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ABSTRAKT

Tato disertacni prace se zabyva fyzikdlnimi aspekty zpracovani materialti na bazi biopoly-
merl pomoci 3D tisku a elektrostatického zvldknovani, predevsim pak vlivem mater-
idlovych vlastnosti na tyto vyrobni procesy. Zvlastni pozornost je vénovéna tvorbé
hydrogeli na bazi biopolymerd pomoci riznych metod sit'ovani. Tyto hydrogely mo-
hou déle slouZit jako podklad pro nanovldkenné struktury a byt pouZzity jako pokrocilé
biokompatibilni materidly v biomedicinskych aplikacich.

Prace popisuje tvorbu hydrogeld z prirodnich polymerti pomoci dynamickych poly-
mernich siti. Hydrogely pfedstavuji vyhodny typ materidld diky své vnitini podob-
nosti s extracelularnim prostiedim zivocisSnych buiiek. Sit'ovani bylo dosaZeno po-
moci dynamickych kovalentnich vazeb, nebo s vyuZitim spontdnniho vzniku vnitin{
podptirné struktury nanodesti¢ek diky jejich elektrostatickému odpuzovéani. Optimal-
niho chovan{ pro 3D tisk bylo dosaZeno pro nékolik riiznych materiald, které vykazuji
sniZzeni viskozity se zvySujicim se smykovym namahdnim a pomérné rychly ndvrat do
pivodnich hodnot viskozity po ukonéeni smykového naméhani.

Z hlediska elektrostatického zvldkniovani polymernich roztokt byly diskutovany vnitin{
a vnéjsi faktory ve vztahu k vyrobnimu procesu se zvlastnim zietelem na materidlové
parametry a jejich ndvaznost na dalsi aspekty jak procesu, tak podoby ziskanych vldken.
Kromeé jednosloZkového elektrostatické zvldkniovani probéhly experimenty i s koaxidl-

nim zvlaknovanim, kdy se navic projevily jevy na fazovém rozhrani roztoku.

Vyznam disertacni prace presahuje jednotlivé technologie 3D tisku a elektrostatického
zvldkiiovani, a spocivd predevs§im v moZnosti jejich kombinace pro vytvafeni struktur
vhodnych pro biologické aplikace, véetné tkanového inzenyrstvi. Presné makroskopické
struktury ziskané 3D tiskem hydrogelti s nanotopologickymi prvky nanovldken vzniklych
elektrostatickym zvldkfiovdnim mohou byt vytvofeny napt. jako 3D tiSténé struktury
pokryté nanovldkny, vrstvenych 3D tiSténych/nanovldkennych sendvicovych struktur a
nanovldkny vyztuZenych materiald pro 3D tisk, z nichz kazda slibuje riizné vyhody pro
biomedicinské aplikace ve srovndni s komercéné dostupnymi materiély.

Vysledky disertaéni prace z pohledu vyroby hydrogelt a nanovldken mohou najit up-
latnéni v oblasti pokrocilych vyrobnich technologii se zaméfenim na biopolymery. Ma-
teridly vyvinuté v rdmci této disertani pridce mohou diky svym unikdtnim fyzik4lnim

vlastnostem rozsitit vyuziti 3D tisku a elektrostatického zvlaknovani nejen pro tkanové



inzenyrstvi, pro které byly tyto materidly ptivodné zamysleny.

ABSTRACT

This doctoral dissertation explores the essential physical aspects influencing biopoly-
mers fabrication by 3D printing and electrospinning. The study investigates several
polymer system characteristics, and their influence on the respective processes. The
focus is directed towards formulation of hydrogel structures via various cross-linking
methods, which can eventually be decorated with nanofibrous structures and serve as

advanced biocompatible materials in biomedical applications.

The work details the enhancement of natural polymers’ hydrogel formation using dy-
namic polymer networks of two kinds - dynamic covalent linkages, and electrostatically
driven reinforcement with nanoplatelets. The hydrogels were chosen due to their inher-
ent resemblance to extracellular matrix of a natural tissue. The optimal behavior for 3D
printing inks, displaying shear-thinning behavior and swift recovery post shear stress,

was achieved for several materials compositions.

In terms of polymer solutions electrospinning, the complex interplay of intrinsic and
extrinsic factors was discussed in a relation to the process and its outcomes. The exper-
imental investigation focused on materials parameters and their linking to other elec-
trospinning parameters, as well as the resulting fibres’ morphology. Apart from single-
solution electrospinning, coaxial electrspinning was explored. In that case, interfacial

phenomena had to be considered as well.

Significantly, the dissertation lays the groundwork for combining nanotopological fea-
tures of electrospun fibrous mats and precise macroscopic structures from 3D printed
hydrogels. The results presented in the thesis can be utilized in fabrication of ad-
vanced structures eg. in the form of nanofibres decorated 3D printed structures, layered
3D printed-electrospun sandwich structures, and nanofibre-reinforced 3D printing inks,

each promising distinct benefits for biomedical applications.

In conclusion, the dissertation provides a thorough exploration of physical factors af-

fecting biopolymers’ manufacturing via advanced manufacturing technologies, estab-



lishing a substantial base for future advancements in manufacturing of biopolymer

based materials.
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1 INTRODUCTION

Advanced manufacturing refers to a set of innovative manufacturing processes and
techniques that utilize cutting-edge technologies, such as additive manufacturing, nan-
otechnology or advanced materials manufacturing [1]. These technologies can improve
productivity, quality, and flexibility, and can enable manufacturers to produce products
faster and more efficiently. Additive manufacturing is often seen as an equivalent of
3D printing, which is an overarching term for various technologies, which make use of
computer-aided design to manufacture complex three-dimensional structures in layer-
by-layer manner. However, for the purpose of this thesis, the term additive manufac-
turing will be seen in broader perspective as the opposite of subtractive manufacturing,
which typically employs the top-down approach by reshaping a block of material by
taking away parts of it. Additive manufacturing utilizing the bottom-up approach has
the potential to revolutionize manufacturing by allowing for the creation of complex
shapes and structures that would be difficult or impossible to produce using traditional

manufacturing methods [2].

3D printing involves the use of a computer-controlled printer to deposit layers of a
material (such as plastic, metal, or bioink) to build up a 3D structure. The material is
usually supplied in the form of a filament or a liquid, and the printer typically includes
a nozzle of various shapes that moves back and forth to deposit the material in a precise
pattern [2]. 3D printing produces structures with resolution of thousands to hundreds

of micrometers, which are typically highly accurate in shape and dimensions [3, 4, 5].

Electrospinning, on the other hand, involves the use of an electric field to draw a
charged polymer solution or melt to produce a fine fibre of hundreds to tens of nanome-
ters in thickness [6]. The electrospinning process itself leads to random nanofibrous
meshes, and their orientation has to be ensured by special manufacturing adjustments.
These include mainly collecting fibres on rotating drum or cutting a small part of a large
mesh exhibiting quasi-uniformity [7, 8]. Electrospinning is a versatile manufacturing

method and can be used to create a wide range of 2D or 3D structures.

3D printing and electrospinning are both technologies that can be used to manufacture
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3D structures from a variety of materials. Both technologies build up a structure in
an additive manner, and both have the potential to produce complex structures with
high resolution and accuracy. They have been used in tissue engineering to create scaf-
folds for cell culture and tissue repair [9]. 3D printing has the advantage of being able
to produce complex structures with a high degree of control over their geometry and
composition, while electrospinning is faster and can produce fibres with a wider range
of diameters and compositions. Furthermore, each technology brings specific quali-
ties influencing the cells behaviour. 3D printed tissue analogues with mechanical and
chemical resemblance to extracellular matrix (ECM) provide environment for cell at-
tachment and growth [10]. Cultivation on nanotopographically tuned fibrous scaffolds,
on the other hand, guides cell migration and induces orientational growth [11, 12].
Thus, combining 3D printing and electrospinning could be used as biomimetic ap-
proach for preparation of structures suitable for tissue engineering or pharmaceutical

applications.

2 STATE OF THE ART

The use of advanced technologies brings unbeknown opportunities in almost every
aspect of human life, including healthcare [13, 14, 15]. Several medical fields can
benefit from advanced fabrication methods, namely drug delivery [16, 17, 18, 19, 20,
21, 22], wound healing [23, 24, 25, 26, 27], tissue engineering [28, 29, 30] and cell
scaffold fabrication [31, 32, 33].

Polymer systems designated for use in medical applications have to follow specific
requirements, which restrict the available materials platform. Specifically in tissue
engineering, the polymer systems should be as close as possible to the properties of
native tissue in order to achieve optimal cell stimulation to adhesion and proliferation
[34]. These requirements can be divided into several groups: structural, mechanical,

chemical, and biological.

Structural requirements include mainly the simulation of functions of ECM - providing

support and facilitating communication among cells [1] - which are allowed by high
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water content and porosity. These specifications lead to high popularity of hydrogel
materials in this area [10]. Furthermore, it has been found that the presence of nanos-
tructures is of immense importance in cell cultivation, as such structures are capable of
direct interactions with cells [35]. This approach was used by Li et al., 2023, where hy-
drogel containing phosphate particles were chosen for material intended for osteocytes
cultivation [36]. In another study, Bertels et al., 2021 proved the direct influence of
geometry on division rate and morphology of mouse embryonic stem cells [37]. Zhao
et al., 2020 observed increased formation of periostum-like tissue when using nanofi-
brous scaffolds with specific functionalization [38]. De France et al., 2021 proved the
capacity of nanostructure to influence the morphology and induce directional growth
in mouse myocytes [12]. Nanofibrous scaffolds with controlled topography have been

found useful also in guided neuron cultivation [39].

Mechanical properties of various tissue types range from hard cancelous bone (Young’s
modulus around 25 GPa [40]), muscular tissues (units of MPa for both skeletal and
heart muscles [41]), to hundreds of kPa in case of breast tissue [42]. Additionally,
many tissue types are highly anisotropic and provide different response with respect
to the direction of impulse [41], such as interface tissues [43]. Stanton et al., 2022
successfully mimicked the bone-tendon interface by creating a hydroxyapatite (HAp)
gradient in aligned gelatin (Gel) scaffolds, giving mechanical and chemical impulses

to achieve desired stem cell differentiation into the interfacial tissue structure [44].

Furthermore, specific tissue types rely on reversible response to mechanical [9, 45] or
electric [36, 46, 47] impulses. An emerging approach to cell scaffold fabrication is
the use of smart materials, i.e. materials with instant and reversible response to exter-
nal stimuli [48]. The stimuli range from thermal, electric and magnetic field, to light
or humidity. A common feature of many of these materials is shape memory, which
is exploited in tissue implants [49, 50]. Diaz-Payno et al., 2023 used combination of
hydrogels with different swelling to obtain curvature in a scaffold and induced chondro-
genesis in human mesenchymal stromal cells [51]. Similar functionality was obtained
by Cui et al., 2020 by selectively adjusting cross-linking density of methacrylated nat-
ural polymers, thus affecting their swelling ability [52]. In a different approach, Ko et

al., 2020 used superparamagnetic iron oxide particles as a filler for hydrogel-based 3D
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printing bioink to obtain magneto-responsive cell scaffolds or drug delivery systems
[53]. Shou et al., 2023 used magneto-responsive hydrogels as dynamically mechano-
modulable matrices and confirmed induction of mesenchymal stem cells spreading and
proliferation [45]. 3D printing of x-carrageenan yielded electro- and thermo-responsive
constructs suitable for on-demand drug release. However, their potential in cell culture
and tissue engineering is yet to be confirmed [54]. In a different approach to utilizing
smart materials in cell cultivation, Zhao et al., 2023 used electro-stimulation of mouse
fibroblasts. They proved enhanced cell proliferation due to electro-stimulation, leading
to accelerated wound healing [55]. The combination of advanced additive manufactur-
ing technologies is a way towards 4D printing - 3D printing of structures interchange-
able in time, such as studied by Kamperman et al., 2023. In this study, biochemi-
cally tunable scaffolds were prepared by utilizing core-shell structured microspheres
as building blocks, offering means for spacio-temporal manipulation of cultured cells

[56], bringing a different understanding of smart materials.

Cell cultivation on artificial scaffolds relays on specific interactions between the scaf-
fold surface and cell receptors. The biocompatibility of a surface is guided by various
material properties, including surface energy, presence of certain chemical groups, to-
pography and mechanical properties [57, 58, 59, 60, 61]. Although the surface proper-
ties have an essential role in cell attachment, migration and proliferation, differentiation
in 2D cultivation is typically rather poor, and significant changes to morphology can
be observed [62]. 3D cell culture allows building conditions in vivo by closely resem-
bling the functionality of ECM, and is found to produce more viable tissue analogues.
The third dimension has been called the bridge between cell culture and living tissue
[63]. The interactions among cells, and cell-ECM interactions are the core of biologi-
cal communication, and enable the formation of complex, specific tissues. Therefore,
the essential concepts of 3D cell cultivation highlight the need to simulate cell-ECM
interactions, and allow cell-cell interactions at the same time [64]. Adding cues - both
physical, and biochemical - allows guidance of cell growth, proliferation and differen-

tiation, thus expanding the usability of tissue engineering [65].

In a recent study, Fornetti et al., 2023 observed the alignment provided by 3D printing

technology in morphogenesis of muscle cells leading to higher orientation of myofibrils
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on the 3D printed constructs compared to bulk polymerized scaffolds [66]. Some ex-
cellent results in structural guidance of cell proliferation and differentiation have been
achieved on scaffolds made of aligned electrospun nanofibres, especially in reconstruc-
tion of cardiomyocytes [67, 7, 68] and neural cells [69, 70, 71]. In their study of
myocyte behaviour, De France et al., 2021 used the aligned nanofibres in combination
with random wrinkling of the foundation [12]. Zhang et al., 2022 reported the ability of
nanofibres used as fillers for hydrogel matrices to induce cell alignment [72].1t appears
that combining 3D printing and electrospinning technologies holds a great potential for

fabrication of cell-instructive scaffolds for tissue engineering applications [9, 73, 74].

3 AIMS OF THE DOCTORAL THESIS

The main focus of the doctoral thesis is the development of natural polymer based
systems suitable for processing via 3D printing and electrospinning technologies in
order to obtain constructs distinctly structured on macro-, micro- and nanolevel. This
is achieved through thorough examination and fine tuning of key parameters for the
respective techniques. Furthermore, the possibility to utilize composite materials and
enhance the polymer matrix performance will be studied. The research objective is
directed towards fabrication of scaffolds for cell cultivation. Therefore, it is necessary

to be mindful of biocompatibility in each step of the process.
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4 THEORETICAL BACKGROUND

4.1 Polymers and polymer systems

Polymers present a group of materials consisting of macromolecules (several millions
grams per mol), which are built from repeating units conceptually derived from low-
molecular-mass molecules. In general, polymers can be divided into several groups
based on their origin (natural or synthetic), primary (homopolymers or copolymers,
which can be further divided into subgroups - statistical, alternating, block or graft
copolymers) and secondary (linear, branched or cross-linked). The macroscopic be-
haviour of a polymer is directed by its structure of each level [75]. Alterations in
polymer structure, such as changing molecular weight (M), polydispersity, linearity
etc. can therefore be a useful tool for fine tuning of polymers mechanical [76, 77],

rheological [78] or thermal properties [79].

Polymer systems comprise mixtures of polymers with other substances - solvents,
fillers (either passive or active), cross-linking agents, other polymers efc. [80]. Any
given additive influences the behaviour of the polymer chains through physical or
chemical interaction. The variety of possible effects leads to almost infinite range of
possible polymer systems. For the purposes of the thesis, only certain specific groups

of polymer systems essential to the research will be listed.

4.1.1 Polymer based scaffolds in tissue engineering

Tissue engineering is based on three essential building blocks referred to as the tissue
engineering triad - a scaffold, cells, and signaling paths between cells. The scaffold
is of vital importance to successful growth of artificial tissue replacements [81]. Its
primary function is to provide structural support for cells attachment. As such, it must
resemble ECM - a matter produced by fibroblast, which is responsible for mechanical
support of cell assemblies, nutrient and waste exchange, and support of cellular adhe-

sion, growth and multiplication [1]. ECM is in principle a composite of proteins and
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glycosaminoglycans (i.e. anionic polysaccharides) distributed in aqueous environment.
It has a fundamental role in determining cell shape, spreading, growth and organiza-
tion of cytoskeleton, which is guided through physical and chemical stimuli [1]. The
ECM environment can be closely simulated by biocompatible hydrogel structures [10].
Therefore, hydrogels are a promising class of materials for fabrication of scaffolds for

cell cultivation.

The central characteristic of any scaffold is high porosity, allowing growth of cells
inside the pores, as well as flow of liquids through the bulk of the scaffold. The ap-
plicability of porous systems is determined mainly by surface area, pore size and pore
geometry. Furthermore, functional moieties present on the pore surface tailor the chem-
ical affinity of the material, thus creating a large space for application specific tuning
[82]. Many techniques have been developed to fabricate highly porous structures, such
as phase separation, gas foaming, solvent casting or freeze drying. The technologies
listed here are still popular among researchers due to their ease of use and high yield.
However, they suffer from lack of control over pore specifications and overall scaffold

geometry [1].

Material designated for tissue engineering must comply to several criteria in order to
fulfill their functions. These include biological requirements, namely biodegradability,
biocompatibility and non-toxicity, chemical properties, such as presence of biologi-
cally active moieties, hydrophylicity, surface charge, and general chemical composi-
tion [83]. Both natural and synthetic polymers can be used for this purpose. Nat-
ural polymers used in biomedical applications includes proteins, polysaccharides and
polynucleotides. Their main advantage is their inherent non-toxicity on account of their
chemical structure [84]. However, other common features of natural polymers include
the lack of predictability and thermosensitivity, which make their processing into com-
plex shapes challenging [83]. Synthetic polymers, on the other hand, can be produced
with high reproducibility, making their processing more straightforward [84]. Unlike
natural polymers, the synthetic ones lack cellular adhesive sites and have the risk of
cytotoxicity. Therefore, their use as matrix materials for cell growth is conditioned by
their functionalization with signaling molecules, such as adhesive peptide sequences

[85]. Some specific examples of polymers suitable for tissue engineering are listed
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below.

Hyaluronan

Hyaluronan (HA) is a natural part of connective tissue and ECM. It is a linear gly-
cosaminoglycan composed of repeating dissacharide units of N-acetyl-glucosamine
and glucuronic acid, see Figure 4.1 (A) [86]. The HA molecule was first isolated in
1934 by Meyer and Palmer [87]. The highest concentrations in human body can be
found in umbilical cord, synovial fluid, vitrious body of an eye and dermis. HA solu-
tions show exceptionally high viscosity (102 Pa-s for 2% solution of 1.27 -10° kDa M,,
[88]), and shear thinning behaviour [89].

HA is synthesized by an enzymatic biosynthetic reaction catalyzed by HA synthases at
the plasma membrane of eukaryotic cells. For commercial use, mainly in biomedical
and cosmetic applications, there are three major production methods: (a) extraction
from animal tissue, (b) bacterial production, and (c) in vitro production [90]. The first
option is historically the most established, and is feasible for number of tissues from
different animal sources [91, 92]. Even though the water solubility of HA simpli-
fies the extraction, it is difficult to purify the product due to complexing biopolymers,
such as proteoglycans. Thus, the HA produced by this method typically induces im-
munoresponsivity in the host, therefore is not suitable for biomedical applications [93].
The solution to the situation was brought by the bacterial synthesis of HA. Since the
molecules produced in bacteria and eucaryotic cells are identical, the bacterial HA can
be used in biomedical and cosmetic applications without the possibility of adverse re-
action of the host [94]. The foundation of the process is fermentation of Streptococci
strains, which leads to production of HA of high M,, and low polydispersity in high
yields [90].

The function of HA in the ECM is to provide binding sites for proteoglycans, and
thus form a template to facilitate ECM assembly and cell migration via interactions
with proteoglycans [95]. Its biological effects are strongly dependent on its physical
properties and chemical modifications, as well as microenvironment and degradation

paths available [96]. Specifically, M,, of HA is crucial for recognition and biologi-
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cal function. M,, of HA found in connective tissue varies between 105 - 107 g-mol~!
[86]. While high-molecular-weight was found as anti-inflammatory agent and promot-
ing epithelial cells homeostasis and survival [97], fragments of low-molecular-weight
HA were observed as pro-inflammatory factor [98]. HA also mediates cell adhesion
and motility [99]. It has found use in ophthalmology [100], cosmetics [101], or tis-
sue engineering applications, either as a part of ECM simulating collagen (Col) based
hydrogels [102, 103, 104], or isolated [105, 106].

Sodium alginate

Sodium alginate (NaAlg) is a naturally occurring polysaccharide, typically extracted
from seaweed by alkaline extraction. In essence, it is a linear copolymer of L-guluronate
and D-mannuronate with varying content of the respective monosaccharide units. The
monosaccharide units can be organized in blocks, or alternating, but typically they com-
bine both patterns [107]. Based on the extensive research proving cytocompatibility of
NaAlg [108, 109, 110], it is approved by the U.S. Food and Drug Administration as a
biopolymer for regenerative medicine [111]. Its biocompatibility and ease of tuning of
mechanical properties makes it a popular component of materials for tissue engineering
[112]. However, as a plant based polymer, it is not degradable by mammalian enzymes,
and lacks the adhesive sites for mammalian cells [107]. Therefore, the NaAlg based
implants are inert [113]. Derivatization of NaAlg, such as grafting with short pep-
tide chains with specific signaling functions, eg. arginylglycylaspartic acid sequence

facilitating cell adhesion [114], is often done to resolve this issue

The prevailing part of commercially produced NaAlg is obtained from wild brown al-
gae. The NaAlg chains form helical structures, combined of double helices formed by
mannuronan blocks, and triple helices of guluronan blocks [115]. Its polyanionic char-
acter allows gelation in the presence of multivalent ions through formation of guluronan
block stable junctions [116]. Additionally, NaAlg forms hydrogen bonds stabilized gels
in acidic pH [117].
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Collagen and gelatin

The most abundant polymer in mammalian tissue is Col, as it covers 75% of ECM.
This protein has found use in tissue engineering in both native and denatured (partially
hydrolysed) form — Gel [118]. The triple helical structure of Col makes it extremely
stable and helps its function as structural protein [119]. Col is typically extracted from
by-products of animal production. The process involves degreasing and removing im-
purities, followed by acidic, alkalyne or enzymatic treatment [120]. The heating of Col
leads to loss of hydrogen and electrostatic interactions among the chains in a triple he-
lix, and allows subsequent breaking of chemical bonds and disintegration of the helical
structure [121]. Col is then hydrolyzed by a multistage procedure, involving heating to
40°C, to transform the Col to Gel [122, 123].

The denaturation of Col leads to its solubilization in polar solvents, including water
at elevated temperature (30°C - 40°C [124]). Therefore, Gel is processable in mild,
biocompatible conditions, making it more suitable for many biomedical applications
[125]. Significant potential of Gel based bioinks for 3D printing is well documented
in current literature [126, 127, 128]. It was shown that this material is biocompat-
ible, can mimic similar functions as Col for cellular development, is highly soluble
and also cheaper in comparison with ECM proteins like Col or fibronectin [127]. The
cell adhesion sites from Col, eg. RGD sequence, are preserved in Gel, thus promot-
ing its cytocompatibility, cell adhesion and remodelling [129]. In addition to excellent
biocompatibility and biodegradability, aqueous solutions of Gel undergo temperature-
dependent physical gelation via transition of peptide coils into helices [130, 131]. How-
ever, application of pure Gel in 3D printing is limited by its poor mechanical properties,
relatively short degradation time and poor printing resolution. To overcome these draw-
backs, Gel can be cross-linked, chemically modified or mixed with other polymers of

both synthetic and natural origin [127, 128].

Poly-e-caprolactone

Poly-e-caprolactone (PCL) is a synthetic semi-crystalline aliphatic polyester with melt-

ing point of about 60°C. The synthesis is carried out either by polycondensation of
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6-hydroxyhexanoic acid, or ring-opening polymerization using e-caprolactone as the
starting compound. While polycondensation requires vacuum and continuous removal
of water produced during the reaction, the ring-opening polymerization is achieved
simply in the presence of metal catalyst. Thus, the latter procedure is more popular
[132]. Furthermore, it was found that the e-caprolactone polymerization can be cat-
alyzed by certain enzymes, especially lipases [133]. PCL properties can be tailored
through control of M,,, crystallinity, or cross-linking [134]. It is very popular in bio-
logical and medical applications on account of its biodegradability and non-toxicity. It
can be blended with other polymers bearing hydroxyl groups [135], including biopoly-
mers such as cellulose, chitosan or Gel [136, 137, 138, 139, 140].

Polyethylene oxide

Polyethylene oxide (PEO) is a semicrystalline synthetic polyester soluble in water and
organic solvents. It is chemically identical to polyethylene glycol, but as it exceeds
M., of 20,000 kg-mol~!, it is solid until 60-70°C. PEO is commonly synthesized via
oxanionic polymerization of epoxides, which is a living polymerization. Therefore, it
allows M,, control, and terminating groups can be obtained quantitatively [141]. Its
chains are very flexible [142], thus, it is a popular block copolymer providing tough-
ness to more rigid polymers [143, 144, 145]. As a biocompatible polymer, it has been
extensively studied for biomedical applications [146], although its rather low mechan-
ical performance leads to its use as an additive, e.g. in polyurethanes or Gel based
materials [147]. Also, it is a popular coating of functional nanofillers [148, 149]. Ow-
ing to its solubility in water, it can also be used as sacrificial polymer for fabrication of

inorganic fibres [150] or hollow structures [151].

Polyvinyl alcohol

Polyvinyl alcohol (PVA) is water soluble semicrystalline polymer. Its structure with
many hydroxyl groups allows for hydrogen bonding and forming physical hydrogels
[152, 153]. The reactive sites are available for chemical cross-linking as well [154,

155]. The monomer vinyl alcohol is unstable, therefore PVA is produced by partial or
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full hydroxylation of polyvinyl acetate [156]. Its melting temperature of 200°C allows
its processing via fused filament fabrication [157]. It can be electrospun from aqueous
solutions to form nanofibrous mats [158], and has been suggested as a promising mate-
rial for precision electric-field assisted 3D printing, also known as melt electrowriting
[159]. Its biocompatibility and resistance to protein adsorption make it a popular choice
in ophthalmic applications or drug delivery [160, 161]. In tissue engineering it is typ-
ically used as a mechanical modulator in composite materials, such as hydrogel based
[162] or nanofibrous scaffolds [163, 164].
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Fig. 4.1 Structural formulas of some polymers significant in tissue engineering: (A)
HA, (B) NaAlg, (C) Example of possible Gel structure, (D) PCL, (E) PEO, (F) PVA
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4.1.2 Polymer composites in tissue engineering

Despite intensive development in designing single component hydrogels e.g. Gel-
and NaAlg-based (bio)ink formulations for 3D printing applications [165, 166], their
properties are not suitable for many applications within the field of tissue engineer-
ing [167]. Composite materials combine several individual materials in a synergistic
manner to enhance desired properties of the components, or provide additional func-
tionality, which is not embedded in the material in the pure form. Precisely structured
composite materials geometries yield anisotropic materials with changes of structural
characteristics over one or more dimensions [168]. This concept can be used to resolve
many issues related to biomedical engineering. Typical example is adding a cell ad-
hesive layer to cell-repellent surface, thus utilizing the advantageous mechanics of one
material, but allowing cell attachment and tissue connectivity at the same time, which
is seen in a variety of naturally occurring composites [169, 170, 171]. This type of ma-
terial can also provide platform for stimuli-responsiveness and on-demand modulation,

forming smart materials [172].

Using additive manufacturing technologies is a straightforward way to obtain various
composite structures. Multimaterial 3D printing offers virtually unlimited possibilities
of material combinations and anisotropic domains design, thus allowing application-
specific mechanical, chemical and biological characteristics. Popular material combi-
nations in cell scaffold fabrication include PCL or NaAlg as the load-bearing parts,
and a peptide or protein, such as Col or bovine serum albumin, to ensure cell adhesion
[173, 174, 175, 176]. Modified 3D printing process can yield strands with core-shell
geometries. This approach was used by Lian et al., 2021 to print scaffolds mimick-
ing tubular structures found in body, such as hair follicles, or intestinal villus [177].
3D printing also proves to be a convenient technology for preparing fibre reinforced
hydrogel structures [178, 179].

A distinct type of composite structure is the particulate composite, which in general
contains a matrix material (usually polymer), and a filler in the form of particles. The
outcome is highly dependent, among others, on polymer-filler interface character and

properties. If the dimensions of the filler decrease, its specific surface increases, thus
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the interfacial effects become more significant. This is the reason for increasing popu-
larity of nanofillers, which provide step change of characteristics at fractions of amount

compared to microparticulate fillers [180].

Several types of inorganic particles with different additional functionality were used
for such purpose. One of the most common nanofillers are various types of carbon-
based nanoparticles (NPs) or bioceramics, especially in bone tissue engineering [181].
Bioceramics include inert silicates [182], but also bioactive materials, which provide
not only mechanical reinforcement, but also bioinductivity, namely in case of osteo-
cyte cultivation. Natural bone tissue contains calcium phosphate nanocrystal in the
form of HAp [181]. HAp NPs in combination with natural polymers (Col, Gel, chi-
tosan) present promising approach for development of bone tissue scaffolds. It was
established that these hybrid materials promote osteoblasts adhesion, migration and
differentiation [183, 184, 185]. In addition, hydrogels filled with calcium phosphate
NPs should provide advantages from mechanical, chemical and rheological point of
view [186]. Moreover, it was found that surface charged disc-like nanoclays, such as
Laponite®, spontaneously form a house-of-cards structure [187, 188]. This structure is
characterized by randomly oriented nanoplatelets capable of providing intrinsic struc-
tural support to the polymer matrix, as depicted in Figure 4.2. Laponite® in association
with PEG and NaAlg, acquired improved rheological properties, printability and, at
higher clay concentrations, elevated recovery after shear [189, 190]. High shape fi-
delity of construct was manufactured by D4vila et al., 2019, when Laponite®-NaAlg
hydrogels were printed [191].
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Increasing shear stress

Fig. 4.2 Schematic illustration of the house-of-cards induced printability; Created with
BioRender.com

Another possible purpose of incorporating particles in a hydrogel matrix is to introduce
stimuli-responsiveness to the material, thus creating so-called smart hydrogels. By
choosing magnetically responsive particles as the filler, the obtained hydrogel becomes
instantly and reversibly controllable by the application of an external magnetic field.
The choice of magnetic material governs both magnitude and character of the response.

Two characteristic types of response are significant for the purpose of the thesis and will
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be described: a) magneto-rheological effect (MRE), and b) magnetic heating.

Magneto-rheological hydrogels

Magneto-responsivity is a popular means to induce a mechanical response in a hydrogel
through the MRE. This refers to the ordering of magnetic dipoles of the filler particles
in the direction of an applied magnetic field. The aligned particles effectively create a
supportive structure within the carrier medium, increasing the viscosity and strength of
the material [192]. The magnitude of the MRE depends on several factors, mainly the
saturation magnetization of the particles, their volume fraction, the viscosity of the car-
rier medium and the magnetic field strength. The magnetic material suitable for this ap-
plication is soft ferromagnetics typically of micrometers size. The viscosity restrictions
lead to generally lower MRE in solid carrier media, such as elastomers or hydrogels
[193]. On the other hand, magneto-rheological fluids utilizing low-viscosity media of-
ten face the problem of sedimentation, as the density of typical magnetic fillers is high
compared to fluid carriers. Nevertheless, careful tuning of rheological behaviour of the
matrix can sustain a significant MRE as well as gel-like behaviour. Specifically, Rich et
al., 2012 proved that the presence of a yield stress diminishes the viscous hindrance of
MRE [194]. Biocompatible magneto-rheological hydrogel have a great potential in a
wide variety of biomedical application, such as embolization [195], hard tissue (bone)

engineering [196], or dynamic cell mechano-modulation [197].

Magneto-thermally responsive hydrogels

The response of a magneto-responsive hydrogel in a static, and an alternating magnetic
field differs greatly. In an alternating magnetic field the magnetic moment is being
periodically aligned with the rapidly changing magnetic field, while generating heat.
Therefore, placing a magnetic material in an alternating magnetic field results in an
increase of temperature, which can be used for a number of applications, including
hyperthermia cancer treatment [198], thermal neurostimulation [199], or in combina-
tion with thermoresponsive polymer networks targeted drug delivery [200]. The mag-
netic heating is provided by three mechanisms: hysteresis loss, Brown relaxation and
Néel relaxation. Hysteresis loss arises from the domain structure of a ferromagnetic

material, and is produced by the domain wall displacement and rotation of magnetic
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moment inside a domain. It is given by the area of a hysteresis loop, and is signif-
icant especially for hard ferromagnetic materials [201]. Brown relaxation is caused
by the viscous drag acting due to physical rotation of the particle in a medium. This
mechanism is largely hindered by the viscosity of the medium, and it is negligible in
hydrogels [202]. Néel relaxation refers to the phenomenon of magnetic moment rota-
tion without the change of the physical orientation of a particle. This is observed in
single-domain or superparamagnetic particles, as the magnetization energy barrier has
to decrease for the thermal fluctuations to become significant and allow the spontaneous
magnetic moment reversal [198]. For clarity, examples of magnetization curves are de-
pisted in Figure 4.3. The magnetic particle size thus determines the dominant heating
mechanism of a magneto-thermally responsive hydrogel, and would also guide the op-
timal magnetic field characteristics. However, the acceptable alternating magnetic field
strength and frequency for medical applications favours the magnetic materials tuning

for Néel relaxation maximization as the effective option [203].
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Fig. 4.3 Typical hysteresis curves of ferromagnetic and superparamagnetic materials;
adapted from [204]; Created with BioRender.com
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4.2 3D printing

Since the late 20" century, additive manufacturing technologies began to revolutionize
fabrication of man-made products, nowadays entering almost every field of industry.
The basic principle of 3D printing is layer-by-layer fabrication of constructs based
on a computer model. As such, the technology offers a great versatility in design of
the product. Naturally, the technology provides great opportunities also in terms of
pharmaceutical research such as temporally programmed drug release and targeted drug
delivery [22]. Furthermore, its potential in medical use, especially wound treatment

[25] and tissue engineering [205] is abundant.

3D printing for medical applications and specifically bioprinting - i.e. printing of cell-
laden biomaterials - draws attention of researchers due to possibility to prepare com-
plex structures with homogeneously distributed cells, thus providing precise tissue ana-
logues [206]. This ability could diminish the shortage of transplantable organs supply

[81], as well as allow cruelty-free pharmaceutical research [207, 208].

Materials suitable for tissue engineering can be processed via several techniques re-
spective to their individual properties, as well as desired purpose. The basic options

include inkjet printing, extrusion-based printing and laser assisted printing [209].
Inkjet printing

Inkjet printing technology places the ink material dropwise on the predefined location,
which is achieved for example by piezoelectric pulses [210], or thermal generation of
vapour to pressurize the printhead [211]. The most important characteristic determin-
ing the suitability of a material for inkjet printing is surface tension - the measure of
cohesive forces at the surface of the liquid. Higher surface tension results in better ten-
dency to form droplets and aids the inkjet printing process [212]. This method requires
low viscosity inks, thus the stability of the constructs needs to be ensured by in situ

cross-linking [213].
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Extrusion-based printing

In contrast to inkjet printing, extrusion printing technology generally produces strands
of materials, which is placed on the substrate, which leads to lower resolution [214].
On the other hand, the variety of driving systems in this method (pneumatic, piston
or screw) extends the range of usable inks to highly viscous materials, as long as they
are shear thinning to ensure extrudability. Another advantageous characteristic is self-
healing ability, which allows printing at low shear stress due to extreme decrease of
viscosity, and immediate gelation upon lifting of the shear stress. This allows more

precision of the printing process [213].

Laser assisted printing

The basic principle of laser assisted printing can be likened to inkjet printing, as it
also uses placing of small droplets of material to desired position. Conversely to the
above listed techniques, laser assisted printing does not use nozzle based printheads,
but the printing is realized through a plate composed of donor ribbon (i.e. the printing
material), and absorbing layer. The absorbing layer is locally evaporated by a focused
laser beam, creating a high-pressure bubble which forces a small droplet of printing
material out of the donor ribbon [215]. The high resolution printing is only achieved

for materials with rapid gelation, which ensures low spreading [216].

Table 4.1 shows that while the best results in terms of resolution and cell viability
can be achieved by laser assisted bioprinting, the high costs prevent its use to expand.

Furthermore, like inkjet printing, it is unsuitable for high viscosity materials.

4.2.1 Hydrogels for bioprinting

Polymeric hydrogels, i.e. highly hydrated chemically or physically cross-linked net-
works, are one of the most advantageous classes of materials for creating 3D porous
scaffolds. They provide good shape fidelity as well as simulating ECM and modulating
cell fate [217, 218]. These properties are required for the normal development of func-
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Printing Advantages Disadvantages Ink material
technology
Low material viscosities
. . NaAlg
Inkjet High resolgtlc).n. (3.5—1.2 mPa-s) PEGDMA
> 85% cell viability Poor vertical structure
. Col
Low cell density
Wide range of viscosities
Extrusion (30 mPa:s - 10% Pa-s) Moderate resolution CI}\I:l/;/Ili
High cell density 40%-80% cell viability
. Col
Good vertical structure
High resolution Low viscosity materials
. > 95% cell viability y Col
Laser assisted . (1-300 mPa-s) .
Good vertical structure Matrigel

Fair cell density High cost

Tab. 4.1 Comparison of basic 3D printing technologies for tissue engineering [206]

tional tissues [9, 187]. Generally, both synthetic and natural polymers have been used
for hydrogels designing [188]. Although synthetic materials provide advantages in
terms of tuning of mechanical properties and reproducibility through controlled chemi-
cal composition, they also face problems with cellular response due to lack of adhesive
sites in their structure. Natural polymers, on the other hand, are considered inherently

less risky in terms of cell adhesion and cytotoxicity.

Hydrogels utilizable as bioinks have to fulfill three specifications, which can be denoted
as printability, cross-linkability and biocompatibility (Figure 4.4). Printability refers
to printing accuracy [219], i.e. the ability to apply precise spacial control over the
bioink deposition. The printing process requires certain characteristics related to shear-
thinning behaviour, surface tension and surface energy of the bioink-substrate pair, and
filament swell due to normal stress at the end of a printing geometry. Hydrogel tuning

in terms of printability must therefore address each of these problems.

The second specification, cross-linkability, refers to the necessity of the hydrogel to
remain stable for several days during cell cultivation in order to serve as a scaffold

[206]. Typical bioink for microextrusion can be characterized as a highly viscous solu-
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tion of polymer and cells [213]. Their disadvantage is that it dissolves easily in excess
of solvent. Cross-linkability characterizes the ease of stabilization of the printed struc-
ture by inducing formation of 3D polymer network. Commonly, this is done by photo
[220, 221, 222], chemical [3, 223, 224] or thermal [225] cross-linking. In broader
objective, cross-linkability can be seen as long term stability of the scaffold.

Third specification, biocompatibility, can be defined as the ability of a material to coex-
ist with the surrounding tissue without triggering immunogenic reaction [219]. How-
ever, in tissue engineering the biological demands are higher, as they include also ad-
hesiveness, support of proliferation and even differentiation in case of stem cell culture
[226, 227, 228, 62].

Printability

A {
o
X

Cross-linkability Biocompatibility
<

Fig. 4.4 Schematic representation of key characteristics of hydrogels for 3D printing in
biological applications; Created with BioRender.com

These key characteristics necessary for obtaining printable hydrogel are interconnected,

and must be addressed at the same time. The behaviour to follow includes mainly
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* rheological behaviour, influencing printability and biocompatibility (through shear

stress induced cell mortality),

* chemistry, influencing cross-linkability and biocompatibility,

* mechanical stability, influenced by cross-linkability (through long term stability)
and contributing to biocompatibility (through mechanoresponsiveness),

* morhpology, influencing biocompatibility (through structure induced cell guid-

ance).

There appears to be an inversely proportional relationship between printability and cell
viability, and printing precision, as ilustrated by Figure 4.5. In terms of rheology, it has
been found that high shear stress (induced by use of cylindrical needle over conical noz-
zle, higher extrusion rate or smaller diameter flow domain [229]) increases printability
of a material, but it also increases cell mortality and therefore decreases biocompati-
bility of the printing process [230]. In terms of chemical cross-linking, UV irradiation
[231], high temperatures (over 42°C [232]) and large number of commercially avail-
able cross-linkers (such as glutaraldehyde or epoxides [233, 234]) are harmful to cells

and may cause mutations and cell death.

3D printing, especially bioprinting, is presumed to potentially offer solutions to com-
plex problems in tissue engineering with the need of defined position of matrix and cells
along with the vascular network. In this application, hydrogels are of vital importance
due to their porous inner structure and high ability of water retention. However, such
material may often suffer from severe drawbacks, mainly in terms of mechanical per-
formance, or extrudability. The use of polymer-inorganic nanocomposite is a common
approach for improving mechanical properties of hydrogels, while cell viability and
fabrication of 3D constructs are supported [237, 238]. Consequently, nanocomposite

(bio)inks application in tissue engineering is very promising.
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Fig. 4.5 (A) Typical example of the influence of shear stress on printing precision and
cell viability in microextrusion 3D printing with marked cell viability (75%) and print-
ing precision (95%) thresholds (inspired by [235]); (B) Schematic representation of
shear stress distribution in cylindrical and conical flow channel (adapted from [236]);
Created with BioRender.com

4.2.2 Cross-linking strategies of hydrogels for 3D printing

As stated earlier, cross-linkability is an essential quality of a 3D printable hydrogel.
There are generally two paths to cross-linking of polymers and thus creating hydrogels
- physical and chemical. These two groups differ in the nature of the bonds, where
physical hydrogels have a network of non-covalent bonds, while in chemical ones the
polymer chains are cross-linked covalently. Some characteristics of physical gels in-
clude reversibility and generally lower mechanical performance compared to chemical
cross-linking [213]. Nevertheless, both mechanisms are widely used for 3D printable

hydrogels.

Physical cross-linking

A typical example of physical cross-linking is utilization of hydrogen bonds, which
are a common feature of number of polymers containing polar groups - PVA, Gel, or

agarose [153, 124, 239]. These bonds form spontaneously and are thermally reversible
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(Gel undergoes transition at around 35°C - 40°C [131], agarose at around 100°C [239]).

Another popular non-covalent cross-linking procedure is metal ion complexation. This
strategy is useful in anionic polymers, as they contain readily available binding sites,
and the cross-linking upon addition of multivalent metal kations is instantaneous. This
phenomenon is very well described and widely used in case of NaAlg [240, 241, 242,
243, 244]. The first proposed mechanism of this type of cross-linking was the egg-
box model [245], suggesting polymer chains assembled in the vicinity of Ca?* ions,
as can be seen in Figure 4.6. This model predicts increasing strength of the network
with increasing number of Ca?* ions until full saturation of the binding sites. It was
observed that with increasing ion concentration, the mechanical strength does not reach
maximum value, but decreases at some point. This was explained by Donati et al., 2015
as a result of emerging junctions of guluronic acid and mannuronic acid, ultimately
causing collapse of the polymer structure [115]. Despite its popularity, use of calcium
kation cross-linked NaAlg in cell cultivation and tissue engineering applications suffers
from insufficient stability of the hydrogels in cell cultivation media due to exchange of
divalent calcium ions and monovalent sodium ions. As a remedy to this drawback,
alternative multivalent ions have been tested - e.g. Ba?T, Sr’* or Fe?* [246, 247] -
to ensure stronger affinity of the cross-linking ions to the NaAlg chains and thus long-
term stability during cultivation. Ionic cross-linking has been described also for pectin
[248], chitosan [249, 250, 251], HA [252, 253] or polyurethane [254]. Due to the swift
and straightforward mechanism, it is popular also as a complementary cross-linking

strategy to more robust chemical bonds [255, 256].

A novel trend of non-covalent cross-linking has emerged with the so-called supramolec-
ular host-guest systems. Such systems consist of a pair of complementary host-guest
moieties with unique recognition due to asymmetrical interactions [258, 259]. Such
selective relationship have been found for electron-rich and electron-poor units (eg.
cucurbiturils or crown ethers and viologen [259, 260]) or hydrophilic and hydrophobic
interactions (such as found for dopamine or adamantane and S-cyclodextrin [261, 262,
263]). Host-guest systems utilize the spontaneous self-assembly, weak non-covalent
nature of the bonds and selective recognition to produce dynamic networks capable of

rapid depleting and self-healing at application of external stimuli. These characteristics
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Fig. 4.6 Schematic representation of Ca®** cross-linking of NaAlg: (A) calcium guluro-
nan junction (adapted from [257]), and (B) egg-box model (adapted from [245])

make them promising biomimetic materials for 3D printing in biomedical applications
[264, 265].

Chemical cross-linking

The most typical chemical cross-linking involves using low-molecular cross-linking
agents, which react with functional groups of the polymer backbone. The most fre-

quently used reactions take place at -OH, -NHs, or -COOH groups.

Hydroxyl groups are commonly occurring in both natural and synthetic bicompatible
polymers. Due to their reactivity to aldehyde groups, they are often targeted by dialde-
hyde cross-linkers - glutaraldehyde or glyoxal [266, 267]. However, low-molecular
dialdehydes can induce oxidative stress to cells and decrease their viability [233, 234].
Natural derived polyaldehydes have been studied as low-toxicity alternatives [268].
These are commonly obtained by oxidation of saccharide units in polysaccharides
[53, 269, 270, 271].

Peptides and proteins, abundant and versatile group of natural polymers, are sequences

of amino-acids. As such, they often have accessible -NHs groups in their structure,
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which can be used for cross-linking or chemical modification. These include for in-
stance Schiff base formation in the presence of aldehydes, such as imine bonds. Schiff
bases are so-called dynamic covalent bonds [272], which can be depleted and reformed
upon external stimuli, especially pH [273], leading to self-healing and shear-thinning
hydrogels [274, 275]. However, it also causes the network to be unstable and vulnera-
ble to presence of free amino-acids, such as found in cell cultivation media. Therefore,
their stabilization by reduction can be beneficial [276]. Other possible reaction partners
are acid anhydrides which produce peptide bonds [277]. This method is particularly
popular for methacrylation of natural polymers, allowing their photocross-linkability
[278]. Although cross-linking via reactions of -NHj, is especially convenient in case of
proteins, many researchers introduce these functional groups to other polymer chains

via carbodiimide chemistry in order to allow analogous cross-linking [270, 279].
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Fig. 4.7 Examples of Schiff bases formation: (A) imine, (B) hydrazone, (C) oxime

The reaction based on carboxyl group of polymers, such as HA or chondroitin sulfate,
require activation of the reactive site. A well described activating system employs 1-
ethyl-3-(3-dimethyl aminopropyl)carbodiimide (EDC) and N-hydroxysuccinimide (NHS)
or 1-hydroxybenzotriazole (HOBt). EDC activation mechanism involves protonation
of EDC and formation of unstable O-acylurea, which is accessible for other reactants.
The presence of nucleophile - NHS or HOBt - prevents reforming of -COOH and urea
byproduct in aqueous environment [280]. This activating system is highly versatile,
and has been used for various outcomes, including direct cross-linking via esterifica-
tion of HA [281] or cross-linking of proteins and polysaccharides via amidation [282].

However, the EDC activation is pH sensitive, and yields good results only at acidic
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pH [281]. Additionally, carbodiimide chemistry results in part of O-acylurea convert-
ing to stable N-acylurea, which can cause cytocompatiblity problems when used in
biomedical applications [283]. As an alternative to carbodiimide chemistry, the use of
4-(4,6-Dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium chloride (DMTMM) was
proposed. DMTMM is water soluble and produces reactive site, which is not prone
to hydrolysis, therefore does not require the presence of a nucleophile. Additionally,
D’Este et al., 2014 achieved high efficiency of the activation without adjusting pH
[279]. Therefore, DMTMM appears to be a promising alternative to EDC activation of

carboxyls in aqueous media.
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Fig. 4.8 Activation of -COOH group with EDC and NHS system (adapted from [284])
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The well described EDC mediated amidation is a convenient means to cross-linking via
ester bonds, or to introduce other reactive groups to allow two-step cross-linking, such
as thiolation [285, 286] producing materials gelling in the presence of oxygen. Another
possible outcome is introducing diene and alkyne moieties, thus enabling Diels-Alder
cycloadition to occur [287, 288]. These bonds are thermoreversible and do not require
catalysis, although Cu™t <+ Cu?* catalytic systems are popular for acceleration of the
reaction [289, 290]. In addition to cross-linking and hydrogel formation, these reactions
are often sought for grafting polymers with functional molecules, such as dopamine to

induce specific cell response [291].

4.3 Electrofluidodynamics

Electrofluidodynamics comprise phenomena occurring when placing a fluid in an ex-
ternal electric field. If the processes are viewed in the most general way, an external
electric field causes imbalance of charges in the bulk and on the surface of the lig-
uid, leading to electric pressure. Once the pressure overcomes the capillary forces (i.e.
surface tension), the repulsive electrostatic force induces formation of a Taylor cone
(Figure 4.9) and subsequently a liquid jet opposite to the direction of electric field gra-
dient [292].

The electric pressure causing the initial instability of the liquid droplet arises from

electric force, which can be found as:

F,= /(;€E2) ds, 4.1)

where £ (F-m™1) is the permittivity of the environment, and E (N-C™!) is the electric
field intensity. The electric field needs to be strong enough to overcome the capillary

forces:
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Increasing electric field intensity
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Taylor cone
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Fig. 4.9 Schematic representation of liquid droplet shape evolution with the increase
of electric field intensity and Taylor cone formation (adapted from [6]); Created with
BioRender.com

F, = 2nwr~ycosh, 4.2)

where v (N-m~!) denotes the surface tension and 6 is the contact angle between the

liquid and the surface [6].

There are three major manufacturing technologies based on the formation of Taylor
cones and electrofluidodynamic phenomena following it (Figure 4.10). First, it is the
electrospraying technology, which is connected to the early observations of electric
instability. These refer to disintegration of the fluid jet into droplets, caused by capillary
instability. This behaviour is driven by minimum energy principle, and occurs when
the surface tension of individual droplets is lower than that of a fluid cylinder [293].

Electrospraying technology uses this phenomenon to obtain an aerosol of fine liquid
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droplets [294].

Electrospraying Electrowriting Electrospinning

Fig. 4.10 Technologies based on electrofluidodynamic phenomena; Created with
BioRender.com

Secondly, the electrowriting technology will be described. This technology is based on
a stable jet occurrence in the early stage of electrospinning process, while viscoelastic
forces prevail over inertia and the jet path is straight. This part of electrospinning pro-
cess is typically described by rather low elongation rate, and the Trouton ratio (i.e. the
ratio of elongation to shear viscosity) is equal to 3 [295]. The electrowriting technol-
ogy uses precise position of an electrically elongated jet owing to controlled move of
the spinneret [296], effectively combining electrofluidodynamics and 3D printing prin-
ciples. Therefore, keeping the jet in stable spinning region is the key requirement for
electrowriting technology. Furthermore, strain hardening due to polymer chain entan-
glements takes place in this stage of spinning process, providing further stability to the
jet. It is argued that stability of the jet can be increased by using branched polymers,
or highly polydisperse polymers [297]. Due to short jet path and relatively low elon-
gation, the solvent is unlikely to completely evaporate during electrowriting [295]. It

is more favorable to use polymer melts over solutions for this applications, since rather
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fast solidification by decrease of temperature can be achieved [298].

Once the polymer jet surpasses the stable region, the main phenomenon to nanofibres
fabrication via electrospinning takes palce. The charged jet is continuously moving in
an external electric field, thus it cannot be in a stable equilibrium according to Earn-
shaw’s theorem. The imbalance of charges causes bending of the jet to occur, which
eventually generates an expanding coil [295]. This phenomenon is referred to as whip-
ping instability, and it causes a significant prolongation of jet path, as ilustrated in
Figure 4.10. The continuous elongation of the jet causes decrease of jet diameter, thus
simultaneously increases its specific surface area. This causes rapid evaporation of the
solvent in solution spinning and solidification of the fibre [299]. The current thesis is

mainly focused on electrospinning technology.
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4.3.1 Parameters influencing electrospinning

The electrospinning process as well as other electrofluidodynamic phenomena is influ-
enced by number of parameters. These are usually divided into material, processing

and ambient parameters - see Figure 4.11.

ELECTROSPINNING PROCESS
|

MATERIAL PROCESSING AMBIENT
PARAMETERS PARAMETERS PARAMETERS
e Chain entanglement « Voltage o Humidity
e Surface tension o Tip-to-collector distance e Temperature
o Conductivity o Polarity e Pressure
o Solvent volatility

Fig. 4.11 Parameters influencing electrospinning; Created with BioRender.com

There are multiple solution parameters, which need to be taken into account in electro-
spinning process. The most outstanding role can be found for polymer chain entangle-

ment, which involves multiple influences:

 polymer chain rigidity,
* polymer M,,,
* polymer-solvent interactions,

* polymer chain conformation.

Each of these parameters can be used to influence the outcome of the electrofluidody-
namic fabrication. Shenoy et al., 2005 suggested 2,5 entanglements per chain as the
minimum for successful electrospinning process. Lower number would yield electro-
spraying, while higher number leads to increased fibre diameter [300]. Chain rigidity
and M, are intrinsic characteristics of the polymer. The interactions of the parameters

are complex and lead to multiple effects on electrospinning process. The used solvent
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influences the polymer chain due to polymer-solvent interactions [301], surface tension
[302], and evaporation rate. The gradual solidification of the jet during electrospinning
was determined as a means to stabilize the jet, and allow spinning of continuous fibres
even at less than 2.5 entanglements per chain [299]. Polymer chain conformation is
also influenced by the choice of a solvent through polymer-solvent interactions [303].
Another means to change the conformation, especially in case of polar polymers, is
addition of salts [304], which at the same time increases the conductivity of the solu-
tion. Higher conductivity leads to polymer jet stabilization against formation of beaded
structure [305], and also possibility to form Taylor cones on the surface of emerging
fibre, leading to branching [295].

The electric field intensity is directly proportional to the applied voltage, and inversely
proportional to electrode - collector distance. Therefore, it is the central characteristic
dictated by the processing parameters. However, short distance causes short jet path
and limits the elongation zone and evaporation time, causing bead-on-string instabil-
ities, or branching of the electrospun fibres [302, 306, 295, 307]. On the other hand,
short jet path is essential for maintaining stable jet path, and allowing electrowriting
[298]. The electric field polarity is also reported as an important parameter. While
DC positive voltage remains the most popular option, DC negative or AC voltage can
facilitate electrospinning as well [308, 309]. Additionally, the voltage polarity have
been observed to significantly influence the surface energy of the electrospun fibres
[310, 311].

The straightforward understanding of humidity and temperature influence on electroflu-
idodynamic phenomena lies in their effects on evaporation rate, influencing the fibre
diameter [312]. The specific effect are highly dependent on the polymer material, as
increased humidity can increase [313] the fibre diameter, and cause the formation of
bead-on string instability [314]. Furthermore, electrospinning of water-insoluble poly-
mers in high humidity environment has been used to generate porous fibres via vapor-

induced phase separation or breath figures method [315].
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4.3.2 Core-shell electrospinning

Core-shell electrospun fibres are a typical composite structure composed of inner fibre
(core) surrounded by outer material (shell). This method allows tuning mechanical,
optical, or biological properties of the fibres, as well as fabrication of hollow fibres
and encapsulating low-molecular substances in the fibre core [316]. In general, there
are two ways how to achieve this structure: co-axial electrospinning and emulsion
electrospinning [317, 318]. Co-axial spinning uses a two-channel spinneret, where the
core and shell material flow separately and the Taylor cone is drawn from both. Due to
the presence of core-shell interface, shear stress is generated between the spun liquids,
and the integrity of the fibre can be disrupted. Therefore, interfacial tension, emerging
from the respective fluids miscibility and viscosity difference, has to be maintained at
a level, where it prevents blending of the liquids, while at the same time does not cause
their separation [319]. Emulsion electrospinning, on the other hand, relies on emulsion
of immiscible liquids and can be done from a single spinneret. The rapid stretching
of the polymer jet leads to creating long range core-shell fibre. In order to conduct
emulsion electrospinning, encapsulation of the core in the shell material is induced
by electric field induced phase separation (for oppositely charged phases) [320], or

viscosity-driven enveloping [321].

4.3.3 Electric field assisted fabrication of scaffolds

The use of electric force typically yields constructs of small objects with large surface
area, high porosity and tunable pore size [1]. In case of fibre fabrication, high aspect ra-
tio needs to be taken into account too. Electrosprayed scaffolds are rather less common
due to particulate character of the product, which lacks spatial orientation, and their use
in biomedical applications is oriented mainly towards drug carriers [322, 323]. They
can find use in isotropic tissues (cartilage, fatty tissue) [324], or in combination with
other fabrication methods, where it serves to create nanotopography [325, 326]. Elec-
trospinning, on the other hand, can be in principle means to obtain highly oriented
structures, as its product is a one dimensional fibre [6, 327]. Nevertheless, the whip-

ping instability typically disrupts the orientation of fibres and results in random fibrous



44 TBU in Zlin, Faculty of Technology

mesh [328]. To overcome this problem, special collectors are used [329] - static paral-
lel prisms or corrugated collector [8], or rotational drums. Highly oriented fibrous mats
are advantageous, especially for muscle and neural tissue scaffolds [67, 69]. The elec-
trowriting method offers means to maintain fibrous structure and precise positioning at
the same time. However, the fibre diameter is greater compared to electrospun, and it

cannot be used to produce nanotopographical features [330].

Nanofibrous scaffolds combine several characteristics typical for ECM, including tun-
able porosity and mechanical characteristics, as well as the presence of nanofeatures
advantageous in cell guidance [331]. According to the desired use, it is possible to
prepare random or directional oriented fibrous scaffolds of various shapes [9, 332].
Oriented nanofibrous structures provide signal paths and lead to the significantly more
aligned cytoskeleton of stem cells and also enhance their adhesion [12, 67, 70, 333].
Aside from cellular scaffolds fabrication, nanofibrous constructs may also be used as

drug delivery systems [18, 16] or as growth factor delivery mediators [110, 334].
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S SUMMARY OF THE PAPERS

The first 4 papers describe the preparation of natural polymer-based systems suitable
for 3D printing. The papers examine the use of dynamic cross-linking in order to

achieve a favorable rheological profile for extrusion-based 3D printing [213, 335].

5.1 Schiff-base cross-linking of natural polymers

Dynamic covalent interaction are bonds, which undergo reversible depletion upon in-
troducing an external stimulus. Thus, these bonds lead to self-healing and shear-
thinning materials, making them desirable in 3D printing applications. A typical ex-
ample of this bonds are the Schiff bases, that are the product of reaction of amino-
groups and aldehydes (see Figure 5.1). Additionally, hydrazones, a group of bonds in
the Schiff base family, are bioorthogonal, and highly desirable in bioprinting and tissue

engineering.

The usability of cross-linking via Schiff base formation to prepare hydrogels printable
by microextrusion is demonstrated in PAPER I. The hydrogels are based on Gel, a

protein naturally containing -NHsy groups available as reactive sites.

NH, :
HOO COOH 0
HO
OH
H + o —_—
2 H, é/o
HO
HOO J &“A
COOH

Fig. 5.1 Schematic of a Schiff base formation between Gel and DEX-OX [336]

Polysaccharide-based polyaldehyde obtained by periodate oxidation of dextran was
chosen as a substitute to toxic low-molecular bi-functional aldehydes, such as glu-

taraldehyde [233]. The polysaccharide-based polyaldehydes have been proven as a
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low-toxicity cross-linkers in previous studies [268, 269]. The research presented in
PAPER 1 studies the influence of Gel origin (bovine, rabbit or chicken) and dextran
polyaldehyde (DEX-OX) concentration on reaction kinetics and hydrogel’s rheological
properties. The reaction kinetics, as followed by the increase of viscosity of the reac-
tion mixture, gives a good fit to the proposed first order reaction model. Additionally,
all hydrogel compositions show shear-thinning behavior, which is desirable in terms
of extrusion-based 3D printing. The printability evaluation conducted according to the
methodology described by Ouyang et al., 2016 [226] shows high correspondence of
the printed structure to the model, as the Pr value varies between 0.8-1.5 (the ideal is
1 by the definition of this evaluation method). To conclude, PAPER I gives the proof
of concept of the usability of Schiff-base cross-linked hydrogels in 3D printing via

microextrusion.

The successful proof of concept was followed by utilizing the principle of dynamic
Schiff-base bonds in smart hydrogels, as described in PAPER II and PAPER IIIL
Smart hydrogels are a group of materials, which give immediate, macroscopic and
reversible response to external stimuli, ranging from temperature, pH, humidity, to
electric and magnetic field. PAPER II described the use of Schiff-base cross-linked
HA hydrogel as a biocompatible matrix suitable for encapsulating carbonyl iron par-
ticles (CIPs). The polymer matrix was formed by the reaction of HA modified with
adipic acid dihydrazide (HA-ADH), and oxidized HA (HA-OX). The reaction kinetics
was followed by the increase of reaction mixture viscosity. In PAPER I the reaction
rate was proportional to DEX-OX concentration. It was assumed that the reaction rate
would follow the same trend of proportionality to the number of reactive sites avail-
able. However, the measurement in PAPER II showed the highest reaction rate in case
of DEX-OX with intermediate degree of oxidation (Figure 5.2). This discrepancy was
attributed to larger hydrodynamic diameter of HA-OX coils compared to DEX-0X,
which leads to lower diffusion coefficient of HA-OX of either degree of oxidation, thus

increasing the gelation time.



TBU in Zlin, Faculty of Technology 47

I 1A-0X DO 62
HA-OX DO 35 |7 35
I pEX-0X DO 49

®
Y4 DMTMM |1 [

1.1

Time (min)
g B
N

(%) Asudjuy

10 100 1000
DO size (nm)

Fig. 5.2 (A) Gelation time of HA hydrogels of HA-ADH modified with EDC (degree of
substitution - DS 22 %) and DMTMM (DS 12 %) mediators related to (B) the oxidized
polysaccharide hydrodynamic diameter measured by dynamic light scattering - the de-
gree of oxidation (DO) is indicated in the graph [337]

The presence of CIPs described in PAPER 1II leads to the MRE, a phenomenon of
considerable stiffening of the material in an external magnetic field. The combination
of soft hydrogel matrix and 30 wt.% (approx. 4 vol.%) of CIPs led to 1000 times
increased storage modulus of the composite hydrogel reaching 10* Pa, as depisted in
Figure 5.3 (A) and (C). Such increase is about 50 times higher compared to the highest
values found for biocompatible magneto-rheological gels in literature [338].

The character of magnetic response depends largely on the magnetic material used as
the responsive filler. The material described in PAPER II used soft ferromagnetic
CIPs of approx. 3 um in diameter. These particles are widely used as the providers of
MRE. Decreasing the particle diameter below a certain threshold, generally tens of nm,
leads to transition from ferromagnetic to a single-domain state. The MRE generally
decreases with the decrease of magnetic particle size [339]. On the other hand, the low
diameter of the particles leads to high energy losses during changes of magnetic field
[198].
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Fig. 5.3 Mechanical characteristics obtained from magneto-rheological measurements
of CIP filled Schiff base cross-linked hydrogels in an external magnetic field: (A) Stor-
age modulus; (B) Damping factor; (D) Intensity of MRE expressed as increase in stor-
age modulus related to magnetic field intensity; (E) Cyclic magnetic field exposure
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Fig. 5.4 Magnetization curves of (A) soft ferromagnetic CIPs used in PAPER II [337]
and (B) superparamagnetic iron oxide multicore particles (MCPs) and diamagnetic
AlsO3 NPs used in PAPER I11
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PAPER III describes the usability of the proposed Schiff-base cross-linked HA hy-
drogels as efficient magnetic heating mediators in biomedical applications. The super-
paramagnetic iron oxide MCPs (Figure 5.4) were used as an alternative filler, as these
provide significant magneto-thermal response. The hydrogels reached high heating
rate of 0.3°C per minute in low-power alternating magnetic field approved for medical
applications. Additionally, the positive effect of diamagnetic AlO3 NPs shielding of
ferromagnetic FeO, MCPs on heating efficiency was found both in water dispersions of
the particles, as well as in the hydrogel (Figure 5.5). This leads to the conclusion that
the shielding affects predominantly the Néel relaxation, i.e. the process of magnetic

moment orientation within a MCP.
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Fig. 5.5 (A) Specific loss power (SLP) of FeO,, dispersions with the increasing amount
of AloOs: Overall denotes the SLP results for water dispersions, where both Brown
and Néel relaxation are present; Néel relaxation denotes values obtained by measure-
ment in agar gel; Brown relaxation is the difference between overall SLP (measured in
water dispersion), and Néel relaxation induced SLP (measured in agar gel); (B) SLP
of magneto-responsive HA hydrogel as a function of AMF amplitude

Moreover, the magneto-responsive hydrogels described in PAPER III were used as
a biocompatible matrix for encapsulation and 3D bioprinting of BALB/3T3 mouse fi-

broblasts with cell viability after printing >85% (Figure 5.6).
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Fig. 5.6 Bioprinting of BALB/3T3 mouse fibroblasts encapsulated in magneto-
responsive HA hydrogel: (A) Printing model; (B) Printed grid photography taken on
the 8" day after printing; (C), (D), (E) Confocal imaging of cells distribution within
the scaffold in bright field (C) and fluorescence channel (C-E). Cells were stained for
cytoskeleton (red) and nucleus (blue); (F), (G) Live/Dead assay of BALB/3T3 fibrob-
lasts. The cells were visualized in fluorescence immediately after the microextrusion.

An adverse effect of dynamic covalent bonds in biocompatible hydrogels was found
through cell cultivation experiments. Despite the fact that Schiff-base cross-linked hy-
drogels showed good stability in distilled water, 0.1M PBS of physiological pH 7.4,
and Dulbecco’s Modified Eagle Medium (DMEM) at 37°C, their stability plummeted

when calf serum and antibiotics were added to the DMEM. Based on the results, the
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following hypothesis was formed: the free amino-acids in calf serum react with the
aldehyde groups present on oxidized polysaccharide chains. Thus, the amino-acids
are competitive to the aldehyde groups of HA-ADH. The smaller molecules of free
amino-acids would bare the advantages of higher concentration of reactive sites, as
well as higher diffusivity, shifting the balance towards aldehyde-amino acid bonds over
aldehyde-HA-ADH bonds. Interestingly, the hydrogel decay was considerably sup-
pressed in hydrogels containing FeO, MCPs and AlsO3 NPs (see Figure 5.7 (A)), as
described in PAPER III. These observations might be the result of partial dissociation
of Fe3* and AI3* cations and their affinity to the polyanionic HA. These cations would
bond to the COO™ groups of HA, and form ionic cross-links in the polymer structure.
Following this assumption, the structure of hydrogels was reinforced with Fe3* ionic
cross-linking also in PAPER II. This treatment led to stiffening of the hydrogel ma-
trix, consequently diminishing, while not completely eradicating the MRE 5.7 (B). It
also allowed the matrix to remain stable in cell cultivation conditions for several days,

leading to a viable stimuli-responsive material in tissue engineering applications.
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Fig. 5.7 (A) Long-term stability of magneto-responsive HA hydrogels in water and
simulated cultivation conditions; (B) Schiff-base and ionically cross-linked CIPs filled
HA hydrogel response to cyclic magnetic field exposure [337]

5.2 Rheological modification using charged NPs

In previous studies, inorganic disc-like NPs, specifically Laponite®, was used as a rhe-

ological modifier for various polymer solutions. The rheological modification relies
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on electrostatic repulsion of the charged NPs, which consequently leads to forma-
tion of a randomly stacked structure within the polymer solution. This structure is
known as the "house of cards". The "house of cards" structure provides internal sup-
port to the polymer solution, resulting in increased viscosity and gel-like appearance.
On the other hand, the weak physical nature of the bonds causes the support to be
liable to shear stress. These qualities make the "house of cards" structure an ideal
means to achieve 3D printability via microextrusion in low-viscosity polymer solu-
tions. The phenomenon is not selective to Laponite®, but is rather a common feature
of charged nanoplatelets, as proved by [340] and PAPER 1IV. In this paper, a novel
layered phenylphosphonate-based nanofillers’ efficiency in terms of rheological mod-
ification is assessed. The layered NPs prompted considerable thickening in 3 wt.%
NaAlg. solutions. The nanoplatelet-NaAlg mixtures also showed shear-thinning be-
haviour, supporting the hypothesis of "house-of-cards" formation. The random orien-
tation of particles was also observed by AFM, which is consistent with the proposed
spontaneous formation of the "house-of-cards" structure. In addition, the rheological
behavior was compared to a composite of NaAlg and spherical apatite, as well as par-
tially cross-linked NaAlg containing free Ca?* ions. The experiments were designed
to test the alternative hypothesis of partial Ca?t dissociation and subsequent cross-
linking of polyanionic NaAlg. The rheological measurement shown in Figure 5.8 (A)
confirmed the essential part of the shape of the layered NPs in designing the required

shear-thinning profile.
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Fig. 5.8 (A) Dependence of viscosity of NaAlg based composites on angular frequency;
(B) Atomic force microscopy topology scans of the section of the modified NaAlg hy-
drogel samples by CaPhP, where randomly oriented aggregates of nanoplatelets are
observed [341]

Furthermore, experimental 3D printing showed higher shape fidelity of mixtures with
layered NPs compared to the alternative samples. The inherent biocompatibility of
NaAlg, as well as readily available low-toxicity cross-linking with multivalent ions
(Ca?t, Fe?t, etc.), encouraged the use of the developed materials as a matrix for en-
capsulating of cells and bioprinting. The favorable rheological profile of the structures
led to sufficient cell viability after the printing of mouse fibroblasts encapsulated in the
NaAlg modified with layered phenylphosphonate-based NPs >75% confirmed the us-
ability of the house-of-cards modified polymer solutions as potential versatile bioinks

(see Figure 5.9).



54 TBU in Zlin, Faculty of Technology

Live:85+2 % Live: 75+4 %

Live:92+2 % Live:80+2 %

Fig. 5.9 Structures obtained by 3D printing using either nanoplatelets modified NaAlg,
and live/dead staining of BALB/3T3 fibroblasts-laden bioinks after 3D printing: (A)
0.52 mm diameter nozzle, (B) 0.52 mm diameter needle, (C) 0.42 mm diameter nozzle,
(D) 0.42 mm diameter needle
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5.3 Preparation of biopolymer-based nanofibres by the electrospinning method

Fibrous structures are naturally present in a number of tissue types of living organisms,
and the positive response to their presence has been reported for several cell lines,
eg. myocytes [12], osteocytes [37], or neurons [39]. Fibers are formed naturally from
natural polymers, including Col, fibrinogen, or silk fibroin. Artificial formation of
fibres from these polymers can, however, be challenging on account of their chemical
and thermal sensitivity, and specific physical properties as well. The fifth paper and
additional unpublished results communicate the use of electrospinning for preparing

nanofibrous structures intended for use in bioapplications.

PAPER V describes electrospinning of HA and the challenges of the process. The fibre
solidification process in electrospinning is guided predominantly by rapid solvent evap-
oration during the polymer jet coiling [295]. The low evaporation rate of water makes it
difficult to spin aqueous solutions into solid fibrous mats. However, HA is insoluble or
tends to decay in the majority of organic solvents [303]. Additionally, HA displays an
exceptional tendency to be solvated by water molecules, leading to extreme viscosity of
the solutions among natural polymers, which in turn makes it difficult to achieve critical
entanglement concentration [300]. On account of these difficulties, in PAPER V was
HA spun by exploiting two techniques - co-electropinning and intermediate solvent so-
lutions. Co-electrospinning is widely acknowledged method for preparing nanofibres
from low-spinnable materials, exploiting the viscous drag of highly spinnable polymer
acting upon the low spinnable partner. With regards to the potential biomedical use of
the prepared materials, biocompatible synthetic polymers - PEO and PVA were used
as the highly spinnable component of the polymer mixtures. As both polymers are
spinnable in aqueous solutions, the HA can be simply dissolved with the respective co-
spinning polymers. In both cases, beaded fibres were formed. This may be the results
of an inappropriate elongation viscosity profile. However, the problem requires further

investigation.

In the previously described approach, fully miscible solvents were used to prepare com-
posite nanofibres. While this method is advantageous especially due to simplicity, it

leads to random fibre structure, and may also result in uneven distribution of respective
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Fig. 5.10 Scanning Electron Microscopy (SEM) micrographs of electrospun structures
obtained from (A) HA/PVA blend solution with BEC and (B) HA/PEO blend solution
[342]

polymers [343]. Therefore, core-shell fibers are a popular choice of multipolymer com-
posite structure. In this case, complete miscibility of the solvents has adverse effect,
and partial miscibility is a necessity for successful core-shell Taylor cone formation
[319]. Thus, the water soluble PEO and PVA were replaced by the biocompatible
water-insoluble PCL for the core-shell electrospinning using coaxial needle (see Fig-
ure 5.11). PCL solution (9 wt.% in mixed chloroform 50 wt.% and EtOH:MeOH in 5:1
volume ratio 50 wt.%) was used as the shell material for electrospinning of core-shell
fibers with the core being 2 wt.% HA (M, 1,18 MDa) in HoO:EtOH:MeOH 5:5:1 sol-
vent. The core material was chosen due to the possibility to provide defect free fibres,
as shown earlier. The shell material was chosen on account of good biocompatibility,
as well as high content of alcohol solvents, which would lower the interfacial tension
caused by immiscibility of chloroform and H2O. As found by Vats et al., 2021, par-
tial miscibility of the spinning solutions is needed for successful core-shell spinning
process [319]. Unfortunately, the large discrepancy of respective solutions viscosity
apparently caused demixing and did not allow core-shell geometry fibres to be formed.

Further research is needed in order to obtain HA core-shell fibres.

Alternatively, Col core fibres were spun. Two different solvents of Col were tested:
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a) Rod spinneret b) Needle spinneret

Single needle

Fig. 5.11 Schematic representation of the various electrospinning setups used for the
experiments: upwards electrospinning from rod spinneret, downwards electrospinning
from single needle spinneret and downwards electrospinning from coaxial needle spin-
neret; Created with BioRender.com
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50% acetic acid and PBS 20X/EtOH in a 1:1 volume ratio. It was found that 50 wt.%
Col solutions in both solvents facilitate the electrospinning of Col fibers at similar con-
ditions. Therefore, PBS 20X/EtOH system was chosen on account of the lower risk of
Col degradation, environmental safety, and higher volatility due to EtOH presence. The
combination of Col core and PCL shell material (spun from the same mixed solution
as in case of HA core) did sustain stable Taylor cones and provided defectless fibers,

with evidence of core-shell structure (Figure 5.12).

Fig. 5.12 Electrospun core-shell fiber with Col core and PCL shell; the sample was
visualized with polarized light microscopy

In order to abstain from the use of a second polymer in the HA nanofibers, the method
suggested by Malkin et al., 2017 [299] was exercised. This method is based on bal-
ancing the Hansen solubility parameters, factoring hydrogen bonding, polar forces and
disperse forces, in a manner which promotes the polymer-polymer interactions over the
polymer-solvent interactions. PAPER V described the use of Teas graph for selecting
the intermediate solvent mixtures allowing dissolving of HA, while preserving suffi-
cient polymer-polymer interactions to facilitate polymer chains entanglements. The
viscosity measurements shown in Figure 5.13 (B) contradict the popular belief of shear
viscosity hindering the electrospinning process. As a pure elongation, electrospinning
is unlikely to be influenced by the shear flow behaviour, and the dominant influence

would be directed by the elongation properties of the solution.
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The intermediate method was successful in preparation of pure HA defectless nanofi-
bres of tens of nanometers in diameter with HA of higher M,,, while lower M,, HA

would often result in defects on the fibres, or even electrospraying.
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Fig. 5.13 (A) Solvent-mixture representation in Teas graph. 1, H2O; 2, IPA; 3, MeOH;
4, EtOH; 5, H2O:1PA 10:7; 6, HoO:EtOH:MeOH 5:5:1; (B) Viscosity of HA solutions
in HoO:EtOH:MeOH in 5:5:1 weight ratio solvent mixture as a function of shear rate
[342]

Fig. 5.14 SEM micrographs of electrospun structures obtained from HoO:EtOH:MeOH
in 5:5:1 weight ratio solutions. (A) 2.8 wt.% HA 600 kDa and (B) 1.5 wt.% HA 1180
kDa [342]
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6 CONTRIBUTION TO RESEARCH AND PRACTICE

The aim of the work is to understand the physical factors directing the manufacturing
of biopolymers by advanced technologies of 3D printing and electrospinning, thus aid
the growth of these fields both in research and in practice. These technologies are
fundamentally different, as the 3D printing via microextrusion subjects the material
predominantly to shear stress, while electrospinning induces elongation flow. Thus, the

tuning of materials properties have to be done separately.

The choice of materials for the experimental work was done with regards to the aimed
use in cell culture and tissue engineering. Thus, the chosen materials are non-cytotoxic.
Furthermore, as successful cell culture and tissue development requires cell adhesion
and proliferation, the material needs to provide biochemical and biophysical cues for
cellular receptors. Biochemical cues, such as adhesive positively charged functional
groups, are inherently present in natural polymers and their derivatives - HA, Gel.
Therefore, their use in cell culture is highly advantageous. On the other hand, the
natural polymers mechanical performance is often insufficient for efficient mechano-
modulation, especially in case of hard tissues, eg. bone tissue. Combining the natural
polymers with synthetic ones - PCL, PEO, PVA - can provide better mechanical stiff-
ness and provide close resemblance to natural tissue also from the biophysical point of

View.

In terms of 3D printing, the most important characteristic to follow is the rheological
profile. The ink materials should be shear-thinning, and display fast recovery upon
lifting of the shear stress. This behaviour can be achieved by using dynamic polymer
networks - Schiff base cross-linking, or non-covalent interactions. Subjecting such

systems to shear stress induces depleting of the bonds and allows flow of the material.

Electrospinning, on the other hand, depends on multiple factors, both intrinsic and
extrinsic. The complex relationships are examined in order to achieve better under-
standing of the electrofluidodynamic phenomena and allow the transfer of the acquired
knowledge to practice. In case of core-shell electrospinning, the interfacial phenomena

are taken into account too.
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The presented doctoral thesis lays the groundwork for preparing scaffolds combining
nanotopological features of electrospun fibrous mats, and precise macroscopic struc-
tures with high internal porosity provided by the 3D printing of hydrogels. The pro-
posed structures can be further developed into composites with various morphologies.

As an example, the following structures are suggested:

1. Nanofibres decorated 3D printed structures. This approach uses the nanofibrous

coating of 3D printed structures to introduce attachment sites for cell receptors.
This treatment leads to better cell adhesion and promotes proliferation into the
bulk of a 3D printed scaffold. It is especially useful for post-printing cell seeding
[344, 164].

2. Layered 3D printed (or bioprinted)-electrospun scaffolds. This type of scaffolds

mimics the structure of ECM at nanoscale [345]. Such sandwich structures have
been described as advantages in biomedical applications [346]. The use of natu-
ral polymer fibers, such as HA or Col can provide biochemical cues for enhanc-

ing proliferation and migration.

3. Nanofiber-reinforced 3D printing inks (or bioinks). The presence of nanofibres

in a bulk of a hydrogel matrix introduces nanofeatures serving as mechanical
signals for cell receptors, promoting adhesion, proliferation or morphogenesis
[347]. The shear stress imposed on the fibres during 3D printing would pre-
sumably induce unidirectional orientation of the fibres to a certain extent, which
would benefit highly oriented tissue types, including muscle [12], tendon [347]

or bone tissue [348].

Moreover, the materials described here are potentially useful also for other electroflu-

idodynamics based technologies, i.e. electrospraying and electrowriting.
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7 CONCLUSION

The research presented in the current thesis aims to provide opportunities to use ad-
vanced manufacturing technologies to obtain precisely structured scaffolds with dis-
tinct macro-, micro- and nanostructures. To this end, 3D bioprinting via microextrusion

and solution electrospinning is exploited.

The compilation of the research papers consists of five papers, four of which consider
the specific requirements on hydrogels for microextrusion based 3D printing and bio-
printing, and one exploring the possibilities to obtain nanofibres from natural polymers
by solution electrospinning. The printability of the materials is achieved through tai-
loring of hydrogels’ rheological behaviour to obtain shear-thinning materials. This is

achieved by two distinct methods:

* dynamic covalent cross-linking,

* charged nanoplatelets induced rheological modulation.

Dynamic covalent cross-linking, specifically the Schiff base formation, was success-
fully utilized as a means to prepare hydrogels based on Gel and HA respectively. The
rheological measurement confirmed the shear thinning character of the prepared hy-
drogels, and their printability was demonstrated by experimental microextrusion. Ad-
ditionally, the Schiff base cross-linked hydrogels can serve as matrices for magneto-
responsive particles, making them promising candidates in preparation of smart hydro-

gels for bioapplications.

Rheological modulation using charged nanoplatelets, on the other hand, is facilitated by
the "house of cards" structure formation. The physical character of this phenomenon
allows instant change of viscosity upon application of shear stress, which is highly
advantageous in 3D printing via microextrusion. The rheological experiments also

confirm the importance of NPs shape in the desired rheological modification.

Both approaches to hydrogels’ rheological modification allow printability of the re-
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sulting materials with acceptable shape fidelity. Moreover, the hydrogels allow en-
capsulation of living cells and their subsequent microextrusion based 3D printing with
sufficient cell viability >75%. Therefore, the developed materials have the capacity to

form bioinks.

The electrospinning of HA via the use of intermediate solvent was found superior to
the conventional strategy of polymer co-electrospinning, as it allowed fabrication of
smooth fibers of 50-20 nm in diameter. It was also observed that shear viscosity has
negligible effect on the electrospinning process and outcome, while polymer’s M,, and
Hansen solubility parameters are crucial to successful electrospinning. In continuation
of this research, core-shell fibers enveloping natural polymer (HA or Gel) in biocom-
patible PCL were prepared. In core-shell electrospinning, other specific influences,
including solvents miscibility and difference of shear viscosity, were identified as po-

tentially significant.

The presented thesis describes several possibilities to utilize advanced manufacturing
technologies to prepare biocompatible structures, which can serve as scaffolds in tissue
engineering. Furthermore, the respective technologies operate on different level of
detail, allowing the combination of precise macroscopic structuring of 3D printing,
and presence of nanotopological features provided by electrospun nanofibres. These
scaffolds would closely mimic the natural structure of a tissue. Therefore, the presented
results have a great potential use in biomedical applications, including precise tissue

analogues fabrication and tissue engineering.
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Abstract: Essential features of well-designed materials intended for 3D bioprinting via microex-
trusion are the appropriate rheological behavior and cell-friendly environment. Despite the rapid
development, few materials are utilizable as bioinks. The aim of our work was to design a novel
cytocompatible material facilitating extrusion-based 3D printing while maintaining a relatively sim-
ple and straightforward preparation process without the need for harsh chemicals or radiation.
Specifically, hydrogels were prepared from gelatines coming from three sources—bovine, rabbit,
and chicken—cross-linked by dextran polyaldehyde. The influence of dextran concentration on the
properties of hydrogels was studied. Rheological measurements not only confirmed the strong shear-
thinning behavior of prepared inks but were also used for capturing cross-linking reaction kinetics
and demonstrated quick achievement of gelation point (in most cases < 3 min). Their viscoelastic
properties allowed satisfactory extrusion, forming a self-supported multi-layered uniformly porous
structure. All gelatin-based hydrogels were non-cytototoxic. Homogeneous cells distribution within
the printed scaffold was confirmed by fluorescence confocal microscopy. In addition, no disruption of
cells structure was observed. The results demonstrate the great potential of the presented hydrogels
for applications related to 3D bioprinting.

Keywords: gelatine-dextran; hydrogel; 3D printing; microextrusion; rheology; cell distribution

1. Introduction

Nowadays, 3D bioprinting has become one of the lead technologies in tissue engineer-
ing. Compared to the traditional preparation of cell-seeded scaffolds, the 3D bioprinting
via microextrusion process enables the incorporation of selected cells within the printed
material prior to or directly during the printing process. The major advantage of this
technology is that cells, biomaterials, and biomolecules can be spatially defined. Therefore,
more homogeneous cell distribution through the material could be achieved using this
technique [1]. In addition, 3D bioprinting is more straightforward, less prone to human er-
ror, and gives an opportunity to precisely fabricate complex structures [2,3]. The technique
relies on well-designed materials, so-called bioinks, which are essential for 3D-bioprinted
scaffolds in tissue engineering [4]. Despite the rapid development, the discipline still has a
shortage of materials utilizable as bioinks [5-7].

Materials for microextrusion in biological applications need to fulfill several criteria,
concerning both cellular response to the ink and mechanical response to printing-induced
stress. Good cytocompatibility and a suitable micro- and nanostructure serve to facilitate
cell proliferation and growth [8-10]. Regarding the physical behavior during printing, their
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rheological properties present the main contribution. They have to be tailored in a way
that allows uninterrupted flow of the material in the nozzle and provides stability to the
printed structure at the same time. In addition, the bioink should help minimize the shear
stress during printing in order to avoid the risk of cell destruction [11,12]. In addition to
suitable rheology, sufficient layer adhesion is needed to ensure stable structures [13,14].
From the described point of view, hydrogels hold a great promise as potential bioinks [15].
Those formed from biopolymers such as hyaluronan (HA), collagen, or gelatine (Gel) are
especially useful due to their ability to mimic the cellular environment [16].

Hydrogels generally consist of a cross-linked polymer network. The cross-linking
can be facilitated either by non-covalent interactions or covalent (chemical) interactions.
A typical feature of the former is the reversibility of bonds under specific conditions,
which offers an opportunity in terms of rheology tuning [17,18]. The downside to this
characteristic is the sensitivity to changes of thermodynamic conditions. It can also result in
poor mechanical properties of the hydrogels [13,19,20]. In contrast, covalent bonds are less
dynamic, but they provide the material with long-term stability in various environments.
Furthermore, hydrogels cross-linked by this type of bond show superior durability under
mechanical stress compared to non-covalent ones [17,21,22], which is desired for printed
products [20].

To date, several chemically cross-linked hydrogels based on biopolymers for 3D bioprint-
ing have been reported. Photocross-linking using UV irradiation was performed for modified
natural polymers, such as HA [23] or in combination with modified polypeptides [16,24].
Although UV-initiated polymerization is popular due to its effectivity and predictability, this
approach is also associated with the potential risk of inducing chromosomal and genetic
instabilities in cells and subsequent cell mortality. The weaknesses of UV light were omitted
when HA and Gel, both modified by phenolic hydroxyl moieties, were photocross-linked by
irradiation from a visible spectrum. However, a disadvantage of this hydrogel preparation
was the employment of a ruthenium/ammonium persulfate system [25]. Regarding other
methods of bioink preparation, Gel-norbornene hydrogels were synthesized by two-photon
polymerization [26], or modified HA, Gel, and acrylate cross-linked via radical polymeriza-
tion [27] have been reported. Nevertheless, both mentioned methods required the complex
chemical modification of used biopolymers before hydrogels preparation.

In a different approach, a dual cross-linking mechanism employing enzymatic reaction
and photocross-linking [28,29] or photo- with chemical cross-linking [30] was utilised for
bioink preparation [28-30]. Although the dual cross-linking strategies were developed to
improve the mechanical and degradation properties of bioink while maintaining their print-
ability and cell viability, this approach involves multi-step bioink preparation processes,
especially when it is compared to much more straightforward simple methods utilizing UV
irradiation [16,23,24]. On the other hand, the combined methods may allow avoiding the
harmful effect of high-energy light by shifting the UV irradiation prior to embedding the
cells in the material [29].

The aim of our work was to design a novel bipolymer-based hydrogel using chemical
cross-linking hydrogels that allows microextrusion printing while maintaining a relatively
simple and straightforward preparation process. Specifically, three types of Gel were
examined: bovine (Gel-B)—a source of Gel often used in biomedical application—and
two promising alternative sources—rabbit (Gel-R) and chicken (Gel-C) gelatines. The
advantages of Gel-R and Gel-C are that they do not suffer from concerns about bovine
spongiform encephalopathy or religious limitations [31,32]. All three gelatines were com-
bined with dextran polyaldehyde (Dex-Ox) providing firm hydrogels. To the best of our
knowledge, this presents a unique approach to using the described hydrogels (Gel-Dex-Ox)
as a convenient material for 3D printing bearing the potential to be combined with living
cells in a direct and simple procedure, thus creating a bioink.

Prepared printing materials were thoroughly investigated, and their performance in
microextrusion-based 3D printing was evaluated. The study comprises hydrogels reaction
kinetics, a detailed characterization of hydrogel rheological and swelling behavior, porosity,



Polymers 2022, 1, 391

30f16

and printability, which are discussed with respect to Gel origin and the amount of cross-
linking agent used throughout the study.

Die swell, a parameter closely connected to printing precision in microextrusion [14,33],
is, to our best knowledge, underrepresented in case of biopolymer-based hydrogel 3D
printing. Die swell is a result of normal stress induced by the sudden change in diameter of
the flow channel [34]. Although the mechanical stress-induced cell mortality is primarily
connected to tangential forces [35], evidence of normal stress affecting cell viability during
printing have been found as well [36]. Consequently, the performed analysis also includes
the issue of die swell.

Regarding the hydrogels performance in biomedical application, cytotoxicity assay
was performed on the materials. Finally, fluorescently labeled mouse fibroblasts were
added to the gels and printed so that the cell distribution could be evaluated. The prepared
hydrogels proved to be shear thinning and suitable for 3D printing applications as well as
showing good cytocompatibility and negligible deformation of cells during printing.

2. Materials and Methods
2.1. Chemicals

Gel-B (dry content 91.3%, M, = 209,600 g-mol_l) and Gel-R (dry content 86.5%,
Mg, = 157,800 g-molfl) were obtained from Tanex Vladislav, a.s. Gel-C (dry content 92.7%,
My, = 190,900 g-mol~!) was prepared according to a patented biotechnological process [37],
which is described in detail in Mokrej$ et al., 2019 [38] and Gal et al., 2020 [39]. Dextran (Dex)
My, = 40,400 g~m01*1, sodium periodate, and phosphate-buffered saline sterile solution
(PBS), pH 7.4, were obtained from Sigma Aldrich. Demineralized (DEMI) water was
prepared using Milipore Q System. Ammonia solution, 30 vol% was purchased from Penta
and diluted to 25 vol%. NapHPO,4.12H,0O and NaH,PO4.2H,0, used for the preparation of
PBS pH 7, were obtained form Lach-Ner.

2.2. Dextran Oxidation

The oxidation of Dex was performed according to the previously described method [40].
Briefly, to the 13 wt % water solution of Dex and a 0.4 molar fold of NalOy4 pre-dissolved
in 5 mL of DEMI water was added. The reaction was stirred for 4 h at room temperature.
Subsequently, the reaction mixture was diluted with DEMI water and put into a dialysis
tube (membrane cut-off 12,000 g-mol~!). The crude product was purified via dialysis
against DEMI water for 3 days. Then, the solution was casted in a glass mold and frozen
first at —18 °C for 24 h followed by freeze drying in a freeze-dryer (ALPHA1-2 LD plus,
M. Christ, Osterode am Harz, Germany). The pure product was obtained in yield 90%,
and its My, was 7700 g-mol~!. The number of aldehyde groups per 100 glucose subunits
was determined using hydroxylamine hydrochloride method [41]. Automatic titrator T50
(Metler Tolledo, Greifensee, Switzerland) was used for the measurements.

2.3. Polymers Characterisation

Proton Nuclear Magnetic Resonance (‘H NMR) spectra were recorded on a machine
JEOL ECZ 400 (JEOL Ltd., Tokyo, Japan) operating at 'H frequency of 399.78 MHz at 60 °C.
The samples were dissolved in D,O at concentration of 10 mg-mL " for the analysis. The
water signal was used as reference and was set at 4.75 ppm.

The average molecular weight and distribution curve of the initial biopolymers were
determined by means of the size exclusion chromatography (SEC) method performed on a
high-performance liquid chromatograph (HPLC) system Shimadzu Prominence equipped
with UV-Vis and RI detectors (Shimadzu Prominence, LC-20 series, Shimadzu corporation,
Kyoto, Japan). The conditions for analysis of polysaccharides were following: 0.1M PBS
solution of pH equal to 7.4, flow 0.8 mL-min~!, oven temperature 30 °C, columns PL
aquagel-OH 60 8 um, 300 x 7.5 mm and PL aquagel-OH 40 8 um, 300 x 7.5 mm were
connected in series. Pullulan standards were used for molecular weight calibration, analysis
was based on RI data. Conditions for analysis of proteins were as follows: 0.15 M PBS
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solution of pH equal to 7.0, flow 0.35 mL-min~—!, oven temperature 30 °C, column Agilent
Bio SEC-5, 5 um, 150 A, 300 x 4.6 mm. Protein standards were used for molecular weight
calibration; analysis was based on UV data gained at 210 nm.

2.4. Hydrogels Preparation and Characterization

Hydrogels were prepared in the following manner: 2 wt % solution of Dex-Ox in PBS
(0.1 M, pH 7.4) was mixed with 15 wt % solution of Gel dissolved in PBS (0.1 M, pH 7.4).
Three volume ratios of the solutions were examined—Gel:Dex-Ox 1:1, 2:1, and 3:1. After
that, 25 vol % ammonia solution was added in concentration 50 uL per 1 mL of Gel solution,
and all the reactants were mixed.

Rheological measurements of the prepared fresh mixture of biopolymer solutions
(2 mL) were performed on a rotational rheometer Anton-Paar MCR 502 (Graz, Austria)
at 30 °C under normal pressure in an air atmosphere. In case of the reaction kinetics
measurement, time sweep experiments were performed using a 50 mm parallel-plate mea-
suring system oscillating at constant 10% deformation with a constant angular frequency of
10 rad-s— 1. Fundamental rheological data, i.e., complex viscosity 7, storage (G'), and loss
(G") moduli, were followed in a 40 min time sweep. It should be noted that the sample
preparation caused a 1 min delay between the reaction start and first data obtained.

On the other hand, the rheology of fully cross-linked hydrogels was performed using
a 25 mm parallel-plate measuring system oscillating at constant 10% deformation with
angular frequency sweep increasing from 0.1 to 10 rad-s ! at 35 °C. The frequency sweep
measurement in a descending direction was carried out as well, without any change in
rheological behavior. It is important to note that before such measurement was started, the
hydrogel samples were prepared 12 h before in the form of circular plates with a diameter
of 30 mm and a thickness of 2 mm.

As a 3D Printing instrument, Cellink BioX (Gothemburg, Sweden) was used with
the following specifications: a polypropylene conical nozzle—0.41 mm diameter, 3 mL
polypropylene syringe, microextrusion syringe pump printhead, and microscope glass
slide printbed. The printhead speed was 2 mm-s~1, and the extrusion rate was 1.5 pL-s 1.
During printing, both the printhead and printbed were kept at room temperature. Op-
tical analysis of the printing performance was carried out using a Dino-Lite AM4815ZT
optical microscope and evaluated with the aid of Image] software. The shape fidelity was
characterized using the method described by Ouyang et al. [42], i.e., determining the
printability (Pr) as the similitude of a gap between printed strands to a square in the top
layer of a multi-layered 10x10 mm rectilinear patterned grid. The distance between strand
centers in a single layer had to be adjusted to 3.3 mm due to the strong die swell of the
material. The layer height was set to 0.6 mm in order to account for the die swell as well
as to ensure good adhesion between layers. To calculate Pr, the following formula was
used: Pr = L2/16A, where L denotes the perimeter (mm) and A the area of a gap (mm?).
Moreover, an uninterrupted flow of material was recorded, and the die swell was measured
at the perceived distance between the printbed and nozzle, i.e., 0.5 mm. Additionally, a
model specifically designed for the materials examined in the current study was developed
in the following way: The overall dimensions were 10 x 10 x 5 mm, the layer height
was 1 mm, the material extrusion was continuous, and the speed of the printhead was
monotonous throughout the printing.

The shape and porosity of printed structures before and after freeze drying was ana-
lyzed using X-ray computed micro-tomography (CT) with the help of SkyScan (Model 1174,
Bruker, Billerica, MA, USA). The printed structures were obtained using the material-
specific model described earlier. The device was equipped with the X-ray source, (voltage
of 20-50 kV, maximum power of 40 W) and the X-ray detector. The CCD 1.3 Mpix was
coupled to the scintillator by a lens with 1:6 zoom range. The projection images were
recorded at angular increments of 0.5° or 1° using tube voltage and tube current of 35 kV
and 585 nA, respectively. The exposure time was set to 15 s without using any filter. The
3D reconstructions, surface, and volume analysis were performed via built-in CT image
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analysis software (version 1.16.4.1, Bruker, USA). The results, in terms of images with dif-
ferent X-ray adsorption, 2D cross-sections, and 3D models were exported from DataViewer
and CTvox software. Prior to CT characterization, the printed hydrogels were placed in
a closed sample holder with increased humidity so that the analyzed scaffold does not
dry out.

The inner porosity of the material was assessed via scanning electron microscopy
(SEM) imaging of freeze-dried samples in vertical sections using a Phenom Pro instrument
at an accelerating voltage of 10 kV. The samples were sputtered with a gold/palladium
layer prior to imaging. The pore size and total pore area were statistically evaluated with
the aid of Image]J software.

The swelling behavior of hydrogels was determined gravimetrically as follows:
weighed lyophilized samples were immersed in PBS (0.1 M pH 7.4) to gradually reach
swelling equilibrium. The equilibrium buffer uptake, S(e)(%), of hydrogels was determined
by taking the swollen samples from buffer solutions at selected time intervals of 1, 2, 6, 15,
30, 60, 120, 240, 360, and 1440 min, wiping with tissue paper and weighing. The presented
results are expressed as an average values of 4 measurements. The samples were condi-
tioned to 37 °C throughout the measurement in order to meet the requirements of testing
for biological use.

2.5. Cytotoxicity

Cytotoxicity was tested using a mouse embryonic fibroblast cell line (ATCC CRL-1658
NIH/3T3). Testing was performed according to ISO 10-993 standard concretely by testing
of extracts from freeze-dried hydrogel samples. Extracts were prepared according to ISO
standard 10993-12 with modifications; the extraction ratio was 0.02 g per 1 mL of culture
medium (which is a lower amount than according to the ISO, which is due to the swelling
properties of lyophilized samples). The ATCC-formulated Dulbecco’s Modified Eagle’s
Medium (PAA Laboratories, Inc., Etobicoke, ON, Canada) containing 10% of calf serum
(BioSera, Nuaille, France) and 100 U mL~! penicillin/streptomycin (GE 209 Healthcare
HyClone, Hyclone Ltd., Cramlington, UK) was used as the culture medium. Tested samples
were extracted in culture medium for 24 h at 37 °C under stirring. Subsequently, the extracts
were filtered using a syringe filter with a pore size of 0.22 um. Then, the parent extracts
(100%) were diluted in culture medium to obtain a series of dilutions with concentrations of
75,50, 25, 10, and 5%. Cells were proceeded in concentration of 105 per 1 mL and cultivated
for 24 h at 37 °C in 5% CO; in humidified air. Then, the medium was removed after the
pre-cultivation and replaced by individual extracts. Cell viability was evaluated after 24 h
of exposure using ATP assay (ATP Determination Kit A22066, ThermoFisher Scientific,
Waltham, MA, USA). The results are presented as the relative cell viability compared to
the reference (cells cultivated without extracts), where the reference corresponding to 1
means 100% cell viability. The presented data are from three experiments, each performed
in triplicate.

2.6. Cell Distribution within 3D-Printed Structure

Before the test, the cells were fixed and counterstained. The 4% formaldehyde (Penta
chemicals, Prague, Czech Republic) was used to fix the cells within the suspension. Af-
ter 15 min of exposure, the cell suspension was centrifugated (1.5 RPM for 2 min) and
supernatant was aspirated. Then, the cells were washed with PBS, and after centrifugation
(1.5 RPM for 2 min), 0.5% Triton x-100 (Merck Group, Darmstadt, Germany) was added
for 5 min followed by centrifugation and three washes with PBS. Then, the cells nuclei
were counterstained by Hoechst 3325 (A¢y = 355 nm, Ay, = 465 nm) and the cytoskeleton
was counterstained by ActinRed 555 (A¢y = 540 nm and Ay, = 665 nm) according to the
protocol of the producer (both Sigma Aldrich). The stained fibroblasts were mixed with
hydrogel in concentration of 5-10° cells per 1 mL of hydrogel. These mixtures were printed
(using the same procedure as describe before) and observed by the means of confocal
microscopy using an Olympus FLUOVIEW FV3000 (Olympus corporation, Laser Scanning
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Confocal Microscope (LSCM) in order to determine the homogeneity of cells distribution.
The Plan-Apochromat objective with magnification 10x and numerical aperture NA = 0.8
or 4x and NA = 0.4, respectively, were used for analysis. The figures were obtained as
three-dimensional reconstruction from confocal images in the z-axis (4 x magnification—10
images with 10 um steps, 10 x magnification—10 images with 5 pm steps).

3. Results and Discussion
3.1. Polysaccharide Oxidation and Hydrogel Formation

In order to develop printable hydrogels as potential bioinks based on a chemically
cross-linked polymeric matrix, modified Dex and Gels were utilized. Bovine, rabbit, and
chicken gelatines, hydrolyzed forms of collagens, were chosen in order to achieve close
resemblance of the scaffold to extracellular matrix [43], thus maximizing the potential to
produce material which may ensure sufficient viability, adhesion, and proliferation of fibrob-
lasts [44]. Note that the source of gelatine and method of its preparation affect the ultimate
mechanical and functional properties of final hydrogels [45], and consequently, the present
study shall facilitate comparison of these Gel sources as a matrix of printable hydrogel.

Oxidized dextran (Dex-Ox) was used as a cross-linking agent so that high-energy light
irradiation, toxic chemicals [46—-48], or free radicals formation [29] was avoided. Initially,
Dex was oxidized by sodium periodate [40,49], forming Dex-Ox with approximately 50
aldehyde groups per 100 units of the biopolymer chain. Comparing the "H NMR spectrum
of unmodified Dex to the spectrum of Dex-Ox (see Figure S1 in Supplement), in TH NMR
of Dex-Ox, several characteristic peaks were observed in the region of 6.0-4.4 ppm. These
signals, which were assigned to protons of hemiacetals formed from aldehyde groups,
confirmed the successful oxidation of Dex [40]. Subsequently, the hydrogels were obtained
when Gels of bovine, rabbit, or chicken origin were chemically cross-linked by Dex-Ox,
expecting Schiff base formation between Dex-Ox and amino groups present in Gel [50],
as presented in Figure 1. The chosen manner of hydrogel preparation is characterized by
mild conditions, avoiding the presence of harmful chemicals or radiation, which could be
favorable for the intended application with respect to cell compatibility and viability.

NH, ; NH,
HOO COOH o HoOC COOH HO
0 HO
HO
HO—5H ©
H, + o — NH, HC ol o
H, N
”°M /%o
/ Ox
HOO S I HOO Lo
COOH CooH

Figure 1. Schematic illustration of the cross-linking reaction between Dex-Ox and Gel.

3.2. Reaction Kinetics

Rheological experiments were designed to determine the kinetics of cross-linking
reaction of Gels with Dex-Ox and a time of sol-gel transition, i.e., gelation point. A basic
kinetics model of the first order was employed to fit the experimental rheological data
and determine the reaction rates in order to facilitate reasonable kinetic data comparison
(details of the data processing procedure are given in Supplementary Information). Table 1
summarizes the evaluated reaction rate coefficients together with the corresponding coef-
ficients of determination. As can be seen, the reaction rates of a cross-linking reaction of
Gel-B and Gel-R with Dex-Ox are similar; all were found to be in the range of 7-12 h~lLIn
contrast, the cross-linking reaction of Gel-C was significantly slower with reaction rates
in the range of 1.0-2.5 h~1. The differences in reaction rates between Gel-B and Gel-R
versus Gel-C can be most probably attributed to the different manufacturing procedures
of the gelatines and resulting different properties of the used protein material. The rate
coefficients show that conversion of cross-linking reaction equal to 75% is achieved in a
time shorter than 10 min in case of Gel-B and Gel-R, while it took more than 30 min to
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reach this conversion in case of Gel-C. From a practical point of view, it is advantageous
to print the hydrogel after reaching such conversion of cross-linking reaction in order to
ensure the relatively stable properties of ink during printing.

Table 1. Dependence of reaction rate coefficient on reaction mixture composition

Gel:Dex-Ox Reaction Rate Coefficient of Gelation
Solution Ratio Coefficient (h 1) Determination (1) Point (min)

Gel-B

1:1 11.6 0.998 <1

2:1 8.3 0.990 2

3:1 10.6 0.986 2
Gel-R

1:1 11.1 0.993 <1

2:1 7.6 0.994 2

3:1 8.7 0.990 2.5
Gel-C

1:1 2.0 0.997 2

2:1 1.2 0.999 13

3:1 2.4 0.994 >30

We should note that in some cases, a short initial “lag” period was observed. This lag
period can be attributed to the cross-linking reaction complexity. Despite this not being
described by a first-order kinetic model, the overall fit was good, as is documented by the
values of coefficients of determination and similar values of reaction rate coefficients of
each type of Gel. As a result, even a simple model of the first order was able to acceptably
describe the course of this reaction.

Another significant characteristic obtained in this measurement is the gelation point,
which describes the solidification of the material and therefore can be found as the time
when the crossing of storage and loss moduli occurs [51]. From that point, elastic forces
begin to overcome the viscous ones, and the substance is defined as solid. The gelation
point was not recorded in case of 1:1 polymer solution ratio for neither Gel-B nor Gel-
R-based hydrogel (see Table 1) as the storage modulus is higher than the loss modulus;
therefore, it is safe to assume that it is lower than 1 min, and gelation took place during
the sample preparation. In case of Gel-C, the gelation point was detected after 2 min of
reaction. When the proportion of Gel was increased, the gelation point increased as well
to approximately 2 min. Curiously, no difference was detected between the Gel-B:Dex 2:1
and 3:1 solution ratios. However, Gel-R exhibits an additional 30 s increase in gelation
time with each decrease of Dex-Ox content. Gel-C based gels exhibit the highest increase
in gelation time. Despite this, all of the hydrogels solidify within 1 hour, which is rapid
enough for their utilization in practice.

3.3. Rheology

Knowledge of hydrogels’ rheological behavior is of great importance in terms of
printability and shape fidelity [52]. Cell viability can be ensured by minimizing the shear
stress arising from the process [12]. A typical means of achieving this goal is to utilize a
wider flow geometry [11]. However, this approach directly opposes precise positioning
of the materials, which is the great advantage of 3D printing. Another way to reduce the
shear stress during an ink flow is to reduce the viscosity [52]. However, during printing,
a material with high viscosity and a significant difference between the loss and storage
moduli is desirable due to the quickly achievable solid state. Other characteristics, such as
brittleness of the extruded strand, also play an important role in the final appearance of
the printed structure [42,52]. The above-mentioned requirements regarding the rheological
behavior of gels indicate that the objectives of this work are to prepare a highly shear-
thinning material with a fast sol-gel transition at various angular frequencies. For this
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purpose, the rheological properties of fully cross-linked hydrogels were characterized in
the region of increasing angular frequency, simulating 3D-printing conditions.

To this end, the linear viscoelastic region (LVE) on a fully formed gel-like structure
was checked at 35 °C. Thus, strain sweep oscillatory measurements were performed with
a constant angular frequency of 10 rad-s~! for Gel:Dex-Ox 1:1 and 3:1 hydrogels (see
Supplementary Information Figure S2). The LVE region was identified in the range where
modulus G’ or G” is independent of the applied deformation from 0.1% to 100%. Thus,
10% deformation was used for the following frequency sweep oscillatory measurements. It
is clear that besides Gel-R:Dex-Ox 3:1 and Gel-B:Dex-Ox 3:1, the storage modulus, G, is
the significant one describing a gel-like state.

This fact is also followed in the case of performed frequency sweep oscillatory mea-
surements describing loss and storage modulus dependence on printing speed expressed
by angular frequency. As can be seen in Figure 2, a strong shear-thinning behavior of the
prepared hydrogels is observed. In case of all Gel-C:Dex-Ox solutions, the highest viscosi-
ties are reached as well as gel-like structure. It is clear that Gel-R:Dex-Ox solutions reach
the lowest viscosity values. Moreover, in case of Gel-R:Dex-Ox 2:1; 3:1, and Gel-B:Dex-Ox
3:1 when the gelation point is taken into account, the sol-like structure is observed when
complex viscosity is lower than 0.3 Pa-s. This means that the angular frequency at which
the gelation point occurs depends on both Gel origin and biopolymer ratio. It should be
mentioned that reverse measurements (from 10 to 0.1 rad-s 1) performed on the same
sample achieved identical results as in the original measurements. Thus, any changes
occurring in the material are reversible, even though such behavior is atypical in chemical
hydrogels. Nevertheless, Khorsidi et al. [53] have found a growing number of amine-
aldehyde cross-links to correlate with the increased shear-thinning character of hydrogels.
Another research found that similar material compositions to the ones examined in the
current study can be printed by microextrusion; therefore, a certain level of shear-thinning
behavior can be assumed [54].

This described rheological characterization proves that the prepared hydrogels are
suitable materials for 3D printing by microextrusion due to their shear flow and stability
after stress relaxation. Based on experiments performed from prepared hydrogels composed
of different gels and biopolymer ratios, it should be noted that these materials can be used
in a variety of applications for 3D printing with specific rheological properties.
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Figure 2. The angular frequency-dependent viscoelastic moduli (a—c) and complex viscosity (d—f) for
Gel-based hydrogels: (a,d) Gel-B, (b,e) Gel-R, and (c,f) Gel-C for all examined Gel:Dex-Ox ratios.
3.4. 3D Printing

Printability of the materials was practically assessed in microextrusion printing ex-
periments. Two contributions to printing precision were measured—die swell and shape
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fidelity. Die swell is a parameter that affects the printing resolution, pore size, and layer
height [14,55]. Several studies, both theoretical and experimental, have confirmed the signif-
icance of the phenomenon on the process of 3D printing [33,56—61]. Nevertheless, it is often
omitted in the research of biopolymer based hydrogels as materials for microextrusion.

As is apparent from Table 2, all hydrogels examined in the current study experience
a non-negligible die swell, reaching up to 3.3 times increase of the strand diameter. That
is a clear indication of significant normal stress being built up in the material during
shearing [14]. The die swell is notably lower in case of Gel-C:Dex-Ox 1:1 hydrogel. Some
differences are found in the relative standard deviation (RSD) of die swell corresponding to
different origins of Gel. The higher RSD suggests fluctuations in strand diameter, which
are especially prominent in Gel-B-based materials and would consequently lead to lower
printing precision. It can also indicate the phenomenon of over-gelation being present [42].
Based on this information, the highest printing precision is expected from Gel-C-based
hydrogel. No significant difference caused by variation in Dex-Ox content was found,
regardless of the Gel origin. It is possible that large fluctuations masked the influence of
cross-linking agent amount on die swell.

The shape fidelity was characterized using the so-called printability (Pr) parameter,
which was evaluated following a simple procedure described in [42]. This parameter reflects
the precision of printing square-shaped pores. It is closely connected to the phenomenon
of under- and over-gelation, and to a certain extend, it is able to describe the smoothness
of the strand as well as hydrogel stability after removal of shear stress. The Pr values of
most hydrogels are close to 1, as can be seen in Table 2, which encourages the possibility
of using these materials for precise printing. Only Gel-B:Dex-Ox 3:1 exhibited insufficient
mechanical strength of the strand, which caused the material to be completely fused and
prevented the measurement. No significant difference in Pr with respect to neither Dex-Ox
content nor Gel origin was observed.

Table 2. Printing characteristics of Gel-based hydrogels.

Relative Standard
Die Swell (1) Deviation (RSD) Printability (Pr) (1)
of Die Swell (%)

Gel:Dex-Ox
Solution Ratio

Gel-B
1:1 3.0 13 1.0+0.2
2:1 3.2 11 1.0+0.2
31 3.0 14 /
Gel-R
1:1 29 10 0.90 + 0.09
2:1 3.3 6 0.873 + 0.009
3:1 3.2 10 0.90 + 0.07
Gel-C
1:1 2.4 7 1.0+ 0.1
2:1 2.6 9 1.0+0.2
3:1 2.7 8 0.92 + 0.09

Moreover, the printing of 5 layers of material proved that hydrogels presented in the
current study provide self-supporting structures, i.e., those that do not collapse due to their
own weight, in the 3D printing process. These structures were further used in the study of
printing-induced porosity and hydrogel inner porosity.

To investigate the shape and pore distribution in the printed scaffold, the selected
sample (Gel-C:Dex-Ox 1:1) was analyzed using CT (Figure 3). Due to the limited resolution
of the CT used—SkyScan 1174 (6-30 um per voxel), a special printing model was created
for these purposes (Figure 3a left). In addition, it was necessary to create a special closed
box for the hydrogel to prevent it from drying out during a 60-min CT scan (Figure 3a
right). Figure 3b,c compares the scaffold in the hydrated state and after freeze drying. A
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comparison of these figures shows that the shape of the printed structure corresponds to
the desired model both in the hydrated and dry state. The hydrated structure is larger than
the freeze-dried structure and does not contain pores inside printed layers, detectable air
bubbles, or other large defects. The printed hydrogel occupies 59% of the volume (299 mm?)
with a surface area of 722 mm?. After lyophilization, the volume of the printed structure
decreases to 63 mm? (13% of space), while its surface increases to 1061 mm? due to the
formation of open pores. The analyzed space was 11.1 x 11.1 x 4.1 mm? (505 mm3). From
X-ray adsorption images for two different angles (0° and 90°), it is clear that the printed
material is accumulating in accordance with the printing model.

- Closable sample
Printing model 10x10mm Printed structure holder for CT

Figure 3. CT analysis of printed structures; (a) Scheme of sample preparation, (b) As-printed structure,
(c) Lyophilized structure: i—2D cross-sections in respective planes, ii—X-ray adsorption for either 0°
or 90°, and iii—3D model.
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3.5. Swelling Tests

Swelling is defined as the amount of buffer or water bound into a hydrogel. It is
considered to be a crucial characteristic of hydrogels, as it gives an initial view of their
hydrophilicity and cross-linking density. In general, rigid networks lead to lower water
uptake [62]. Moreover, the swelling characterization is useful in the hydrogel preparation
procedure as an insight into the possibility of cell proliferation or to determine hydrogel
stability over time. Figure 4 shows the equilibrium swelling of prepared hydrogels at differ-
ent ratios of Gel and Dex-Ox. The only observed difference between used Gels is the speed
of PBS uptake, being notably lower in the case of Gel-C in comparison. Meanwhile, both
Gel-B and Gel-R displayed similar swelling behavior. These results could refer to different
network rigidity. This assumption was supported by rheology results (see Figure 2). Statis-
tical analysis of the swelling test results proved that the concentration of the cross-linking
agent has a minimal impact on swelling, and the observed differences correspond to the
measurement deviation. Thus, the mechanical characteristics and rheology of the prepared
hydrogel can be tailored without any impact on swelling, which is advantageous in the
case of the cell proliferation.

S(e) [%]

A} Gel-B (1:1 A} Gel-C (1:1)]
B} Gel-B (2:1); i} Gel-C (2:1);
Gel-B (3:1); - Gel-C (3:1);

2
0 50 100 150 200 250 300 350 1350 1400 1450 50 100 150 200 250 300 350 1350 1400 1450 50 100 150 200 250 300 350 1350 1400 1450

Time [min] Time [min] Time [min]

Figure 4. Swelling of Gel-based hydrogels: (a) Gel-B, (b) Gel-R, and (c) Gel-C.

3.6. Inner Porosity

SEM micrographs of the printed products after freeze drying revealed the highly
porous inner structure of the materials. Table 3 presents the results of the average pore
diameter in the cross-section. In addition, the relative pore area was determined in the
cross-section in order to assess the porosity of the hydrogel. The pores are interconnected
(see Supplementary Information Figure S2) and fall approximately in the range 50-100 pm
in diameter [63]. The pore size remains practically constant regardless of both the Gel
origin and the amount of Dex-Ox.

Table 3. Evaluation of pore size and porosity of hydrogels after shear strain and subsequent

lyophylization.
Gel:Dex-Ox Average Relative
Solution Ratio Pore Size (mm?) Pore Area (%)

Gel-B

1:1 0.014 £+ 0.009 40-70

2:1 0.017 £ 0.005 45-80

3:1 0.020 £+ 0.009 60-75
Gel-R

1:1 0.017 4 0.006 40-80

2:1 0.011 4 0.003 35-65

3:1 0.009 £ 0.004 35-50
Gel-C

1:1 0.010 £ 0.004 35-45

2:1 0.036 £ 0.008 45-50

3:1 0.04 + 0.02 30-50
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3.7. Cytotoxicity

Due to their natural origin, the chosen biopolymers—Gel and Dex—are generally
characterized by low toxicity [26,64—66], which makes them especially advantageous for
scaffold preparation. However, the presence of highly reactive aldehyde groups raises
the concerns over the biocompatibility of Dex-Ox [66,67]. Additionally, the cytotoxicity of
Dex-Ox has been observed to increase with the decrease of My, [68]. In order to address this
issue, the cytotoxicity of the here-prepared hydrogels was tested. Samples with the highest
amount of potentially cytotoxic component, i.e., those with a solution ratio of 1:1, were
chosen for the test. The results are presented in Figure 5. As can be seen, Gel-B and Gel-C
were non-cytotoxic in a whole range of concentrations. A non-significant decrease in cell
viability in observed in the case of Gel-R for a concentration of extract above 50%. However,
the viability does not decrease below 70%, which is the limit of cytotoxicity potential. It can
be concluded that all tested hydrogels do not express cytotoxicity potential. These results
are highly encouraging in terms of using the proposed hydrogels, especially Gel-B and
Gel-C-based ones, as bioinks for the preparation of scaffolds.

Gel-B:Dex-Ox 1:1 Gel-C:Dex-Ox 1:1
1.8+ 1.8+
2z 51 2z 161
2 o ; N -2
8 8
e o g
g % g
2 2
® oo
e

Gel-R:Dex-Ox 1:1

EM N

Relative cell viabill

Figure 5. Cell viability determined by ATP assay performed on extracts from Gel:Dex-Ox 1:1
hydrogels.

3.8. Cell Distribution within 3D-Printed Structure Evaluation

The homogeneity of cell distribution within the structure of scaffolds is a critical
parameter for their applicability. This parameter is not ideal in case of the standard
procedure of cell seeding into the scaffolds (e.g., by forcing the cells through a scaffold
by either internal pressure or external vacuum pressure). The direct printing of cells
within the material allows overcoming this problem. Thus, the effect of microextrusion
on mouse fibroblasts distribution was observed by the means of LSCM. As can be seen
in Figure 6, 3D printing ensured a homogeneous distribution of cells within the printed
material. In addition, the overlay (Figure 6) demonstrated that cell nuclei were located
inside undisturbed cells; thus, fibroblasts were not destroyed during 3D printing. The
results are promising in terms of considering the presented biopolymers-based hydrogels
as bioinks.
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Figure 6. Microextruded Gel-B:Dex-Ox strand with incorporated mouse fibroblasts observed by
the means of fluorescence confocal microscopy—(a) 4 x magnification—image of cytoskeleton and
(b) 10x magnification—overlay of cell nuclei and cytoskeleton images.

4. Conclusions

A series of hydrogels, which may potentially serve as bioinks, formed from Gel of
different origin (bovine, rabbit, and chicken) cross-linked with various ratios of Dex-Ox
were prepared by means of a simple and rapid method. Even though there are differences
in Gel behavior depending on its origin, 3D-printing studies usually focus on bovine or
porcine Gel, while research of rabbit and chicken Gel is rather scarce in this field. Study of
the rheological behavior of the materials upon application of shear stress proved that the
all investigated hydrogels were able to flow in shear, while they remain stable after stress
relaxation and consequently are well suited for utilization in microextrusion. Additionally,
die swell was significant, reaching a threefold increase in strand diameter in case of Gel-
R and Gel-B samples. From the printing precision point of view, Gel-C was the most
promising with the lowest die swell. Measurements confirmed that the complex viscosity
of the hydrogels increased with the higher amount of cross-linking agent—Dex-Ox. In
addition, rheology facilitated the study of reaction kinetics. This confirmed that the cross-
linking reaction followed kinetics of the first order, and the gelation point was reached later
as the amount of Dex-Ox solution decreased.

All the investigated hydrogels were able to form self-supporting structures in several
layers, despite their various rheological properties. Moreover, the CT analysis confirmed
that it is possible to produce constructs with continuous macroscopic pores throughout
the structure via microextrusion processing of the hydrogels. In addition, the constructs
remained stable even after freeze drying, and their highly porous inner structure was
proved by means of CT and SEM measurements.

Optical imaging revealed that fluorescent-labeled mouse fibroblasts encapsulated
within the polymeric matrix were of uniform distribution throughout the printed materials,
and no cell disruption was observed. Finally, the printed constructs displayed no cytotoxic-
ity in case of all tested materials. Thus, 3D-printable hydrogels with a potential to serve as
bioinks have been successfully developed in the current study.

Supplementary Materials: The following are available at https:/ /www.mdpi.com/article/10.3390/
polym1010391/s1, Figure S1: 1H NMR spektra of dextran (Dex) and dextran after oxidation (Dex-Ox),
Figure S2: Linearity sweep for hydrogels with different amount of cross-linking agent, Figure S3:
SEM micrograph of lyophilized hydrogels in cross section
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Abstract: Smart hydrogels based on natural polymers present an opportunity to fabricate responsive
scaffolds that provide an immediate and reversible reaction to a given stimulus. Modulation of
mechanical characteristics is especially interesting in myocyte cultivation, and can be achieved by
magnetically controlled stiffening. Here, hyaluronan hydrogels with carbonyl iron particles as a
magnetic filler are prepared in a low-toxicity process. Desired mechanical behaviour is achieved
using a combination of two cross-linking routes—dynamic Schiff base linkages and ionic cross-
linking. We found that gelation time is greatly affected by polymer chain conformation. This factor
can surpass the influence of the number of reactive sites, shortening gelation from 5 h to 20 min.
Ionic cross-linking efficiency increased with the number of carboxyl groups and led to the storage
modulus reaching 10% Pa compared to 10! Pa-102 Pa for gels cross-linked with only Schiff bases.
Furthermore, the ability of magnetic particles to induce significant stiffening of the hydrogel through
the magnetorheological effect is confirmed, as a 103-times higher storage modulus is achieved in an
external magnetic field of 842 kA-m™~1. Finally, cytotoxicity testing confirms the ability to produce
hydrogels that provide over 75% relative cell viability. Therefore, dual cross-linked hyaluronan-based
magneto-responsive hydrogels present a potential material for on-demand mechanically tunable
scaffolds usable in myocyte cultivation.

Keywords: hyaluronan; smart hydrogels; magnetorheology; Schiff base; hydrodynamic radius; tissue

engineering

1. Introduction

Hydrogels, i.e., 3D cross-linked, high-water-content networks, have been used in
many biomedical applications [1], e.g., fabrication of scaffolds for cell cultivation [2] and
tissue engineering [3], drug delivery [4], and wound dressing [5], as well as industrial
applications such as soft electronics [6], water treatment [7,8], food applications [9,10], etc.
Each of these applications requires a tailored hydrogel with desired characteristics. Basic
properties of 3D networks are given by their chemistry as well as the incorporation of other
components. Tissue engineering application in particular require close resemblance to
native tissue in terms of morphology, as well as functionality, which often includes sudden
and reversible changes of properties. In the case of smart hydrogels, their composition
enables them to respond to external stimuli (pH, ionic strength, temperature, or electric or
magnetic fields), and thus their properties can be advantageously dynamically changed.
Namely, magnetorheological (MR) materials can rapidly and reversibly alter the mechan-
ical properties of hydrogels under a magnetic field due to the magnetorheological effect
(MRE) [11].
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MRE refers to a highly non-linear mechanical response of a material to the presence of
an external magnetic field. This is commonly achieved in multi-phase systems containing
magnetically active filler (e.g., iron oxide-based nanoparticles Fe30, (magnetite) or y-Fe,O3
(maghemite) [12]; superparamagnetic iron-oxide particles (SPIONs) [13]; or CoFe;Oy4 [14])
dispersed in a non-magnetic matrix [15]. Iron-based magnetic fillers are advantageous in
biological applications due to their degradability in vivo [16] through a biotransformation
mechanism whereby the magnetic material is converted into nontoxic iron species within
acidic intracellular lysosomes [17]. Further, carbonyl iron particles have been found to be
nontoxic to living cells [18,19], and their hydrogels based on Poly(2-oxazolines) show very
promising magneto-responsive and noncytotoxic behaviour [11]. Applying an external
magnetic field induces magnetic dipoles in the filler particles, causing the particles to be
in order, effectively forming a network and thus leading to material stiffening [20]. This
allows on-demand reversible modulation of mechanical properties. The magnitude of MRE
is given by the magnetization saturation and the volume fraction of the magnetic filler,
and the viscous dissipation of carrier medium [15,21]. Due to viscosity restrictions, MRE
is generally greater in liquid carrier media [22]. Nevertheless, significant stiffening has
been achieved in solid matrices such as hydrogel [23-25] as well. Furthermore, it has been
shown that complex rheological tuning of the carrier medium, specifically its yield stress,
may produce a solid system with virtually unaffected MR efficiency [26]. In terms of life
sciences and tissue engineering, this can be exploited for arterial embolization in cancer
treatment [27,28] or mechanical stimulation of cells via an external stimulus [29,30].

Cross-linked hydrogel matrix can be made from both synthetic and natural polymers.
In most cases, synthetic polymers present a challenge in terms of biological response
and biodegradability, making them less favourable in biomedical applications despite
their possibility to be precisely tailored and thus achieve high reproducibility [31]. Nat-
ural polymers, on the other hand, are not cytotoxic and are mostly good candidates for
cell adhesion and proliferation [32]. Several examples of naturally derived polymers
used as the matrix material for MR hydrogels can be found in the literature, includ-
ing proteins—gelatin [33-35], artificial polypeptides [36], polysaccharides—agarose [37,38],
alginate [22,24,39-41], and carrageenan [38,42,43].

Hyaluronan (HA), a linear glycosaminoglycan (GAG) composed of D-glucuronic acid
and N-acetyl-D-glucosamine linked by alternating f(1—3) and p(1—4) glycosidic bonds, is
an excellent candidate for hydrogel formation. It is also the most abundant GAG occurring
in the extracellular matrix (ECM). As such, it is largely responsible for the ECM’s physical
properties and for modulating cellular behaviour [44]. Due to relatively available reactive
functional groups (hydroxyl, carboxyl), HA is often chemically modified to allow hydrogel
formation. Common approaches to cross-linking include methacrylation [45-47] or tyra-
mine modification [48] followed by photocross-linking. Alternatively, thiol modification
combined with enzymatic or chemical cross-linking [49-51] as well as amination [52] have
been described.

However, the aforementioned modifications lead to non-reversible covalent cross-
linking, which limits the possibility for further shape alterations. Dynamic cross-linking,
such as Schiff base formation, is a convenient means to obtain pliable hydrogels exhibiting
yield stress [53]. Such an approach, combined with photocross-linking, was used, e.g., by
Wang et al., 2018 to obtain a non-cytotoxic hydrogel designed for scaffold fabrication [54].

HA- and iron-based particle composites present great potential in a wide variety of
bioapplications. Numerous studies on magnetically responsive HA-based hydrogels can be
found in the literature, describing materials suitable for magnetic heating [55,56], magnetic
resonance imaging contrast agents [57], magnetomechanical neuromodulation [58], and
controlled drug release [59]. In terms of MR hydrogels, Tran et al., 2021 reported collagen—
HA hydrogels with added carbonyl iron particles (CIPs) to significantly alter the biological
response through MRE [60]. Furthermore, it has been demonstrated that self-healing
printable gels can show macroscopic and reversible change in dimensions in the presence
of a magnetic field and thus may be potentially useful in 4D printing [61]. A similar
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phenomenon was observed in dynamically cross-linked self-healing ferrogel containing
SPIONSs [62]. Moreover, the presence of iron particles enhanced cell proliferation [61].

The literature review listed above presents several hypotheses for next steps in MR
hydrogels for bioapplications:

1. The use of dynamic cross-linking is more favourable compared to non-reversible cova-
lent cross-linking, as it provides pliable materials that can exhibit yield stress [53,63].
Such behaviour is advantageous in terms of materials processing, namely injectability
and extrudability, but also promises a possibility to achieve significant MRE [26,64].

2. Iron-based magnetic fillers are non-toxic and biodegradable on account of biotrans-
formation mechanisms [16,17]. The use of CIPs provides more-pronounced MRE
compared to iron oxide microparticles or SPIONs due to higher saturation magnetiza-
tion values [20].

3. Purely HA-based hydrogel matrices are rather scarce in the literature even though
they may find use in tissue engineering, scaffold fabrication, and on-demand cell
stimulation through an external impulse [22].

Nevertheless, natural polymer-based magneto-responsive hydrogels are seldom re-
ported in the literature. Furthermore, their use is mainly focused on magnetic heating [65]
or magnetic guidance in targeted drug delivery systems [66] rather than MR-induced
changes to hydrogel mechanics. Even when MRE is described in a natural-based hydrogel,
the matrix does not purely utilize polysaccharides [60]. Therefore, our study can bring ben-
efits to the field of magnetorheology by extending the utilizable materials to natural-based
polymers, and thus find use in bioapplications.

In the present study, we describe a straightforward method for preparing a dynami-
cally cross-linked MR hydrogel based on modified HA and CIPs. In order to obtain HA
functionalised with adipic acid dihydrazide (ADH), traditional carbodiimide chemistry and
4-(4,6-Dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium chloride (DMTMM) mediated
reactions are used. This ADH-modified HA is used as a precursor for Schiff base-linked
hydrogels in combination with polysaccharide-based polyaldehydes. The dynamic charac-
ter of cross-links provides a soft, shear-thinning matrix for preparation of MR hydrogel,
which supposedly could lead to diminishing viscous restriction of the MR effect [26]. As
the magnetically responsive filler, commercially available CIPs are used. The mechanical
performance of the hydrogel is reversibly enhanced via an external magnetic field, as well
as permanently by application of dual cross-linking. Finally, cytocompatibility is tested.

2. Results and Discussion
2.1. Polysaccharide Modification

Hydrogel preparation was preceded by two different biopolymer (HA and dextran)
modifications. The first approach was based on covalent bonding of ADH to HA chains
via two different activators of HA carboxyl groups. Initially, HA derivatization was
carried out by the well-established carbodiimide-based activation of the HA carboxyl
group using 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC) and
1-hydroxybenzotriazole hydrate (HOBt) [67], as illustrated in Figure 1. Unfortunately,
the reaction is strictly pH-dependent and also suffers from the creation of side products.
Namely, bonding of N-acylurea to HA carboxyl groups makes the removal of the byproduct
quite difficult [49]. Therefore, in order to synthesize ADH-modified HA (HA-ADH), an
alternative coupling agent, DMTMM, was employed (Figure 1). Subsequently, the carboxyl
group activators used, EDC and DMTMM, were compared and evaluated. Using either
EDC or DMTMMV, the desired product (HA-ADH) was successfully synthesized. Further,
HA-ADH with different degrees of substitution (DS) was obtained depending on the
activating agents. EDC provided HA-ADH with higher DS (22%) compared to DMTMM
(DS 12%). Regarding reactions mediated by DMTMM, it was not possible to produce
HA-ADH with higher DS because increasing reactant molar ratios led to undesirable in
situ cross-linking of HA-ADH. On the other hand, the advantages of DMTMM include
the reaction not being so strongly pH-dependent, and providing the product without



Int. J. Mol. Sci. 2022, 23, 9633

40f24

side products, as was observed when using EDC. Despite the different DS, all prepared
HA-ADHSs were successfully employed for hydrogel preparation.

NH,

O._NH
o ONa OH
o% o] H o a) EDC/HOBt U0
HO N a5 HN‘NMN‘NHQ i |
OH H 2 it H b) DMTMM o NH OH
HA o ADH {0%0 o
HO °
OH NH
OA\
HA-ADH

Figure 1. Synthesis of HA modified with ADH using (a) EDC/HOBt and (b) DMTMM.

The second type of polysaccharide modification consisted of HA (Figure 2) and dextran
oxidation. For this purpose, reactions mediated by NalO4 were carried out [67,68], leading
to polysaccharide polyaldehydes. Oxidized HA (HA-OX) and oxidized dextran (DEX-OX)
were prepared with different degrees of oxidation (DO)—35 and 62 for HA-OX, and 49
for DEX-OX. The molecular weight of the polymers decreased to 7.5 kDa-9.0 kDa due to
oxidation. The presence of formed carbonyl groups in biopolymer chains further enabled
utilisation of HA-OX and DEX-OX for hydrogel formation after reaction with HA-ADH.

o) ONa OH o ONa OH - ONa oH
‘(ﬂ@% S ‘(ﬂﬁ@o % 1o S8 ey C
OH NH OH NH / /A/O

oo o o o NH
o o} o™~
HA HA-OX

Figure 2. Oxidation of HA.

2.2. Schiff Base Formation-Induced Gelation

The hydrogels were obtained when HA-ADH was chemically cross-linked by polysac-
charide polyaldehyes (Figure 3), resulting in Schiff base formation between aldehyde and
amino groups present in polymer chains [69]. Table 1 gives the specifications of the hydro-
gel compositions. Hydrogel formation was evident by the significant increase in viscosity
and mechanical stability over time. These changes in rheology were used to quantify the
reaction rate by determination of gelation time.

In order to examine the effect of DO on gelation time, three polysaccharide polyalde-
hydes with different DO (i.e., HA-OX with DO 35 or 62 and DEX-OX with DO 49) were
compared (Figure 4). The molecular weights of both HA-OX and DEX-OX were kept in
the same range, so that DO coud be followed as an independent factor. It is evident from
Figure 4A that in HA-OX, the gelation time directly corresponds to differences in DO, i.e.,
the number of reactive sites available. However, when comparing HA-OX with DO 62 to
DEX-OX with DO 49, the shortest gelation time was observed in DEX-OX, despite its lower
DO. Therefore, the gelation time is not dependent only on the number of aldehyde groups
that participate in gelation, but may be also influenced by biopolymer properties such as
polymer chain conformation. This quality is reflected in polymers’ hydrodynamic size,
which can be characterized by the z-average diameters of the polymer coils in a solution [70].
Observed variation of the z-average diameter can be seen in Figure 4B. Based on this, it
can be stated that the mean diameter of DEX-OX with DO 49 shows a very small value
(4.36 + 0.44 nm), and the resultant particle size distribution is narrow and monomodal,
indicating the occurrence of one population of particles. On the other hand, the particle
size distributions for both HA-OX samples are bimodal, which means the samples contain
two different particle-size populations. HA-OX with DO 35 has a rather broad bimodal
distribution that contains two particle-size fractions (2.80 + 0.02 nm and 360 + 50 nm).
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HA-OX with DO 62 has a rather narrow bimodal distribution that contain two size fractions
(2.6 + 0.4 nm and 280 + 10 nm). This also confirms the generally accepted finding that
HA in salt solutions has an expanded random-coil conformation, as would be expected
for a flexible polyelectrolyte [71]. Moreover, the size of a polymer coil is proportional to
its diffusion coefficient; thus, a smaller hydrodynamic radius benefits from fast diffusion
through the sample [72]. Therefore, smaller particles of DEX-OX DO 49 move through the
solvent more easily and accelerate the formation of Schiff bases [73]. The results indicate
the complexity of chemical reactions among polymer chains and highlight the necessity of
thorough evaluation of the macromolecules in order to accurately predict the outcomes.
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Figure 3. Schiff base formation between HA-OX and HA-ADH.

Table 1. List of prepared hydrogel samples and their compositions as indicated by the checkmarks at
respective components.

Sample Name HA-ADH HA-ADH HA-OX HA-OX DEX-OX
(EDC) (DMTMM) DO 35 DO 62 DO 49
gel A v v
gel B v v
gel C v v
gel D v v
gel E v v
gel F v v
900 T 7/ T 40
880 | (A) W, EpC (B) N 140X DO 62

MTMM

HA-OX DO 35
Il pEX-0X DO 49

86/
300

3

/// =

»
h
S

I\t

Time (min)
w
g
T
8
(%) Ansuayug

%
o Y

35 49 10 100
DO size (nm)

Figure 4. (A) Gelation times of HA gel formulations; (B) Hydrodynamic radius of oxidized polysac-
charides.

2.3. Dual Cross-Linking of Hydrogels

A Schiff base as a dynamic bond can be easily depleted in some environments based
on pH, ionic strength, and/or the presence of competitive agents capable of forming the
same type of bonds. Thus, in order to achieve sufficient stability of the obtained hydrogels,
ionic cross-linking with Fe>* ions was additionally chosen as a simple and non-toxic option.
Figure 5 shows a schematic of Schiff-base and dual cross-linked hydrogel preparation with
the optional addition of a magnetoresponsive filler. Ionic bath treatment led to significant
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improvement of hydrogel structural integrity in cultivation conditions from less than 12 h
to several days. We observed that hydrogels containing HA-OX (gels A, B, D, and E) were
more stable (lasting 5 days in simulated cultivation conditions) compared to DEX-OX
containing gels (C and F; lasting 2 days in simulated cultivation conditions) in the presence
of Fe3*. Unlike dextran, HA contains free carboxyl groups in its structure, even in the
oxidized form. As ionic cross-linking is fundamentally related to the reaction of multivalent
ions and polar, typically carboxyl groups, it is reasonable to expect a more-pronounced
effect in a system rich in the desired groups. A study conducted by Zellermann et al.,
2013 [74] confirmed a significant effect of barium ions on behaviour of HA, while dextran,
as an uncharged polysaccharide, was intact with the Ba?* presence. Analogous behaviour
can be expected in the presence of Fe>* ions. This is also reflected in the possibility of using
Fe3* ions for obtaining HA-based hydrogels [75].

I. Schiff base cross-linking II. Ionic cross-linking

<
T < 1SS °0 (X ) /
O“' .. o %
00 “%

4+ v o

Figure 5. Schematic representation of (I) Schiff base cross-linking and (II) subsequent ionic cross-
linking of prepared hydrogels with optional incorporation of magnetoresponsive filler CIPs.

2.4. Rheology
2.4.1. Schiff-Base Cross-Linked Hydrogels

Oscillation theometry was chosen as the primary tool to evaluate hydrogel mechanics,
as it can characterize steady shear flow viscoelastic behaviour as well as be approximated
to steady-state characterization. The measurements reveal that HA-ADH with higher
DS (gels A-C) leads to stronger hydrogel structures (storage modulus differs as much as
three times compared to their respective gel D-F counterparts; see Figure 6A). A similar
trend is observed for shear stress (Figure 7C,D). Furthermore, the dynamic character of
the Schiff base linkages allows shear-thinning behaviour, as displayed in the decreasing
viscosity with increasing shear rate (Figure 7A,B), which makes the hydrogels promising in
terms of injectability and extrudability, qualities which are essential in medical applications
and additive manufacturing [64,76]. The damping factor, on the hand, shows the opposite
trend, confirming lower elasticity of hydrogels D-F (Figure 6B). It can be assumed that the
lower DS achieved in DMTMM-mediated reactions leads to lower cross-linking density,
thus weakening the structure.
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Figure 6. Comparison of (A) storage modulus and (B) damping factor of hydrogels cross-linked via
Schiff bases and dually.
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Figure 7. Rheological characterisation of the hydrogels: (A) Complex viscosity—shear rate curves of
Schiff base cross-linked and (B) dually cross-linked hydrogels; (C) Shear stress—shear rate curves of
Schiff base cross-linked and (D) dually cross-linked hydrogels.

Similar to gelation time, strength of hydrogels is not dependent solely on the DO of
oxidized polysaccharides, although it is clearly a factor, as can be observed from comparison
of storage moduli of hydrogels A and B and hydrogels D and E, as well as the generated
shear stress. Nevertheless, the highest mechanical stability, reflected in storage modulus,
viscosity, and shear stress (See Figures 6A and 7), was found for hydrogels C and F
containing DEX-OX with DO 49. Given the lower hydrodynamic radius of DEX-OX chains,
as discussed earlier, it is possible to assume a more-compact polymer network was formed,
which increased overall mechanical strength [77]. Thus, tuning of hydrogel rheological
behaviour needs to account for the complex behaviour of polymer chains in order to
successfully achieve desired properties.
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2.4.2. Dually Cross-Linked Hydrogels

Application of dual cross-linking leads to significant stiffening of the hydrogels. Shear
stress increases as much as 102 (Figure 7C,D), and storage modulus increases by a factor
of 10 (Figure 6A). This enhancement of mechanical stability allows easier manipulation
of the compact hydrogel, and it increases endurance against mechanical stress, which is
desirable for tissue analogue or replacement applications [78]. Nevertheless, the ionic
cross-links lack the dynamic character of Schiff bases, which is documented by the milder
slope of the viscosity—shear rate curve seen in Figure 7A,B. This confirms the necessity
of subsequently applying the second cross-linking strategy in manufacturing in order to
avoid material breakage while forming specific shapes [79]. Moreover, the damping factor
increased in addition to the other rheological characteristics. Although it does not exceed
one in any case (Figure 6B), proving that the hydrogels maintain their solid-like character,
it also signals a rather significant increase in loss modulus, i.e., dissipated energy during
mechanical stress. This unusual behaviour of hydrogels has been observed previously for
polydimethylsiloxane hydrogels [80]. It may protect the components (particles, cells, etc.)
enclosed in the hydrogel matrix during vibration or flow, and bring the overall behaviour
closer to that of the native tissue.

2.5. Cytotoxicity

Cytotoxicity tests were performed on dually cross-linked HA-based hydrogels in
order to establish the most suitable compositions for cell cultivation. The results can be
found in Figure 8. All hydrogels based on EDC-modified HA were cytotoxic at 100%
concentration. Presumably, this is the result of residual low-molecular-weight by-products
from the modification reaction. Gel E was the only formulation that proved to be non-toxic
in any concentration. It can be assumed that HA-OX with DO 35 gives very weakly bound
hydrogels (gel A and D), which can easily deplete and thus release unreacted aldehyde
groups, which are known for their cytotoxicity [81]. DEX-OX with DO 49 was less stable in
cultivation medium than its HA-OX cross-linked counterparts. It appears that the reason
for increased cytotoxicity is the same as in the previous case, i.e., the exposure of aldehyde
groups. The lower stability of DEX-OX with DO 49 hydrogels may be associated with
the inefficiency of additional stabilization mechanisms caused by the lower quantity of
carboxyl groups available for ionic cross-linking due to the different structure of dextran
compared to HA, as discussed in Section 3.3.

2.6. Swelling

Swelling ability is a core characteristic of hydrogels. It mainly depends on the ma-
terial’s chemical nature, cross-linking density, solvent, and temperature [82]. Due to
presumed utilization of the proposed hydrogels in bioaplications, the solvent and temper-
ature were chosen to simulate biological conditions (PBS pH 7.4, 37 °C). We found that
in such conditions, all of the hydrogel compositions reached equilibrium swelling within
one hour. The differences are within measurement uncertainty; therefore, it appears that
the individual specifics of the compositions have very little impact on swelling behaviour.
Furthermore, all hydrogels except for gel D seemed stable for the whole time period (see
Figure 9B). Gel D began to fall apart after two hours of swelling. This was likely due to a
weak Schiff base network, which was insufficient even in the presence of secondary ionic
cross-linking.
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Figure 8. Cytotoxicity of dually cross-linked hydrogels.
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Figure 9. Swelling of dually cross-linked hydrogels. (A) Hydrogels based on HA-ADH modified
using EDC; (B) Hydrogels based on HA-ADH modified using DMTMM.

2.7. Mr Hydrogel Preparation

The tests conducted on hydrogels without CIPs were used as indicators to select
materials best-suited for fabrication of scaffolds potentially utilizable in cell cultivation.
In accordance with the aim of the study, only such materials were subjected to magneto-
sensitising and characterisation of magneto-responsiveness. Hydrogels A-C were deemed
unsuitable on account of cytotoxicity. Furthermore, the stability of gel D was not sufficient
to be useful in cell cultivation applications (Figure 9). Despite the unfavourable cytotoxicity
results of gel F, this hydrogel was used for further testing. Assuming the cytotoxicity was
caused by the unstable part of the hydrogel, it would still be possible for cells to proliferate
in the stable portion of the material. Therefore, two hydrogel compositions were chosen for
MR experiments: gels E and F.

CIPs Characterization

Size, volume fraction, and magnetic properties are essential in understanding MR
behaviour of the composite as a whole. Therefore, they need to be addressed individually
as well as in the material. The used CIPs show saturation magnetization of 15.7 emu-g !
and coercivity of 23 Oe (Figure 10A). Their magnetization is approximately 10 times lower
and coercivity 20 times higher than that of carbonyl iron powder [83]. The most likely
explanation is higher content of impurities, which are known to negatively affect magnetic
properties of iron. Additionally, morphological analysis shows a spherical shape of the
particles with a rather broad size distribution, as can be seen in Figure 10B,C.
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Figure 10. Characterization of CIPs used in MR hydrogels: (A) Magnetization hysteresis curve of
CIPs; (B) SEM micrograph of CIPs; (C) CIP size distribution.
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2.8. CIP-Filled Hydrogel Magnetic Properties

CIPs, being hard inorganic particles, may induce stiffening of a hydrogel matrix due
to their unyielding character. This effect is strongly connected to the particle volume
fraction; specifically, non-linear growth begins at approximately 5 vol.% [84]. Due to high
density of CIPs, it is possible to use significant weight fractions of particles as fillers, as
their volume fraction is rather low. In the current study, we worked with CIPs at 30%
weight fraction, thus reaching approximately 4% volume fraction. This amount of CIPs
was chosen in order to obtain significant MRE while minimising the effects of hard filler
particles. Additionally, it has been shown that higher filling of hydrogels (approx. 30 wt.%)
diminishes shear-induced structural disintegration [85], which is desirable for injection
and extrusion.

MRE is highly dependent on a material’s saturation magnetization. It has been
found that dispersing CIPs in HA hydrogels leads to lowering of saturation magnetization
compared to bare particles, as is apparent from Figure 11. Saturation magnetization was
inversely proportional to hydrogel viscosity. It can be assumed that CIPs’ interparticle
magnetic interactions are hindered in high-viscosity media. This also corresponds to the
widely acknowledged inverse relationship between viscosity and MRE magnitude [15].
Coercivity—being dependent on the properties of a magnetic material, especially particle
size [86]—remains unchanged, as the CIPs only serve as a filler and are not chemically
changed during Schiff base formation.
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Figure 11. Magnetization hysteresis curves of Schiff base cross-linked HA gels containing 30% CIPs.

2.9. Magnetorheology
2.9.1. Schiff Base Cross-Linked MR Hydrogels

Using CIPs as a magneto-responsive filler induced several effects in hydrogel be-
haviour. Firstly, an interesting disproportion was found in the shear-flow behaviour
without a magnetic field with respect to the polysaccharide polyaldehyde type. The pres-
ence of DEX-OX with DO 49 in gel F-CIP caused the storage modulus to increase with the
addition of CIPs behaviour may be related to the formation of complexes between dextran
and iron-containing particles [87]. Furthermore, the rapid gelation of DEX-OX with DO 49
would likely lead to more homogeneous distribution of CIPs, thus providing mechanical
stiffening due to the content of hard particles [84]. This effect was not observed in gel
E-CIP. Viscosity curves (Figure 12) confirm the shear-thinning character of hydrogels, as
was described in the hydrogels without CIPs.
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Figure 12. Shear-flow characterisation of CIP-filled Schiff base cross-linked gels: (A,B) Complex
viscosity —shear rate curves and (C,D) shear stress-shear rate curves of gel E-CIP (A,C) and gel F-CIP
(B,D) in an external magnetic field.

Damping factor shows the opposite trend, which corresponds to the expected shifting
towards liquid-like or solid-like character of the respective hydrogels. In case of gel E-CIP,
tan ¢ is close to 1, meaning that the viscous behaviour of the mixture is more pronounced
than in gel E without CIPs (see Figure 13B). This may cause problems with manipulation
in hydrogel applications. However, as long as sufficient viscosity is maintained, certain
manufacturing techniques can be applied (e.g., casting or free-form fabrication) [64].

The main reason for incorporating magnetic filler is to induce magneto-sensitivity to
the hydrogel, and thus obtain an MR material. In such a material, an external magnetic field
induces (partial) alignment of CIPs. The filler thus creates chain-like clusters that provide
internal mechanical support to the structure [20]. By comparing rheological characteristics—
viscosity, shear stress, and storage modulus—it is clear that this effect is present in both of
the examined hydrogel compositions. In order to quantify the magnitude of the MRE, we
utilized the storage modulus in the magnetic field relative to an off-state value, and it is
denoted as parameter X.:

_Gu

Y= G, 1)

where GIH represents the elastic modulus in a certain measured magnetic field, and G;)
represents the elastic modulus in the absence of a magnetic field. Expressing X as a function
of magnetic field intensity H (Figure 13C) gives a clear comparison of MRE in various
hydrogels, since the slope of the curve is proportional to the magnitude of magnetically
induced strengthening. X is expressed in logarithmic scale for clarity. The examined CIPs-
filled hydrogels show substantial strengthening in magnetic fields (10!-103-times increase
of storage modulus compared to the off-state value). The magnitude of the MR response is
inversely proportional to hydrogel viscosity in the off state (Figures 12 and 13C). Therefore,
the MRE is more pronounced in a softer gel E-CIP, as highly viscous materials restrict the
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particles’ ability to move through their structure, thus preventing the formation of the chain
clusters necessary for MRE [15].

Furthermore, cyclic switching of the magnetic field proved the response of all exam-
ined hydrogels to a magnetic field occurring within a few seconds and capable of fully
recovering to their respective baseline states (Figure 13D). This offers an opportunity to
control their mechanical properties in real time, and to potentially create a variable stimulus
during cell cultivation [88].
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Figure 13. Mechanical characteristics obtained from rheological measurements of CIP-filled Schiff-
base cross-linked hydrogels in an external magnetic field: (A) storage modulus; (B) damping factor;
(C) intensity of MRE expressed as increase in storage modulus related to magnetic field intensity;
(D) cyclic magnetic field exposure.

2.9.2. Dually Cross-Linked Hydrogels

Stabilization increased hydrogel stiffness significantly in the off-state (See Figure 14A)
and hindered the viscous response, as is especially evident in gel E-CIP-Fe3+ (Figure 14B) as
a consequence of additional cross-linking introduced by ionic bonds. Naturally, diminished
the MR influence on the hydrogel’s mechanical properties (Figure 14C). Notably, the MR
behaviour of gel F-CIP-Fe3* stayed almost the same as before stabilization, while gel E-CIP-
Fe3* experienced a dramatic increase in stiffness as well as a significant decrease in MRE.
These results further support the hypothesis of low efficiency of applied ionic stabilization
in DEX-OX DO 49 hydrogel. Despite the decrease in MRE, a 25-times increase was induced
in the 862 kA-m~! magnetic field in gel E-CIP-Fe>*. This increase is sufficient to provide
the desired response in cells [29]; thus, the hydrogels have potential for active cellular
scaffold fabrication, e.g., in muscle regeneration. Myocytes positively react to dynamic
mechanical stimuli due to their functional predispositions [89]. Additionally the absolute
storage modulus of the hydrogels exceeded 10* Pa, which is the reported strength of some
some skeletal muscles [90]. Therefore, the presented materials may be particularly useful
in this application.
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Furthermore, the hydrogels retained the rapid responsiveness to magnetic field
changes, which was observed in non-stabilized samples. The change in mechanical prop-
erties is instant, making the material suitable for fabrication of on-demand controlled
scaffolds (see Figure 14D).
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Figure 14. Mechanical characteristics obtained from rheological measurements of CIP-filled dually
cross-linked hydrogels in an external magnetic field: (A) storage modulus; (B) damping factor;
(C) intensity of MRE expressed as increase in storage modulus related to magnetic field intensity;
(D) cyclic magnetic field exposure.

2.10. Porosity and Inner Morphology

SEM micrographs (Figure 15) of freeze-dried dually cross-linked gels with CIPs show
porous structures in both samples. The average porosity is between 30-45%, and the
average pore size is between 1000 pm? and 2000 um?. However, the variance of values
is very broad, with the minimum value as low as 50 um?, and the maximum reaching
almost 1 mm?. There is no significant influence of oxidized polysaccharide characteristics
on porosity or average pore size of hydrogels.
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Figure 15. SEM micrographs of freeze-dried CIP-filled hydrogels: (A) gel E; (B) gel F.

3. Materials and Methods
3.1. Chemicals

HA of the following molecular weights: 243 kDa, 1.18 MDa, and 1.5 MDa, was
obtained from Contipro Inc., Dolni Dobrouc, Czech Republic.

Dextran from Leuconstoc spp. 70,000 g-mol ! was obtained from Roth s.r.0., Trebarov,
Czech Republic.

Ultrapure water (UPW) was prepared using a Milipore-Q system (Merck KGaA,
Darmstadt, Germany.

Dimethyl sulfoxide (DMSO) > 98% and NaHCO3, ACS reagent were obtained from
VWR International, LLC., Radnor, PA, USA.

ADH > 98% and phosphate buffered saline (PBS), 1X, pH 7.4, sterile were obtained
from Thermo Fisher Scientific, Waltham, MA, USA.

EDC > 99% was obtained from Roth s.r.o0., Trebarov, Czech Republic.

HOBt > 97%; DMTMM > 96%, and NalOy4, ACS reagent for analysis were obtained
from Merck KGaA, Darmstadt, Germany.

NaOH, p.a. was obtained from IPL, Uhersky Brod, Czech Republic.

NaCl > 99.5% and HCI 35% were obtained from Lach-ner, s.r.0., Neratovice, Czech
Republic.

Fe304 > 98% was obtained from PENTA s.r.0., Prague, Czech Republic.

A 3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium bromide (MTT) cell prolifera-
tion assay kit was obtained from Duchefa Biochemie, Haarlem, The Netherlands.

Pentacarbonyl iron particles (i.e., CIPs), iron content over 97%, were obtained from
BASF, Ludwigshafen, Germany.

3.2. Modification of HA

HA was grafted by ADH following two slightly modified respective reaction protocols
utilizing either EDC [67] or DMTMM [91] as the HA carboxyl group activator.

3.2.1. EDC-Mediated Reaction

First, HA (1 g, 2.5 mmol, 243 kDa) was dissolved in UPW in 50 °C while stirring
overnight to obtain 0.3 wt.% solution. When the HA solution was cooled to 25 °C, ADH
(13 g, 75 mmol) was added, followed by pH adjustment to 6.8 with 0.1 M NaOH solution.
Then, EDC (1.9 g, 10 mmol) and HoBt (1.4 g, 10 mmol) dissolved in 6 mL of DMSO/UPW
(1/1,v/v) were added to the reaction mixture. The pH of the reaction decreased gradually
and had to be continuously adjusted to 6.8 during the first hour of the reaction. After
that, the reaction proceeded under stirring at 25 °C for 22 h. The reaction mixture was
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then transferred into dialysis tubes (cut-off 12,000 Da) and dialysed against salt solution
(12.5 g NaHCO3 and 12.5 g NaCl per 10 L) for one day, then against UPW for two days.
ADH-modified HA (HA-ADH) was obtained after freeze-drying to yield 1.0 g (94%) with
DS 22%. 'H NMR (D,0, 400 MHz) §: 4.53—4.44 (2H, HA anomeric, CH), 3.82-3.32 (10H,
HA skeletal, CH), 2.88 (4H, urea, NCH,), 2.37 (2H, ADH, CH,NHNHCO), 2.23 (2H, ADH,
CH,NHNHy,), 2.00 (3H, HA, NHCOCH3), 1.65 (4H, ADH, CH,CH,) ppm.

3.2.2. DMTMM-Mediated Reaction

The 1% HA (5 g, 12.5 mmol, 243 kDa) solution in UPW was prepared in the same
manner as described previously. Initially, ADH dissolved in 4.5 mL UPW was added to
this HA solution. The pH of the reaction mixture was adjusted to 6.5 using HCI or NaOH
solution. After that, DMTMM (865 mg, 3.1 mmol) was added, and the reaction was left to
proceed for 24 h under stirring at 25 °C. Purification and product isolation followed the
same manner as the previous case. HA-ADH with DS 12% and a yield of 2.9 g (53%) was
obtained. TH NMR (D,O, 400 MHz) §: 4.52-4.43 (2H, HA anomeric, CH), 3.82-3.31 (10H,
HA skeletal, CH), 2.37 (2H, ADH, CH,NHNHCO), 2.23 (2H, ADH, CH,NHNH), 2.00 (3H,
HA, NHCOCH3), 1.65 (4H, ADH, CH,CH,) ppm.

3.3. Oxidation of HA and Dextran

Polysaccharide polyaldehydes were obtained by periodate oxidation according to
published procedures [67,68]. Specifically, the respective polysaccharide was dissolved in
UPW overnight at 50 °C under stirring. Afterwards, the appropriate amount of sodium
periodate dissolved in water was added to the polysaccharide solution under vigorous
stirring at 25 °C. The reactions were carried out in the dark at 25 °C for a given time (Table 2)
under stirring. The reaction mixtures were then placed into dialysis tubes (cut-off 3000 Da)
and dialysed against UPW for three days. After that, the purified product was obtained by
freeze-drying (Table 3).

Table 2. Specification of polysaccharide oxidation conditions.

Initial Molar  Weight Molar
Mass H Mass .
Molecular of HA Amount Fraction of NaIO Amount Time
Weight (@) of HA of HA (@ 4 of NalO; (hours)
(kDa) & (mmol)  (wt.%) & (mmol)
HA-OX A 1500 1.5 3.8 1 0.88 4.1 10
HA-OX B 1180 1.5 3.8 1 0.88 4.1 10
DEX-OX 70 3 18.5 13 1.58 74 4

Table 3. Characterisation of oxidized polysaccharides.

Yield (g) Yield (%) DO Final Molecular Weigth (kDa)
HA-OX A 0.55 36 62 7.6
HA-OX B 0.78 51 35 8.4
DEX-OX 2.66 89 49 8.8

3.4. Schiff Base Linkage Formation

Hydrogel precursors, i.e., HA-ADH and polysaccharide polyaldehyde, were dissolved
separately in PBS overnight at room temperature to obtain 2 wt.% solutions. Then, the
solutions were mixed in a 1:1 volume ratio, and gelation occurred spontaneously. This
procedure yielded Schiff-base cross-linked hydrogels.

For MR hydrogel preparation, 60 wt./vol.% of CIPs was added to the polysaccharide
polyaldehyde solution and vortexed thoroughly to obtain homogeneous dispersion. Due to
the fast sedimentation of CIPs, it was necessary to ensure immediate mixing with HA-ADH
solution to induce gelation via Schiff base formation.
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3.5. Dual Cross-Linking of Hydrogels

The covalently cross-linked hydrogels with and without CIPs were submerged in
a 2 wt.% aqueous solution of FeCls for 1 h at 25 °C. After removal from the Fe* bath,
the samples were placed in a large amount of UPW for three days at 25 °C, with the
water changed three times a day. To confirm that the excessive Fe>* had been washed
out, conductivity of the water was measured before each change. This procedure was
unchanged regardless of CIP presence.

The stability of dually cross-linked hydrogels during cell cultivation was established
in simulated cultivation conditions, i.e., shaking while submerged in a cultivation medium
at 37 °C. The state of the hydrogel samples was checked daily, and the cultivation medium
was changed every day as well.

3.6. Determining DO

The number of aldehyde groups per 100 saccharide subunits, i.e., the DO, was es-
tablished using the hydroxylamine hydrochloride method [92]. The measurements were
performed using an automatic titrator T50 (Metler Tolledo, Greifensee, Switzerland).

3.7. Nuclear Magnetic Resonance

Proton nuclear magnetic resonance (*H NMR) spectra were recorded on a JEOL ECZ
400 (JEOL Ltd., Tokyo, Japan) operating at a 'H frequency of 399.78 MHz at 60 °C. The
samples were dissolved in D,O at concentrations of 10 mg-mL ™! for the analysis. Water
was used as a reference signal and was set at 4.75 ppm. The DS of HA-ADH was calculated
by comparing a molar ratio (integral) of the peaks assigned to an HA N-acetyl group (3H)
at 2.00 ppm and two methylene groups of ADH (4H) at 1.65 ppm.

3.8. Molecular Weight Determination

The average molecular weight and distribution curve of oxidized polysaccharides
(HA, dextran) were determined by gel permeation chromatography performed on a high-
performance liquid chromatograph system equipped with a refractive index (RI) detector
(Shimadzu Prominence, LC-20 series, Shimadzu Corporation, Kyoto, Japan) with the
following parameters: 0.1 M PBS solution at 7.4 pH, flow 0.8 mL-min~!, oven temperature
30 °C, columns PL aquagel-OH 60 8 um, 300 x 7.5 mm and PL aquagel-OH 40, 8 um,
300 x 7.5 mm were connected in series. Pullulan standards were used for molecular weight
calibration; analyses were based on RI data.

3.9. Dynamic Light-Scattering Measurement

Hydrodynamic diameters of HA-OX and DEX-OX solutions were determined by
dynamic light scattering on a Zetasizer Nano Z590 (Malvern Instruments, Malvern, UK).
The results were expressed as intensity-weighted z-average diameter. Measurements of all
diluted samples (concentration 2 wt.%) were carried out at a scattering angle of 173° with a
4 mW He-Ne laser operating at 633 nm and 25 °C. Before the measurements, all samples
were filtered through a 0.45 um pore-size polytetrafluoro ethylene syringe filter (Millipore,
UK). Each sample was measured in triplicate.

3.10. Particle Size Analysis

Particle size analysis of CIPs was done on a laser diffraction particle sizing instrument
(Mastersizer 3000, Malvern Instruments Ltd., Malvern, UK). The results were expressed
as volume distribution. The laser diffractive method provides the standard percentile
readings Dv 50, Dv 10, and Dv 90. Each sample was measured five times, and the mean
and standard deviation were subsequently calculated.

3.11. Magnetometry

The bare CIPs and the magneto-responsive hydrogels were characterized according to
their magnetization with a vibrating sample magnetometer Lake Shore 7404 (Lake Shore
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Cryotronics Inc., Westerville, OH, USA) at room temperature in room air in a magnetic
field of up to 10 kOe. The amplitude and the frequency of the vibration were 1.5 mm and
82 Hz, respectively.

3.12. Rheology and Magnetorheology

All measurements were performed using a rotational rheometer, Anton-Paar MCR 502
(Anton Paar, Graz, Austria) at 25 °C under normal pressure in room air.

Time dependence of fresh polymer solution (2 mL) viscosity was measured using
a double-gap measuring system DG26.7/T200/SS oscillating at constant 10% deforma-
tion with a constant angular frequency of 10 rad-s~!. Changes in rheological behaviour
were followed over a 14 h time sweep. The gelation point was defined as the crossover
between storage and loss moduli. It ought to be noted that sample preparation caused an
approximately 1 min delay between the reaction start and obtainment of the first datum.

On the other hand, the rheology of Schiff base and dual cross-linked hydrogels was
performed using a Peltier measuring system P-PTD200/62/TG with PP/25 in oscillation at
constant 1% deformation with angular frequency sweep increasing from 0.1 to 100 rad-s .
The hydrogel samples were prepared 12 h in advance for Schiff-base cross-linking, or 4 days
in advance for dual cross-linking in order to satisfy the necessity to wash out excessive
Fe®* ions. The samples were in the form of circular plates with a diameter of 30 mm and a
thickness of 2 mm.

Furthermore, CIP-filled hydrogels were subjected to magnetorheological measurement
in a homogeneous magnetic field. For magnetorheological investigations, an MRD 180/1T
measuring cell with PP 20/MRD/TI measuring geometry, and a Julabo temperating unit
ensured that all investigation were performed at room temperature. The parallel-plate
measuring system diameter was 20 mm. The magnetic field strength was consecutively
setto 0 kA-m~ 1,432 kA-m~!, and 862 kA-m™!. Additionally, a time sweep measurement
while periodically switching the magnetic field between on and off states with an interval
of 30 s was done.

Viscosity and shear strain are shown with respect to shear rate in the measured range,
i.e., from 0.001 s~ to 1 s~!. Storage modulus and damping factor, on the hand, are
expressed as the mean value measured in the range 0.01 s~! to 0.1 571,

3.13. Morphological Analysis

CIP morphology and the inner morphology of the material was observed using
scanning electron microscope (SEM) imaging of freeze-dried samples in vertical sections
using a Phenom Pro (Thermo Fisher Scientific, Waltham, MA, USA) at an accelerating
voltage of 5 kV. The samples were sputtered with a gold—palladium layer prior to imaging.
Image processing was performed with the aid of Image] software.

3.14. Swelling

Gravimetrical measurement protocol was used to determine the swelling behaviour
of dually cross-linked hydrogels. Specifically, freeze-dried samples of known mass were
immersed in PBS (0.1 M, pH 7.4). The equilibrium buffer uptake, S(e) (%), of hydrogels was
determined by weighing the swollen samples at selected time intervals of 1, 2, 6, 15, 30,
60, 120, 240, 360 and 1440 min. The presented results are the average of 3 measurements.
The samples were maintained at 37 °C throughout the measurement. The buffer and
temperature were chosen with respect to biological testing requirements.

3.15. Cytotoxicity Testing

Cytotoxicity testing was done according to ISO standard 10993 using the NIH/3 T3
cell line. Sterilization was done prior to cytotoxicity testing by shaking samples in 70%
ethanol for 1 h at laboratory temperature. Elution of the ethanol from samples was done
by aspiration, a short rinsing in PBS, and then by shaking the samples in UPW for 48 h
at laboratory temperature. After UPW aspiration, extracts were created. Extracts were
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prepared according to ISO standard 10993-12 (100 mg of hydrogel/1 mL of media). The
tested material was incubated in a cultivation medium for 24 h at 37 °C with stirring. The
parent extracts (100%) were then diluted in medium to obtain a series of dilutions with
concentrations of 75 vol.% and 50 vol.%. All extracts were used for up to 24 h. The cells
were seeded at a concentration of 10° per well in 96-well plates. After the pre/incubation
period (24 h), the extracts were filtered using a syringe filter with membrane pore size of
0.22 um (TPP, Trasadingen, Switzerland) in order to ensure that no residual hydrogel was
present. The filtered extracts in required dilutions were added to the cells and incubated for
24 h. Subsequently, tetrazolium salt was used to determine cell viability. Absorbance was
measured using a microplate reader, Infinite M200 PRO (Tecan, Médnnedorf, Switzerland)
at 570 nm, and the reference wavelength was adjusted to 690 nm. The results are presented
as the percent reduction of cell viability when compared to cells cultivated in medium
without the extracts of tested materials. Morphology of cells from the culture plates was
observed using an inverted Olympus phase-contrast microscope (IX 81).

4. Conclusions

In this research paper, we have described synthesis of HA-based polysaccharide
hydrogels utilizing dual cross-linking. Furthermore, the hydrogels were given magneto-
responsiveness through incorporating CIPs in their structure in a simple and straightfor-
ward manner, maintaining low toxicity of the production process. In order to produce
hydrogels, a reaction between HA-ADH and polysaccharide polyaldehydes yielding Schiff-
base linkages was used. EDC and DMTMM carboxyl group activating agent respectively
were employed for HA-ADH preparation, and the products were compared and evaluated.
Despite DMTMM providing a product with lower DS, we proved that the DMTMM-
mediated reaction led to pure HA-ADH without by-products. Moreover, product purity
had a positive effect on cytocompatibility of resulting hydrogels compared to EDC. There-
fore, it may be more suitable for application in cell cultivation.

We found that even though the DO of oxidized polysaccharides is a non-negligible
factor in hydrogel mechanical performance, it is necessary to consider the specifics of
polysaccharide chains, such as the hydrodynamic radius. The small size of DEX-OX with
DO 49 polymer coils caused rapid gelation (less than 30 min) compared to HA-OX with
DO 62, which, despite the higher quantity of available reactive sites, reached gelation in
50 min or 3 h depending on the DS of HA-ADH. Similarly, a disproportion in storage
modulus was observed, as DEX-OX hydrogels were twice as strong as HA-OX with DO
62 due to more-compact structure provided by the lower hydrodynamic radius of its
polymer coils.

Ionic cross-linking additionally increased the storage modulus of presented hydrogels
as much as 10? times compared to sole Schiff base cross-linking. The effect of Fe3* ions was
more pronounced in hydrogels containing only HA in the polymer matrix. The use of CIPs
as magneto-responsive filler substantially increased hydrogel mechanical performance
in an external magnetic field. The magnitude of the MRE was inversely proportional to
hydrogel off-state viscosity. Overall storage modulus of the hydrogels reached 10% Pa, and
the maximum change induced by MRE was 10 higher than the off-state value of Schiff-
base cross-linked hydrogels, and 25 times the value without the magnetic field for dually
cross-linked hydrogels. This substantial increase promises opportunities for mechanical
stimulation of cells such as myocytes.

To summarize, the current work demonstrates successful preparation of HA-based
MR hydrogels utilizing CIPs as an active filler. To the best of our knowledge, this is the
first time an HA-based material has been used as a matrix for CIPs to secure rapid and
reversible stiffening through MRE. Their cytocompatibility encourages further research of
these hydrogels in terms of tissue engineering, especially in skeletal muscle regeneration
applications. These qualities promise the presented materials to be useful in biological
applications, specifically scaffold fabrication as injectable or 3D printable hydrogels.
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ADH adipic acid dihydrazide

CIP carbonyl iron particle

DEX-OX  oxidized dextran

DMSO dimethyl sulfoxide

DMTMM  4-(4,6-Dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium chloride
DO degree of oxidation

DS degree of substitution

ECM extracellular matrix

EDC 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride
GAG glycosaminoglycan

HA hyaluronan

HA-ADH  adipic acid dihydrazide-modified hyaluronan
HA-OX oxidized hyaluronan

HoBt 1-hydroxybenzotriazole hydrate

MR magnetorheological

MRE magnetorheological effect

MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium Bromide
PBS phosphate buffered saline

RI refractive index

SPION superparamagnetic iron-oxide particle

Urw ultrapure water
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Magneto-responsive soft hydrogels are used for a number of biomedical applications, e.g., magnetic hyperthermia,
drug delivery, tissue engineering, and neuromodulation. In this work, this type of hydrogel has been fabricated from
hyaluronan (HA) filled with a binary system of Al,O3 nanoparticles (NPs) and multicore magnetic particles (MCPs)
which were obtained by clustering of superparamagnetic iron oxide FeO, NPs. It was established that the presence of
diamagnetic Al,O3 has several positive effects: it enhances the hydrogel storage modulus and long-term stability in the
cell cultivation medium; prevents the magnetic interaction among the MCPs. The HA hydrogel provides rapid heating
of 0.3 °C per min under exposure to low amplitude radiofrequency alternating magnetic field (AMF). Furthermore, the
magneto-responsive hydrogel was successfully used to encapsulate cells and extrusion-based 3D printing with 87+6 %
cell viability, thus providing a bio-ink. The combination of high heating efficiency, softness, cytocompatibility, and 3D
printability of magnetic HA hydrogel leads to a material suitable for biomedical applications.

I. INTRODUCTION

Magnetic hydrogels are promising materials for biomedi-
cal applications due to their ability to mimic the microstruc-
ture of extracellular matrix and strong response to external
magnetic stimulus’. Magnetic iron oxides (FeO,), magnetite
and maghemite, are well-recognized magnetic components of
magnetically responsive hydrogels?. Additionally, these ma-
terials are non-toxic and degradable in vivo through a biotrans-
formation mechanism, producing non-toxic side products>>.
FeO, are found to have the ability to produce significant
heat in an alternating magnetic field (AMF) due to magne-
tization reversal®. Thus, FeO, have been examined as po-
tential materials for thermosensitive biological applications,
controlled drug delivery’, thermal neuromodulation®, or mag-
netic hyperthermia®. Controlled drug delivery typically ben-
efits from including the magnetic material as a specific poly-
mer matrix filler, demonstrating self-healing or thermorespon-
sive character'®!!. The use of magnetic heating for neuro-
modulation was pioneered by Chen et al., 2015, by triggering
the heat-sensitive receptors of TRPV1 ion channel'>. This
study prompted wide research of wireless neuromodulation
via magnetic heating!3"'7, and has found use in regenerative
medicine and tissue engineering research'®!°. Inductive heat-
ing of the magnetic particles is also utilized in hyperthermia, a
selective cancer treatment method in which the magnetic ma-
terial is embedded in the tumor and is heated by exposure
to the external AME. Cancer cells are selectively damaged
or killed at temperatures between 42°C-45°C due to apopto-
sis and necrosis®2?. However, there are strict limitations on
the frequency and amplitude of AMF due to patients’ safety
concerns. Currently, clinically relevant AMF parameters in
hyperthermia are the frequencies within 0.05 — 1 MHz and

amplitudes < 15 kA-m~!2! considered safe for medical ap-
plications.

The potential of FeO, largely depends on the particle size.
The bulk material exhibits so-called hard magnetism and large
coercivity. Lowering the material’s size leads to the multido-
main structure’s collapse, resulting in superparamagnetic be-
havior at the size below 20 nm®. At this state, the magnetic
particles show zero coercivity and remanence magnetization
due to the very low energy barrier of magnetization reversal.
Therefore, a magnetic moment in superparamagnetic NPs can
rotate freely toward the direction of the magnetic field without
energy loss. However, superparamagnetic FeO, NPs tend to
aggregate due to interparticle magnetic interactions, leading
to the so-called multicore particles (MCPs)*223. These MCPs
exhibit an effective magnetic moment, a combination of in-
dividual magnetic moments of the superparamagnetic NPs
cores, appearing as a ferromagnetic material and producing
energy loss upon magnetization reversal in AMF?*,

One of the significant drawbacks of using single FeO, NPs
and MCPs is their tendency to aggregate and sediment in neu-
tral pH®. A possible way to enhance the particle’s stability is
the addition of highly charged Al,O3 NPs, increasing the sys-
tem stability upon strong electrostatic repulsion®. This so-
called nanoparticle haloing was first described by Tohver et
al., 2001 for mixtures of silica microspheres and hydrous zir-
conia NPs20. Zubir et al., 2015 demonstrated that Al,O3 NPs
ensure the stability of the binary system containing commer-
cial magnetite NPs of the size 50-100 nm and Al,O3 NPs at
pH of 6.5°!. Nevertheless, utilizing this approach to stabilize
magnetic MCPs is uncommon so far. This methodology ap-
pears promising to stabilize the dispersions of monodisperse
magnetic MCPs in physiological pH 7.4, although the isoelec-
tric point of FeOQy is between pH 4-5%7.
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In magnetic hyperthermia, thermally triggered drug deliv-
ery, as well as in thermal neuromodulation, the magnetic ma-
terial (heat mediator), in the form of magnetic fluid or com-
posite, should fulfill several requirements, such as biocompat-
ibility, possibility to be delivered to the desired site, homoge-
neous distribution of the magnetic particles, long term reten-
tion and high heating rate in the clinically approved AMF¢-8.
The methods of the material administration include (a) arterial
injection, (b) direct injection, (c) surgical implantation, and
(d) active targeting by site-specific antibodies?>3!. Therefore,
the matrix encapsulating the magnetic material requires spe-
cific mechanical and rheological properties. The injectabil-
ity of the material allows for omitting surgical procedures,
lowering the potential risks and patients’ discomfort>?. How-
ever, utilization of the water dispersions of magnetic particles
in practical medical applications revealed several drawbacks,
namely the difficulty of securing the liquid system in the de-
sired location, uniform distribution, and long-term retention®.
Therefore, embedding the magnetic particles in a hydrogel
matrix is a favorable strategy®>3*. Hyaluronan (HA) based
hydrogels cross-linked via Schiff base formation represent a
suitable carrier>>3®. They are biocompatible and biodegrad-
able due to the natural origin of HA. Moreover, the dynamic
character of Schiff base cross-links allows injectability and
fast recovery even in a fully cross-linked state’’. The ma-
terial’s relatively low storage modulus and high water con-
tent resemble some human soft tissue types, such as breast fat
tissue®, or spinal cord neural tissue®.

In particular, regenerative medicine and tissue engineer-
ing can benefit from precise tissue constructs providing op-
timal mechanical, electrochemical, and biological environ-
ments during cell cultivation and tissue growth*%*!. To this
end, 3D printing techniques are used with increasing popular-
ity due to unprecedented precision*?. Regarding tissue en-
gineering, bioprinting appears to be a promising approach,
as it involves living cells encapsulated in the printing ma-
terial during the printing process. This technique can thus
provide a highly uniform distribution of cells throughout the
whole material**, while post-printing cell seeding may often
result in increased cell density on the surface of the scaf-
fold, which needs to be addressed through complicated ma-
nipulation of the printed scaffold geometry*>. The use of
magneto-responsive hydrogels in the 3D printing of scaf-
folds has been reported previously®®+3, whereas their incor-
poration in a bioprinting process enabled thermally triggered
neuromodulation®®.

In the presented work, we studied the effects of diamag-
netic Al;O3 NPs on the magneto-structural properties of FeOy
MCPs dispersions. It was found that the Al,O3 NPs enhance
the heating efficiency of the MCPs in the AMF. MCPs and
MCPs with Al,O3 NPs were used to prepare the magnetic
HA hydrogel that was examined as a potential mediator of
inductive heating in medical applications. The effect of the
Al,O3 NPs on the heating efficiency was also confirmed in the
hydrogel. The favorable rheological profile of the magneto-
responsive HA hydrogel allowed extrusion-based bioprinting
to be performed and thus confirmed the material’s potential
to develop magneto-responsive bio-ink. Therefore, the elab-

orated HA hydrogel filled with iron oxide MCPs and Al,O3
NPs can provide cytocompatible material capable of rapid
heating in AMF while securing precise scaffold engineering
through additive manufacturing technologies — 3D printing
and bioprinting.

Il. MATERIALS AND METHODS
A. MCPs synthesis

FeO, NPs were prepared by co-precipitation of FeCl, (in
the form of FeCl,- 2 H,O, Merck KGaA, Germany) and
FeCls (in the form of FeCl;-6 H,O, Merck KGaA, Ger-
many) in alkaline solution according to the procedure de-
scribed previously?*. Briefly, the respective salts in Fe>™:Fe*
1:2 molar ratio were dissolved in demineralized water (Milli-
pore Q System, Millipore, UK), and added dropwise to 0.38
M NHj3 solution (diluted from NH3 30%, Penta, Czechia) at
70°C. The reaction was carried on for 1 hour under vigorous
stirring, 700 rpm. After that, a dark brown precipitate was ob-
tained, containing FeO, NPs of 13 nm and polydispersity 0.3
according to transmission electron microscopy (TEM)?*.

To achieve peptization and size separation of the FeO,
MCPs, a procedure described in Smolkova at el., 201747 was
followed. The procedure requires washing of the FeO, NPs
precipitate 3 times with demineralized water, followed by
acidification with 1 mM HCI (diluted from 35% HCI, Penta,
Czechia) to pH 2,5 and ultrasonication for 20 minutes. After
that, the dispersion was let to sediment on a strong permanent
magnet for 30 minutes, and the brown supernatant was col-
lected. The dispersion of particles collected at pH 2,5 with
the average particle size 85 nm and zeta potential 45-55 mV*+’
was used in the study. The concentration of FeO, in the dis-
persion was determined by X-ray fluorescence spectroscopy
using ARL Quant’X EDXRF Analyzer (Thermo Scientific,
MA, USA). The Al,O3 nanopowder (13 nm primary parti-
cle size, 99.8% trace metal basis; Merck KGaA, Germany)
was mixed with FeO, by adding the appropriate amount of
Al,O3 powder to the FeO, dispersion to obtain weight ratios
of FeO,:Al,O3 4:1, 3:1, 2:1, 1:1, and 1:2 respectively. Then,
the mixtures were sonicated for 20 minutes.

B. Particle size and zeta potential analysis

The hydrodynamic size of MCPs and zeta potential were
measured by dynamic light scattering (DLS) and laser
Doppler velocimetry on Zetasizer Nano ZS (Malvern Pana-
lytical, UK). The hydrodynamic radii of particles, expressed
as z-average particle diameters, were measured at 25°C at a
scattering angle of 173°. The polydispersity index (PDI) de-
scribing the width of the particle size distribution in a given
sample was also determined. The measurements were per-
formed in triplicates, and an arithmetic average of the results
is presented.
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C. HA hydrogels preparation

HA cross-linking via Schiff base formation was per-
formed with two polysaccharide derivatives — adipic acid
dihydrazide (ADH) grafted HA (HA-ADH), and oxi-
dized dextran (DEX-OX). The derivatization and hydro-
gel formation is thoroughly described in Vitkovd et al.,
2022%7 and Musilovd et al, 2022%.  Briefly, HA-
ADH was prepared by 4-(4,6-Dimethoxy-1,3,5-triazin-2-yl)-
4-methylmorpholinium chloride (DMTMM; Merck KGaA,
Germany) mediated reaction. HA (243 kDa; Contipro,
Czechia) 1 wt.% solution was obtained by dissolving the poly-
mer in demineralized water at 50°C. After cooling to room
temperature, DMTMM and ADH (Merck KGaA, Germany)
was added to the reaction mixture. The molar ratio of the
reactants HA:DMTMM:ADH was 4:1:4. The reaction pro-
ceeded for 24 hours at 25°C under constant stirring. DEX-0X
was, on the other hand, prepared by periodate oxidation. The
procedure was derived from Maia et al., 201 1. Dextran (40
kDa, Merck KGaA, Germany) was dissolved in demineralized
water by mixing at 50°C overnight to obtain a 13 wt.% solu-
tion. After cooling the solution to room temperature, sodium
periodate (Merck, NJ, USA) was added in a 5:2 molar ratio of
dextran:NalOy4. The reaction was left to proceed under con-
stant mixing for 4 hours at 25°C in the dark. In both cases,
the products were purified by dialysis against distilled water
for three days (cut-off 5000 Da) and subsequently frozen and
lyophilized.

To produce hydrogels, HA-ADH and DEX-OX were dis-
solved in MCPs dispersions (without or with Al,O3) by shak-
ing overnight and at 25°C to obtain 2 wt.% of modified poly-
mer in the solution. Afterward, the solutions of HA-ADH
and HA-OX were mixed by vortex, and Schiff-base formation
occurred spontaneously. The gelation process was finished
within 30 minutes after the mixing.

D. Induction heating in AMF

The heating efficiency of the prepared MCPs in three differ-
ent forms was determined: water dispersions, high-viscosity
agar dispersions, and Schiff base cross-linked HA hydrogels.
To obtain the dispersions of MCPs in the agar matrix, 3.4 wt%
of agarose (Merck KGaA, Germany) was added to the water
dispersion of MCPs and heated under continuous stirring to
70°C. After this, the mixture was placed in a fridge, where
the solid matrix was quickly formed. The samples of HA hy-
drogel were prepared as described in IIC, and left to gelate
at 25°C for at least 1 hour to ensure full cross-linking of the
mixture.

A homemade AMF generator was used to determine the
heating efficiency of the samples. It consisted of a signal
generator Agilent 33521A (Agilent Technologies, CA, USA),
RF broadband amplifier AR RF/Microwave Instrumentation
800A3A, induction coil (90 mm diameter), interchangeable
capacitors, and magnetic field sensor. The measurements
were carried out at AMF of 525 kHz frequency and ampli-
tude range 5.4 mT to 9.4 mT, or 1050 kHz frequency and am-

plitude range 5.4 mT to 7.4 mT, respectively. The tempera-
ture was measured with monitoring system ReFlex 4, Neoptix
(Qualitrol, NY, USA), and fiber optic temperature sensor T1S-
03-PTO06 inserted directly in the sample.

E. Morphological and elemental analysis

The inner morphology of the hydrogels was examined by
scanning electron microscopy (SEM) of cross-sections of
lyophilized samples of hydrogels using Phenom XL G2 in-
strument (Thermo Scientific, MA, USA). The 3D printed hy-
drogel samples were frozen first at -18 °C for 24 h, followed
by freeze drying in a freeze-dryer (ALPHA1-2 LD plus, M.
Christ, Osterode am Harz, Germany). Additionally, Phe-
nom XL G2 instrument (Thermo Scientific, MA, USA) was
used for elemental analysis by energy-dispersive X-ray spec-
troscopy (EDX). The accelerating voltage used for analysis
was 15 kV. The samples were sputtered with a gold/palladium
layer before measurement.

F. Rheological analysis

Rheological measurements were performed using a rota-
tional rheometer, Anton Paar MCR 502 (Anton Paar, Austria),
at human body temperature (37°C) and hyperthermia temper-
ature (42°C) under normal pressure in air, using an MRD
180/1T measuring cell with parallel plate 20/MRD/TI mea-
suring geometry in oscillation at constant deformation (vary-
ing to attribute to the linear region) with shear rate increasing
from 0.001 s~! to 1 s~'. The hydrogel samples were pre-
pared 1 hour in advance in the form of circular plates with
a diameter of 25 mm and a thickness of 1.5 mm. Viscosity
is shown with respect to the shear rate in the measured range,
i.e., from 0.001 s~ to 1 s~!. On the other hand, storage modu-
lus (G’) is expressed as the mean value measured in the range
0.01 rad-s~! to 0.1 rad-s~!, which corresponds to the linear
region with a constant value of G’. Additionally, cyclic oscil-
latory shear stress was applied to the samples in the following
specifications: constant low (0.03 s~ Hand high shear rate (0.8
s~1) were applied for 50 s. The low-high shear rate cycle was
repeated 3 times. The deformation was kept constant through-
out this measurement.

G. Long-term stability and in vitro cytotoxicity

To asses the long-term stability of the hydrogels, the sam-
ples were placed in perforated sample holders and submerged
in desired medium and conditions, either demineralized water
at 25°C or Dulbecco’s Modified Eagle’s Medium (PAA Labo-
ratories GmbH, Austria) containing 10 % bovine calf serum
(BioSera, France) and 1 % of Penicillin/Streptomycin (GE
Healthcare HyClone, United Kingdom), hereinafter denoted
"complete DMEM" for simplification, at 37°C. The samples
were weighted once every 24 hours. The results are expressed
as the relative changes in weight, where the original sample
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weight is considered 100%. The measurement was performed
in triplicate, and the average results are given here.
Cytotoxicity testing was done according to ISO standard
10993 using a mouse embryonic fibroblast cell line (ATCC
CRL-1658 NIH/3T3, USA). The complete DMEM was used
as a cultivation medium. The cell line was incubated at 37°C
in 5% CO, in humidified air. The relative humidity value dur-
ing the cell line incubation was 95 %. Sterilization of hydro-
gels was done before cytotoxicity testing by shaking samples
in 70% ethanol for 1 hour at laboratory temperature. Elution
of the ethanol from samples was done by aspiration, a short
rinsing in PBS, and then by shaking the samples in ultrapure
water for 48 hours at laboratory temperature. After ultrapure
water aspiration, extracts were created. Extracts were pre-
pared according to ISO standard 10993-12 (100 mg of hydro-
gel per 1 mL of media). The tested material was incubated in
a cultivation medium for 24 hours at 37°C with stirring. The
parent extracts (100 vol%) were then diluted in a medium to
obtain a series of dilutions with concentrations of 75, 50, 25,
10, and 1 vol%. All extracts were used for up to 24 hours.
The cells were seeded at a concentration of 10° per well in
96-well plates (TPP, Switzerland). After the pre-incubation
period (24 hours), the extracts were filtered using a syringe fil-
ter with a membrane pore size of 0.22 um (TPP, Switzerland)
to ensure that no residual hydrogel was present. The filtered
extracts in required dilutions were added to the cells and incu-
bated for 24 hours. Subsequently, tetrazolium salt (MTT cell
proliferation assay kit, Duchefa Biochemie, Netherlands) was
used to determine cell viability. Absorbance was measured
using a microplate reader Infinite M200 PRO (Tecan, Switzer-
land) at 570 nm, and the reference wavelength was adjusted to
690 nm. The results are presented as the percent reduction of
cell viability when compared to cells cultivated in a medium
without the extracts of tested materials. The morphology of
cells from the culture plates was observed using an inverted
Olympus IX 81 phase-contrast microscope (Olympus, Japan).

H. Bioprinting

Bioprinting was done with BALB/3T3 mouse fibroblasts
cell line. The cells were cultivated in complete DMEM at
37°C in a humidified incubator (95% relative humidity, 5%
CO,, Heracell, Germany). The cells were split using 0.05%
trypsin (Merck KGaA, Germany).

Bioinks were obtained by adding 100 uL of cell suspension
in PBS (total amount of BALB/3T3 was 3-10°) into 1 mL
of immediately mixed HA-ADH and DEX-OX solutions in
FeO,:Al,O3 dispersion. The encapsulation of the cells within
the bio-ink matrix was achieved by rapid gelation of the poly-
mer precursors. The bio-inks were loaded into cartridges and
printed by pneumatic extrusion printhead. To this end, 3D
Discovery Bioplotter (RegenHU, Switzerland) was used. The
printing was done through a cylindrical needle of 0.52 mm in-
ner diameter. The printing model was chosen as a simple 1
cm x 1 cm grid. The thickness of each layer was 0.5 mm. The
scaffold consisted of two layers and had a thickness of 1 mm.
The printing pressure was 2.078-10° Pa.

4

Fluorescence imaging of the distribution of the cells
through the material was done by means of Laser Scan-
ning Confocal Microscopy (LSCM) using the Olympus FLU-
OVIEW FV3000 (Olympus, Japan) device. The Plan-
Apochromat objective with magnification 10x and numerical
aperture NA=0.8, or 4x and NA=0.4 respectively were used
for analysis. The figures were obtained as three-dimensional
reconstructions from confocal images in the z-axis. The cell-
loaded samples were fixed and fluorescence stained follow-
ing this protocol: The staining solution containing Phalloidin
DyLight 488 (Thermo Fisher Scientific, Germany) and DAPI
(Thermo Fisher Scientific, Germany), each in 1:1000 dilu-
tion in PBS, was prepared immediately before fixing and
kept in the dark. The samples were washed 3 times with
PBS. After that, the cells were fixed with 3.7% formaldehyde
(Thermo Fisher Scientific, Germany) solution for 25 minutes
at room temperature. The fixative solution was aspirated, and
the samples were washed once with PBS. The samples were
then submerged in 0.1% Triton X-100 (Thermo Fisher Scien-
tific, Germany) solution for 30 minutes to permeabilize cell
membranes. After aspiration of permeabilization solution and
washing samples once with PBS, the samples were submerged
in the staining solution for 1 hour. Finally, the samples were
washed twice with PBS and kept in a dark, cold, and humid
environment before fluorescence imaging.

Directly following 3D bioprinting, live/dead staining was
performed. The staining solution was prepared as follows:
2uL of ethidium homodimer I (dead stain; Thermo Fisher Sci-
entific, Germany) and 2uL calcein acetoxymethyl ester (live
stain; Thermo Fisher Scientific, Germany) were diluted in 10
mL of PBS. The staining solution was poured over the prints
in sufficient amount, and left in an incubator for 1 hour to
allow full diffusion of the staining solution through the ma-
terial. The stained cells were observed in a LifeCell fluores-
cence microscope (DMI6000, Leica, Wetzlar, Germany). The
percentage of live cells was determined as an average of im-
ages obtained from 3 different spots in the sample.

|. Statistical evaluation

Where appropriate, respective standard deviations of the
arithmetic mean for the 68.3 % confidence interval are pre-
sented along with the arithmetic mean value. The p-value of
0.05 was used when appropriate.

I1l.  RESULTS AND DISCUSSION
A. Characterization of MCPs dispersions

Water dispersions of the magnetic MCPs with low polydis-
persity were prepared as we described previously?**7. The
MCPs represent dense aggregates composed of bare magnetic
iron oxide NPs of 13 nm determined by TEM. The average
particle size of the MCP is 85 nm at pH 2,5 determined by
DLS. With the increase of pH the MCPs size increases and
zeta-potential decreases, leading to the sedimentation of the
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particles at around pH 4.5%. The stability of the dispersion
in the acidic medium is ensured solely due to the electrostatic
repulsion between positively charged MCPs, zeta potential 45
- 55 mV. In order to increase the stability at higher pH Al,O3
NPs were added to the dispersion of MCPs>!*2. Commer-
cially available Al;O3 NPs are of 13 nm size and form aggre-
gates of about 250 nm average particle size’>>!. Therefore,
a binary system composed of magnetic MCPs of 85 nm and
Al,O3 aggregates of 250 nm was obtained. Al,O3 aggregates
ensure the electrostatic repulsion between magnetic MCPs,
preventing them from sedimentation at higher pH>'. MCPs
being clusters of superparamagnetic particles present a unique
magnetic entity, in which each core displays a magnetic mo-
ment, but the MCP behaves as if it had one collective magnetic
moment. Apparently, the presence of diamagnetic Al,O3 NPs
aggregates equally distributed in between the MCPs shield the
magnetic interaction among the MCPs. Thus, the stability of
the MCPs dispersion increases, as their tendency to aggregate
is diminished.

B. The effect of Al,03 on induction heating of MCPs
dispersions

The heating efficiency of both single MCPs and MCPs with
Al,O3 aggregates was characterized by the specific loss power
(SLP), i.e. the measure of the temperature change in time as
referred to the mass of magnetic material. AMF of 1050 kHz,
7.4 mT was applied to the dispersions. A substantial increase
from 40 W-g~! for single MCPs to almost 60 W-g~! for MCPs
with Al,O3 aggregates was observed (Figure 1). Due to their
diamagnetic character (see Figure S2), a direct contribution of
Al,O3 NPs aggregates to the SLP is of low probability, and
the increase of SLP is apparently attributed to the changes in
the magnetic interactions between the MCPs.

In general, inductive heating of the magnetic particles is
the result of two relaxation processes — Brown relaxation and
Néel relaxation®>. Brown relaxation is the process of particle
rotation in the direction of the magnetic field (Figure 2(A))**.
Therefore, this type of relaxation is particularly dependent on
the magnetic particles volume, and on the viscosity of the dis-
persion medium.

3Vin
= — 1
K kT M

Equation 1 defines the Brown relaxation time, i.e. the time
necessary for the relaxation mechanism to align the magnetic
moment with the direction a magnetic field. V;, denotes parti-
cle hydrodynamically effective volume, 7 is the dynamic vis-
cosity of the dispersion medium, kg stands for the Boltzmann
constant and T is the temperature®>*,

Néel relaxation, on the other hand, is related to the rotation
of magnetic moment within the particle, and the heating is
facilitated by energy release due to the change of magnetic
state of the particle. The characteristic Néel relaxation time
can be found as:
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FIG. 1. SLP of FeO, dispersions with the increasing amount of
Al;O3: Overall denotes the SLP results for water dispersions, where
both Brown and Néel relaxation are present; Néel relaxation denotes
values obtained by measurement in agar gel, where Brown relax-
ation is suppressed and heating is facilitated only by Néel relaxation;
Brown relaxation is the difference between overall SLP (measured
in water dispersion), and Néel relaxation induced SLP (measured in
agar gel)

KV
Ty = Tpes” 2

where K is the magnetic anisotropy, V is the particle vol-
ume, kp stands for the Boltzmann constant, T is the tempera-
ture and T is the factor approximately equal to 1072 s64, It
is apparent, that Néel relaxation depends only on the intrinsic
properties of the magnetic particles, while Brown relaxation is
largely affected by the viscosity of the used medium>>. In or-
der to understand the effect of Al,O3 aggregates shielding on
the induction heating behavior of the MCPs, the contributions
of the two types of relaxation were examined separately. To
achieve that, the SLP measurements were conducted in two
dispersion media — low viscosity (demineralized water), and
high viscosity (agar gel). In low viscosity medium, both re-
laxation mechanisms are contributing to the induction heating.
However, the high viscosity of the medium restricts Brown re-
laxation, allowing solely the Néel relaxation®®. Therefore, it
is possible to distinguish the contribution of Brown relaxation
to the overall SLP by subtracting the Néel relaxation contribu-
tion obtained from measurement in high viscosity medium>3.
Agar gel was chosen in this case due to exceptionally high vis-
cosity among water-based gels (10* - 10° Pa-s depending on
the concentration and shear rate>”) that remains stable in the
temperature range of the measurement (25°C-45°C) in order
to ensure complete prevention of the Brown relaxation driven
heating>8.

As for the Brown relaxation, the increase of Al,O3 con-
tent did not provide any significant change. Néel relaxation,
on the other hand, follows the trend of overall SLP and in-
creases with the increase of Al,O3 content. Therefore, Al,O3
shielding apparently leads to the weakening of the magnetic
interactions among MCPs (Figure 2).
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FIG. 2. (A) Schematic representation of the relaxation mechanisms of the MCPs; (B) Schematic representation of the Al,O3 shielding effect
on the magneto-structural properties of the MCPs, where M.y, and M;;,; represent extrinsic and intrinsic magnetic interactions of MCPs

respectively

C. Morphological analysis of the hydrogels

In order to be used as a selective heating agent the mag-
netic material should allow precise localization and uniform
distribution within the desired tissue. In the current study, HA
hydrogel was chosen as the matrix for MCPs due to its bio-
compatibility and ease of preparation’” and high porosity, as
shown in the present case (see Figure 3). This highly porous
structure allows free diffusion of substances, thus creating
an environment suitable for applications such as drug deliv-
ery (controlled release of therapeutics)> or tissue engineering
(exchange of nutrients and waste among the cells)®%°!,

EDX analysis confirmed uniform distribution of Fe in the
case of the MCPs filled HA hydrogels (Figure 3). This is
a necessary condition for reproducibility of results obtained
with the described material, and its subsequent applicability
in medical field. In case of the addition of Al,O3 NPs to the
MCPs dispersion, the EDX again showed the respective ele-
ments (Fe and Al) uniformly distributed throughout the mate-
rial.

D. Assessment of HA hydrogels as mediators of induction
heating

The solid character of hydrogels is bound to restrain Brown
relaxation and thus decreased SLP in a wide range of am-
plitudes of AMF (see Figure 4). The hydrogels reached
25 W-g~! as compared to aqueous dispersion reaching 40-
60 W-g~! in AMF of the frequency 1050 kHz and amplitude
7.4 mT. However, the SLP values in HA hydrogels are still
higher compared to the values obtained in agar (15 W-g~1).

Therefore, it is possible to assume that a certain portion of
the heating is facilitated by Brown relaxation due to the soft-
ness of HA hydrogels allowing particle movement to some
extent0.

The heating efficiency of the HA hydrogels filled with sin-
gle MCPs or MCPs with Al,O3 NPs aggregates was deter-
mined in two frequencies of the AMF (525 kHz and 1050
kHz) and the amplitudes ranging from 5.4 mT to 9.4 mT
(Figure 4). As can be seen, the hydrogels filled with MCPs
and Al,O3 aggregates displayed higher heating ability regard-
less of the AMF parameters. This is in correspondence with
the previously described experiments and confirms that Al;O3
shielding facilitates the Néel relaxation. The experimental re-
sults demonstrated that at AMF, 1050 kHz, 7.4 mT, consid-
ered safe for use in medicine?!, the samples heated at the rate
of 0.3°C per minute. Therefore, the hyperthermia temperature
range could be reached within 16.7 minutes. Thus, the inves-
tigated magnetic HA hydrogels are promising materials for
magnetic hyperthermia treatment, as well as other thermally
triggered therapies.

E. Rheology of the magneto-responsive hydrogel

The mechanical investigation of the hydrogels shows that
increasing temperature from 37°C (body temperature) to 42°C
(hyperthermia treatment) did not have any significant effect
on hydrogels viscosity, or storage modulus (Figure 5 (A) -
(C)). The hydrogels showed distinct shear thinning behavior,
as their viscosity changes in the range of 10? Pa-s in the shear
rate range of 10? s~! (Figure 5 (A)). The individual differ-
ences between the curves in Figure 5 (A) measured at differ-
ent temperatures fall within the measurement error. Generally,



Magneto-responsive hyaluronan for hyperthermia and bioprinting

FIG. 3. SEM micrographs and EDX mapping of lyophilized hydrogel samples: A - FeOy filled HA hydrogel; B - FeO,:Al,03 1:1 filled HA
hydrogel; L, I - SEM micrographs with different magnification; III - EDX mapping, red and blue dots denote Fe and Al, respectively
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FIG. 4. SLP of magneto-responsive HA hydrogel as a function of
AMF amplitude

shear-thinning hydrogels may find use as injectable, extrud-
able, and 3D printable materials®?. At the low shear rate the
hydrogels demonstrate the solid-like behavior, i.e. the loss
modulus does not exceed storage modulus, tan § is lower than
1 (Figure S1 (A, B)).

Both hydrogels filled with MCPs and the mixture of MCPs
and Al,O3 NPs aggregates displayed the storage modulus be-
tween 100-300 Pa (Figure 5 (C)), which corresponds to the
values reported for normal fat tissue and spinal cord neural
tissue®®3. Therefore, the developed hydrogels can be for ex-
ample useful in breast cancer treatment, as they would lower
the discomfort of patients due to the close resemblance of the
natural tissue.

The rheological measurements in the external magnetic
field showed that the mechanical properties of the hydro-
gel are unaffected by the magnetic field, as the magneto-
rheological effect (MRE) is less than 8% (Figure 5 (D)). This
is apparently due to the low size of magnetic MCPs (85 nm),
as well as due to the low particle concentration (0.3 wt.%).
This is another factor contributing to diminishing the patient’s
discomfort.

3D printing applications, in particular, require not only
shear thinning behavior but also fast recovery due to the na-
ture of the process, in which the high shear stress in the print-
head is suddenly lifted upon placing on the printbed®?. As
can be seen from Figure 5 (B), the hydrogels are capable of
rapid change of rheological behavior in correspondence to the
applied shear rate regardless of the temperature in the chosen
temperature range. Additionally, the presence of Al,O3 has
no observable impact on the reversibility of hydrogels’ rheo-
logical behavior.

The cyclic shear stress testing proved the reversibility of
Schiff base bonds forming the hydrogel. The material was
able to return to the original viscosity and storage modulus
from the fluid state within 30 s, as listed in Table I. These
results make the proposed hydrogels promising materials for
applications in extrusion-based 3D printing®?.

F. Stability during cultivation and in vitro cytotoxicity of the
hydrogels

The proposed biomedical applications of the hydrogels,
namely magnetic hyperthermia, and neuromodulation, as well
as tissue engineering, require stability of the hydrogel struc-
ture over the course of several days. Long-term stability of the
HA hydrogels was tested in mild conditions (water at 25°C),



Magneto-responsive hyaluronan for hyperthermia and bioprinting

1000 E T E T T T T T T3 1000
'\ FeOx 37°C E(B) —O— FeOx 37°C —O— FeOx 42°C
- FeOx 42°C r - -FeOX:ALO; 1:1 37°C =@ = FeOX:AlL 0, 1:1 42°C
= === FeOx:ALO, 1:137°C r
--= FeOx:ALO, 1:1 42°C r
100 - E 100
% E =
I _ *
= H =
* = | g
10 3 10
1 L Ll 1 1 1 L 11y
0.001 .o 50 100 150 200 250 300
Y (s) time (s)
400 = [ T T T T T T T T 9
FeOx 37°C E
(C) ] 1‘2(): 42°C F (D) 8
3501 W, FcOx:AL0_1:1 37°C E A
W% FeOx:ALO, 1:1 42°C E FeOx 37°C }/,v—-‘ ;
£ FeOx 42°C e
E| ---- FeOx:ALO, 1:137°C e P
E| e FeOx:ALO, 1:142°C| 7~
g - o s 3
r vl =
E e 43
E i ~
% % F Z 3
/ / E 1 1 1 1 1 1 1 1 0
0 5.43 10.85 18.1 0 2 4 6 8 10 12 14 16 18

Magnetic field strength (Oe)

Magnetic field strength (Oe)

FIG. 5. Rheological characterization of the magneto-responsive HA hydrogels: (A) Dependence of magneto-responsive HA hydrogels vis-
cosity on shear rate at body temperature (37°C) and hyperthermia temperature (42°); (B) Cyclic shear stress applied to hydrogels filled
with FeO, or FeO,:Al,03 1:1 at normal body temperature (37°C) and at hyperthermia temperature (42°C) respectively; (C) Storage moduli of
magneto-responsive HA hydrogels at different temperatures in increasing external magnetic field; (D) MRE induced in the magneto-responsive

hydrogels by the external magnetic field.

and in simulated cell cultivation conditions (complete DMEM
at 37°C) Figure 6 (A). The hydrogels were prone to signifi-
cant solvent intake in water, reaching approximately 400 %
of their weight after 3 days in the case of Al,O3-containing
samples, or 6 days for samples without Al,O3. Additionally,
the hydrogels did not lose their structural integrity even after 7
days in water. In simulated cultivation conditions, the sample
solvent intake is more rapid (approximately 400 % with the
relative deviation of 25 % was reached in 1 or 2 days for sam-
ples without and with Al,Os3, respectively). The stability is
significantly decreased in the cell cultivation medium and in-
creased temperature. The hydrogel containing only FeO, was
completely disintegrated within 3 days. However, the pres-
ence of Al,O3 in the hydrogel provided a stable structure for
6 days. Though there is a decrease of the relative mass for
the hydrogel with Al,O3 after day 2, the experimental obser-
vations revealed that the hydrogel structure was kept until the
7th day. It is known that HA chains are greatly affected by

the charges and ionic strength of their surrounding environ-
ment due to polyelectrolyte character®. Thus, the particles’
surface charge may significantly influence HA structures’ sta-
bility. However, this effect would require further investigation
in future studies. The long-term stability results revealed that
the hydrogels containing Al,O3 are more suitable for biomed-
ical applications.

The cytocompatibility of the HA hydrogel containing the
MCPs and Al,O3 aggregates was examined by an indirect
in vitro cytotoxicity test applying extract method (see Fig-
ure 6 (B)). This method is useful for preliminary cytotoxicity
screening. The hydrogel components are generally considered
non-toxic. However, it is important to test their cumulative
effect on cell viability as well. Extracts not causing a cell vi-
ability decrease below 70% are considered non-cytotoxic, as
described in the standard ISO 10993-5. The relative cell via-
bility increased slightly with the increase of the extract con-
centration. For all the extract concentrations it exceeds the
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FeO, (37°C) FeO, (42°C)
Recovery Recovery
complex viscosity (%) complex viscosity (%)

Low shear High shear Low shear High shear

rate rate rate rate

1. cycle 100 100 100 100

2.cycle  99.8 99.9 100.1 99.5

3.cycle 994 100.3 101 101.1
Recovery Recovery

Storage modulus (%)  Storage modulus (%)
Low shear High shear Low shear High shear

rate rate rate rate
1. cycle 100 / 100 /
2.cycle  99.7 / 100.2 /
3.cycle  99.7 / 101.1 /
FeO,:Al,03 1:1 (37°C) FeO,:Al,03 1:1 (42°C)
Recovery Recovery

complex viscosity (%) complex viscosity (%)
Low shear High shear Low shear High shear

rate rate rate rate

1. cycle 100 100 100 100

2.cycle 100.8 101.1 101.9 102.9

3.cycle 101.6 102.2 104.1 105.1
Recovery Recovery

Storage modulus (%)  Storage modulus (%)
Low shear High shear Low shear High shear

rate rate rate rate
1. cycle 100 / 100 /
2.cycle  100.8 / 101.7 /
3.cycle 101.8 / 103.9 /

TABLE 1. Recovery of complex viscosity and storage modulus re-
spectively during cyclic shear stress testing of magneto-responsive
HA hydrogels

0.70 threshold value, thus proving the hydrogel cytocompati-
bility.

G. Bioprinting

Bioprinting, i.e., 3D printing of material including living
cells, allows a homogeneous distribution of cells throughout
the construct, increasing the usability in tissue engineering®.
Nevertheless, using the bioprinting technique in hyperthermia
research would provide an opportunity to fabricate precise tu-
mor tissue analogs and potentially aid the research and use
of hyperthermia as a complementary therapeutic procedure in
clinical practice®>%. The selected polymer matrix, HA, with
a molecular weight below 10 Da, was observed to promote
tumorigenesis in breast cancer, which is further advantageous
in cultivating artificial tumor tissue®’.

Materials for bioprinting, commonly known as bio-inks,
need to be carefully tailored to facilitate sufficient printability
on the one hand and cell viability and biological functionality
on the other. The bioprinting process exposes the printed ma-
terial to significant shear stress due to forced flow through a
narrow needle®®. The bio-ink matrix should therefore undergo
the transition from high viscosity to low viscosity in the range
of shear rate exposed in typical extrusion-based 3D printing

to minimize the shear stress imposed on cells encapsulated in
the material and simultaneously maximize the cell viability®.
The shear thinning behavior of the proposed hydrogels, as was
demonstrated earlier in IITE, clearly shows that the material
complies with the first condition for viable bio-ink.

The requirement of low shear stress during extrusion would
encourage using low-viscosity materials in general. However,
such materials fail to provide sufficient printing precision and
shape fidelity due to the spreading of the material upon plac-
ing it on the printbed®?. Therefore, rapid recovery of the mate-
rial, as was demonstrated by cyclic shear stress measurement
(Figure 5 (B)), is necessary to facilitate sufficient precision of
the printed structure.

The biological functionality condition mainly depends on
the desired tissue type in terms of mechanical, chemical, and
morphological points of view. The soft and pliable materials
developed in this study are mechanically in the range of soft
tissue types, typically adipose tissue®® or spinal cord neural
tissue®®. Furthermore, the magnetic heating ability provided
by the MCPs would enable heat-triggered neuromodulation,
making the material promising beyond the scope of hyper-
thermia, advancing toward tissue engineering and regenera-
tive medicine of neural tissue.

The bioprinting of the bio-inks prepared by encapsulation
of BALB/3T3 mouse fibroblasts in HA hydrogels containing
FeO, MCPs with Al,O3 aggregates was done with sufficient
printing precision and cell distribution homogeneity (Figure 7
(A - E)). Additionally, the live/dead staining proves that the
cells retained their metabolic activity after printing (Figure 7
(F) and (G)), and there was no detectable damage to the cell
membranes, as 87+6 % cell viability was achieved. There-
fore, the materials reported here have been successfully tested
as bio-inks for extrusion-based 3D bioprinting.

IV. CONCLUSION

The magneto-responsive hydrogel composed of HA matrix
cross-linked via Schiff base formation, magnetic MCPs, and
aluminum oxide NPs aggregates was elaborated. The MCPs
ensure the hydrogel heating under exposure to an AMF with
parameters approved for medicine. It was shown that the pres-
ence of Al,O3 NPs aggregates primarily influenced the Néel
relaxation of the MCPs, while the Brown relaxation remained
intact. On the base of the experimental findings, it can be
concluded that the diamagnetic Al,O3 NPs aggregates appar-
ently, shield the magnetic interactions among the MCPs, caus-
ing the increase in Néel relaxation and heating efficiency. A
heating rate of 0.3 °C per minute was observed. The rheolog-
ical measurements of the HA hydrogel confirmed the shear-
thinning behavior and fast recovery after high shear stress.
Additionally, the presence of Al,O3 NPs aggregates increases
the long-term stability of the hydrogel at cell cultivation con-
ditions, making them more suitable for tissue engineering-
related applications. The hydrogel was proven to be cytocom-
patible. Moreover, it was demonstrated that viscoelastic prop-
erties of the hydrogel allowed extrusion-based 3D bioprint-
ing with BALB/3T3 mouse fibroblasts. Self-supported multi-
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FIG. 6. (A) Long-term stability of magneto-responsive HA hydrogels in water and simulated cultivation conditions; (B) in vitro cytotoxicity

evaluation of the hydrogels via extract method.

layered uniformly porous structure was formed with homoge-
neous cell distribution and high cell viability. The combina-
tion of high heating efficiency, softness, biocompatibility, and
3D printability of magnetic HA hydrogel allows to consider
it a multifunctional material suitable for AMF induced heat-
ing in biomedical applications such as magnetic hyperther-
mia, wireless thermal brain stimulation, thermally triggered
drug delivery as well as for precise scaffold engineering and
bioprinting.

SUPPLEMENTARY MATERIAL

Supplementary material includes the rheological properties
of HA hydrogels, namely, the dependence of the storage mod-
ulus and loss modulus on the shear rate, and the dependence
of tan & on the shear rate (Figure S1), as well as the magneti-
zation curves of FeO, MCPs powder and Al,O3 NPs (Figure
S2).
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FIG. 7. Bioprinting of BALB/3T3 mouse fibroblasts encapsulated in magneto-responsive HA hydrogel: (A) Printing model; (B) Printed grid
photography taken on the 8" day after printing; (C), (D), (E) Confocal imaging of cells distribution within the scaffold in bright field (C) and
fluorescence channel (C-E). Cells were stained for cytoskeleton (red) and nucleus (blue); (F), (G) Live/Dead assay of BALB/3T3 fibroblasts.
The cells were visualized in fluorescence immediately after the microextrusion.
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ABSTRACT: Layered nanoparticles with surface charge are s
explored as rheological modifiers for extrudable materials, utilizing /
their ability to induce electrostatic repulsion and create a house-of- I
cards structure. These nanoparticles provide mechanical support to
the polymer matrix, resulting in increased viscosity and storage
modulus. Moreover, their advantageous aspect ratio allows for
shear-induced orientation and decreased viscosity during flow. In
this work, we present a synthesis and liquid-based exfoliation
procedure of phenylphosphonate—phosphate particles with
enhanced ability to be intercalated by hydrophilic polymers.
These layered nanoparticles are then tested as rheological
modifiers of sodium alginate. The effective rheological modification
is proved as the viscosity increases from 10" up to 10° Pa:s in steady state. Also, shear-thinning behavior is observed. The resulting
nanocomposite hydrogels show potential as an extrudable bioink for 3D printing in tissue engineering and other biomedical
applications, with good shape fidelity, nontoxicity, and satisfactory cell viability confirmed through encapsulation and printing of
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mouse fibroblasts.

B INTRODUCTION

3D printing has drawn a lot of attention due to the potential
for precisely fabricating complex structures with minimal
waste. Biocompatible materials are suggested for applications
in the pharmaceutical and biomedical field, e.g, as drug
delivery systems, tissue analogues for specialized in vitro
testing, wound healing, and tissue engineering.l Cell
cultivation and tissue engineering, in particular, require a
porous matrix with high water content in order to achieve close
resemblance to the extracellular matrix and, thus, sustain cell
functionality.” To this end, natural polymer-based hydrogels—
i.e., weakly cross-linked polymer networks capable of retaining
large amounts of water’—appear as promising candidates in
many of the suggested applications.

There have been recent developments in the processing of
natural polymer-based hydrogels, which would allow additive
manufacturing by means of extrusion 3D })rinting."’5 The most
established polymers include collagen,6” §elatin,8_12 hyalur-
onan,"”™'* and sodium alginate (NaAlg).”'*'*™'¢ The wide
usage of NaAlg is related to the possibility of mild cross-linking
with multivalent cations.'” Furthermore, as a natural
polysaccharide, NaAlg has been shown to be highly
biocompatible and, thus, suitable for medical applications."*
However, it can be rather difficult to achieve the desired
rheological behavior in solutions based solely on the NaAlg

© XXXX The Authors. Published by
American Chemical Society

7 ACS Publications

matrix, which leads to the development of combined polymer
matrices.

A less common approach to enhancing hydrogel printability
involves the use of nanostructured fillers.'” This possibility was
first described for Laponite, a charged discotic nanoclay,
dispersed in poly(ethylene glycol) (PEG) solution.”® In an
exfoliated state these particles spontaneously form a house-of-
cards structure.”"”>> Laponite, in association with PEG and
alginate, provided improved printability and, at higher clay
concentrations, elevated recovery after shear.”® High shape
fidelity of construct was achieved by dAvila et al, when
Laponite—alginate hydrogels were printed.”* The capacity to
provide rheological tuning to NaAlg solution has also been
demonstrated for montmorillonite discotic clay.”® Conse-
quently, the principle appears not to be limited to Laponite,
but to be a common feature of charged discotic nanoparticles
(NPs) suspended in a polymer solution.”* The functionality of
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NPs is largely dependent on their chemical nature, size, aspect
ratio, and volume fraction.”® Unlike traditional fillers, NPs are
capable of inducing significant changes in material properties
even at very low concentrations, owing to their large specific
surface.”” The potential to minimize their presence without
compromising the desired effect is particularly advantageous in
consideration of medical applications as the risk of
immunogenicity is diminished.”*>***' The presence of
calcium and phosphate ions in scaffolds improves osteoblast
adhesion, migration, and differentiation.***? Additionally, the
presence of calcium cations is associated with a decrease of
shear stress-induced damage to the cells during bioprinting.**

Herein, we focus on the rheological modification of NaAlg
solutions via the incorporation of nanoparticulate fillers. We
hypothesize that exfoliated layered NPs can serve as efficient
rheological modifiers through the formation of a house-of-
cards structure. In order to test this hypothesis, layered calcium
phenylphosphonate (CaPhP) particles are compared to
spherical calcium phosphonate NPs (nanoAp) in terms of
rheological modification. Additionally, we address the hydro-
phobicity of CaPhP with presumed limitation in NaAlg chain
intercalation by developing a novel material in which part of
the phenyl group is replaced by phosphate. These mixed
calcium phenylphosphonate—phosphate (Ca3.1, where 3.1
stand for the ration of reactants during NPs synthesis)
nanoplatelets are synthesized, characterized, and exfoliated.
This material synthesis is reported here, to the best of our
knowledge, for the first time. The rheological and printing
evaluation describes the effects of nanofiller shape and
chemical composition. Furthermore, the effect of Ca**
dissociation from the NPs is outlined. The printable NaAlg
nanocomposites are subsequently used as precursors of
hydrogels, which are obtained by ionic cross-linking. Because
of the potential to significantly decrease the number of NPs in
the material, the hydrogels may find versatile application as 3D
printable materials based on natural components. Finally, the
materials introduced in this work are proposed and tested as
biopolymer-based nanocomposite bioinks.

B MATERIALS AND METHODS

Synthesis of Layered Materials. CaPhP: A solution of
phenylphosphonic acid (Sigma-Aldrich, St. Louis, MO, p.a,, 1.976 g,
1.2 X 107 mol in 50 mL of distilled water, conductivity <2 uS cm™)
was brought to pH 9 by adding concentrated ammonia solution
(Honeywell Fluka, Charlotte, NC, p.a.,, 32%) and then mixed with a
solution of CaCl, (Penta, Chrudim, Czechia, p.a.) (1.381 g, 1.2 X
1072 mol in 25 mL of distilled water). The reaction mixture was
stirred for 30 min at 25 °C. A white precipitate formed and was
collected by filtration, washed with distilled water until neutral pH,
and dried in an oven at 80 °C.

Ca3.1: Phenylphosphonic acid (0.79 g 0.5 X 1072 mol) was
dissolved in 50 mL of distilled water (conductivity <2 uS cm™') and
mixed with 15 mL of 1 M H;PO,, (Sigma-Aldrich, St. Louis, MO, p.a.,
1.5 X 107 mol). The pH of the reaction mixture was increased to 9
by a concentrated aqueous ammonia solution. Then 25 mL of CaCl,
solution (221 g 2 X 107> mol) was added under stirring by a
magnetic stirrer. The reaction mixture was stirred for 1 h (a) at 25 °C,
(b) in an oil bath at 50 °C, and (c) in an ice bath. A white precipitate
formed and was collected by filtration, washed with distilled water,
and dried in an oven at 80 °C. Other samples were prepared by the
same procedure, varying the molar ratio of acids H,PhP:H;PO, (1:3,
1:1, 3:1, and 0:1), while the molar ratio of P:Ca remained constant
(1:1).

Sample characterization: Powder X-ray diffraction (XRD) data
were obtained with a D8 Advance diffractometer (Bruker AXS,

Karlsruhe, Germany) with Bragg—Brentano 6—6 geometry (40 kV, 30
mA), using Cu Ka radiation, and equipped with a LynxEye detector
with a Ni-beta filter. The scan was performed at room temperature
from 4° to 90° (20©) in 0.01° steps with a counting time of 10 s per
step.

Energy-dispersive X-ray (EDX) analysis was performed using a
JSM-SSOOLV electron scanning microscope (JEOL, Tokyo, Japan)
equipped with an EDX microanalyzer (detector GRESHAM Sirius 10,
IXRF Systems, Austin, TX). The accelerating voltage of the primary
electron beam was 20 kV.

Organic elemental analysis (C, H) was performed on a Flash 2000
CHNS elemental analyzer (Thermo Fisher Scientific, Waltham, MA).

Liquid-Based Exfoliation of Particles. Selection of suitable
solvent: 10 mg of powder material was dissolved in S mL of solvent
(water, isopropyl alcohol, ethylene glycol, or glycerol, all Sigma-
Aldrich, St. Louis, MO, p.a.) in a glass vial. The obtained dispersions
were treated by ultrasound in an ultrasound bath with frequency 37
kHz for 1 h. Then the sedimentation and presence of Tyndall
scattering were evaluated 1 and 24 h after the end of ultrasound
treatment.

Preparation of stock dispersions: 200 mg of powder material
(CaPhP or Ca3.1) was dispersed in 40 mL of ethylene glycol and
treated by a T10 Standard Ultra-Turrax high-shear homogenizer
(IKA, Staufen, Germany) equipped with a dispersing tool (S10 D-7G-
KS-65) at 13000 rpm for S min.

Ink Preparation for 3D Printing. The proposed 3D printing inks
were based on a 3 wt % solution of NaAlg (medium viscosity, Sigma-
Aldrich, St. Louis, MO) dissolved in demineralized (DEMI) water
(Millipore Q_system, Merck, Rathway, NJ). The solutions were
prepared by adding the appropriate amount of polymer to DEMI
water and dissolving at 50 °C for 18 h in an oven without mixing. This
procedure provided a viscous solution, which was mixed with further
components.

Layered CaPhP and Ca3.1 particles as well as spherical nanoapatite
(nanoAp) particles (<150 nm particle size, Sigma-Aldrich, St. Louis,
MO) were used in the form of ethylene glycol dispersions. The
concentration of particles in such dispersions was 5 g L™". Also, CaCl,
was dissolved in ethylene glycol to provide a solution of the same
concentration, i.e, S g L.

The previously described dispersions, as well CaCl, solution, were
added to NaAlg solution in concentration of 2 X 107 particles/CaCl,
per 1 mL of NaAlg. The resulting solution was then stirred vigorously
with a glass rod in order to obtain a homogeneous mixture. The
mixing was typically accompanied by an increase in viscosity and
resulted in the pastelike appearance of the materials. Both
components were kept at room temperature during the process.
These materials were subjected to tests designed to establish 3D
printing. In the following text, this stage of materials preparation will
be termed “pre-cross-linked inks”.

Rheological Characterization. Rheological characterization of
the pre-cross-linked inks was performed on an MCR 502 rotational
rheometer (Anton-Paar, Graz, Austria) at 25 °C, using 25 mm parallel
plate geometry. The shear flow behavior measurement occurred when
the system was oscillating at constant 10% deformation with angular
frequency sweep increasing from 0.1 to 630 rad s™".

Additionally, the inks were subjected to cyclic shear stress in order
to characterize them from the 3D printing point of view. The
measurement was conducted in oscillation mode, switching between
low (3 rad s™') and high (100 rad s™*) angular frequency. Both low
and high angular frequencies were always held for 50 s, and the
transition was instant.

3D Printing Experiments. Microextrusion 3D printing experi-
ments were performed on pre-cross-linked inks with a BioX bioprinter
(Cellink, Gothenburg, Sweden) with the following specifications:
polypropylene conical nozzle of 0.41 mm inlet diameter and 0.26 mm
outlet diameter, 3 mL polypropylene syringe, microextrusion syringe
pump printhead, and microscope glass slide printbed. The printhead
speed was 2 mm s~', and the extrusion rate was varied between 1 and
1.5 uL s7' according to each material’s specific behavior. During
printing, both printhead and printbed were kept at 25 °C.
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Figure 1. Schematic representation of the experimental workflow (created with BioRender.com).

The printing ability of the pre-cross-linked inks was evaluated by a
method derived from the filament fusion test.** A zigzag pattern was
printed, with the distance between the strands increasing at
increments of 0.1 mm. This increment was chosen with consideration
for the high swelling of the inks during microextrusion. Images of the
printed patterns were taken using a Dino-Lite AM4815ZT optical
microscope (AnMo Electronics Corporation, Taipei, Taiwan) and
evaluated with the aid of the Image] software (v1.S, Wayne Rasband,
National Institutes of Health, Bethesda, MD). Three characteristics
were obtained from the test: strand thickness, partial fusion distance,
and complete separation distance.

Compressive Strength Testing. Young’s modulus in compres-
sion was measured on 3D printed cylinders (10 mm X 10 mm). Prior
to compression testing, stabilization of the materials was performed in
the following way: The structures obtained from pre-cross-linked inks
were immersed in a 2 wt % aqueous solution of CaCl, for 30 min. The
CaCl, solution was kept at 25 °C, and no mixing was applied during
the final cross-linking. The samples subjected to this treatment will be
termed “fully cross-linked hydrogels” in the following text. An Instron
3345 device (Instron, Norwood, MA) with a 100 N force transducer
was used for compressive strength analysis. The measurement
occurred at constant deformation rate of 1 mm min™".

Morphological Analysis. Scanning electron microscopy (SEM)
imaging was used for observation of the composite hydrogels. Vertical
sections of freeze-dried samples of the fully cross-linked hydrogels

were observed. The SEM analysis was done using the Phenom Pro
instrument (Thermo Fisher Scientific, Waltham, MA) at an
accelerating voltage 10 kV. The samples were sputtered with a
gold/palladium layer prior to imaging.

Atomic force microscopy (AFM) was used to measure the
topological profile of the exfoliated NPs and to determine the
structure and morphology of the hydrogel samples. Measurement was
performed at room temperature on a Dimension ICON atomic force
microscope (Bruker, Karlsruhe, Germany) in peak force mode with a
ScanAsyst tip. Samples of exfoliated particles were centrifuged for 5
min at 6000 rpm, spin-coated on atomically flat mica substrate, and
dried at 60 °C. The morphology of the hydrogels was measured in
sections of native hydrogel samples. The samples were prepared by
cryomicrotome cutting by a diamond knife (Micro Star) at —80 °C.
The primary particle size distribution was analyzed by the SW*° in
accordance with refs 37—39. The sizes are presented as the histograms
of the equivalent circles” diameters.

X-ray computed microtomography (CT) analysis of the printed
structures and their porosity was performed with the help of the
SkyScan 1174 device (Bruker, New York, NY). The device used an X-
ray source (voltage 20—S50 kV, maximum power of 40 W) and an X-
ray detector. The CCD 1.3 Mpix was coupled to a scintillator by a
lens with 1:6 zoom range. The projection images were recorded at
angular increments of 0.5° or 1° using tube voltage and tube current
of 35 kV and 585 A, respectively. The exposure time was set to 15 s,
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Table 1. Influence of the Molar Ratio of Acids on the Obtained Phases

sample molar ratio H,PhP:H;PO,
CaPhP 1:0
Ca3.1 3:1
Cal.l 1:1
Cal.3 1:3
Ca0.1 0:1

basal spacing (A)

composition
15.0 Ca(CH PO,)2H,0
150 Ca(CgH{PO,)g 6> (HPO,) g5 1.18H,0
152 contains Cag(PO,);(OH)
7.6 HCa(PO,)(H,0),
76 HCa(PO,)(H,0),

and no filter was used. The 3D reconstructions and the analysis of the
surface, volume, and porosity of the structures were performed via
built-in CT image analysis software (v1.16.4.1, Bruker). The results,
in terms of images with different X-ray adsorption, and 3D models
were exported from Data Viewer and CTVox v1.16.4.1 software
(Bruker). Prior to CT characterization, the printed hydrogels were
placed in a closed sample holder with increased humidity in order to
prevent drying out during the measurement process. The porosity was
calculated only for a central part of the sample (a cylindrical area of
500 mm X 400 mm) in order to exclude the irregularities of the 3D
surface from CT.

In Vitro Cytotoxicity Testing. For the cytotoxicity study, 3T3
fibroblasts (DSMZ, Braunschweig, Germany) were used. These were
cultured in a CO, incubator in Dulbecco’s Modified Eagle Medium
(DMEM) containing 10% fetal bovine serum (FBS), streptomycin,
penicillin, and L-glutamine, which were all purchased from Gibco
(Life Technologies, Grand Island, NY).

An MTT assay was performed using 3-(4,5-dimethyldiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) purchased from Merck
(Rahway, NJ). MTT at concentration 0.5 mg mL™" was diluted in full
growth media and sterile filtered through a 022 um filter (TPP
Techno Plastic Products AG, Trasadingen, Switzerland). After 24 h
incubation of cells with testing samples, the medium in 96-well TC
plates was replaced with 100 uL of MTT solution and incubated for 3
h. Then the MTT solution was removed, and 100 uL of dimethyl
sulfoxide was added to the wells. Absorbance was determined at 595
nm using a Multiskan FC photometer (Thermo Fisher Scientific,
Waltham, MA).

NPs for MTT cytotoxicity assay were prepared as follows: 10 mg
mL™" of NPs was resuspended in ethylene glycol, and ultrasound was
applied for 1 h. Then the full growth medium (DMEM, 10% FBS)
was used to prepare NP dilutions in the range 107>~10"" mg mL™".
3T3 fibroblasts were seeded on 96-well TC plates at a density of 5000
cells per well and incubated overnight before NPs were applied to the
cells. The cells were treated with NPs for 24 h. Afterward, the MTT
assay was performed as described above.

The cytotoxicity of hydrogels was determined using hydrogel
extracts and direct contact according to 1SO10993-12.

Bioprinting. Bioprinting was performed with BALB mouse
fibroblast cell lines. The cells were cultivated in DMEM (Sigma-
Aldrich, St. Louis, MO) containing 10% fetal calf serum (FCS, Biosell,
Nuremberg, Germany), 1% GlutaMAX (Gibco, Life Technologies,
Grand Island, NY), and 0.1% gentamycin sulfate (Sigma-Aldrich) at
37 °C in a humidified incubator (95% relative humidity, 5% CO,;
Thermo Fisher Scientific, Waltham, MA). The cells were split using
0.05% trypsin (Sigma-Aldrich).

Bioinks were obtained by preparing pre-cross-linked inks
containing either CaPhP or Ca3.1 according to the procedure
described in the section Ink Preparation for 3D Printing and adding
the cell suspension in phosphate buffered saline (PBS, pH 7.4) in 100
uL/1 mL v/v ratio, followed by thorough stirring. The bioinks were
loaded into cartridges and printed by pneumatic extrusion printhead,
using the 3D Discovery Bioplotter (RegenHU, Villaz-Saint-Pierre,
Switzerland). The printing was done through conical nozzles or
cylindrical needles of 0.52, 0.41, or 0.21 mm diameter. A printing
model of a simple 1 cm X 1 cm grid was chosen. The printing
pressure varied according to the bioink’s properties.

Stabilization of the inks was done by immersing the prints in 0.1 wt
% FeCl, solution in PBS for 2 h. Following this, live/dead staining was
performed. The staining solution was prepared as follows: 2 uL of

ethidium homodimer I (dead stain) and 2 uL of calcein
acetoxymethyl ester (live stain) were diluted in 10 mL of PBS. The
staining solution was poured over the prints in a sufficient amount
and left in an incubator for 1 h to allow full diffusion of the staining
solution through the material. The stained cells were visualized in a
DMI6000 fluorescence microscope (Leica, Wetzlar, Germany). The
percentage of living cells was determined in three different places in
the printed structure, and the results were averaged.

Bl RESULTS AND DISCUSSION

Synthesis and Characterization of New Calcium
Phenylphosphonate—Phosphate. The synthesis and ex-
foliation of CaPhP, as well as its use for preparation of
polymer—inorganic nanocomposites, were described in our
previous work.” To increase possible interactions and
compatibility with water-based systems, such as hydrogels,
new material was synthesized where part of the phenyl groups
was replaced by phosphate, followed by characterization,
exfoliation, and optimization of the nanocomposites with
NaAlg solution for 3D printing.

The synthesis of mixed calcium phosphonate—phosphate
follows the same route as preparation of CaPhP which has
been described in our previous works.*”*' Whereas for
obtaining pure CaPhP, keeping the pH > 9 is the only
necessary condition, for material with combined phosphonate
and phosphate groups there are other important factors
influencing the properties of the final product. The molar ratio
of the reacting acids determines not only the composition but
also the basal spacing of the final product. Different molar
ratios were tested (see Table 1). Despite the high affinity of
phosphonate moieties to Ca>" ions,** it was observed that
phosphoric acid forms structures with Ca®>* more easily than
phosphonate acid. Where H;PO, excess occurs in the reaction
mixture (H,PhP:H;PO, ratio 1:3), only the layered structure
of brushite is formed, which does not contain any phenyl-
phosphonate anions (see Figure SI in the Supporting
Information). When the H,PhP:H;PO, ratios 1:1 or 3:1
were used, layered phases with a basal spacing of about 15 A
were formed, together with some hydroxylapatite. The amount
of hydroxylapatite was lower for the 3:1 acid ratio. As
temperature plays a significant role in hydroxylapatite
formation,” change of reaction temperature, either heating
to 50 °C or cooling in an ice bath, was proposed to support
phenylphosphonate—phosphate formation over hydroxylapa-
tite precipitation. It was observed that both heating and
cooling of the reaction can successfully suppress hydroxylapa-
tite formation, leading to pure Ca3.1 in the case of acid ratio
3:1 (see Figure S2). However, in the case of acid ratio 1:1,
hydroxylapatite forms in significant quantities regardless of the
reaction temperature. Additionally, the reaction mixture tends
to thicken while heating, which causes difficulties with stirring.
This problem is not present in cooled reaction conditions.
Thus, the sample (Ca3.1) prepared from a reaction mixture of
3:1 acid ratio, which was cooled in an ice bath, was selected for
exfoliation and application in 3D printing ink. The purity of
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the product was determined by XRD as well as by basal
spacing, which is given in Table 1. The diffraction pattern of
this compound can be indexed (see Table S1) in a monoclinic
system with lattice parameters shown in Table 2. Its chemical

Table 2. Crystallographic Data of the Prepared Ca3.1
Material

material Ca3.l

crystal system monoclinic

a 19.3258 + 0.0003 A
b 11.0287 + 0.0003 A
3 5.7158 + 0.0001 A
B 129.055 + 0.004°

composition was verified by elemental analysis (found: C =
22.47%, H = 2.92%; calculated: C = 22.96%, H = 3.02%), and
the molar ratio P:Ca 1:1 was confirmed by EDX. The
morphology of the resulting particles was determined by SEM
imaging (see Figure S3).

Liquid-Based Exfoliation of Particles. Successful liquid-
based exfoliation depends on suitable solvent selection. An
appropriate solvent that possesses good compatibility with the
material submitted to exfoliation can act as an exfoliating as
well as a stabilizing agent for nanoplatelets formed during the
process.** The suitability of the combination of material and
solvent can be tested by the simple procedure described by
Kopecka et al,,*" in which a small amount of material in solvent
is treated by ultrasound for 1 h. The stability of the obtained
dispersion is observed and the presence of NPs is verified by
Tyndall scattering.** In the present work, four solvents were
tested: water, isopropyl alcohol, ethylene glycol, and glycerol.
These solvents were chosen with respect to their polarity,
promising good compatibility with Ca3.1 nanoplatelets. The
second parameter in selection of a solvent was its miscibility
with water, as the dispersions of exfoliated particles are
intended as components of hydrogel-based 3D printing ink.

The best results were obtained for isopropyl alcohol, where
no sedimentation occurred. Ethylene glycol dispersions also
showed good stability, with only small amounts of material,
which settled down. In the case of glycerol, significant
sedimentation was observed, although Tyndall scattering was
still present. Distilled water did not facilitate any stability in the
dispersion, as no Tyndall scattering could be observed after 1
day of sedimentation. This means that the initial assumption
that the presence of phosphate groups enhances compatibility
with water was not confirmed. However, the potential to

perform liquid-based exfoliation in ethylene glycol provides a
material highly miscible with water-based systems, with low
cytotoxicity.*® Therefore, we have successfully obtained a
material suitable for mixing with aqueous biopolymer solution.

Furthermore, the morphology of the Ca3.1 nanoplatelets
was characterized and compared to previously synthesized
CaPhP.* When liquid-based exfoliation was performed by
high shear homogenizer in the same conditions for CaPhP and
Ca3.1, the mixed structure resulted in nanoplatelets with larger
lateral dimensions, as determined by AFM (Figure 2), which
showed Ca3.1 particles typically in the range of 3.2—3.6 nm
thickness with lateral dimensions varying from 2 to 10 gm after
the exfoliation process. It is assumed that the overlaps are
created upon drying, but in the dispersion the individual
The number-based histograms
illustrate the decrease of the lateral size for CaPhP nanoplates
(the most-populated equivalent diameter ca. 200 nm) in
comparison to Ca3.1 (1300 nm) (Figure S4).

Rheological Characterization of NaAlg Nanocompo-
sites. 3D printing via microextrusion is a technological
process, typically requiring non-Newtonian liquids to achieve
the desired results. In general, low viscosity is advantageous
during extrusion in order to minimize energy consumption and
the mechanical stress applied to the material. However, as the
material is placed freely on the printbed, high viscosity is
required in order to maintain the cylindrical shape of the
filament. Hence, the ideal rheological behavior of a 3D ink is
shear thinning.*” Here, we compare the ability of layered
calcium phosphonate particles to rheologically tune NaAlg
solutions with that of spherical nanoAp particles.

The pre-cross-linked inks displayed clear shear thinning in
the range of 107'—10* rad s™' (see Figure 3A). The
microextrusion process typically corresponds to angular
frequencies of 10® rad s7'; therefore, the selected range is
sufficient to satisfy characterization requirements.”” Three of
the assessed inks showed initial viscosity in the range of 10°—
10* Pa-s, while all the compositions reached viscosities of 10"
Pa-s upon approaching angular frequencies of 10* rad s™". The
spherical nanoAp made virtually no difference to a pure 3%
solution of NaAlg. Therefore, these particles are not suitable as
a viscosity-modifying additive. Furthermore, the non-New-
tonian tendency is rather weak in the case of these two
compositions, and the initial viscosity is in the range of 10" Pa-
s, which would presumably lead to high spreading of the
filament upon deposition during printing.

lamellae are available.*

g
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Figure 2. Atomic force microscopy scans of exfoliated particles. Nanoplatelets of (A) Ca3.1 exhibit greater lateral dimensions than nanoplatelets of

(B) CaPhP.
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Figure 4. Cyclic shearing simulation of the microextrusion process.

300
t(s)

400 500 600

This assumption is further supported by the damping factor,
ie, loss-to-storage modulus ratio (Figure 3B). Where the
viscous response prevails, the material appears to be liquid;
otherwise, the material is solid. Therefore, the damping factor
gives an overall idea of the material’s apparent behavior. A
damping factor above 1, which was measured in the case of
pure NaAlg as well as in nanoAp-modified NaAlg, determined
these inks” behavior as liquidlike in the whole range of angular
frequencies studied here. Conversely, the other viscosity-
modifying additives caused the NaAlg to appear as a solid
throughout the measurement. It can be assumed that the
nanofillers dissociate some Ca?* ions, which are known to
cross-link polyanionic polymers, such as NaAlg.** In order to
assess the influence of the free calcium ions on the rheology of
NaAlg solution, one sample contained no nanoparticulate
fillers, but only free Ca** ions. This sample displayed the
lowest damping factor, determining that the presence of
multivalent jons is a significant factor in the thickening of
NaAlg solution. However, the high prevalence of storage over

loss modulus in this case may cause further problems in 3D
printing accuracy due to the phenomenon of overgelation.*

3D printing via microextrusion involves two main shear
states of the material: (a) extrusion, during which the material
is subjected to shear rates of 10% rad s™* and (b) deposition,
upon which the shear stress suddenly drops to zero. In order to
more closely assess the suitability of the nanocomposite
hydrogels for microextrusion 3D printing, the three selected
inks were subjected to cyclic shear stress rapidly oscillating
between high (extrusion) and low (deposition) shear stress.
Figure 4 clearly shows that the rapid change in shear stress
induces a change of viscosity which occurs within 10 s for any
given rheological modifier. Furthermore, the hysteresis
between cycles is minimal. These qualities are essential for a
successful microextrusion process.”’

It is also clear that there is a large difference in the
magnitude of the change, with the largest occurring with
addition of CaCl,, followed by CaPhP, and Ca3.1. While a
large difference in viscosity is generally beneficial to micro-
extrusion printing, the viscosity values in the case of high shear
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Figure S. Atomic force microscopy topology scans of the section of the modified NaAlg hydrogel samples by (A) Ca3.1 and (B) CaPhP, where

randomly oriented aggregates of nanoplatelets are observed.

stress should be noted. In that situation it is clear that CaPhP
and Ca3.1 containing NaAlg inks reach the same orders of
magnitude of viscosity as pure NaAlg solution (Figure 3A) at
10* rad s™', while the viscosity of CaCl, is 1 order higher in
comparison. This may suggest a certain percentage of
permanent cross-linking being present in the latter case. This
would result in hi§h irregularity of the printed strand during
microextrusion.*”*" It could lead to higher occurrence of
defects and result in overall mechanical weakening of the
printed object. However, the shear-thinning behavior of the
CaPhP- and Ca3.1-modified NaAlg pre-cross-linked inks could
be the result of a flow-induced orientation of NPs. This
phenomenon has been reported for Laponite filler.”**° Due to
the presence of ionic moieties on the surface of the particles, it
is reasonable to assume the occurrence of a house-of-cards
structure due to the particles’ surface saturation by guluronic
acid units of NaAlg. Thus, the rheological behavior of the
presented pre-cross-linked inks could be the result of
analogous phenomena.”® Additionally, it was attempted to
observe the nanoplatelets positioning in the pre-cross-linked
inks by AFM. As can be seen in Figure S, it was possible to
observe randomly arranged particles in the cross section, which
is in agreement with the hypothesis of the house-of-cards
structure formation. However, it should be noted that AFM is
in principle a surface measurement technique, and it may not
reflect the positioning of the platelets in the bulk. Furthermore,
the dimensions of the observed particles are larger compared
to Figure 2, possibly suggesting incomplete exfoliation of the
nanoplatelets. Despite this drawback, the CaPhP and Ca3.1
fillers facilitate significant rheological modification of the
NaAlg solution.

When all the parameters are taken into account, the
rheological evaluation favors the additive as the most suitable
for 3D printing via microextrusion, in terms of viscosity
modification of NaAlg. These assumptions are further tested
by experimental microextrusion.

3D Printing. The main advantage of manufacturing via 3D
printing is the ability to accurately place the material and all its
components in the desired shape and, thus, form highly
homogeneous and precise structures. Printing precision
depends on material characteristics as well as processing
parameters.®” It has been shown above that the inks tested
display similar rheological behavior at high shear rate 4.
Therefore, it is possible to obtain good printing results, as
demonstrated by the printing of several structures, which can
be seen in Figure 6.

The assessment of shape fidelity proposed by Ribeiro et al.*®
describes a filament fusion test method. This method makes

Figure 6. Structures obtained by 3D printing using either CaPhP- or
Ca3.1-modified NaAlg.

readily available three parameters connected to printing
precision. The current study is focused on strand thickness,
partial fusion distance, and complete separation distance. The
evaluation methodology is schematically described in Figure 7.
Table 3 presents the obtained data.

In an ideal 3D printing ink, the strand thickness matches the
nozzle diameter. However, hydrogel inks typically provide
thicker strands than the ideal case. In order to provide complex
characterization of the proposed inks, the die swell of material
suspended from the nozzle and the strand thickness obtained
on the printbed were measured. The strand thickness can be
easily related to the ideal ink by the so-called swelling ratio, or
the ratio of strand diameter to nozzle diameter. A decrease in
nozzle diameter increases the shear stress placed upon the
material during flow. Die swell, i.e., the ratio of real strand
diameter of suspended material at the exit of the nozzle to the
nominal nozzle diameter, is in direct connection to the normal
stresses induced during shear flow of the material.>* It is clear
from the data in Table 3 that lower nozzle diameter induces
higher normal stresses, causing more significant die swell.
Furthermore, the pre-cross-linked ink containing Ca3.1
particles appears to be the least susceptible to the influence
of normal stresses. The presence of fillers influences the
rheological behavior of polymeric systems. There are several
characteristics that need to be taken into account, mainly the
concentration and geometry of the filler.>* It has been found
that the addition of solid particles in low concentrations
generally decreases die swell. This effect is the most
pronounced for fibers and flakes.*® This is consistent with
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Figure 7. Schematic representation of evaluation of printing precision characteristics: (A) die swell, (B-I) filament fusion test printing model, and

(B-1I) example of filament fusion test evaluation.

Table 3. Printing Precision Characteristics of the Examined Pre-Cross-Linked Inks

type of filler die swell strand thickness (mm)  partial fusion distance (mm)  complete separation distance (mm)
nozzle diameter 0.26 mm CaCl, 3.0+£0.5 0.33 + 0.08 17 1.9
nanoAp 32 +02 0.56 + 0.09 22 2.5
Ca3.l 14 +02 0.45 + 0.0 14 1.8
CaPhP 23 +02 0.39 + 0.06 1.4 1.8
nozzle diameter 0.42 mm CaCl, 22 + 04 0.6 + 0.1 1.7 19
nanoAp 22 +04 0.8 +0.1 2.5 2.9
Ca3.l 142 + 0.12 0.51 = 0.07 1S 1.9
CaPhP 20+02 0.45 + 0.08 1S 1.9
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Figure 8. Strand diameter variation diagram: (A) 0.21 mm nozzle; (B) 0.42 mm nozzle.
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Figure 9. Scanning electron microscopy micrographs of cross-section cuts of freeze-dried hydrogels: (A) pure NaAlg, (B) nanoAp filler, (C) Ca3.1

filler, and (D) CaPhP filler.

the findings of the current study, as the lowest die swell was
observed for layered nanofillers—CaPhP and Ca3.1—
compared to using spherical nanoAp or no filler.

However, strand thickness does not follow the same trend as
die swell. As is apparent from Table 3, Ca3.1 filler leads to
higher strand thickness than CaPhP, despite lower die swell. It
is possible to conclude that material spreading due to lower
viscosity in the steady state (see Figure 4) plays a considerable
role. The results for NaAlg pre-cross-linked ink containing only
CaCl, (Figure 8) suggest even thinning of the material upon its
placement on the printbed. This can be caused by the
elongation of the material due to the constant movement of
the printhead. The high viscosity of this ink at steady state
prevents any material spreading.

The partial fusion distance and complete separation distance
are parameters characterizing the nonideality of an ink by
taking into account not only the mean strand thickness but also
its fluctuations throughout the printing process. Under the
assumption of well-designed process parameters in terms of
avoiding turbulent flows in the channel, these fluctuations may
be caused by the accumulation of stress due to the need to
overcome material adhesion to the flow channel walls and also
by inhomogeneities, such as improperly dispersed modifier
particles and air bubbles. The fluctuations typically occur in the
case of overgelation,” when the extreme rigidity of the

material prevents smooth flow. It is evident that though a
thinner nozzle leads to higher swelling of the strand, the strand
thickness distribution is narrower than in the case of a thicker
nozzle (Figure 8). The large variations in strand diameter are
particularly prominent when CaCl, is incorporated, on account
of the overgelation phenomenon. Also, the liquid character of
nanoAp-modified pre-cross-linked ink causes high spreading of
the material, leading to great unevenness in the strand, which is
intensified by greater die swell when a narrow nozzle is used. It
can be assumed that the higher shear stress induced by a lower
diameter of flow geometry contributes to the elimination of
fluctuations in the flow of the material. It is therefore possible
to obtain more precise structures with narrow nozzles than
with wide ones when die swell is taken into account.
Morphology of Hydrogels. The advantageous rheological
characteristics obtained by the incorporation of layered CaPhP
and Ca3.1 in NaAlg solution and satisfactory printing precision
allow the printing of constructs consisting of several layers of
material (up to 25 layers). However, in order to achieve
sufficient long-term stability of the hydrogel and increase its
usability in further applications, a secondary form of cross-
linking is needed. Because of the polyanionic character of
NaAlg, it is readily cross-linkable by the simple addition of
multivalent ions. In order to maintain the nontoxicity of the
scaffold as well as the process, a 2 wt % solution of CaCl, was
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Figure 10. X-ray computed microtomography reconstruction of 3D printed NaAlg structures: (A) pre-cross-linked ink structures, (B) fully cross-
linked hydrogel structures, (1) CaPhP filler, (2) Ca3.1 filler, and (3) CaCl, substitute for filler.

chosen as the source of multivalent ions. To assess the
influence of ionic cross-linking on the morphology of printed
constructs, SEM and CT analyses were applied.

Scanning electron microscopy imaging of freeze-dried
hydrogels provided an insight into their inner structure. The
hydrogels contained large pores, and their structure appeared
to consist of laminated layers (see Figure 9).

CT measurement was used to characterize the overall shape
and porosity of the printed constructs (multilayered grids). As
seen in Figure 10, the best printing precision was achieved with
CaPhP rheological modifier. Furthermore, it is apparent that
the printed structures lose some shape fidelity and shrink in
volume when ionic cross-linking is applied. The porosity
present in the 3D structure due to fabrication by micro-
extrusion was also evaluated from CT data. While CaPhP and
CaCl, resulted in open porosity of approximately 25%, Ca3.1
provided open porosity below 0.2% and no closed porosity
(see Table 4). This is consistent with the comparatively higher

Table 4. Analysis of Printing Induced Porosity of Hydrogel
Scaffolds before and after Ionic Cross-Linking

closed porosity number of
open porosity (%) (%) pores
ionic cross-linking  before after  before  after  before after
CaPhP 25.43 25.85 0.61 0.10 28 22
Ca3.1 0.13 0.01 0.01 0.01 N 3
CaCl, 23.89 25.85 0.01 0.12 3S 22

spreading of the material during printing, which was discussed
earlier. In all cases, the number of pores slightly decreased with
the application of ionic cross-linking. Additionally, open
porosity increased in the case of CaPhP- and CaCl,-modified
NaAlg samples. It can be assumed that the cross-linking causes
the structure to collapse, leading to overall shrinkage, partial
collapse of the structure, and the joining of pores in close
proximity. This results in fewer pores with larger areas,
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Figure 12. In vitro cytotoxicity test of (A) ethylene glycol dispersions of nanofillers after 24 h treatment of 3T3 fibroblasts, (B) extracts of NaAlg
hydrogels, and (C) NaAlg hydrogels in direct contact developed in the study using 3T3 fibroblasts.

increasing porosity. It can be speculated that the described
differences between agents for rheological modification result
from their different chemical natures. These nuances ought to
alter the material’s surface energy, for both the organo-
phosphonate particles and the composite ink. The higher
surface energy of Ca3.1 containing NaAlg may explain part of
the discrepancy in the behavior of CaPhP- and Ca3.1-filled
hydrogels. However, this assumption needs further evaluation.
Compressive Strength. In order to increase the stability
of the printed structures, ionic cross-linking was applied to
them. The mechanical stability of hydrogels results from a
variety of factors, both intrinsic (such as polymer M,, or cross-
linking density) and extrinsic (shape and construction of the
sample, temperature, etc.). Furthermore, fillers play a crucial
role in guiding the mechanical performance. They can work as
reinforcement, increasing the strength of a material, or as
plasticizers. Hard inorganic particles, such as those present in
the current study, generally work as reinforcing fillers due to
their restricted ability to compress. Figure 11 shows the
compressive moduli of NaAlg with various fillers. Nano-
particles of nanoAp failed to provide sufficient strength to the
ink, and the structure collapsed during printing. Therefore,
these hydrogels are excluded from the mechanical analysis.
The different infill density refers to the volume of free space
in the printed cylinder. There is no distinct trend indicating
correlation between infill density and compressive modulus of
the hydrogels. However, there is a sharp increase of modulus
(2 times or more) when the hydrogel is washed in DEMI water
for several days. The values of the moduli are consistent with
results published elsewhere.****” This treatment ensures the

diffusion of excessive ions out of the hydrogel. This
phenomenon is likely caused by a difference in swelling
behavior with respect to the environment. The polyelectrolytic
nature of NaAlg causes higher swelling in ion-rich environ-
ments. Indeed, swelling has been reported to be lower in water
than in salt solutions.* Also, the equilibrium swelling in CaCl,
solutions is dependent on their concentration, peaking at 2 wt
9%, the concentration used for the cross-linker in this study.
Furthermore, the concentration of Ca** in the hydrogels is
likely to induce conjugation of junction zones of a-L-guluronic
acid and f-p-mannuronic acid. These junctions lead to the
collapse of the polymer network, which results in a decrease of
Young’s modulus.’ The washed samples are more suitable for
mechanically demanding applications. Additionally, it is
possible to assume that high salt concentration may be
harmful to cells.” Therefore, the highly concentrated CaCl,
solution is unsuitable for applications involving direct contact
with living cells, specifically bioprinting, as washing is necessary
from both a mechanical and a cytocompatibility point of view.

In Vitro Cytotoxicity. The potential application of the new
hydrogels prepared in this study is as scaffolds in regenerative
medicine. In this respect, the cytotoxicity of pure NPs and of
fully cross-linked hydrogel formulations was assessed according
to ISO norm 10993-12 using 3T3 fibroblasts and MTT assay.
Three types of NPs were tested in the concentration range
1072—107° mg mL™". As can be seen from Figure 124, the NPs
were found to be nontoxic up to a concentration of 107 mg
mL™", which is 10000 times higher than the concentration
necessary for rheological modification. It can be concluded that
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Table S. Bioprinting Conditions

printhead tip cylindrical needle

diameter (mm) 0.52 0.41
printing pressure (kPa) 46.9 519
stabilization with Fe** stable stable

conical nozzle

0.21 0.52 0.41 0.21
82.6 88.7 119.7 178.0
unstable stable stable unstable

Live:85+2 %

Live:75+4 %

Live:92+2 %

Live:80+2%

Figure 13. Live/dead staining of bioinks after 3D printing: (A) 0.52 mm diameter nozzle, (B) 0.52 mm diameter needle, (C) 0.42 mm diameter

nozzle, and (D) 0.42 mm diameter needle.

the use of all three types of NPs is safe from the
cytocompatibility point of view.

Further, the cytotoxicity of different hydrogel formulations
was tested after direct contact with hydrogels and as hydrogel
extracts (Figure 12B,C). All prepared hydrogels were non-
cytotoxic. Thus, the presented materials have potential in
biological applications, including scaffold fabrication and cell
cultivation.

Bioprinting. The simple usage of the bioink was possible
due to the highly shear-thinning character of the pre-cross-
linked inks, which imposes minimum stress on the cells during
rapid mechanical mixing. The Ca3.1 nanofiller was chosen as
the most suitable option due to its higher damping factor
compared to CaPhP-formed pre-cross-linked ink, which is
presumed to be beneficial to protecting the encapsulated cells

during microextrusion 3D printing.63 In order to map the
effect of printhead shape and size on cells, the experimental 3D
bioprinting was conducted with two types of printhead tips—
cylindrical needle and conical nozzle—of three different sizes:
0.52, 0.41, and 0.21 mm. It is expected that a narrower
printhead causes higher shear stress and will result in lower cell
viability.®* Additionally, the cylindrical needle imposes
constant high shear stress on the material, including the
cells, whereas the shear stress increases gradually with the
conical nozzle.*® In fact, printing pressure increases with the
decrease of tip diameter, as well as between nozzle and needle,
which is in agreement with theory (see Table ).
Stabilization of the NaAlg pre-cross-linked inks with 2 wt %
CaCl, solution is incompatible with living cells, as the high salt
concentration is cytotoxic.’> Therefore, an alternative final
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cross-linking method was proposed: 0.1% MCI, solution in
PBS, where M stands for a metal cation: Zn>*, Mg®", or Fe*".
The results can be found in the Supporting Information
(Figure SS). Because of good long-term stability, FeCl; was
chosen for the stabilization of the bioprinted structures. The
significant decrease of salt concentration would allow the
washing out step described earlier to be omitted, enabling (a)
the achievement of maximum mechanical strength in one step
and (b) the immediate cultivation of cells placed on the surface
of the printed structures or encapsulated in the printing
material itself. In other words, the alteration of the full cross-
linking procedure is a step toward preparation of a bioink.
Additionally, Fe®* appears more advantageous than Ca®* on
account of its improved mechanical stability, stimuli-
responsiveness, and redox properties.”® However, the need to
significantly reduce the concentration of multivalent ions in the
cross-linking solution leads to a lower rate of final cross-linking
and a 4-fold increase of cross-linking time from 30 min to 2 h.
This prolonged exposure to a high-water-content environment
caused dissolution of the pre-cross-linked inks in some cases
(see Table 5).

It was observed that printed strands of lower dimensions
disintegrate faster than bulky structures, and the prints
obtained by a 0.21 mm diameter tip all dissolved before
live/dead assay could be performed. Previously, it was found
that porous structures formed of Ca3.1-modified materials
tend to collapse during the final cross-linking (see Table 4).
This led to the creation of bulkier printed structures,
decreasing the disintegration rate.

Live/dead staining was used as a qualitative assessment of
the materials’ usability as bioink. Ethidium homodimer, a DNA
stain, cannot penetrate an intact cell membrane;®® thus, it can
be used as an efficient means to detect mechanical damage
resulting from microextrusion.”” It can be seen that extrusion
printing with BALB/3T3 cells sustains 70—90% cell viability
(Figure 13). Therefore, BALB cells can be safely encapsulated
in Ca3.1-modified NaAlg, forming a bioink for printing via
microextrusion.

Bl CONCLUSION

The current study aimed to employ layered nanoparticulate
organophosphonate-based fillers in order to achieve rheo-
logical modification of NaAlg solution through the formation
of a house-of-cards structure. In order to increase the
hydrophilicity of NPs, enhancing the interactions in aqueous
NaAlg solution, a novel material, Ca3.1, was synthesized. Its
ability to modify the flow behavior of the polymer solution was
compared to that of previously developed layered CaPhP NPs
as well as to spherical nanoAp. Furthermore, the effect of Ca®*
dissociation was assessed by omitting the nanofiller carrier and
using free Ca”* ions in solution.

It was found that spherical nanoAp does not have any effect
on NaAlg rheology as it is incapable of spontaneously creating
the desired random arrangement. Free Ca?* jons, however, lead
to significant stiffening of the polymer, which causes
overgelation and loss of printing precision. Therefore, the
use of layered nanofillers—CaPhP and Ca3.1—shows
potential to create highly precise constructs by microextrusion
3D printing.

In order to maintain the long term stability of the hydrogels,
a secondary cross-linking using multivalent ions (Ca®* or Fe**,
respective of a single-step or multistep cell cultivation
procedure) was used. This cross-linking led to a certain

shrinkage of the hydrogel and the loss of a portion of printing-
induced porosity. It also led to a decreasing of stiffness in
compression. However, this loss of stiffness was reversible by
extracting the excess Ca" ions.

In summary, we have described the synthesis of novel
layered organophosphonate NPs, as well as their use as
rheological modifiers for biopolymer-based hydrogels. We have
shown that these layered organophosphonates provide high
printing precision in microextrusion experiments. Furthermore,
we have used the NaAlg-based matrices modified with Ca3.1
for the encapsulation of BALB/3T3 cells and experimental
microextrusion bioprinting. This process was proved to be
nonharmful. Thus, the potential to use the materials described
in this study for bioprinting is proved.
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Abstract: In the current study, we present methods of sodium hyaluronate, also denoted as
hyaluronan (HA), nanofiber fabrication using a direct-current (DC) electric field. HA was spun
in combination with poly(vinyl alcohol) (PVA) and polyethylene oxide (PEO) and as a pure polymer.
Nonaggressive solvents were used due to the possible use of the fibers in life sciences. The influences
of polymer concentration, average molecular weight (M), viscosity, and solution surface tension
were analyzed. HA and PVA were fluorescent-labeled in order to examine the electrospun structures
using fluorescence confocal microscopy. In this study, two intermediate solvent mixtures that facilitate
HA electrospinning were found. In the case of polymer co-electrospinning, the effect of the surfactant
content on the HA /PVA electrospinning process, and the effect of HA M,y on HA /PEO nanofiber
morphology, were examined, respectively.

Keywords: electrospinning; hyaluronan; poly(vinyl alcohol); polyethylene oxide; nanofibers;
intermediate solvent; fluorescence confocal microscopy

1. Introduction

Electrospinning, nowadays a well-established fiber-fabrication method first described in 1902
by Cooley and Morton [1,2], is based on several electrohydrodynamic phenomena [3]. The method
utilizes Taylor cones, the product of electric field-induced instabilities in liquid bodies stabilized by
capillary forces. However, if electric forces overcome capillary forces, a liquid jet is ejected, which is
then subjected to elongation at high rates, causing a decrease in diameter up to micron fractions. Due to
the large specific surface of the polymer jet, rapid evaporation of the solvent occurs, leading to the
solidification of the polymer jet in the form of a nanofiber. Several instabilities may occur and disrupt
the electrospinning process, causing particle formation (so-called electrospraying), bead-on-string
structure formation, or branching. The preliminary cause of these phenomena is Rayleigh instability,
which is surface tension-driven and electrostatically hindered. Similarly to Taylor cone formation prior
to electrospinning, cone-shaped undulations may be formed on the cylindrical jet, leading to jet collapse
if the charge per unit area is small, providing electrospraying or bead-on-string structured fibers,
or undulation stabilization and elongation, giving branched fibers [3,4]. This technique inherently
gives nonwoven mats composed of infinite fibers. In practice, DC electric fields of up to tens of
kilovolts magnitude are used in most cases.
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Nanofibrous materials have uses in many industry fields, for example, in porous materials [5-7],
the fuel cell industry [8,9], petroleum engineering [10,11], and particularly biomedical applications
such as wound dressing [12,13], drug delivery, [14,15], or tissue engineering [16,17]. The most
popular synthetic polymers for electrospinning include polyethylene oxide (PEO), poly(lactide),
and polyethyleneimine [4,18,19]. Regarding natural polymers, proteins, such as silk fibroin [20],
or polysaccharides, such as alginate, cellulose, or chitosan, can be used [14]. The presence of a
nanostructure was proven to enhance cell proliferation [21], which is why combined 3D printing
and electrospinning techniques are widely studied for potential uses in tissue engineering (see, e.g.,
Mori et al. (2018) [22]).

Hyaluronan (HA) is a polysaccharide abundant in the extracellular matrix of living organisms.
Its primary structure is linear, and its secondary structure is typically a twisted ribbon. Due to a rather
stiff backbone chain caused by the disaccharide structure, internal hydrogen bonds, and interactions
with solvents, the ternary structure is an expanded random coil [23,24]. It was experimentally proven
that the presence of ions can influence coil diameter [25]. The coil structure is capable of absorbing
approximately 1000 times its weight of water [26]. This provides solutions of HA with extraordinarily
high viscosity at low concentrations, as well as shear-thinning behavior. Its excellent biocompatibility
and solubility in water makes it a popular choice in biomedical applications [27]. HA melt processing
is impossible due to its instability at high temperatures [28].

The main complications in HA solution electrospinning are the high surface tension of HA
aqueous solutions, extremely high viscosity at low concentrations, preventing the formation of highly
concentrated solutions, and the low evaporation rate of water. Attempts to fabricate HA nanofibers
using electrospinning have been made by many researchers. A common approach to electrospinning of
polymers with low spinnability is the use of a highly spinnable polymer that then serves as a dragging
polymer [20,29].  Under certain conditions, this approach provides core-shell nanofibers, as was
demonstrated by Ma et al. (2017) [30] using chitosan and an HA solution. To overcome the problem
of high surface tension, the use of surfactants [31] or a different solvent choice is possible [27,32,33].
According to Malkin et al. (2017), a change in solvent also has a positive effect on spinnability due to
introducing a polymer—solvent demixing solidification mechanism [34]. Previously, it was assumed that
electrospinning is only possible above critical concentration, i.e., polymer concentration corresponding
to one entanglement per chain [3]. However, using solutions of PEO and polyethylene glycol (PEG),
Yu et al. (2006) demonstrated that electrospinning is possible below critical concentration [35].
It was argued that the ability to form smooth fibers via electrospinning is governed by solution
elasticity [36-38]. On the other hand, Shenoy et al. (2005) performed electrospinning experiments on
several polymer solutions, and concluded that complete stabilization of the electrospinning process
is provided by a minimum of 2.5 entanglements per chain [39]. Malkin et al. (2017) argued that
stabilization of the electrospinning process can be achieved at concentrations below critical if an
intermediate solvent is used [34]. Experiment evidence suggests great contribution of solution
elasticity, interaction parameters, surface tension, and conductivity to the electrospinning process.
Ambient parameters, such as temperature and humidity, need to be taken into account as well [40].
Although there have been attempts for analysis of electrospinning jet behavior [4,41], so far none are
comprehensive enough to account for all influence.

In the current study, nanofibrous mats containing HA were obtained using electrospinning.
Two approaches were employed: HA co-electrospinning in a blend with highly spinnable polymers
PVA and PEO, respectively, and the use of an intermediate solvent. As intermediate solvents, mixtures
containing water and isopropanol (IPA), and water, ethanol EtOH, and methanol (MeOH) were
used. The solvent mixtures were found with the aid of a Teas graph, incorporating the method
described in Luo et al. (2010) [42]. We attempted to offer insight on the influence of shear viscosity
and polymer-chain conformation in the solution on the electrospinning process. Furthermore,
HA and PVA were fluorescent-labeled, which allowed the products to be observed by fluorescence
confocal microscopy.
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2. Materials and Methods

2.1. Materials and Chemicals

HA of M, 243 kDa, 370 kDa, 600 kDa, and 1180 kDa was purchased from Contipro a.s.
Demineralized (DEMI) water was prepared using the Milipore Direct-Q 3UV system. PVA of M,
89-98 kDa, 99+% hydrolyzed, PEO of M, 300 and 600 kDa, respectively, EtOH absolute Spectranal, IPA
puriss p.a., ACS reagent, disodium hydrogen phosphate dodecahydrate >99%, 4-acetamido-TEMPO
free radical, 97%, dimethyl sulfoxide (DMSO) ACS reagent, >99,9%, Nile Blue A, dye content >75%,
NaBH3CN reagent grade, 95%, pyridine anhydrous 99.8%, dibutiltin dilaurate, 95%, fluorescein
isothyocyanite isomer (FITC), >90% and benzethonium chloride (BEC), >97% were purchased from
Sigma Aldrich. MeOH p.a. was purchased from Lach:Ner. Sodium bromide pure was purchased from
Lachema a.s. Sodium hypochlorite solution pure was purchased from Penta. NaCl PharmaGrade was
purchased from SAFC. NaHCO3 ACS Grade was purchased from VWR.

2.2. HA Fluorescent Labeling

In order to prepare Nile Blue A labeled-HA (600 kDa), HA was initially oxidized according to
a previously published method, Huerta-Angeles et al. (2012) [43], followed by fluorescent labeling
described in émejkalové etal. (2017) [44].

Initially, HA (1 g) was dissolved in 10 mL of DEMI water. To the HA solution, sodium bromide
(0.129 g) and disodium hydrogen phosphate (0.771 g) were added. The reaction mixture was cooled
to 5 °C, followed by the addition of 4-acetamido-TEMPO (5 mg) and 450 puL of sodium hypochlorite.
The reaction was carried out for 45 min under nitrogen atmosphere at 5 °C. The oxidized HA was
dialyzed against DEMI water for 3 days and freeze-dried (yield: 96%). In the second step, an aqueous
solution (2 wt.%) of oxidized HA (0.5 g) was stirred with Nile Blue A (92 mg) predissolved in DMSO
(5 mL) for 5 h. Subsequently, NaBH3CN (79 mg) was added to this reaction mixture which was then
stirred over night at room temperature. The crude product was precipitated by NaCl solution and IPA,
and the remaining Nile Blue A was washed out using IPA. The product was then dialyzed against
0.5 wt.% NaCl and 0.5 wt.% NaHCO3 aqueous solutions for 2 days and against DEMI water for 3 days.
The final product was obtained in a form of a blue lyophilisate (yield 78%).

2.3. PVA Fluorescent Labeling

PVA was labeled with FITC following the procedure published by Kaneo et al. (2005) [45]. Briefly,
PVA (2.5 g) was dissolved in DMSO (66.6 mL) and pyridine (416.6 uL) under stirring at 80 °C for 24 h.
FITC (83 mg) and dibutiltin dilaurate (31 pL) were added to the PVA solution and the reaction was
carried out for 2 h at 95 °C in darkness. The crude product was precipitated and washed with IPA,
followed by dialysis against DEMI water and lyophilization. The yield of the reaction was 88%.

2.4. Solutions Preparation

HA of respective M,, was dissolved in binary and ternary solvent mixtures at 50 °C under
vigorous stirring for 48 h regardless the HA My, and solvent mixture, to obtain completely
homogenized solution. The solvent mixtures chosen for the experiments were H,O:IPA in 10:7
weight ratio, and HyO:EtOH:MeOH in 5:5:1 weight ratio.

HA /PVA blend solutions with BEC surfactant were prepared in the following way; 2 wt.% HA
600 kDa solution and 1 wt.% PVA 89-98 kDa solution were prepared separately by dissolving the
respective polymers in DEMI water for 24 h at elevated temperature (50 °C for HA, and 80 °C for PVA).
BEC aqueous solutions of the following concentrations: 1 wt.%, 2 wt.%, 5 wt.%, and 10 wt.% were
prepared separately as well. The final solutions were prepared by mixing 2.5 g of HA solution with
2 g of PVA solution. After the components were properly mixed, 0.03 g of BEC solution of respective
concentration was added and the solution was mixed properly. Slight turbidity appearance was
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observed upon the surfactant addition. For the purpose of confocal microscopy, 4% of the respective
polymer content was replaced by fluorescent labeled analogue.

HA /PEO 2 wt.% blend solutions were prepared by mixing the polymers at 1:1 weight ratio and
dissolving them in DEMI water by stirring vigorously at room temperature for 48 h. HA M, used were
243, 370, and 600 kDa. PEO M,, used were 300 and 600 kDa. For the purpose of confocal microscopy,
4% of HA content was replaced by Nile Blue A labeled HA.

2.5. Electrospinning Equipment

A homemade electrospinner consisting of high DC voltage power supply Spellman SL150,
a grounded metal collector, 40.3 mm in diameter, and a simple metal rod spinneret, 8 mm in diameter,
were used in the study (see Figure 1). The tip-to-collector distance was kept at 76 mm. Experiments
were conducted in air atmosphere at room temperature and humidity, and normal pressure. The fibers
were collected using a recycled paper substrate to ensure good adhesion.

Grounded collector

High DC voltage
power supply

Spinneret
(a) (b)

Figure 1. Electrospinning device: (a) device scheme and (b) device used in experiments.

2.6. Characterization

Dynamic viscosity was determined using a Malvern Kinexus Pro+ rotational rheometer with
cup-and-bob geometry. The measurements were conducted at 25 °C at 11 different shear rates ranging
from 0.1to 10s~ 1.

Portable conductometer Mettler Toledo Seven2Go Pro was used to determine the conductivity of
the solutions. Each solution was measured 3 times at room temperature.

Surface tension was determined by a pendant drop method using a Kriiss Drop Shape Analyzer
DSA 100. Three separate drops of each sample were measured. Each drop was measured 30 times with a
1's delay between the measurements. Dixon’s Q-test was used to exclude the outliers. The measurement
was conducted at 25 °C in an air atmosphere.

The fiber morphology analysis was done using a Phenom Pro X Scanning Electron Microscope
(SEM) in the backscattered electron mode. The samples were sputtered with a layer of gold prior
to the analysis. Acceleration voltage was 10 kV. Optical analysis of the images was done using
Image]J software.

An Olympus FLUOVIEW FV3000 Laser Scanning Microscope was used for fluorescence confocal
microscopy. Excitation wavelenghts available were 405, 488, 561, and 640 nm. Wavelength ranges
600-640 nm and 450-520 nm were, respectively, used as emission spectra for HA labeled by Nile
Blue A, and PVA labeled by FTIC. The immersion objective (Z = 60) with numerical aperture A = 1.35
was used for nanofibers observation.
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3. Results and Discussion

The electrospinning process is highly dependent on the intrinsic properties of the spinning
solution. The most prevalent were polymer M, concentration and polydispersity, all of which
were reflected in viscosity, and also surface tension and conductivity [40]. Higher conductivity
was presumed to facilitate stability in the spinning process [4], while high surface tension prevented
electrospinning onset [3]. Measurement of shear viscosity was done at low shear rates in a narrow range,
since the formation of a Taylor cone in sufficiently conductive fluids typically occurs without inducing
high shear rates [46], and solutions are considered Newtonian liquids in this part of the process.

3.1. HA/PVA Blend Aqueous Solutions

In the past, electrospinning HA /PVA aqueous solutions was not possible without the addition of
a small amount of surfactant. BEC was chosen due to the coil-shrinking effect on HA conformation [24],
which we assumed to be beneficial in terms of electrospinning.

The surface tension of HA/PVA blend aqueous solutions was lower than the HA aqueous
solutions (around 70 mN-m~!, see Jurogkovd (2017) [47]), which is likely the result of surfactant
BEC addition. Surface tension decreases with increasing of BEC content. Solution conductivity was
increased by the increase of BEC content as a result of BEC ionic nature (see Table 1).

Table 1. Characteristics of Hyaluronan (HA)/Poly(vinyl alcohol) (PVA) blend solution with
benzethonium chloride (BEC).

BEC Content [wt.%] Surface Tension [nN-m~']  Conductivity [uS -cm 1]

0.006 437+ 0.9 1473 £ 7
0.013 426+0.2 1496 £+ 2
0.033 414+ 0.6 1513 + 4
0.065 41.1+02 1546 + 4

HA /PVA blend aqueous solutions show the highest conductivity of the spinnable solutions used
in the current study (see Tables 1 and 3-5). This is likely the synergic effect of dissociation of HA and
PVA in water, and the addition of ionic surfactant to the solution.

Low polymer concentration causes the viscosity of the solutions to be low as well. As apparent
from Figure 2, there was a quick drop of viscosity present upon addition of 0.065 wt.% of BEC.

0.8
L ~ A 0,006 wt.% BEC
o ~BF0,013 wt.% BEC
L {CH0,033 wt.% BEC
L ~DF0,065 wt.% BEC
0.7+
Z L
s [+
&t
[}
g B
= F
2 L
S L
] r
> 0.6+
0,
0.5 : 1 1 1 IIIIIII: 1 1 IIIIIIII:
0.1 10

1
Shear rate [1/s]

Figure 2. Viscosity of HA /PVA blend solutions with BEC as a function of shear rate.
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0.065 wt.% of BEC was close to critical aggregation concentration [24] and HA coil shrinkage
was expected, causing significant increase in turbidity of the solution, which was observed during
the preparation, and it was in agreement with findings of Gfundélova et al. (2013) [24]. It is safe
to assume that BEC effectively created an intermediate solvent to HA, and electrospinning HA is
therefore encouraged not only by mixing with highly spinnable PVA, but also by the intermediate
solvent effect. Due to HA precipitation, further increase of BEC content would be counterproductive.

The effect of surfactant content on electrospun-structure morphology and the electrospinning
process was examined. As the BEC content increased, the minimum spinning voltage decreased
(see Table 2) due to the decrease in surface tension.

Table 2. Morphology analysis of HA /PVA blend solutions with BEC electrospinning products.

BEC Content [wt.%] Spinning Voltage [kV] = Product Form  Beads Diameter [um] Fibers Diameter [um]

0.006 20.4 Elongated beads 0.1-0.5 /
0.013 18.8 Elongated beads 0.3-0.7 /
0.033 17.5 Bead-on-string 0.1-0.8 0.03-0.06
0.065 159 Bead-on-string 0.2-0.6 0.06-0.1

With the increase of BEC content, product morphology shifted from elongated beads to
bead-on-string structured fibers (see Figure 3).

Figure 3. Scanning Electron Microscopy (SEM) micrographs of electrospun structures obtained from
HA /PVA blend solutions with BEC. BEC content (a) 0.033 wt.%. and (b) 0.065 wt.%.

The increase in stability may be the result of increased conductivity of the solution, as argued by
Reneker and Yarin (2008) [4], or the increase in polymer—polymer interactions, i.e., lowering solvent
quality, which would be in agreement with the findings of Malkin et al. (2017) [34]. However,
electrospinning smooth fibers was not achieved by this method. There were multiple reasons,
such as insufficient solution elasticity, difference in HA and PVA viscoelastic behavior, or uneven BEC
distribution, leading to formation of clumps of the respective polymers. Higher BEC content also led
to the formation of multiple Taylor cones, therefore increasing the yield of the process. To proceed
on this subject, it would be possible to choose a different surfactant with higher critical aggregation
concentration, or alter the HA /PVA ratio in the solution in a way to increase the elongation elasticity.
Both approaches would certainly lead to a better understanding of the co-electrospinning phenomenon,
and might lead to smooth nanofiber production. The electrospun structures did not exceed 1 um in
diameter (see Table 2).
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Nile Blue A labeled HA 600 kDa and FITC labeled PVA 89-98 kDa blend aqueous solution
containing 0.065 wt.% of BEC was electrospun, and the products were observed by fluorescence
confocal microscopy. It is clear from Figure 4 that both polymers are present jointly in fibers,
as well as beads. However, due to insufficient magnification it was not possible to determine the
respective position of the polymers within the structures. The absence of some structures when
illuminated by a different wavelength suggested fluctuation in the contents of the respective polymers
throughout spinning.

(b)
Figure 4. Cont.
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Figure 4. Fluorescence confocal microscope micrographs of electrospun structures obtained from Nile
Blue A labeled HA 600 kDa and FITC labeled PVA 89-98 kDa aqueous solution with BEC content
0.065 wt.%. (a) Nile Blue A labeled HA visible. Emission spectrum 600-640 nm. (b) FITC labeled
PVA visible. Emission spectrum 450-520 nm. (c) Both fluorescent labeled polymers visible—combined
emission spectra.

3.2. HA/PEO Blend Aqueous Solutions

HA/PEO blend solutions were spun in order to produce HA containing nanofibers from aqueous
solutions without use of any additional substances, such as surfactants or salts. PEO served as elasticity
and shear viscosity mediator, as well as a highly spinnable polymer for co-electrospinning. In order
to examine the influence of HA M,y on the electrospinning process, PEO was used in such M, and
concentration that would facilitate the electrospinning of all HA M,, chosen. The PEO M,, and
concentration were found experimentally.

Surface tension of HA/PEO blend aqueous solutions was significantly higher than the one of
HA in intermediate solvents solutions (see Tables 3-5) due to use of water as a solvent, but still
considerably lower than HA aqueous solutions [47], caused by the surface tension-enhancing effect
of HA being hindered by the presence of PEO, which induced a decrease in surface tension of the
aqueous solutions instead [48].

Table 3. Characteristics of HA /Polyethylene oxide (PEO) aqueous blend solutions.

PEO M,, [kDa] HA My [kDa]l Surface Tension [nN-m~'] Conductivity [4S-cm~1]

243 46 +£2 1284 + 8
300 370 493 +0.2 1255 +7
600 49+ 2 1241+ 6
243 51+2 1312 + 4
600 370 5242 1258 =3
600 54+1 1213 £ 3

The effect of respective polymers M, on the surface tension was inconclusive, as a result of the
low polymer concentration used (2 wt.%). Conductivity of the solutions was significantly higher than
that of the pure HA solutions (see Tables 3-5), despite the lower concentration of HA. This can be
attributed to the higher dissociation of HA in water than in solvents containing alcohols. As a result of
the increase in molar fraction with the decrease in M,y while the same weight fraction of a polymer
was kept, solution conductivity slightly decreased with the increase of HA M,,. As the M,, decreased,
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the effect of the end groups also gained significance and, in the case of HA and PEO, contributed to
conductivity as well.

Table 4. Characteristics of HA solutions in HyO:Isopropanol (IPA) in 10:7 weight ratio solvent mixtures.

My, [kDa] Concentration [wt.%] Surface Tension [mN-m~1] Conductivity [uS-cm™1]

3.2 27 £1 854 £ 2
600 2.3 25+05 568 £1
1.3 262+0.3 465 + 1
29 24£+3 682 £ 2
1180 1.2 28 £2 386 £ 2
1.0 271 +0.5 343 +2

Table 5. Characteristics of HA solutions in HyO:Ethanol (EtOH):Methanol (MeOH) in 5:5:1 weight
ratio solvent mixtures.

M,, [kDa] Concentration [wt.%] Surface Tension [mN-m 1] Conductivity [uS-cm—1]

2.8 323+£09 740 £ 8
600 2.4 30.5+0.5 748 £1
0.7 302+ 0.8 249 +£1
2.3 274+ 0.8 704 £1
1180 22 28 £2 616 £1
1.5 276 £0.9 459 +£1

Solution viscosity dropped as the M,, of the respective polymers decreased (see Figure 5).
Viscosity was significantly lower than that in the case of solutions of HA in intermediate solvents,
which was one of the purposes of adding PEO into an HA aqueous solution.

10

= A F=PEO 300 kDa, HA 243 kDa
= B [=PEO 300 kDa, HA 370 kDa
{C |=PEO 300 kDa, HA 600 kDa
= D =PEO 600 kDa, HA 243 kDa
{E |~ PEO 600 kDa, HA 370 kDa
={F [=PEO 600 kDa, HA 600 kDa

[F— ({5
P~

Viscosity [Pa.s|
MEIARA Y

1
Shear rate [1/s]

Figure 5. Viscosity of HA/PEO blend solutions as a function of shear rate.

In order to examine the effect of HA M, on the morphology of structures electrospun from
HA/PEO blend aqueous solutions, the processing parameters, i.e., tip-to-collector distance and
spinning voltage, were kept constant for each series of samples. All of the solutions gave bead-on-string
structured fibers, which was a result of Raileygh instability acting on a conductive liquid jet in a strong
electric field [4]. The structures did not exceed 1 um in size (see Table 6).
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Table 6. Morphology analysis of HA /PEO blend-solution electrospinning products.

PEOM,, HAM,, Spinning Voltage [kV] Product Form Beads Diameter [um] Fibers Diameter [um]

243 18.2 Bead-on-string 0.25-0.5 0.02-0.05
300 370 18.2 Bead-on-string 0.3-0.5 0.03-0.07
600 18.2 Bead-on-string 0.2-0.6 0.04-0.1
243 24.5 Bead-on-string 0.2-0.7 0.05-0.1
600 370 24.5 Bead-on-string 0.3-0.6 0.05-0.1
600 24.5 Bead-on-string 0.3-0.6 0.03-0.09

As can be seen in Figure 6, the shape of the beads was influenced by the M,, of PEO. If PEO
300 kDa (Figure 6a—c) was used, the beads were almost spherical, while for PEO 600 kDa (Figure 6d—f)
strong elongation of the beads was apparent.

Figure 6. Cont.
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Figure 6. SEM micrographs of electrospun structures obtained from HA /PEO blend solutions. (a) HA
243 kDa, PEO 300 kDa. (b) HA 370 kDa, PEO 300 kDa. (c) HA 600 kDa, PEO 300 kDa. (d) HA 243 kDa,
PEO 600 kDa. (e) HA 370 kDa, PEO 600 kDa. (f) HA 600 kDa, PEO 600 kDa.

The significance of morphology difference could even suggest different bead origin. Another
explanation is a significant shift in solution elasticity induced by the different My, of PEO. A great
difference in viscoelasticity of the respective polymers also contributed to the uneven distribution of
polymers throughout the spinning via a phenomenon known as polymer wrapping in coextrusion [49].
Further experimental examination of this phenomenon is needed in order to fully understand the
causes. No effect of HA M,, on HA/PEO fiber morphology was found in the current study, as it was
likely hindered by the significant PEO content in the used samples.

Electrospinning of HA /PEO blend solution containing Nile Blue A labeled HA 600 kDa and PEO
600 kDa allowed us to investigate the obtained structures by using fluorescence confocal microscopy.
This technique proved the presence of HA in both fibers and beads (see Figure 7). On account of PEO’s
nonfluorescence, it is not visible in the figure.

Figure 7. Fluorescence confocal microscope micrographs of electrospun structures obtained from the
Nile Blue A Labeled HA 600 kDa and PEO 600 kDa aqueous solution. Emission spectrum: 600-640 nm.
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3.3. HA Solutions in Intermediate Solvents

Two solvent mixture systems were chosen for the experiments: H,O:IPA in 10:7 weight ratio
and HyO:EtOH:MeOH in 5:5:1 weight ratio. These were chosen with the aid of a Teas graph
(see Figure 8) in such manner that they would lower the surface tension compared to water solutions,
and encourage polymer—polymer interactions over polymer—solvent interactions, leading to smooth
nanofiber production.

Electrospinning solutions of three different concentrations were considered for each solvent
mixture and HA M, respectively, with the intention to find upper and lower limiting concentration
for electrospinning.

Hydrogen bonding, fH Polar forces, fp

0

H.

Disperse forces, fp

Figure 8. Solvent-mixture representation in Teas graph. 1: water; 2: IPA; 3: MeOH; 4: EtOH; 5:
H2O:IPA 10:7; 6: H20:EtOH:MeOH 5:5:1.

The use of HyO:IPA an H,O:EtOH:MeOH mixed solvents led to a significant reduction of surface
tension compared to the aqueous HA solutions, see Tables 4 and 5 [47]. H,O:EtOH:MeOH solutions
showed slightly higher surface tension than that of the HyO:IPA solutions.

No significant effect of HA concentration or My, on surface tension was found in the current
study, which was due to very low polymer concentrations and the narrow range of concentrations
used. As a consequence of HA's ionic nature, solution conductivity was decreased as the concentration
of the polymer was decreased. Electrospinning at very low concentration could therefore be hindered
by two mechanisms—insufficient polymer chain entanglement, caused by low polymer concentration,
and instability of the cylindrical jet, due to a decrease in conductivity.
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The shear viscosity of the solutions decreased with the decrease in both concentration, and M, of
the polymer, with the difference being in the range of several orders of magnitude, as is evident from
Figure 9.

1000 ¢
E = A =600 kDa, 3.2 wt.%
E B =600 kDa, 2.3 wt.%
= {C}600 kDa, 13 wt.%
[ =D 1180 kDa, 29 wt.%
{E }~1180 kDa, 1.2 wt.%
B ~F 1180 kDa, 0.7 wt.%
100+
= E
s =Y
& o
>, L
=
= L
g [o-
2 10¢
> 3
-l 1 1 Ll 1 11111} ' ' A0 1 1 11111
T T y
0.1 10

1
Shear rate [1/s]

()

100

10

~—
S~

Viscosity [Pa.s]

= A =600 kDa, 2.8 Wt.%
={B =600 kDa, 2.4 Wt.%

< C 600 kDa, 0.7 wt.%
=D~ 1180kDa, 23 wt.%

0.24

1
Shear rate [1/s]

(b)

Figure 9. Viscosity of HA solutions in intermediate solvents as a function of shear rate. (a) HyO:IPA in
10:7 weight ratio solvent mixture. (b) HyO:EtOH:MeOH in 5:5:1 weight ratio solvent mixture.

Viscosity is sometimes considered the determining parameter of spinnability via electrostatic
force [18]. The findings of this study contradict such assumption as overly simplified, which is in
agreement with Yarin et al. (2001) [46], who claimed that shear viscosity was insignificant in terms
of Taylor cone formation. The maximum viscosity of a spinnable solution can differ as much as ten
times if different My, of the same polymer are used. We assumed that the determining parameter was
polymer chain entanglement, which is affected by the polymer chain conformation in given solvent,
the ionic strength of the solution, polymer concentration, and other parameters. Further investigation
on this subject is necessary.
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Regardless the solvent mixture, spinning voltage decreased with the decrease of concentration
(see Tables 7 and 8), which can possibly be explained by a shift in solution viscoelasticity, causing
the critical instability wavelength leading to Taylor cone formation to increase [3], thus consuming
less energy and lowering spinning voltage. Since surface tension does not change with concentration,
its effect on spinning voltage can be neglected.

Table 7. Morphology analysis of HyO:IPA in 10:7 weight ratio HA solutions electrospinning products.

HA M,, [kDa] Concentration [wt.%] Spinning Voltage [kV] Product Form Particles Diameter [um]  Fibers Diameter [um]
3.2 20.5 Spherical Particles; Fibers 0.3-0.6 0.04-0.1
600 23 20.0 Spherical Particles; Fibers 0.3-1.0 0.06-0.1
13 16.2 Spherical Particles; Fibers 0.4-12 0.05-0.1
29 24.0 Fibers / 0.05-0.09
1180 1.2 16.3 Spherical Particles; Fibers 0.3-0.8 0.06-0.1
1.0 19.0 Spherical Particles 0.7-1.1 /

Table 8. Morphology analysis of HyO:EtOH:MeOH in 5:5:1 weight ratio HA solutions
electrospinning products.

HA M, [kDa] Concentration [wt.%] Spinning Voltage [kV] Product Form Particles Diameter [um]  Fibers Diameter [um]
2.8 19.1 Spherical Particles; Fibers 0.4-1.0 0.05-0.07
600 24 16.5 Spherical Particles; Fibers 0.2-0.8 0.05-0.07
0.7 14.9 Spherical Particles 0.3-1.2 /
23 292 / / /
1180 22 229 Fibers / 0.05-0.08
1.5 19.2 Fibers / 0.05-0.1

No influence of the concentration on the electrospun structure morphology was found, which was
the result of little difference in the concentrations of the respective samples. However, the concentration
clearly governed the transition between electrospinning and electrospraying, which is explained by
polymer chain entanglement according to Shenoy et al. (2005) [39] or by polymer solution elasticity
according to Yu et al. (2006) [35]. The mechanism could not clearly be determined from the experiments
conducted in the current study. The obtained fibers did not exceed 100 nm in diameter in any of the
cases, making them promising in terms of biomedicine. The spherical particle diameter was mostly in
the 1to 0.1 um range.

In the case of each solvent mixture, HA 600 kDa showed more tendency to undergo instabilities,
which resulted in a combination of electrospinning and electrospraying (Figures 10a—c and 11a-b),
whereas HA 1180 kDa was able to provide smooth fibers (Figures 10d and 11c,d). It could be assumed
that a higher HA My, was more favorable in terms of electrospinning as a result of the higher elasticity
of the solution.
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Figure 10. SEM micrographs of electrospun structures obtained from HyO:IPA in 10:7 weight ratio
solutions. (a) 3.2 wt.% HA M,y 600 kDa; (b) 2.3 wt.% HA M,, 600 kDa; (c) 1.3 wt.% HA M, 600 kDa;
(d) 2.9 wt.% HA M,, 1180 kDa; (e) 1.2 wt.% HA M,, 1180 kDa.
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Figure 11. SEM micrographs of electrospun structures obtained from H,O:EtOH:MeOH in 5:5:1 weight
ratio solutions. (a) 2.8 wt.% HA M,, 600 kDa; (b) 2.4 wt.% HA M,, 600 kDa; (c) 2.2 wt.% HA M, 1180
kDa; (d) 1.5 wt.% HA M, 1180 kDa.

We can also see that instabilities in the form of electrospraying and branching were more
frequent for solutions using HoO:IPA in 10:7 weight ratio solvent mixture (Figure 10). Solvent mixture
H,O:EtOH:MeOH in 5:5:1 weight ratio provided higher stability to the electrospinning process. As the
conductivity of the solutions using respective solvent mixtures was comparable (see Tables 4 and 5),
the stabilization mechanism was presumably more complex than stabilization by charge density
suggested by Reneker and Yarin (2008) [4]. Polymer chain conformation and interaction parameters
can be expected to have a significant influence on electrospinning phenomena stabilization, but further
investigation is necessary in order to fully understand the process.

Although the conductivity of HA solutions in intermediate solvents was significantly lower than
those of aqueous blend solutions with PVA or PEO, smooth fibers were only obtained from a certain HA
in intermediate solvent solutions. Our conclusion is that although conductivity does have a positive
effect on electrospun jet stabilization, as stated by Reneker and Yarin (2008) [4], the influence of polymer
viscoelasticity needs to be taken into account, as suggested by Stepanyan et al. (2014) and Palangetic
et al. (2014) [36,37]. In the case of blend-solution electrospinning, the situation is complicated due
to the difference in the viscoelastic properties of the polymers, which are simultaneously drawn
at high elongation rates. A non-negligible effect of interaction parameters was present as well,
because an intermediate solvent has a great influence on the solution behavior in a strong electric field,
as was demonstrated in this study, as well as previously [34,39,42].
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4. Conclusions

Electrospinning of biocompatible and biodegradable polymers is a desirable technique for use in
biomedicine and life sciences. Production of HA nanofibers is a challenging task due to the extremely
high viscosity and high surface tension of aqueous solutions.

In this study, nanofibers containing HA were obtained by solution electrospinning.
Two approaches to the problem were chosen: co-electrospinning of aqueous blend solutions of
HA/PVA and HA/PEO, respectively, and use of the intermediate solvent for pure HA solutions
electrospinning. The choice of materials was done with regard to potential uses for cell cultivation.
To facilitate fiber formation in HA /PVA blend solutions, the addition of BEC was necessary. Both
HA/PEO and HA /PVA blend solutions provided bead-on-string structured fibers. As intermediate
solvents, HyO:IPA in a 10:7 weight ratio and H,O:EtOH:MeOH in a 5:5:1 weight ratio were chosen.
Both solvent mixtures facilitate the electrospinning of HA of My, 600 and 1180 kDa. Lower M,,
solutions had higher tendency to form spherical particles. There is clear correlation between
the decrease in solution surface tension and the decrease in spinning voltage can be seen in the
results, but no significant impact of these parameters on the fiber diameter was found. Variation in
electrospun-structure dimensions and morphology was intensely associated with the change in M,
of the polymers. It was experimentally demonstrated that shear viscosity cannot be used as a sole
determining parameter of solution spinnability, as there are differences as high as ten times the order
of magnitude for spinnable solutions that differ only in polymer M,,.

The best results were achieved with the HA 1180 kDa solution in HyO:EtOH:MeOH 5:5:1 at
concentrations of 2.2 wt.% and 1.5 wt.%, as these provided smooth fibers. Fiber diameter did not exceed
100 nm for any sample that provided fibers,which makes them promising in terms of tissue engineering.
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Abbreviations

The following abbreviations are used in this manuscript:

HA Hyaluronan

DC Direct current

PVA Poly(vinyl alcohol)

PEO Polyethylene oxide

My, Average molecular weight

PEG Polyethylene glycol

EtOH  Ethanol

IPA Isopropanol

MeOH  Methanol

DEMI  Demineralized

DMSO  Dimethyl sulfoxide

FITC Fluorescein isothyocyanite isomer
BEC Benzethonium chloride

SEM Scanning Electron Microscope/Scanning Electron Microscopy
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