) were also subjected to a 3-hour 

treatment in closed reaction flasks with demineralized water heated to 70 °C 

(labeled as DAP-HT), to enhance the role of chemical crosslinks by disrupting 

hydrogen bonding in residual crystallites formed between PVA chains during 

drying. PVA/DAPs hydrogel disc-shaped samples are shown in Figure 21. 

 

Figure 21 Photographs of PVA/DAPs hydrogels samples96 

 

7.2.1 Preparation and characterization of DAP crosslinkers 

DAPs were prepared as described in (6.2.2). Conditions of periodate oxidation 

were set to obtain fully oxidized materials99,135 .Regarding the differences between 

DAPs, the dialdehydes of cellulose, dextran, and dextrin are composed of similar 

building blocks (i.e. oxidized glucopyranose units) and thus share very similar 

structural patterns. However, the four DAPs retain unique back bone and side 
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group structural features of their source compounds and the properties of DAPs 

are to a large extent given by the architecture and characteristics of source 

polysaccharides, they differ significantly. Therefore, the molecular weight, DO, 

FT-IR, size of nano-assemblies formed by DAPs in the solution and their 

cytotoxicity were analyzed before the preparation of hydrogels.  

The gel permeation chromatography analysis (GPC) 

To determine the molecular weight of the prepared dialdehydes, they were 

converted to corresponding doubly-oxidized dicarboxylated derivatives (DCP) 

namely DCDXA - dicarboxy dextran, DCH - dicarboxy hyaluronate, DCDXI - 

dicarboxy dextrin, and DCC - dicarboxy cellulose. This conversion was 

necessary, as DCPs are more stable and have a better-defined composition 

compared to DAPs, which tend to form hemiacetals and self-crosslinks. This 

method has also been used previously with good results135. To analyze the 

molecular weight of the samples, a Waters HPLC Breeze chromatographic system 

with a refractive index detector was used. The highest Mn is found in the DXA at 

30 kDa, followed by the DAH at 21 kDa, while the Mn in the DXI and DAC is 

nearly identical at 12 kDa, see Table 4 for more details. 

Table 4 Number average molecular weight (Mn), weight average molecular 

weight (Mw), polydispersity index (PDI), degrees of polymerization (DP) of 

dicarboxy and dialdehyde polysaccharides, their DO, and molar amount of –CHO 

groups per unit of crosslinker mass (n-CHO) 96 

DCP Mw 

(kDa) 

Mn 

(kDa) 

PDI DP DAP Mw 

(kDa) 

Mn 

(kDa) 

DO 

(%) 

n-CHO 

(mmol/g) 

DCDXA 84.8 44.1 1.92 420 DXA 58.0 30.2 85±4 12.3±0.4 

DCH 47.8 24.8 1.92 103 DAH 41.2 21.4 99±6 5.0±0.3 

DCDXI 36.9 16.9 2.17 157 DXI 25.2 11.5 98±1 12.5±0.2 

DCC 31.2 16.9 1.84 132 DAC 21.2 11.5 95±2 12.4±0.3 

 

The degree of oxidation 

The DO (degree of oxidation) of each DAP, which is defined as a percentage 

of the total amount of basic structural units that were oxidized to dialdehydes, was 

determined using oxime reaction136. DAC, DAH, and DXI were nearly fully 

oxidized with a DO greater than 95%, while the maximum DO of DXA was 

limited to around 85% due to the presence of 15% of oxidation-resistant branched 

units. This corresponds to: 12.5 mmol/g of -CHO groups in DAC and DXI, while 
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DXA oxidized to 85% contains 12.3 mmol/g of -CHO groups (Table 4). The 

presence of oxidation-resistant N-acetyl-D glucosamine units in DAH reduces the 

maximum -CHO content to 5.0 mmol/g, which is 2.5 times lower than that of the 

tested homoglycans. Therefore, the amount of DAH crosslinker used in hydrogel 

preparation was increased by 2.5 times to better assess the impact of molecular 

weight, structure, and -CHO group density of individual DAPs.  

Dynamic light scattering (DLS) 

The hydrodynamic radii (dh) and zeta potentials (ζ) of DAP nano-assemblies 

formed in their solutions were investigated using DLS (Table 5). The linear DAP 

molecules (DAC, DAH) formed larger nano-assemblies compared to the branched 

crosslinkers, despite these having the same (DXI) or even higher (DXA) Mn than 

their linear counterparts. DAH created the largest nano-assemblies, whereas 

DAC, despite having an approximately 3x lower molecular weight (Mn), produced 

outcomes comparable to those of DXA. Interestingly, the size of DXI nano-

assemblies was almost 1.5 times smaller than that of DAC with the same Mn. With 

a polydispersity between 0.35 and 0.4, the size distribution of the DAC, DXI, and 

DAH nano-assemblies was relatively uniform. The size distribution of DXA 

assemblies, however, was distinctly bimodal, with the majority (approximately 

80%) of the assemblies being larger (dh 270 nm) and the minority (about 20%) 

being smaller (20 nm).  

Table 5 The hydrodynamic radii (dh) and zeta potentials (ζ) of DAPs96 

sample dh (nm)  ζ (mV)  

DXA 267 ± 19 (20 ± 3) * -14.6 ± 1.1 

DAH 308 ± 1 -31.0 ± 1.9 

DXI 170 ± 11 -23.6 ± 1.5 

DAC 250 ± 30 -23.6 ± 1.1 

*DXA sample has a bimodal size distribution 

Regarding the stability of colloids, their ζ-potential values ranged from -15 mV 

for DXA to -31 mV for DAH. This is expected because DXA is partly composed 

of less polar, non-oxidized anhydroglucose units, whereas DAH has one 

carboxylic group per each fundamental structural unit increasing its negative 

charge. The stability of the colloids was confirmed by repeating the DLS and 

ζ-potential measurements one week after their preparation, which gave essentially 

the same results. 
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FTIR analysis 

The IR spectra of all DAPs show distinctive absorption bands around 1730 cm-1 

(C=O vibration from -CHO) and 875 cm-1 (C-O-C vibration), indicating the 

presence of both free aldehyde groups and newly formed hemiacetal groups, as 

you can see in Figure 22. The spectrum patterns of DAC, DXI, and DXA 

crosslinkers are similar because they are all formed from oxidized glucopyranose 

units. On the other hand, DAH shows distinctive absorption bands that are 

connected to the existence of -COOH groups in the glucuronic unit, such as an 

asymmetric valence -COO vibration at around 1600 cm-1 and a deformation 

vibration -OH from COOH at around 1380 cm-1. The absence of the glucuronic 

acid fingerprint vibrational band at 893 cm-1 in the DAH spectra suggests that the 

C2-C3 bond has been broken as a result of quantitative oxidation. 

  

Figure 22 FT-IR spectra of DAPs96 

Cytotoxicity 

In collaboration with a group of Prof. Humpolíček at CPS, all DAPs were found 

to be non-cytotoxic up to 0.1 mg/mL, and some even supported cell growth at 

lower concentrations (Figure 23). DAH, DXA, and DAC were the least cytotoxic, 

while DXI was the most cytotoxic. The number of reactive -CHO groups did not 

correlate with the cytotoxicity of the crosslinking agents, however, which may be 

due to the size of their nano-assemblies and related differences in transport 

through the cell wall. Overall, the cytotoxicity of crosslinkers is deemed to be 

relatively low compared to other crosslinking agents. To put these results into a 

proper perspective, a comparison to glutaraldehyde (GA) was performed. GA was 
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found to be highly toxic even at the lowest concentration used (0.05 mg/mL). 

Speer et al. even reported 99% inhibition of 3T3 fibroblast growth at a GA 

concentration of 0.003 mg/mL6. DAPs are thus several orders of magnitude less 

toxic. 

   

Figure 23 Relative cell viability containing 0–1mg/mL of DAP for 24 h96 

Crosslinkers were subsequently used to prepare hydrogels, whose properties 

are discussed in the following section. 

7.2.2 Characterization of prepared PVA/DAP hydrogels 

Network parameters 

Network parameters of all types of PVA/DAP hydrogel samples were 

calculated according to Flory and Rehner50. The DAH-H sample showed the 

largest swelling among the H-series samples (approximately 225%), followed by 

the DXI-H and DAC-H samples, which both swelled by about 200%, and the 

DXA-H sample, which swelled by 170% (Figure 24). Similar trends are observed 

for average molecular weight between crosslinks Mc and the mesh size ξ, whereas 

the crosslink density (ρc) increases in the opposite order (DXA-H has the highest 

crosslink density).  

Heat treatment of the samples leads to a significant increase in hydrogel 

swelling, up to 480% for DAH-HT. DXA-HT sample had the lowest swelling of 

400%. The H-series hydrogels followed the same trend. As a result of heating, 

other network characteristics also displayed a significant decrease in crosslink 

density, which is probably due to the disruption of PVA's physical crosslinks, 

which are created during the preparation of hydrogel films. In the L-series, the 

highest swelling was observed for DXI (620%), followed by DAH (500%) and 

DAC (480%), while DXA had the lowest swelling (420%).  
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Figure 24 Network parameters calculated for PVA/DAP hydrogels96 

Viscoelastic properties 

Graphs in Figure 25 show the storage (G′) and loss (G′′) modules of various 

PVA/DAPs hydrogel samples as a function of different angular frequencies. The 

higher G′ values than G′′ values in all samples demonstrated a higher degree of 

elasticity than viscosity, which corresponds to hydrogel formation. The G′ values 

for the H-series samples range from 3500 Pa for the DXA-H sample to 6500 Pa 

for the DXI-H sample (Figure 25). Note, that the DXA-H sample had the highest 

crosslink density but the lowest G′ value. This issue is likely caused by the 

bimodal size distribution of DXA nano-assemblies, see below. G′′ values 

followed the same trend as G′, with DXI having the highest and DXA having the 
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lowest values. The same trend was reflected in the damping factors, with DXI and 

DAC being the most elastic, and DAH and DXA having more viscous-like 

character (Fig 26).  

 

Figure 25 Dependence of storage modulus and loss modulus of PVA/DAPs on 

angular frequency96 

 

 

Figure 26 Complex modulus G* and damping factor tan of PVA/DAPs depend 

on the angular frequency96. 
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Due to the loss of crosslinking caused by heating, all samples in the HT series 

showed a decrease in G′, G′′, and tan δ, with DAC-HT having the smallest 

decrease and DXI-HT getting the greatest decrease.  

The G′, G′′, and tan δ, of the L-series samples were similarly decreased, with 

DXI-L showing the largest decrease and DXA-L showing the smallest decrease 

in storage modulus compared to the H-series. The DAH-L showed the lowest 

decrease in G′′ (and thus the highest overall tan δ) among the L-series samples. 

The values for the other L-series samples were mostly comparable within 

experimental error. 

 

BET and SEM analysis 

The porosity of PVA/DAPs was analyzed using BET and SEM techniques, and 

the results are shown in Figure 27 for BET and Figure 28 for SEM. The L-series 

samples were found to be more porous than the H-series samples. Among the H-

series samples, DAH-H showed the highest specific surface area (αBET) (3.9 m2/g) 

and total pore volume (Vp) values (0.038 cm3/g), whereas DAC-H had the lowest. 

The mean pore diameter (dm) was also found to be highest in DAH-H (~35 nm),  

and lowest in DAC-H (~27 nm). In all cases, heating the samples increased the 

αBET and Vp values, with DAH-HT remaining the most porous material. The DXI-

L sample was found to be the most porous sample overall, with DXA-L being the 

least porous of the L-series samples. The decrease in crosslinker amount led to a 

significant increase in porosity. SEM images of fracture surfaces of lyophilised 

hydrogels in Figure 28 also support these findings. 

 

Figure 27 Specific surface area (part A), total pore volume (part B) of 

PVA/DAPs hydrogels96 
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Figure 28 SEM analysis of lyophilised PVA/DAPs hydrogels96 

Cytotoxicity 

In collaboration with a group of Prof. Humpolíček at CPS, cytotoxicity was 

determined according to ISO 10 993-5. Figure 29 displays the results for 100% 

extracts from hydrogels. Hydrogel extracts are considered non-toxic if the relative 

cell viability is above 0.7, as indicated by the dashed line in Figure 29.  

 

Figure 29 Cytotoxicity of the PVA/DAPs extracts96 

It was discovered that the cytotoxicity of hydrogel extracts is influenced by 

both the amount of the crosslinker and the heating of the gel matrix and that it 

partially correlates with the trends shown for free crosslinkers. DAH and DXA-

based hydrogels were found to be the least cytotoxic, while DAC and DXI-based 
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hydrogels were found to be mildly cytotoxic in both L- and H-series. However, 

heat treatment of hydrogels significantly reduced the cytotoxicity of hydrogel 

extracts, especially for DXI. This is probably because increased hydrogel swelling 

at a higher temperature makes it easier to remove unreacted crosslinkers and 

fragments of the partially crosslinked matrix, therefore reducing cytotoxicity. 

7.2.3 Unraveling of DAP crosslinkers’ effects in PVA matrix  

Based on the obtained data, the following conclusions were reached.  

DAC - DAC-based hydrogels have properties that indicate effective chemical 

crosslinking, such as high storage modulus and damping factors, as well as good 

retention of rheological properties even after heating and at low crosslinker 

concentrations, and the porosity of DAC xerogels is among the lowest across all 

series. The high –CHO group density and large DAC nanodomains, comparable 

to those of almost three times heavier DXA, contribute to the efficient 

crosslinking of distant PVA chains as schematically demonstrated in Figure 30. 

The presence of β-glycosidic bonds in DAC also enhances its crosslinking 

effectiveness by allowing efficient crosslinking of different PVA chains even by 

relatively close DAC units. Although the mild cytotoxicity of PVA/DAC 

hydrogel extracts is a disadvantage, it can be improved by heating. In summary, 

DAC is an effective crosslinker for hydrogels but may not be the best choice for 

certain biological applications. 

DXI - Although Mn, n-CHO, and the chemical composition of DXI-based hydrogels 

are essentially comparable to those of DAC, their structural differences 

(branching) lead to significantly different characteristics. The properties of DXI-

based hydrogels degrade rapidly after heating and at low crosslinker 

concentrations. The observed differences between DXI and DAC are most likely 

caused by the smaller size of DXI domains rather than molecular weight or -CHO 

group density. As a result, smaller regions of very high crosslink density are 

embedded in physically crosslinked PVA network hydrogels (Figure 30). DXI-

based hydrogels are the least suitable for biomedical applications since they 

demonstrate one of the highest observed cytotoxicity of all tested species (but still 

mild). In conclusion, compared to other tested species, DXI-based hydrogels 

demonstrate characteristics that make them the least suited for crosslinking. 

DAH - Because linear DAH macromolecules are based on heteroglycan, they can 

only be oxidized by periodate at glucuronic acid units. DAH thus contains fewer 

crosslinking hotspots per macromolecule compared to AGU derivatives. As a 

result, the DAH forms a more loosely bound network than DAC, leading to high 

swelling, lower network density, high porosity, and moderate storage modulus in 

DAH-H hydrogels. However, DAH-based hydrogels maintain their properties 

better than DXI-based hydrogels. These do not degrade as quickly as those of 

DXI-based samples, and even perform similarly to DAC-based hydrogels at low 
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crosslinker concentrations. This is likely due to the larger size of DAH nano-

assemblies and possibly higher Mn of DAH macromolecules, which allows them 

to crosslink more distant PVA chains (Figure 30). Additionally, DAH-based 

hydrogels showed the lowest cytotoxicity compared to other samples. In 

summary, DAH-based hydrogels have a more viscous character, lower 

cytotoxicity, and higher porosity than other hydrogels, making them a potentially 

interesting option for scaffolds in tissue engineering. However, to achieve 

physical properties similar to other crosslinkers, a 2.5 times higher amount 

of DAH is needed. 

DXA - Due to their densest mesh, the DXA-based hydrogels should have the 

highest storage modulus and damping factors because they have the lowest 

swelling and highest crosslink density. However, this trend is only observed in 

the DXA-L sample, while the G′ values of DXA-H and DXA-HT are the lowest 

within their respective series. This unexpected behavior is attributed to the 

bimodal size distribution of DXA nano-assemblies, with the small domains (dh 

~20 nm) acting as a "secondary" crosslinker network, binding nearby PVA chains. 

The DXA hydrogels are promising alternatives to other species for certain 

applications because they have lower cytotoxicity and better mechanical 

properties than DAH-based hydrogels, especially at low concentrations. 

 

Figure 30 The size of the crosslinker molecules, n-CHO, hydrodynamic radii, and 

the predicted crosslinking mode of the PVA network are shown schematically. 

Crosslinking hotspots are shown in purple, and the PVA matrix's residual 

physical crosslinks are shown in blue. The number of crosslinking hotspots 

shown corresponds to the ratio of -CHO groups between crosslinker molecules, 

while the sizes of individual macromolecules and nano-assemblies reflect the 

observed Mn and dh, respectively. For better clarity, the PVA matrix was 

represented uniformly, showing the same PVA concentration during the 

crosslinking96. 
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The results presented in section 7.2 were published in an article Muchová, M.; 

Münster, L.; Vávrová, A.; Capáková, Z.; Kuřitka, I.; Vícha, J. Comparison of 

Dialdehyde Polysaccharides as Crosslinkers for Hydrogels: The Case of 

Poly(Vinyl Alcohol). Carbohydrate Polymers 2022, 279, 119022. 

https://doi.org/10.1016/j.carbpol.2021.119022 which is attached as Appendix II.  
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8. SUMMARY OF OTHER RESEARCH 

During my doctoral studies, I also participated in several cooperations with 

other researchers, mainly in the evaluation of drug loading and release or 

rheological parameters.  

Specifically, I evaluated the cumulative release of cisplatin from various 

dicarboxypolysaccarides in a research paper by Münster, L.; Fojtů, M.; Capáková, 

Z.; Muchová, M.; Musilová, L.; Vaculovič, T.; Balvan, J.; Kuřitka, I.; Masařík, 

M.; Vícha, J. Oxidized Polysaccharides for Anticancer-Drug Delivery: What Is 

the Role of Structure? Carbohydrate Polymers 2021, 257, 117562 

(https://doi.org/10.1016/j.carbpol.2020.117562). This study focused on the 

modification and characterization of various polysaccharides, namely cellulose, 

dextrin, dextran, and hyaluronic acid. These polysaccharides were 

regioselectively oxidized to their respective dicarboxylic derivatives, enabling the 

binding of the cisplatin as a anticancer drug. The different dicarboxylic 

derivatives were compared, and their advantages and disadvantages as structural 

carriers for platinum drugs were investigated. These carriers differed in drug 

binding site configuration, drug binding efficiency, type of glycosidic bond, 

presence of branching, and various molecular weight. Subsequently, release 

kinetics tests and cytotoxicity tests were conducted. It has been observed that the 

branched structure of dextrin partially inhibits undesirable initial burst release, 

reduces cellular uptake, and lowers the cytotoxicity of the delivered drug. 

Conversely, linear polysaccharides such as cellulose and hyaluronate exhibit the 

most suitable overall combination of structural characteristics for enhanced drug 

delivery applications. For more details, see the manusctript. 

Furthermore, in the work by Münster, L.; Fojtů, M.; Muchová, M.; Latečka, 

F.; Káčerová, S.; Capáková, Z.; Juriňáková, T.; Kuřitka, I.; Masařík, M.; Vícha, 

J. Enhancing Cisplatin Anticancer Effectivity and Migrastatic Potential by 

Modulation of Molecular Weight of Oxidized Dextran Carrier. Carbohydrate 

Polymers 2021, 272, 118461 (https://doi.org/10.1016/j.carbpol.2021.118461) I 

worked on the cisplatin loading and release from oxidized dicarboxydextran 

(DXA) derivates. This study focused on the preparation and characterization of 

nanogels from dicarboxyl dextran with various molecular weights using a 

modified method of controlled cleavage of oxidized polysaccharides with 

sulfamic acid. Subsequently, these prepared dextran derivatives were analyzed 

using FTIR, GPC, and NMR, and then conjugated with different amounts of 

cisplatin. Dependencies between drug release rate, cytotoxicity, and migrastatic 

potential were investigated. It was found that molecular weight plays a significant 

role, and conjugates with higher molecular weight exhibited increased anti-cancer 

effectiveness. For more details, see the manusctript. 

In a research paper by Důbravová A., Muchová M., Škoda D., Lovecká L., 

Kimmer D., Kuřitka I., Šimoníková L., Vícha J., Münster L. Efficient affinity 
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anchoring of gold nanoparticles on chitosan nanofibers via dialdehyde cellulose 

for reusable catalytic devices, Carbohydrate polymers, under revision I prepared 

chitosan nanofibers for affinity anchoring gold nanoparticles by employing 

dialdehyde cellulose (AuDAC). This work introduces an effective approach for 

anchoring AuNPs onto chitosan nanofibers through covalent bonding using 

dialdehyde cellulose (DAC). This method demonstrated high binding efficiency 

and dense decoration of nanofibers with AuDAC. Subsequently, the ability of the 

material to catalytically reduce 4-nitrophenol (4NP) to 4-aminophenol (4AP) was 

demonstrated. For more details, see the manuscript. 

In a research paper by Káčerová S., Muchová M., Doudová H., Münster L., 

Hanulíková B., Víchová Z.,Valášková K., Kašpárková V., Kuřitka I., Humpolíček 

P., Vašíček O., Vícha J. Antibacterial, anti-oxidant, conductive, and anti-

inflammatory polypyrrole/chitosan/dialdehyde cellulose hydrogel wound 

dressings, Carbohydrate polymers, under revision, I studied the viscoelastic 

properties of hydrogels based on water-soluble half N-acetylated chitosan (SCN) 

with 2,3-dialdehyde cellulose (DAC) and polypyrrole colloidal particles PPy-

containing wound dressings. This work focuses on the preparation of composite 

hydrogel dressings for wound healing, which are conductive and contain bound 

polypyrrole nanoparticles. The hydrogels are composed of reacetylated chitosan 

and utilize dialdehyde cellulose (DAC) as a crosslinker. Subsequently, these 

hydrogel dressings were subjected to comprehensive physicochemical 

characterizations, including analysis of network parameters, viscoelastic 

properties, surface analysis, conductivity, cell compatibility, antioxidant activity, 

wound healing capability, and skin irritation test. The resulting hydrogel dressings 

demonstrated conductivity, anti-inflammatory properties, non-irritation, and 

simultaneously promoted wound healing in vitro. For more details, see the under 

revision manuscript. 
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9. CONCLUSIONS AND CONCLUDING REMARKS 

To draw conclusions of the research, delineate ongoing and future research, 

and summarise the key findings and their significance presented in this 

dissertation for both scientific research and socio-economic practice, it is 

necessary to highlight that the research originated from basic yet abundant 

resources like cellulose, starch, other natural polysaccharides, and PVA. PVA 

is a widely available synthetic polymer produced through a well-established 

and optimised industrial process, available in various degrees of polymerisation 

and hydrolysis. On the other hand, cellulose and other polysaccharides 

represent renewable sources onto which an intriguing, yet undemanding on 

equipment, polymer analogue chemistry was applied yielding polymeric 

aldehyde compounds with fine-tuned structures.  

9.1 Conclusions 

The main contributions of my research include i) the preparation of 

PVA/DAC hydrogels and the study of the effect of the PVA matrix on their 

properties, and ii) the preparation of PVA/DAPs hydrogels and the study of the 

structure-function relationship of DAP crosslinkers. These results were 

published in Materials Science and Engineering: C (Appendix I) and 

Carbohydrate Polymers (Appendix II)96,133, respectively.  

***** 

In the development of thin hydrogel films of PVA/DAC optimised for topical 

applications, varying concentrations of the crosslinker, 2,3-dialdehyde 

cellulose (DAC), and different molecular weights of the matrix component, 

poly(vinyl alcohol) (PVA), were combined. The standard approach of adjusting 

the crosslinker quantity to modify hydrogel attributes was supplemented by 

concurrently altering the molecular weight of another essential hydrogel 

component, which is a frequently underestimated approach. This additional 

modification offers another variable in customising the material to specific 

requirements. 

Detailed evaluations showed that increasing the molecular weight of PVA 

affects the hydrogel network parameters directly at a (macro)molecular scale, 

such as crosslink density and mesh size, contributing to further stabilisation of 

the obtained hydrogel. These molecular-level modifications significantly 

influence the overall characteristics of the hydrogel, most noticeably in their 

equilibrium swelling capacity and viscoelastic traits. Moreover, the molecular 

weight of PVA used for creating the hydrogel matrix enhances the physical 

properties of the L-130 films relative to the L-31 variants, also evidenced by 

the maintained integrity of L-130 samples during manipulation, in contrast to 

L-31 samples. Conversely, properties like specific surface area and total pore 
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volume in lyophilised forms are predominantly determined by the crosslinker 

concentration, irrespective of the PVA type, although the average pore size is 

affected by the latter.  

The release rates of incorporated pharmaceuticals (rutin and caffeine) are 

seemingly unimpacted by either the crosslinker concentration or the molecular 

weight of examined PVA, possibly due to the minimal role of network density 

in thin-film configurations. Such behavior can be explained in the case of 

hydrogels, as they are generally characterised by low crosslinking density. The 

investigated pharmaceuticals are small molecules and, therefore, sensitive to 

the nearest molecular environment, whereas the long-distance structural 

parameters do not influence their diffusion. Importantly, all hydrogel 

formulations exhibited no cytotoxic effects in vitro, preserving cellular 

proliferation and morphology without promoting cellular adhesion, 

underscoring their potential in transdermal medication administration and 

wound care applications. Regarding the prospective fabrication of skin patches 

and facial masks for the transdermal administration of bioactive substances, the 

L-130 hydrogel was evaluated as the best choice among prepared materials. 

This variant, synthesised with a high-molecular-weight PVA matrix and a 

reduced crosslinker concentration, boasts superior porosity and moisture 

retention (indicating its drug incorporation capacity) alongside physical 

properties suitable for its application. It also demonstrates the most effective 

skin adherence among all tested samples, a necessary part of its performance in 

transdermal pharmaceutical applications. 

In contrast, employing a higher molecular weight PVA with an increased 

crosslinker concentration results in hydrogels with high elasticity and a more 

compact network structure. Although these materials are unsuitable for wound 

dressing and facial masks due to poor skin adherence, their higher elasticity and 

strength could be used in other applications. Without exploring it in the 

presented dissertation, it could be suggested to continue in this research 

direction aiming at drug delivery systems requiring a sustained release over 

time, utilisation of these hydrogels as scaffolds mimicking mechanical 

properties of various tissues, or any other application requiring form-stable 

articles made from hydrogels. 

***** 

The second part of the dissertation delved into the properties of PVA 

hydrogels, examining how they are influenced by crosslinking with various 

dialdehyde polysaccharides (DAPs), such as dialdehydes obtained from 

cellulose, dextrin, dextran, and hyaluronate, with particular emphasis on the 

macromolecular and nanoscale structures of these DAPs. The research 

validated the initial hypothesis, indicating that the intrinsic structural variances 
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in the original polysaccharides converted into dialdehydes by polymer 

analogue reactions significantly affected the properties of the resultant 

hydrogels. Critical factors included: (i) the density of –CHO groups, which also 

correlated with the original homo/heteroglycan nature of the crosslinker, (ii) 

the configuration (branched versus linear) and molecular weight of the 

crosslinker, and (iii) the dimensions of nano-assemblies that the crosslinker 

forms spontaneously in solution. 

The density of –CHO groups within the crosslinker had a predictable impact. 

This density essentially establishes the number of active crosslinking sites 

available on each macromolecule, influencing the final properties of the 

hydrogel. A sparser presence of –CHO groups was associated with increased 

swelling and porosity of the hydrogel but decreased elasticity. 

However, a deeper study of the effects of the structural form and molecular 

weight of the crosslinker proved more complex behavior due to their 

intertwined nature. Notably, the effect of molecular weight alone could not 

fully explain the characteristics of the final hydrogels, especially when 

crosslinkers with diverse macromolecular architectures were employed. 

A clear example of this complexity is the comparison between DXI and DAC. 

Despite identical Mn values, the distinct structural arrangements of their 

macromolecules led to markedly different hydrogel properties. Hydrogels 

derived from linear DAPs (like DAC and DAH) showed less variability based 

on concentration or thermal processing than branched DAPs. Conversely, the 

impact of branching proved to be both beneficial and problematic, being 

advantageous in some instances (as with DXA) or counterproductive (as seen 

with DXI) at lower concentrations, depending on the dimensions of the 

resultant crosslinker nano-assemblies. 

The dimensions of the crosslinker nano-assemblies, a parameter influenced 

by both the molar mass and structural organisation of the crosslinking 

molecules, had a notable correlation with the modes of crosslinker attachment 

and, thus, with the characteristics of the resulting hydrogels. While it remains 

unclear if these nano-structured domains maintain their integrity throughout 

hydrogel synthesis, the relationship between hydrogel properties and nano-

assembly size suggests that these structures are somewhat, at least partially, 

preserved during crosslinking process. Generally, crosslinkers forming larger 

nano-assemblies maintained their effectiveness at sparse concentrations due to 

their capacity to link matrix chains even at considerable distances. In contrast, 

those constituting smaller assemblies were superior at denser concentrations, 

contributing to a compact, chemically crosslinked environment supplemented 

by the physical entanglements among matrix chains, albeit their efficiency 

deteriorated at diluted concentrations. 
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In evaluating individual crosslinkers, DAC stood out for its ability in creating 

effective hydrogels across a spectrum of concentrations, though the reduced 

porosity and slightly elevated cytotoxicity of DAC-crosslinked hydrogels 

might narrow its applicability in biological contexts. DXI emerged as the least 

favourable option owing to the pronounced reliance of DXI-based hydrogels 

on crosslinker quantity and the toxic nature of the extracts derived. Hydrogels 

utilising DAH exhibited relatively enhanced porosity, a more viscous nature, 

and minimised cytotoxicity, presenting them as viable candidates for medical 

purposes despite potential compromises in mechanical integrity or rheological 

properties at lesser concentrations. Remarkably, DXA excelled as a crosslinker 

at minimal concentrations, yielding hydrogels characterised by minimal 

swelling. This property, coupled with its low cytotoxicity, makes DXA a 

compelling substitute for DAH-oriented hydrogels in engineering biomaterials 

demanding superior physical hydrogel properties. 

 

9.2 Ongoing and future research 

It must be pointed out that besides results and answers published in the 

corresponding papers, the dissertation also opens further questions and calls to 

continue ongoing research. It would be highly interesting to study our materials 

in the following directions. 

 Investigate the long-term stability and degradation of the hydrogel 

films to assess their practical applications and shelf life. 

 Study in detail the release kinetics and sustained release properties 

of the drug-loaded patches to optimise drug delivery. More examples 

of active pharmaceutical ingredients belonging to various classes of 

molecules, ionic species, macromolecules etc. should be added to the 

research design. 

 Conduct in vivo studies to evaluate the biocompatibility and 

cytotoxicity of the hydrogel films for their safe use. 

 Investigate the potential applications of the hydrogel films beyond 

topical use, such as in tissue engineering or as drug delivery systems. 

 Investigate the potential applications of the hydrogel films beyond 

biomedical use, such as in agriculture or as smart material systems. 

 Explore other factors such as pH, temperature, or external stimuli. 

 And eventually look outside the studied material base for other solutions. 

 Explore the use of alternative crosslinking agents or methods of 

crosslinking to further enhance the properties of the hydrogels. 
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9.3 Contribution to science and practice 

The ongoing efforts in biomedical research continually work to meet the 

requirements of applications such as tissue engineering, drug delivery, and 

wound healing. In our group, recent studies have focused on exploring 

polymer-based hydrogels, especially poly(vinyl alcohol) (PVA) hydrogels 

crosslinked with dialdehyde polysaccharides (DAPs), to understand their 

practicality and constraints in various applications. The detailed investigations 

presented in this thesis provide experimental results and conclusions, 

suggesting that a combination of chosen synthetic and modified natural 

polymers may lead to enhanced healthcare materials. 

The initial study offered a methodical approach, adjusting the crosslinker 

concentration, specifically 2,3-dialdehyde cellulose (DAC), and varying the 

molecular weight of PVA to fine-tune the properties of hydrogel films for 

potential topical applications. This research emphasised the relevance of both 

crosslinker concentration and the molecular weight of PVA, a detail sometimes 

overlooked in standard practices. The finding that optimisation of these factors 

could lead to hydrogels with preferable physical and viscoelastic properties 

indicated an important development. It pointed out, to deliver the most 

promising and specific example, the potential of L-130 hydrogel samples in 

applications like transdermal drug delivery and wound dressings, fulfilling 

specific healthcare requirements. 

Expanding on these rather practically oriented insights, the following study 

examined the influence of different dialdehyde polysaccharides (DAPs) on 

PVA hydrogels' properties. This analysis went beyond mere material testing, 

going deeper into the molecular structural factors that determine the behaviour 

of hydrogels. The evaluation of cellulose, dextrin, dextran, and hyaluronate 

derivatives revealed that the unique structural aspects of these polysaccharides 

significantly affect the performance of hydrogels. This understanding offers 

a rational framework for eangineering hydrogel components beyond achieving 

favourable results under laboratory conditions. The research, especially in the 

second part, has an intention to grasp molecular behaviour of studied 

compounds to anticipate their application performance. 

 Among the derivatives, DAC and DXA emerged as particularly effective, 

showing promise as crosslinkers due to their performance and biocompatibility, 

essential for medical use. DAC shows potential for diverse biological 

applications, but its suitability is tempered by certain limitations in cytotoxicity. 

DAH exhibited promising porosity and minimised cytotoxicity. Nevertheless, 

it shows worse performance in mechanical and rheological properties at lesser 

concentrations. In contrast, issues with concentration dependence and 

cytotoxicity profile of DXI suggest it is less suitable for application in direct 

contact with the human body. The research highlighted how structural 
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differences in polysaccharides, once converted into dialdehyde derivatives, 

play a crucial role, suggesting a need for thoughtful hydrogel design. 

***** 

This research underlines the importance of understanding the molecular 

structural factors that influence the final properties of the hydrogels, 

contributing to advances in biomedical material base solutions. The insights 

gained here encourage a balanced approach to hydrogel research, considering 

both chemical composition and physical properties, and stress out the practical 

implications of specific hydrogel formulations. These contributions can 

potentially guide the development of future medical products and lead to 

further improvements in the field of hydrogel healthcare materials. Continuing 

such research could help in optimising healthcare resources, enhancing patient 

recovery processes, and improving overall health care outcomes. 
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