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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 (M,,) of PVA. The best results
were obtained for hydrogel films using 0.25% wt. DAC and PVA with M,,=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 M,,
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.



ABSTRAKT

Préace je zaméiena na studium hydrogelovych filmu pfipravenych z oxidovanych
polysacharidovych sitovacich ¢inidel a polyvinylalkoholu (PVA) se zaméfenim
na biomedicinské aplikace, zejména podavani 1éCiv. Zpocatku byla studovana role
matrice (PVA) =zesitované 2,3-dialdehydcelulézou (DAC) v hydrogelech
navrzenych pro transdermalni podavani biologicky aktivnich slou€enin. Byly
zkoumdny vlastnosti hydrogelu, struktura a kinetika uvoliiovani IéCiva.
Optimalizace bylo dosaZzeno zménou mnozstvi zesitovaciho ¢inidla DAC a
hmotnostni primérné molekulové hmotnosti (My) PVA. Nejlepsich vysledkt
bylo dosazeno u hydrogelovych filmii s pouzitim 0,25 % hm. DAC a PVA s
Muw=130 kDa, kter¢ mély vysokou poréznost, kapacitu nandsSeni 1éCiva,
mechanické vlastnosti a adhezi ke kuzi u vSech testovanych vzorka. Dale byly
porovnany ruzné typy oxidovanych dialdehydovych polysacharidovych
sitovacich Cinidel (DAP) na bazi celulozy, dextranu, dextrinu a kyseliny
hyaluronové na vybrané PVA matrici, ze které byly vytvofeny PVA/DAPs
hydrogelové filmy. Cilem bylo formulovat vztah struktura/funkce a vybrat
nejlepsi sitovaci ¢inidla pro danou aplikaci. Vlastnosti PVA/DAP hydrogell byly
porovnany na zdkladé¢ hustoty -CHO skupin, struktury sit'ovacich c¢inidel,
molekulové hmotnosti a velikosti nano-soubort sit‘ovacich Cinidel, které se
spontanné vytvorily v jejich roztocich. VSechny ptipravené hydrogelové filmy s
riznym mnoZzstvim DAC a My, PVA sitovadla (PVA/DAC) a PVA/DAPs filmy
byly analyzovany na zakladé¢ mechanickych, viskoelastickych vlastnosti,
porozity, botnani, obsahu vody, sitovych parametrii a cytotoxicity. Sit'ovaci
¢inidla na bazi linearnich polysacharidi (celuléza, hyaluronat) fungovala
spolehlivéji, zatimco ptfitomnost vétveni by mohla byt prospéSnd (dextran) 1
Skodliva (dextrin) pti nizSich koncentracich sitovacich ¢inidel.
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1. INTRODUCTION

Biopolymers are biodegradable materials made from renewable sources by
living organisms®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 industries®. 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 dressings®>.

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 have also
drawbacks. For instance, fully synthetic hydrogels, such as PVA hydrogels
crosslinked with organic dialdehydes like glutaraldehyde®, have a relatively
high level of toxicity due to the use of low molecular weight cross-linking
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 origin’. These have better-defined properties
and can be optimized more easily>>. 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) 820, which are perfect for crosslinking matrices rich in
hydroxyl groups, like PVA*!. Here we investigate the synthesis, properties, and
applications of DAP/PVA hydrogels.



2. HYDROGELS

Hydrogels are three-dimensional cross-linked structures that can absorb large
amounts of water based on their hydrophilic nature >4, Their hydrophilicity
arises from the presence of hydrophilic groups such as -OH, -COOH, -CONH,, -
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)*3,

2.1 Characterization and structure

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 bonds*?. 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 elasticity'>!. 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 *°.

The structure of the hydrogel network is characterized by the volume fraction
in the swollen state (v2,5), which indicates the percentage of the gel matrix in the
gel volume, the number-average molecular weight of the polymer chains between
the crosslinks (M), and the network mesh size (&) 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. 127,

2.2 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 128, Mesh size can be calculated based on the established



shear or Young's modulus or degree of swelling 1*?°. The hydrogel mesh size can
also be obtained using the Flory-Rehner equilibrium swelling theory 2122, The
classical theory of rubber elasticity relates the shear modulus G to the mesh size
I mesh by 18:

6RT
Mmesh = ( )2 (1)
TN 24y G

where R is the gas constant, T is the absolute temperature, and Nay 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)#2324 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
required?,

The empirical Korsmeyer-Peppas equation is utilized to describe the kinetics
of substance release from hydrogel systems!®25-27;

T = g 2)

Mo

where M 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.

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. Thus, they offer a wide development
potential due to their excellent properties, which include natural abundance,
biocompatibility, biodegradability, chemical reactivity, etc?®. Due to the existence
of various functional groups in the structure of polysaccharides, 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 polysaccharides!®?,
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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 23, This reaction is shown in Figure 13,

Figure 1 Periodate oxidation of polysaccharide featuring vicinal diol group at
C2 and C3%

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 2 32,

DAC DXI . DXA
OH o
OH M g/o
ROrE (o >
0 . . o
o) 0 Hx 03/?&0 3,4-DXA
wl o d K y  OH
oH OH HOJ/O o [e] o)
o

OH OH o |
cellulose o —0 N 2,4-DXA
Ho\/O}\ o
DAH HO— 4 P Ho Lo
HOOC o Ho HO OH O A

HO CH NH dextran
07 ~CH,
hyaluronic acid

Figure 2: Structures of source polysaccharides and corresponding
dialdehydes®

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 B-(1—4) glycosidic bonds. The oxidation
of cellulose by periodate is characterized by cleavage of the C2—C3 bond of AGU,
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leading to the formation of 2,3-dialdehyde cellulose (DAC) . It is thus highly
regioselective.

Dextrin is a product of the hydrolysis of starch or glycogen. Due to the presence
of a-(1—4) and o-(1—6) glycosidic bonds, dextrin forms a branched structure,
see Figure 2. 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.

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 a-(1—6) glycosidic bonds with a degree of a-
(1—-3) branching. The structure and properties of dextran differ not only for
different species of bacteria but also for different strains *2. Because o-(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) %34, In contrast, AGUs
with o (1—3) branching lack any vicinal hydroxyl groups and are therefore
entirely resistant to periodate oxidation?®.

D-glucuronic acid and N-acetyl-D-glucosamine connected by alternating [3-
(1—>4) and B-(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 2. 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. %

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 chromatography®’, an absorbent of heavy metal ions and dyes®, a
material for protein immobilization3, a carrier for drug delivery®®, material in
tissue engineering®, and has applications in wound dressings®'. DAH has been
used, for example, as a crosslinker for hydrogels intended for chronic wound
treatment and tissue regeneration*>*3, Oxidized dextran is used for wound healing
as a cross-linking agent for polymers containing amine groups, such as chitosan*,
Applications of dextrin derivatives are mostly limited to cyclodextrins, which are
used as carriers for hydrophobic types of drugs*, improving the ability of
hydrogels to load drugs and control their release®.

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. It is obtained
by hydrolysis of polyvinyl acetate (PVVAc). 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*,

Poly(vinyl alcohol) is one of the most widespread and used materials for
hydrogel applications, due to its biocompatibility, biodegradability, low toxicity,
etc.*®°0 Based on these properties, PVA can be used for various purposes such as
the formation of films, hydrogels, fibers, scaffolds, composites, or polymer
membranes*’. Hydrogels can be prepared from PVA by cross-linking hydroxyl
groups to form hydrogels®?.

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 cross-linking using freeze-thaw-induced
crystallization or high-temperature (energy) processing, where network nodes are
formed through prolonged heating.®? The advantage is the absence of a cross-
linking agent. On the other hand, partial degradation of PVA caused by higher
temperatures can lead to the polymer degradation®3°4,

The second method is chemical crosslinking, using agents such as
epichlorohydrin,  various  aldehydes  (formaldehyde, glutaraldehyde,
benzaldehyde, etc.), anhydrides (EDTA dianhydride) or boric acid>*®.
A common feature of crosslinking agents is their synthetic origin (except boric
acid) and relatively high toxicity. 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 network®.

4.2 Applications

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 biopolymers®”.
For example, there are PVA-based double network hydrogels that serve as
absorbers of heavy metal ions in waste-water treatment® or PVA-based
membranes that are used in various separation processes®>®. A lot of attention is
focused especially on the field of biomedicine, including tissue engineering*,
wound dressing applications’, contact lenses, orthopedics®?, etc.5262-65,
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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 cross-linking 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 cross-ling of PVA matrices by the modified polysaccharides. The main
research directions of the thesis can be divided into two objectives:

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

14



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 M,, (130 and 31 kDa,
respectively, Sigma Aldrich Co.). Alpha cellulose (M, = 109 kDa) (Sigma
Aldrich Co.) oxidized by sodium periodate (NalO,) (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 My, = 76 kDa, degree of polymerization DP = 468, polydispersity index
PDI = 4.7; Sigma Aldrich Co.), dextran from Leuconostoc spp. (My = 71, DP =
449, PDI = 1.9; Sigma Aldrich Co.), dextrin from corn starch type | (M, = 52
kDa, DP = 325, PDI = 2.3; Sigma Aldrich Co.), and sodium hyaluronate (M, =
1.5 MDa, DP = 3740, PDI = 4.3; Contipro Ltd., Czech Republic). Poly(vinyl
alcohol) PVA with 88% degree of hydrolysis (M,=130 kDa) served as a matrix.
Other chemicals involved in modifications and characterizations can be found in
relevant papers.®1%® 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 uS/cm was used.

6.2 Sample preparations
Dialdehydes polysaccharides (DAPS)

The general procedure for preparing DAP is as follows. Individual DAPs,
namely cellulose, hyaluronate, dextrin, and dextran, were oxidized with NalO4
according to earlier works >+67:%8 into their respective 2,3-dialdehyde derivatives
(DAC, DAH, DXI, and DXA). The reaction mixtures were left to stir in the dark
for different time intervals depending on the type of polysaccharide used.
Specifically, DAC 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 ethylene glycol. For the PVA/DAC hydrogels for transdermal drug
delivery, the raw DAC was washed, filtered, suspended in water, solubilized at 80
°C for 7 hours, and cooled before being centrifuged for 10 minutes. The rest of
the dialdehyde polysaccharides for use as the role of crosslinker structure in PVA
hydrogels, like 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,
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resulting in dialdehyde polysaccharide powders (DAPs). The dialdehyde
polysaccharide powders were utilized as crosslinkers for different P\VA matrices.

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 3).

0“ ™

o/H
H _H+
)\ /L + O—PVA DAP#O—-PVA
H

Figure 3 The mechanism of hemiacetal bond formation between PVA and DAP3!

DAP

In general, a predetermined amount of PVA was dissolved in water and heated.
Subsequently, the acidic catalyst (1.3 M HCI), and a given amount of crosslinker
were added 3¢, For the PVA/DAC hydrogels for transdermal drug delivery,
0.25% a 1% of the crosslinker were added. In the second study, 0.1% and 1%
were used for DAC, DXI, and DXA, while 0.25 % and 2.5 % were for DAH,
which has a lower density of -CHO groups. 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 were cut out.

6.3 DAPs and hydrogel characterization methods

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. Humpolicek at CPS. The
characterization of DAPs are described in more detail, see 3!

Several techniques were used to investigate the characteristics of the prepared
hydrogels, including network parameters, viscoelastic properties, BET, and SEM
analysis, see references 1% for more details. 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. Humpoli¢ek at CPS was determined for all prepared hydrogels.
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/. 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. Hydrogel samples
are shown in Fig 4. 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. The three other types of samples, L-130, H-
130, and H-31, were, however, successfully characterized using the previously
mentioned techniques (6.3).

Table 1 Designation of PVA/DAC samples, M,, of PVA used and their
composition®®,

Sample PVA My PVA DAC DAC (g)
(kDa) (9) (Wt.%)
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
H-130 H-31

L-130

\\\H\llll\llll|||l||||||||||||Il|l|lIlllIHHHHIHHHJHIH|
Ocm 1 2 3 4 5 6

Figure 4 Photograph of PVA/DAC samples®®
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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,? for details see relevant works®*%7,

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
M,, of PVA (Table 2). Generally, a lower amount of crosslinker and a lower M,,
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 M,, of PVA increase, therefore sample H-130 shows
the largest gel fraction and sample L-31 the smallest. On the other hand,
increasing the M,, of PVA decreases M. (increases p¢) 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 DAC®. 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 M,, of PVA further emphasizes this
relationship.

Table 2 Network parameters calculated for the PVA/DAC hydrogel samples®

Sample | Swelling | EWC Gel Mc Pc ¢
fracti

@) | @) | oMM (g/mol) | (umoliem®) | (A)
(%)

L-31 |[7900+800|99+1| 12+1 | 12380+20 103+ 1 508 £17

H-31 70717 |88 +1| 48+1 |6410+160 198 £5 169+ 4

L-130 | 1150£90 |92+1| 59+2 | 20700+ 62+6 |350+30
1900

H-130 3516 | 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 Figure 5A and 5B. According to Figure 5A, 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 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.®” 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 M,, of PVA as lower
My, leads to lower G" and G" values, as can be seen from a comparison of H-31
and L-130 samples. The decreased M,, of PVA resulted in a nearly 70 %
decrease in G’ values.

The complex dynamic modulus (G*) (Figure 5C) and damping factor (tan
0) (Figure 5D) show analogous correlations with the amount of crosslinker and
M,, 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.
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Figure 5 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 (tand, part D) on the
angular frequency®®.
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BET and SEM analysis

PVA/DAC hydrogels were lyophilized and their specific surface area
(ogeT), total pore volume (V,), mean pore diameter and adsorbed volume of
nitrogen (Va) was measured, see Fig. 6. In comparison to samples H-130 (2.0
+ 0.1 m?/g) and H-31 (2.2 = 0.1 m?/g), sample L-130 has a ager Value that is an
order of magnitude higher (31.1 £ 0.9 m?/g) (Figure 6A). The results
demonstrated that decreasing DAC concentrations significantly increased the
hydrogels' specific surface area (BET), total pore volume (V,), and V,, with
sample L-130 displaying the highest values (Figure 6). 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 ager Values, while the H-31
sample had slightly larger surface pores than the H-130 sample (Figure 6C).
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Figure 6 The specific surface area ager, and total pore volume (V,) 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/po (part B), and
SEM images of individual PVA/DAC samples taken at a magnification of 30.000
(part C) .
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Cytotoxicity

The biological evaluation was performed in collaboration with a group of Prof.
Humpolicek at CPS. It consisted of two parts. Firstly, the cytotoxicity of hydrogel
extracts in culture media was determined according to 1SO 10993-12.316¢
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 1ISO 10933-5 (Figure 7).

NIH 3T3
1.2

H-31 L-130 = H-130

o o o =
IS o © o
1

Relative Cell Viability
o
o

o
o

Hydrogel extract concentration (%)

Figure 7 Various amounts of PVA/DAC hydrogel extracts and their relative cell
viability®®

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 8, top). Additionally, the fibroblasts retained their typical
elongated shapes (micrographs in Figure 8, 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 8 Relative cell viability of cells incubated in the presence of PVA/DAC
for 48 and 96h and micrographs of cells after 96 h

Drug release and transdermal absorption 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)316,

The release rates of caffeine, which is a relatively small molecule, were
identical for all three hydrogel materials tested (Figure 9B). 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 9A). 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. An analysis of
these data was also conducted using the mathematical Korsmeyer-Peppas model
(see section 2.2). The values of the exponent n are presented in Table 3. The
results suggest that the release mechanism occurs based on Fickian diffusion.
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Figure 9 Cumulative release of rutin (part A) and caffeine (part B) from
PVA/DAC hydrogels®

Table 3 Results of the release exponent n according to the Korsmeyer-Peppas
model

RUTIN CAFFEINE
SAMPLE Exponent n Exponent n
L-130 0.12 +0.03 0.14 £ 0.02
H-130 0.17 +0.03 0.163 +0.009
H-31 0.2+0.1 0,1020 £ 0.0006

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
31,66
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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
1g), whereas sample H-130 was able to absorb a small amount (about 500 ng),
(Table 4). Aqueous caffeine solution containing 250 pg of caffeine was used as a
reference.®.

Table 4 Caffeine amount present in the samples (ug) and the dose of caffeine per
cm? of skin®®.

Sample | Total dose of caffeine (ng) Dose per cm? (ng/cm?)
L-130 896 £ & 1134 £ 10
H-31 660 £ 6 832 +7
H-130 495 £ 1 625+ 1
Reference 250 320

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 10 C, D). According to Trauer et al.®, 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.”®, Santander-Ortega et al.”, and Pilloni et al.”2, 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. 10 C, D.

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.
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Figure 10 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) .

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. Individual PVA/DAPs hydrogels are shown in Figure 11.
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Figure 11 Photographs of PVA/DAPs hydrogels samples®!

7.2.1 Characterization of DAP crosslinkers

DAPs were prepared as described in (6.2). Conditions of periodate oxidation
were set to obtain fully oxidized materials®**®8, 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
group structural features of their source compounds and the properties of DAPs
are to alarge 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
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compared to DAPs, which tend to form hemiacetals and self-crosslinks. This
method has also been used previously with good results®. To analyze the
molecular weight of the samples, a Waters HPLC Breeze chromatographic system
with a refractive index detector was used. The highest M, is found in the DXA at
30 kDa, followed by the DAH at 21 kDa, while the M, in the DXI and DAC is
nearly identical at 12 kDa, see Table 5 for more details.

Table 5 Number average molecular weight (M,), weight average molecular
weight (M), 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)

DCP Mw | Mn |PDI| DP |DAP| My | Mn | DO N-cHo
(kDa) | (kDa) (kDa) | (kDa) | (%) | (mmol/g)

DCDXA| 848 | 441 |1.92 | 420 | DXA | 58.0 | 30.2 | 85+4 | 12.3+0.4
DCH | 478 | 248 | 192 | 103 | DAH | 41.2 | 21.4 | 99+6 | 5.0+0.3
DCDXI | 369 | 169 | 2.17| 157 | DXI | 25.2 | 11.5 | 98+l | 12.5+0.2

DCC | 312 | 169 | 184 | 132 | DAC | 21.2 | 11.5 | 9542 | 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 reaction’®. 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
DXA oxidized to 85% contains 12.3 mmol/g of -CHO groups (Table 5). 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 (dn) and zeta potentials ({) of DAP nano-assemblies
formed in their solutions were investigated using DLS (Table 6). 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) M, than
their linear counterparts. DAH created the largest nano-assemblies, whereas
DAC, despite having an approximately 3x lower molecular weight (M,), 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 M,,. With
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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 (d, 270 nm) and the minority (about 20%)
being smaller (20 nm).

Table 6 The hydrodynamic radii (dy) and zeta potentials ({) of DAPs!

sample dn (nmM) £ (mV)
DXA 267 +19 (20 + 3) * 146+ 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 {-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
C-potential measurements one week after their preparation, which gave essentially
the same results.
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Figure 12 FT-IR spectra of DAPs®!
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FTIR analysis

The IR spectra of all DAPs show distinctive absorption bands around 1730 cmr
1 (C=0 vibration from -CHO) and 875 cm™ (C-O-C vibration), indicating the
presence of both free aldehyde groups and newly formed hemiacetal groups as
you can see in Figure 12. 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™ and a deformation
vibration -OH from COOH at around 1380 cm™. The absence of the glucuronic
acid fingerprint vibrational band at 893 cm in the DAH spectra suggests that the
C2-C3 bond has been broken as a result of quantitative oxidation.

Cytotoxicity

In collaboration with a group of Prof. Humpolicek 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 13). 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 cross-linking agents, however, which may
be due to the size of their nano-assemblies and related differences in transport
through the cell wall. Overall cytotoxicity of crosslinkers is relatively low
compared to other crosslinking agents. To put these results into a proper
perspective, a comparison to glutaraldehyde (GA) was performed. GA was 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/mL®. DAPs are thus several orders of magnitude less toxic.
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Figure 13 Relative cell viability containing 0—1mg/mL of DAP for 24 h3!

Crosslinkers were subsequently used to prepare hydrogels, whose properties
are discussed in the following section.
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7.2.2 Characterization of prepared PVA/DAP hydrogels
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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%).

Viscoelastic properties

Graphs in Figure 24 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 15). 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
lowest values.The same trend was reflected in the damping factors, with DXI and
DAC being the most elastic, and DAH and DXA more viscous-like (Fig 16).
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Figure 15 Dependence of storage modulus and loss modulus of PVA/DAPS on
angular frequency?!

Due to the loss of crosslinking caused by heating, all samples in the HT series
showed a decrease in G’, G”, and tan 6, with DAC-HT having the smallest
decrease and DXI-HT getting the greatest decrease.

31



7000 4

0.2
__-A E

3 __--A—-"A' E
b -“ , : 0.15 "--+=:-_*_
i §g e 4E boge ## 2
3 ’ ¢ * # + ] §=:k -4 - DAH-H
4000 3 0.1 1 _="' ) A i - - DXA-H
= e 5 4 3 ' * % 3 ;"
é‘i ] ) 1 1 1 1 3 ] o ‘
% 60003 T - T jﬁ T y . i
Ba4000f Q----Q----Q--—--Q----Q---- S 0.0454 TRl - |-o pac
é $::::$:::: ::::g:::: ::::$ “’@’ ST S ;;“ ________ -gg’;ﬁ:l
El P L2 1| T 4 [gom
L] A-
g_ ] J : ! | gu.nso— | | [ |
Ezooo-" - - ey '
] FEIgocoogIIIIgEIIls I-E:$ 0'06-5 o ‘0“"0‘"’@”“0 -@ -DAC-L
1600 @----G---- - g“ @
] Titeol o 2&————4& ] - S
|

<& i -Jg-DXA—L
R~ R -4 - DAH-L
TR ccg-=zcig - - i - -

_5_4 : $ i DXI-L

Angular frequency (1/s) Angular frequency (1/s)

0.04

1200

Figure 16 Complex modulus G* and damping factor tan of PVA/DAPSs depend
on the angular frequency3L.

The G, G”, and tan 9§, 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 &) 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 17 for BET and Figure 18 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 (aget) (3.9 m?/g)
and total pore volume (V,) values (0.038 cm®/g), whereas DAC-H had the lowest.
The mean pore diameter (dy,) 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
aget and V, 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 18 also support these findings.
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Figure 17 Specific surface area (part A), total pore volume (part B) of PVA/DAPs
hydrogels®

Figure 18 SEM analysis of lyophilised PVA/DAPs hydrogels®!

Cytotoxicity

In collaboration with a group of Prof. Humpolic¢ek at CPS, cytotoxicity was
determined according to 1SO 10 993-5, Figure 20 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 20. 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. DAH and DXA-based
hydrogels were found to be the least cytotoxic, while DAC and DXI-based
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.
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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 21.
The presence of B-glycosidic bonds in DAC also enhances its crosslinking
effectiveness by allowing efficient crosslinking of different PVA chains even by
relatively close DAC units. The mild cytotoxicity of PVA/DAC hydrogel extracts
Is a disadvantage, but it can be improved by heating. In summary, DAC is an
effective crosslinker for hydrogels but of limited biological application.

DXI - Although M, 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 21). 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
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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
crosslinker concentrations. This is likely due to the larger size of DAH nano-
assemblies and possibly higher M,, of DAH macromolecules, which allows them
to crosslink more distant PVA chains (Figure 21). 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, indicatiing them for scaffolds in tissue engineering.

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 (dx
~20 nm) acting as a ""secondary" crosslinker network, binding nearby PVA chains.
The DXA hydrogels have lower cytotoxicity and better mechanical properties
than DAH-based hydrogels, especially at low concentrations.

Molecular size  Nano-assebly size PVA/DAC [ PVA/DXI

DAC e e “%}x‘g" _, X

% 3
DXI i, A — 4

PVA/DAH
DAH  \~_—~ \5& ,

)N
DXA >7L <A % i
-2 /)\
Figure 20 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 M, and dy, respectively. For better clarity, the PVA matrix was
represented uniformly, showing the same PVA concentration during the
crosslinking®!
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8. CONCLUSIONS AND CONTRIBUTION TO
SCIENCE AND PRAXIS

The main outputs of my research include i) the preparation of PVA/DAC
hydrogels and the study of the effect of the PVVA matrix on their properties, and
i) 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 and Carbohydrate Polymers 316¢,

The first contribution showed that the increased My, of PVA affects the
crosslink density and mesh size and improved hydrogel stability. These
molecular-level changes have the greatest impact on equilibrium swelling
capacity and viscoelasticity. On the other hand, DAC crosslinker concentration
controls the specific surface area and total pore volume, while the PVA type
affects the mean pore size. The amount of DAC crosslinker and M,, of PVA do
not have a significant effect on the drug release rate, most likely because the
investigated pharmaceuticals (rutin and caffeine) are small molecules and,
therefore, sensitive to the nearest molecular environment, whereas the long-
distance structural parameters do not influence their diffusion. In other words,
the size of the molecules was very low in comparison with the hydrogel mesh.
Through analytical data exploration, it has been verified that the kinetics of
caffeine and rutin release can be described utilizing the Kosmeyer-Peppas
mathematical model. It has been determined that the release mechanism of
these substances is governed by the Fickian diffusion mechanism. All prepared
hydrogel films were also non-toxic and therefore suitable candidates for
transdermal drug delivery patches and wound dressings. As a result of high
porosity, high water content, and excellent skin adhesion that improved the
drug absorption, the hydrogel sample L-130 (L-low concentration of cross-
linker, 130-highest M,, PVA) is the best for dermal patches and transdermal
delivery of biologically active compounds.

The second contribution showed that the structural variances of the
prepared DAPs have a significant effect on the properties of the prepared
PVA/DAPs hydrogels. A lower density of -CHO groups leads to higher
hydrogel swelling and porosity, but lower elasticity. Different macromolecular
chain architectures can have a significant impact on hydrogel properties, as
demonstrated by DXI and DAC having the same M,. Hydrogels based on linear
polysaccharides (DAC, DAH) are generally less affected by the decreased
concentration of crosslinker or heat treatment while branching can have either
positive (DXA) or negative (DXI) effects at lower concentrations depending on
the size of the crosslinking nanodomains. Regarding the comparison of
individual crosslinkers, DXA is the most effective crosslinker at low
concentrations, resulting in hydrogels with low swelling and low cytotoxicity,

36



making it a promising alternative to DAH-based hydrogels for the preparation
of biomaterials that require better physical properties.

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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