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ABSTRACT

Tissue engineering (TE) is a multidisciplinary field that aims to preserve, restore,
or enhance the physical and physiological properties of living tissues through
combination of scaffolds and cells, engineering techniques, materials,
and biochemical factors. Scaffolds for TE can be created from a variety
of biomaterials, each with different properties suitable for specific applications.
The biomaterial has to be selected with respect to the length of contact and the site
of use in the biological system. Since several tissues in the body exhibit electrical
activity, including brain tissues, cardiac muscle tissue, and skeletal muscles,
a stimuli-responsive material is appropriate for TE of such tissues. Conducting
polymers (CP) can be used to introduce stimuli-responsivity thanks to their
electrical activity into a biomaterial. CP can be incorporated into composites
or used to modify the surfaces of scaffolds made from other biomaterials, thereby
providing specific bioactive properties. Especially combinations of CPs with
natural polymers can be beneficial because they combine the electroactivity
of CPs with the biocompatibility of biopolymers. In this work, different types
of scaffolds suitable for modification with conducting polymers were prepared.
Conducting polymers, specifically polyaniline and polypyrrole, were used
to create conductive stimuli-responsive composites.

Key words: Tissue Engineering, Cytocompatibility, Biomaterials, Conductive
Polymers



ABSTRAKT

Tkanové inzenyrstvi je multidisciplinarni obor, jehoz cilem je zachovat, obnovit
nebo zlepsit fyzikalni a fyziologické vlastnosti zivych tkdni pomoci kombinace
scaffoldi a bun¢k, inzenyrskych technik, materiadlii a biochemickych faktord.
Scaffoldy pro tkanové inzenyrstvi lze vytvofit z riznych biomateriall, z nichz
kazdy ma jiné vlastnosti vhodné pro konkrétni aplikace. Biomateridl se vybira
s ohledem na délku kontaktu a misto pouziti v biologickém systému. Vzhledem
k tomu, Ze nékolik tkani v téle vykazuje elektrickou aktivitu, véetné mozkové
tkané, srde¢ni svaloviny a kosternich svalti, je pro tkanové inzenyrstvi téchto
tkani vhodny vodivé stimuli-responsivni material. K zavedeni stimuli-
responsivity (elektrické vodivosti) do biomaterialu lze pouzit naptiklad vodivé
polymery. Ty mohou byt zaclenény do kompoziti nebo pouzity k modifikaci
povrchu scaffoldli vyrobenych z jinych biomaterialli, ¢imz ziskaji specifické
bioaktivni vlastnosti. Vyhodné mohou byt zejména kombinace vodivych
polymert s pfirodnimi polymery, které kombinuji elektroaktivitu vodivého
polymeru s biokompatibilitou biopolymert. V ramci této praci byly pfipraveny
ruzné typy scaffoldil, vhodné pro modifikaci vodivymi polymery. Pro vytvoreni
vodivych stimuli-responsivnich kompozitd byly pouzity vodivé polmery,
konkrétn¢ polyanilin a polypyrrol.

Kli¢ova slova: tkanové inzenyrstvi, cytokompatibilita, biomaterialy, vodivé

polymery
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1. INTRODUCTION

Tissue engineering (TE) has been explored in the last three decades. TE evolved
from biomaterials development and its essence is the combination of biomaterials
(e.g. in form of scaffolds), cells, biologically active molecules and physical
signals into functional tissue-like structures. The main challenge is to modify
the biomaterials used for this purpose so that their composition and/or structure
mimic the native and physiological conditions for specific tissue cells. Advances
in the knowledge and availability of stem cells, the emergence of new
biomaterials as potential templates for tissue growth, improvements in bioreactor
design, and a better understanding of healing processes are all contributing
to the increasingly rapid development of this field.

This work deals with development of scaffolds, artificial implant structures,
that support and control the growth of cells of the desired tissue. Supporting tissue
growth is possible by selecting a suitable scaffold material, therefore the material
is selected with respect to the site of application in the host tissue. For example,
when designing scaffolds for hard TE (bone, cartilage and teeth), it is necessary
to select a material that will have similar properties. Therefore, for bone TE,
ceramics or polymeric materials such as polyetheretherketone (PEEK) can be
considered. In the case of soft tissue, materials such as cellulose nanofibres can
be used.

Various techniques can be used to obtain scaffolds with unique physical,
chemical, mechanical, and biological properties. One of the possibilities
of a simple and reproducible technological solution for scaffold preparation could
be a manually hot-pressed technique. Another option for scaffold preparation is
Powder Injection Molding technology (PIM). This technology could be beneficial
in personalized medicine because it allows production with high precision. It is
possible to obtain implants in various shapes with a defined pore size and overall
porosity. All of these factors can affect implant acceptance. Another added value
that will affect the instructive properties of cells is, for example, the electrical
conductivity of biomaterials. This property is particularly important
for electroactive tissues, because the electric field plays an important role in many
biological processes. For this purpose, it is advisable to choose materials with
combined electrical conductivity, appropriate candidates are conductive
polymers.

Because most biological reactions take place at the interface between
the biological system and the implant surface, the biointerface is a critical place.
This is the reason why the surface properties of biomaterial are one of the main
factors that affect its applicability in vivo. The chemical and physical
characteristics of the biomaterial surface can affect many of cellular functions.



To reach the desired cell reaction, the surfaces could be functionalized. These are
one of the main factors for the applicability of scaffolds in a real system.

2. TISSUE ENGINEERING

Tissue engineering (TE) is a multidisciplinary field that combines the targeted use
of cells and biomaterials to maintain, restore or improve the function of living
tissue (Langer and Vacanti, 1993). The term “tissue engineering” was defined
by National Science Foundation in 1987. Nevertheless, TE approaches have been
used since the seventies of the twentieth century (Ratner, 2013).

In particular, TE uses a combination of four key elements. 1) A suitable cell line,
2) theright environment such as a scaffold, 3) biomolecules (for example
signalling molecules, growth factors, proteins) that keep cells productive,
and finally, 4) external stimuli such as mechanical and electrical that affect cell
behaviour. Figure 1 shows four key elements of TE.
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Fig. 1 Tissue engineering key elements
2.1 Scaffolds

TE relies on scaffolds as important components. The essential function
of the scaffold is to provide support for the tissue structure, organ structure
and to regulate primary cellular functions (cellular proliferation, growth). It is
appropriate that the scaffold should mimic as closely as possible the environment
of the tissue it will replace, thus the structure, architecture, and composition
of the extracellular matrix (ECM).

The ECM is a three-dimensional architectural complex of proteins
and polysaccharides that cooperate with each other (see Fig. 2) (Blitterswijk
and Thomsen, 2008). This complex network consists of high molecular weight
fibrous proteins such as collagen, laminin and fibronectin. Like proteins,
the polysaccharide component is secreted and organized by the cells. Its exact
composition varies from tissue to tissue. The molecules that make up the ECM,
especially proteins, provide the mechanical strength needed for proper tissue
function and serve as intermediary of exchanging information between cells
and between cells and the ECM itself (Lee et al., 2016). The purpose of ECM is



to provide structural support to cells, but it can also serve as a physical barrier
or as a selective filter for some soluble molecules. ECM acts as a structure
for tissue and organ support, but also regulates many aspects of cell-instructive
properties, including cell proliferation and growth, cell survival and change in cell
shape, migration, and differentiation (Daley et al., 2008).
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Fig. 2 Scheme of the extracellular matrix components and their connection
to cytoskeleton (Bartee, 2018).

Scaffolds can be of natural origin or artificially made. By means of natural origin
scaffold, the donor organ is used. The first great advances were made
in the discovery of decellularization of organs. The materials from donor (as well
as animal sources) have been used to make tissue replacements. Decellularized
tissues and organs can be obtained by removing cells and immunogenic
components from a tissue or organ. This preserves the composition
of the extracellular matrix, which presents as a natural scaffold (Guruswamy
Damodaran and Vermette, 2018). The most common use was in cardiovascular
surgery of porcine heart valves. Other organs that are also often used to create and
study decellularized replacements are, for example, the liver, lungs, pancreas,
kidneys (Yu et al., 2016). However, all materials of animal origin must be
specially chemically treated and further processed before they can be used
(Berthiaume and Yarmush, 2003). One of the biggest limitations of decellularized
scaffolds is the induction of an inflammatory response. Although scaffolds are
decellularized and deprived of cellular components, cellular protein residues and
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nuclear and mitochondrial DNA fragments may remain in the replacement
(Bilodeau et al., 2020). There is also the problem of organ size and ethics. For this
reason, artificial materials that could be used to make replacements, are being
developed.

3. BIOMATERIALS

Materials used in contact with biological systems are referred as biomaterials.
There are many definitions of the term biomaterial. One of the possible definitions
is from the European Society for Biomaterials Consensus Conference Il, where
the term was defined as follows: “A biomaterial is a material intended to interface
with biological systems to evaluate, treat, augment or replace any tissue, organ
or function of the body* (Leali and Merolli, 2009). Since then, the term has been
re-defined many times, but the definitions have always met in one point:
biomaterial is a material that interacts with the human body.

3.1 Biological properties of biomaterials

The material in contact with the organism (directly or indirectly) can affected
cellular functions. In order for a biomaterial to be used, it must meet a number
of criteria. The most important is biocompatibility. The first commonly used
definition of term biocompatibility comes from David F. Williams in 1987
“the ability of a material to perform with an appropriate host response in a specific
situation” (Williams, D. F. and European Society for Biomaterials, 1987). Overall
the material must elicit an appropriate biological response for the application
in the body (O’Brien, 2011). Thus the material must be non-cytotoxic, non-
carcinogenic and cannot cause immunological rejection, must not cause
an inflammatory reaction and should contribute to a harmonious biological
function. (Gad and Gad-McDonald, 2015).

Biocompatibility can be determined by several types of testing. The choice
of testing depends on the endpoint of the biomaterial usage, the nature of body
contact and the contact duration. The 2018 I1SO 10993-1 standard on Biological
evaluation of medical devices describes endpoints to be addressed in a biological
risk assessment. The medical devices can be classified in terms of their location
to: devices on the surface of the device, the external communication device and
the implant. Surface devices can be distinguished in terms of contact with intact
skin, mucosal membrane and breached or compromised surface. External
communication devices are assessed according to whether they are in indirect
contact with the blood path, the bloodstream or with tissue, bone, dentin. Implants
are classified according to their contact with blood or tissue (bone). Depending
on the duration of the contact, a distinction can be made between devices with
a limited duration of up to 24 hours, a prolonged duration of more than 24 hours
but less than 30 days, and a permanent duration of more than 30 days.
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The diversity of medical devices implies that it is not necessary to test every
material on all endpoints listed in the c biological risk assessment
in the corresponding ISO standard. However, one of the tests compulsory for all
bioapplications and conditions, is the determination of cytotoxicity (ISO 10993-
1). More about cytotoxicity testing will be discussed in the chapter Biological
testing.

The material must also possess suitable mechanical properties with regard
to the application. In particular, these properties are important for orthopaedic
applications. However, good vascularization is also essential for the production
of bone and cartilage scaffolds. Therefore, attention must also be paid to porosity,
pore distribution, exposed area and overall scaffold architecture (Carletti et al.,
2011).

3.2 Material properties of biomaterials

Material properties are most often divided into two categories: surface properties
and bulk properties.

3.2.1 Surface properties

Most biological reactions take place at the interface between the biological system
and the surface of the biomaterial (biointerface) (Castner and Ratner, 2002).
The surface properties of biomaterial are one of the main factors that affect its
applicability in a real system. In TE, the chemical and physical characteristics
of the biomaterial surface can affect cellular functions, such as proliferation,
or migration, phenotype, differentiation and so on (Parisi et al., 2020).

The cellular response is manifested primarily in cell morphology, adhesion,
migration, proliferation and differentiation. The determining factor in the level
of cell adhesion to the surface is topography, surface chemistry (for example
functional groups) and surface energy. The surface energy of the biomaterial
affects the cell adhesion. This is related to the polar and dispersive components
of surface free energy. It is believed that in order for the cells to adhere
to the surface successfully, the total surface energy of the material is crucial.
In fact, surface energy is closely related to surface wettability. A certain balance
between hydrophobicity and hydrophilicity is desirable. Neither hydrophobic nor
hydrophilic surface is suitable for biological applications. Nevertheless, protein
absorption is easier on the hydrophobic surface (Ferrari et al., 2019; Wang et al.,
2004). For measurement of surface wettability is commonly used an optical
tensiometer and a contact angle is measured with the sessile drop method (see
Fig. 3).

12



/ _ Liquid Va -

{ <

Solid

Fig. 3 Static contact angle measurement, method of the sessile drop (Lotfi et al.,
2013)

The first reaction after contact of the biomaterial with the host system (body fluid)
is the adhesion of proteins to the surface, which affects cell adhesion. Protein
adsorption is faster than cell migration to a foreign surface, so the initial adsorbed
protein layer is thought to be a critical factor in cell adhesion rate. Protein
adsorption is affected by several aspects, for example physical and chemical
properties of the material surface (Murphy et al., 2016). It is a complex process
mainly influenced by various protein-surface physicochemical/intermolecular
interactions such as Van der Waals, hydrophobic and electrostatic forces.
The adsorption characteristics of a protein (e.g. the amount of protein adsorbed,
the type of protein) are also influenced by the surface properties, such as its
topography, roughness, surface energy and charge (Ma, 2014). The molecules
within a mixture of proteins exhibit varying rates of diffusion towards a surface.
Initially, the proteins with higher mobility, the smaller proteins (shown in green
in the diagram in Fig. 4) with lower molecular weight and higher concentration
tend to adsorb onto the surface first. However, these proteins may subsequently
be displaced by larger proteins with a higher molecular weight (Hirsh et al., 2013).
Vroman and Adams observed competitive protein exchange on surfaces, wherein
proteins that had already adsorbed onto a surface from a protein mixture solution
were displaced by subsequently arriving proteins (Vroman and Adams, 1969a;
Vroman and Adams, 1969b).

k\
i Out
Changes in
- @
“In | conformation ( F\.

: A 4
g AN R N 7 Yy
PO PP, P99 V-9 ®, . W
[ samee — | [ s — ] [ s [ suce ]

Fig. 4 Schematic representation of the competitive adsorption of proteins
known as the Vroman effect

Irrespective of whether proteins are adsorbed on the surface of the biomaterial,
cells can perceive and respond to the nanostructured surface, which in some cases
may play a much more essential role than the surface chemistry itself (Webster
et al., 2000). Thus the surface topography play a significant role on cell adhesion
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and behaviour. The surface topography of biomaterials is a critical factor,
especially in the field of hard TE, as it significantly impacts osseointegration.
A well-designed topography has the potential to enhance the differentiation
of cells adhering to the surface and promote the formation of a bone matrix
(Dalby et al., 2007; Nagasawa et al., 2016). The surface topography is determined
by roughness parameters describing amplitude of topography (such as feature size
(Kearns et al., 2011), more rarely frequency parameters. The size of biological
elements interacting with surfaces is another crucial parameter to consider. When
comparing the reactions to the same surface topography, it is important to note
that large cells, such as human primary bone cells (approximately 50 um), will
exhibit different responses compared to smaller cells like monocytes
(approximately 10 um) (Anselme et al., 2010). Another factor thaht has influence
on cell attachment is organization of topography (Bettinger et al., 2009).

3.2.2 Bulk properties

In all cases the mechanical properties of a biomaterial must be as similar
as possible to the characteristics of the tissue they will replace. Mechanical
properties often analysed for most materials are its modulus of elasticity (Young
modulus), tensile yield stress, fatigue strength, and toughness. Another property
important for biomaterials is wear resistance, especially when abrasive fragments
could trigger a cytotoxic response, even if the biomaterial in bulk form is
biocompatible (Case et al., 1994). All these properties are assessed with respect
to the mass density of the materials.

Body fluids contain a lot of dissolved oxygen and other oxidants causing
unwanted material oxidation. The corrosive behaviour of some metals is
undesirable due to the formation of toxic cations. Of course, this does not apply
to noble metals such as gold, titanium, surgical steel, which is widely used
in dental applications (Vrana et al., 2020).

Many of the materials used for bioapplications are non-porous. This can be
justified by compliance with the required conditions for mechanical properties
and as corrosion protection. It is caused by the fact, that the corrosion rate is faster
near defects and accessible pores of a structure (Vrana et al., 2020). Also,
the mechanical properties of porous scaffolds depend on the pore diameter
and the overall porosity. When larger pores and overall pore interconnection
correlate with lower mechanical strength due to higher wvoid volume.
Nevertheless, porosity, pore sizes, and pore shapes are important for some
applications such as bone tissue reconstruction. The pore structure is one of
the key factors in the development of scaffolds. Scaffolds should have an
interconnected pore structure, i.e. open pores, and an overall high porosity to
ensure cell penetration and a sufficiently large diffusion of nutrients into the cells
within the scaffold. It is very important that the structure of the construction
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material also allows the diffusion of waste and degradation substances from the
scaffold, which are able to leave the body without interfering with the surrounding
tissues and other organs (Murphy et al., 2010; O’Brien, 2011). Examples of
different pore sizes, shapes, and biomaterials for scaffolds can be seen in Fig. 5.
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Fig. 5 Examples of different pore sizes, shapes, and biomaterials for scaffolds for
tissue engineering. (a) Titanium (Ti6Al4V), (b) Starch poly(e-caprolactone)
(SPCL), (c) poly(lactide-coglycolide) (PLGA), (d) Bioactive glass (BG), (e)
poly(propylene fumarate) (PPF), (f) collagen-apatite, (g) Mesoporous bioactive
glass (MBG), and (h) Silk fibroin (SF) (Bobbert and Zadpoor, 2017).

The cellular behaviour is also determined by isotropy and anisotropy of materials.
Material isotropy or anisotropy refers not only to the surface but also
to the volume, since this disertation focuses on scaffolds, isotropy is included
in the bulk properties. An isotropic structure is characterized by exhibiting
the same properties or structure regardless of the viewing direction. On the other
hand, anisotropy means dependence on directions (Tonndorf et al., 2021).
Physiological and mechanical properties of most tissues possess a certain degree
of anisotropy. Tissue anisotropy, in terms of bulk mechanical properties, can vary
widely, ranging from high isotropy in tissues like the liver (Chen et al., 2019)
to a high degree of anisotropy in tissues such as ligaments and tendons (Reid
etal.,, 2021). Anisotropic material can have an effect on cell morphology
and physiology (see Fig. 6) (Cabezas et al., 2019). The significance of anisotropy
stems from the aforementioned understanding that cells can perceive anisotropy
as cues influencing their behaviour.
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Isotropic Anisotropic

Fig. 6 Isotropic and anisotropic tissue scale bar = 100 um
edited from (Pong et al., 2011)

4. STIMULI-RESPONSIVE BIOMATERIALS

A special group of biomaterials, that can change their properties with the change
of external stimuli (such light, pH, temperature, magnetic fields, or electricity),
are the so-called stimuli-responsive biomaterials. External signals, that have
the most impact, are electrical stimulation, photostimulation, ultrasound
activation, and magnetic field stimulation (Gelmi and Schutt, 2021). Other
options are temperature and pH-sensitive biomaterials. A specific example
of a thermo-responsive polymer is poly(N-isopropyl acrylamide) (PNIPAAmM).
With increasing temperature the conformation changes and the surface
of the material changes its hydrophilic/ hydrophobic properties (Nagase et al.,
2018). This property can be exploited in a number of biomedical applications,
such as drug delivery systems, “smart” cell culture setups, sensors, and separation
technologies (Yang et al., 2020). For the drug delivery system pH-sensitive
biomaterials can also be used. A system of targeted drug release based on pH
change is a particular advantage because many diseased tissues are surrounded
by an acidic microenvironment (Zhuo et al., 2020).

The next two chapters will be focused mainly on the application of electrical
stimulation and piezoelectric stimulation, especially because bioelectricity
and piezoelectricity are of great importance in the human body as well
as in practical part of this disertation.

4.1 Electrical Stimulation

The meaning of an electric field in TE is mainly because of many excitable
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tissues/organs, such as the brain, heart, and skeletal muscle. Every human sense
uses ionic currents and electric fields in its transduction mechanism. Hearing,
sight, touch, taste, and smell all of these senses have receptor systems enabling
generate electrical signals to the brain (Pullar, 2011). The electrical phenomena
that occur in living organism is called bioelectricity. Bioelectricity arises from the
transmission of electrical signals via ion channels (ionic conductivity) and pumps
located on or within the plasma membrane. The plasma membrane possesses
the capacity to generate and sustain distinct charges on its opposing sides. This
capability stems from disparities in ion concentrations between the cytosol
and the external environment of the cell (Grimnes and Martinsen, 2015; Otero
etal., 2012).

The heart is a prime example of where electrical stimuli plays a vital role. In order
for the heart to contract regularly, it requires electrical signals. These signals
originate from the sinoatrial node and occur at a frequency of about 60 — 100 times
per minute. During diastolic depolarization, the action membrane potential starts
approximately at —-65 mV (Solazzo et al., 2019). In contrast, the maximum
diastolic potential in pacemaking Purkinje cells is considerably more negative
(approximately -85 mV) (Weiss, 1997). During the nodal action potential,
the pacemaking Purkinje cells gradually depolarize spontaneously until they
reach a threshold potential of —45 mV (Solazzo et al., 2019).

A lot of studies revealed the presence of electrical fields influence a variety
of biological processes such as migration, proliferation, differentiation,
orientation (Fig. 7), cytoskeletal organization, apoptosis and necrosis
(Thrivikraman et al., 2018). It plays role in angiogenesis, mitosis, cell signalling
(Murphy et al., 2010), formation of embryonic bodies or in the process of wound
regeneration in injured tissues (McCaig et al., 2002). The reason is, that external
electrical stimulation can help with modulation of cellular responses and this
could lead to enhance tissue regeneration (Lee, 2013). Electric field can influence
for example nerve regeneration (Zhu et al., 2019) reorganization of actin filaments
or cell motility (Kumar et al., 2016).

EF

Fig. 7 Orientation of cells due to electric field, edited from (Pu et al., 2015)
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Electrical conductivity refers to the ability of a material to carry electric current
when subjected to an electric field. In solid conductors like metals
and semiconductors, the movement of charge, is primarily attributed to the motion
of electrons or electron-hole pairs. This form of conductivity is called electronic
conductivity. In contrast, ionic conductivity arises in materials that contain mobile
ions, such as certain liquids, molten salts, or solid-state electrolytes. In these cases,
the electric current is carried by the motion of ions rather than electrons. When
an electric field is present, the ions migrate through the material, facilitating
the flow of charge. It's important to note that some materials exhibit a combination
of both electronic and ionic conductivity (Miyamoto and Shibayama, 1973;
Owen, 1989).

The majority of organic conjugated polymers lack inherent charge carriers.
Consequently, in order to achieve conductivity in these polymers, external charge
carriers must be introduced (Yi and Abidian, 2016). When it comes to ionic
conductivity, various carriers can be involved, but the mobility of ions is generally
much lower compared to the mobility of electrons typically observed in electronic
conductivity (Miyamoto and Shibayama, 1973; Owen, 1989).

The electrical signal can be transferred via conductive biomaterials through two
possible routes. The first is a series connection of conductive biomaterial
and an electrical circuit. It follows the fact, that the electrical signal is transmitted
by the biomaterial. This induces a local electrical field and its charge is not
transferred from the biomaterial to the environing electrolyte. In the second case,
the conductive biomaterial is used only as an electrode, which allows the transfer
of charge by the surrounding electrolyte from the opposite electrode (Gelmi
and Schutt, 2021).

Whole mechanisms of electrical stimulation of cell are uncertain. However, it is
believed that the external electric field is able to change the distribution
of the membrane receptors and intracellular levels of cell regulators. In addition,
stimulation by electric field can lead to reducing the cell membrane potential
and facilitate membrane depolarization to electrically excitable cells (such
as neurons, cardiomyocytes, ...) (Lee, 2013).

4.2 Piezoelectric mediated electrical stimulation

Other smart materials for potential use in bioapplications is group of piezoelectric
materials. These materials have ability to generate an electrical output
as a response to applied mechanical stress (direct piezoelectric effect) (Mayeen
and Kalarikkal, 2018). Piezoelectric crystals are for example Quartz, Berlinite,
Topaz, Tourmaline or Cane sugar. Nevertheless, piezoelectric properties occur
also in the human body. For instance, bone tissues show piezoelectricity. Human
bones are directly affected by mechanical excitation (Singh et al., 2014). Another
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naturally occurring materials are tendon, enamel, and dentin (Liboff and Shamos,
1971; Marino and Gross, 1989). Biocompatible piezoelectric materials include
some synthetic polymers (such as poly(vinylidene fluoride) — PVDF, and poly-3-
hydroxybutyrate-3-hydroxy valerate — PHBV), natural polymers (such
as collagen, chitin and cellulose) and ceramics (barium titanate, zinc oxide)
(Gelmi and Schutt, 2021).

5. TYPES OF BIOMATERIALS

Biomaterials are usually divided into three basic categories: metals, ceramics
and polymers. Each of these groups is suitable for different applications and has
its advantages and disadvantages. The work is mainly focused on polymeric
materials. Therefore, in the following chapters the metal and ceramic group are
briefly described and the polymer group is presented with its representatives.

5.1 Metals

Metals are inorganic materials bound by non-directional metallic bonds with
highly mobile electrons, these electrons are not bound to particular atoms (Nouri
and Wen, 2015). They are crystalline materials that are capable of forming many
variations of crystal structures (Temenoff and Mikos, 2008). The main
disadvantage of metal scaffolds is the lack of cells’ biological recognition
of the surface. Another limitation of metallic biomaterials is the possible release
of toxic ions or particles due to corrosion or wear. These particles can lead
to inflammation and allergic reactions. Overcoming these barriers is
accomplished by surface modifications or surface coating. Proper surface
treatment of parts made from selected metal compositions could increase
biocompatibility and to a certain degree protect metallic biomaterial against wear
and corrosion (Alvarez and Nakajima, 2009).

The properties of metallic materials arise from their structure, which is why metals
are electrically and thermally conductive due to their free electrons. In terms
of mechanical properties, it is important to note that metals are relatively strong
but can be shaped. Metallic biomaterials used in TE can be either pure metals
or alloys. Metals can be ductile (aluminium) or brittle (cast iron) and their
properties are based on chemical composition (Santos, 2017). They can also
achieve high strength and toughness with excellent corrosion resistance —
Titanium alloys (de Viteri and Fuentes, 2013), high wear resistance — Cobalt-
chromium alloys (Liu et al., 2015), stainless steels (Niinomi, 2002).

The most widely used applications of metals are in the field of cardiovascular
as stent and artificial valves, then orthopaedic — bone fixation and artificial joints,
dentistry — orthodontic wire and fillings, craniofacial — plate and screw,
and otorhinolaryngology — artificial eardrum (Hermawan et al., 2011).
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5.2 Ceramic

In general, ceramics are divided into groups based on the different reactions
of ceramic materials to the biological environment (Ben-Nissan et al., 2019).
The first group is bioinert ceramics and it is characterized mainly by the fact that
the materials do not show any interaction with the surrounding tissue after
implantation. This group includes for example alumina and zirconia. They have
good biocompatibility, corrosion and wear resistance, mechanical strength
and they are relatively biologically inactive (Boniecki et al., 2020; Huang
and Best, 2014). Materials in this category are used for example as structural-
support implants, such as bone devices and femoral heads (Pina et al., 2018).

Another group consists of bioactive ceramics, this category involves glass-
ceramics and calcium phosphate ceramics (e.g. tricalcium phosphate,
hydroxyapatite, ...). The materials in this group must elicit specific biological
activity. They interact with surrounding living tissues after implantation and form
a bond between hard and soft tissues (Rahaman et al., 2011). As materials in this
group are brittle they are mainly used as fillers for small bone defects and dental
cavities (Dahiya et al., 2019). Ceramics in this group can also be bioresorbable.

Overall, ceramic materials are characteristic for their strength and good
biocompatibility. Due to their structural similarity to native bone, they are
suitable for bone TE (O’Brien, 2011). Ceramics are also used in orthopaedics,
load-bearing applications, dentistry, and spinal surgery (Vaiani et al., 2023).
The properties of ceramics and its microstructure depend mainly
on the technology of production. One way to prepare ceramics for biomedical
applications is powder injection molding (PIM) technology. This manufacturing
technology could be beneficial in personalized medicine because it allows
production with high precision. It is possible to obtain implants in various shapes
with a defined pore size and overall porosity. All of these factors can affect
implant acceptance. More about PIM technology is in the practical part
of disertation.

5.3 Polymers

In general, polymers provide scaffolds with considerable processing flexibility,
good biocompatibility or even biodegradability. It is the most common group
from which scaffolds can be made. Polymer properties that determine
the applicability of a polymer as a biomaterial include molecular weight, polymer
structure, crystallinity, thermal and electrical properties. Polymers are divided
into two groups, natural polymers and synthetic polymers, and each of these
groups has its own advantages and disadvantages for use. Often used natural
polymers are chitosan (Sukpaita et al., 2021), collagen (Jiang et al., 2018),
alginate (Venkatesan et al., 2015), hyaluronic acid (Mohammadi et al., 2018),
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cellulose (Torgbo and Sukyai, 2020) etc. Synthetic polymers include
polyetheretherketone (PEEK) (Mavrogenis et al., 2014), polyurethane (Cooke
et al., 2020), polylactide (Gregor et al., 2017) and many others. The next few
subsections will describe mainly the materials that were used in the experimental
part of the disertation.

5.3.1 Natural polymers

Natural biomaterials include materials with the protein or polysaccharide origin.
Thus, these are natural polymers that take advantage of better cytocompatibility
than for example synthetic polymers. Natural biopolymers such as collagen,
fibrinogen, or hyaluronan, can provide biochemical stimuli to promote cell
adhesion or differentiation. The main disadvantage of natural biopolymers
isolated from natural sources is their less defined composition and also their
susceptibility to biological contamination (Milne et al., 2003). Because their
composition can be variable and thus the reproducibility of products becomes
problematic.

5.3.1.1 Alginate

Alginate is a linear natural polymer obtained mainly from brown seaweed
(Phaeophyta) or from soil bacteria. It is a block copolymer consisting of a-L-
guluronic acid (G) and B-D-mannuronic acid (M) (Berthiaume and Yarmush,
2003). Its formula can be seen in figure 8. Alginates are constituted of tree types
of blocks. The first option is alternating sequence of M and G blocks and thus
form the most flexible part of the chain. Then there are the blocks of the GG itself
and third type are MM blocks with polymerization degree greater than or equal
to twenty (DP > 20) (Rinaudo, 2008). Alginate is able to make a reversible
hydrogel by the reaction of metal cations with functional carboxyl groups.
Crosslinking of the alginate takes place ionically using bivalent cations (such
as Ca?*, Mg?*, Ba?*) in an aqueous solution (Blitterswijk and Thomsen, 2008).
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Fig. 8 Chemical structure of sodium alginate (Tamilisai et al., 2021)

Alginate is used for biomedical applications mainly due to its nontoxicity, good
biocompatibility, biodegradability and easy gelation process (Sabu et al., 2018).
Also, it facilitate wound healing (Davis and McLister, 2016). It is clear that it is
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used for wound dressing (Varaprasad et al., 2020) and skin repairing. Alginate is
one of the options for the production of soft tissue scaffolds (Yuan et al., 2017)
and also for supporting connective tissue as cartilage (Klein et al., 2009). This
polysaccharide is also used as a drug delivery system and as a cell encapsulation
material (Hariyadi and Islam, 2020).

5.3.1.2 Cellulose

Cellulose is a linear homopolymer which consist of covalently bond units of D-
anhydroglucopyranose established in chair conformation. The units are linked
by B-1,4-glycosidic bonds and form cellobiose (see fig. 9). This biopolymer is
found in plants and some other organism such as tunicates and bacteria (Sabu et
al., 2018). Sources of cellulose from higher vascular plants include cotton, sisal,
jute and the rigid cell walls of wood. Lower non-vascular plants containing
cellulose are algae, lichen, and fungi (Sacui et al., 2014). Cellulose is possible
to isolated in different forms such as cellulose nanocrystals (CNC) and cellulose
nanofibrils (CNF) and both can be obtained by chemical and mechanical
disintegration or enzymatic digestion methods (Sabu et al., 2018).
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Fig. 9 Chemical structure of cellulose (“Cellulose C6288, Sigma-Aldrich,”)

Cellulose is used for TE due to its tunable mechanical properties, high
biocompatibility, ability to release drugs and retain moisture (Hickey and Pelling,
2019). In general, cellulose-based biomaterials are used for artificial skin
(Vatankhah et al., 2014) and wound dressing (Liu et al., 2012; Rees et al., 2015).
As already mentioned, cellulose has adjustable mechanical properties suitable
even for rigid and mechanically demanding environments such as bones. It goes
without saying that another use for cellulose is bone tissue (Zhang et al., 2015;
Zhou et al., 2013). This natural polymer also finds use for neural applications
(Yang et al., 2018) and blood vessels (Fink et al., 2011).

Derivates of cellulose

In order to achieve higher utilization of cellulose for bioapplications, various
chemical treatments and functionalizations have been introduced and many
cellulose derivatives are also used. The properties of the derivatives depend
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on the degree of substitution and on the functionalization pattern (Seddiqi et al.,
2021). Cellulose ethers, for example, are known to have a high-water retention
and thermo-gelling ability. Their properties make them suitable for use in wound
healing, e.g. carboxymethyl cellulose is used for wound dressing (Capanema
et al., 2018). Other possible applications are in TE (Schiitz et al., 2017) and drug
delivery. Cellulose is insoluble in water and most solvents. However, cellulose
esters are soluble in common solvents. They have the same biological uses
as cellulose ethers (Mwesigwa and Basit, 2016; Schunck et al., 2005).
The oxidation of cellulose by periodate salts leads to cellulose dialdehyde (DAC).
Applications of DAC could be in TE (Li et al., 2009) and drug deliver carrier
(Dash and Ragauskas, 2012).

5.3.1.3 Chitosan

Chitosan is a derivative of chitin, the second most common natural polysaccharide
found mainly in crustacean shells, exoskeletons of insects and the cell wall
of fungi. Chemically, chitin is formed by glucosamine molecules linked
by a B (1—4) glycosidic bond (Shukla et al., 2013). It is thus a copolymer of D-
glucosamine and N-acetyl-D-glucosamine units (Fig. 10). The solubility
of chitosan is pH-dependent, but is also affected by several factors such
as the degree of deacetylation and ion concentration.
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Fig. 10 Chemical structure of chitosan (Sabu et al., 2018)

Chitosan has been widely investigated for bioapplications due to its
biodegradability (Vila et al., 2002), biocompatibility (Chellat et al., 2000)
and wound healing properties (Adekogbe and Ghanem, 2005). Also, its structural
similarity to glycosaminoglycans offers active sites for the binding of other
molecules (e.g. growth factors) and increases cell adhesion, and induces beneficial
responses within biological systems (Kumbar et al., 2014). Chitosan also has
antibacterial and haemostatic properties. Moreover, chitosan positively affects
formation of osteoblast. Therefore, chitosan is considered a suitable material
for the regeneration of various tissues such as bone (Azaman et al., 2022; Moreira
et al., 2019) or cartilage (Shen et al., 2021, 2015). Another possibility is its use
in blood vessel (Chupa et al., 2000) and corneal regeneration (Rafat et al., 2008).
Chitosan can be used in several form such as gels, films, membranes and fibers.
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5.3.1.4 Hyaluronan

Hyaluronan (hyaluronic acid, HA) is a unique polysaccharide with great promise
for TE. It occurs in epithelial, neural and connective tissues (Sabu et al., 2018).
Hyaluronan belongs in to the family of glucosaminoglycans and it is present
in ECM tissues and therefore shows high biocompatibility. It is also
a polysaccharide that promotes cell proliferation and migration (Kumbar et al.,
2014). Hyaluronan can be extracted from animal sources, but it is also produced
in large quantities by Streptococcus zooepidemicus and Streptococcus equiwit,
with good yield and high purity. In bacterial extraction, HA is isolated in the form
of the sodium salt (Rinaudo, 2008).

HA is a copolymer composed of repeating monomeric units of [-(1,4)-D-
glucuronic acid and B-(1,3)-N-acetyl-D-glucosamine (Fig. 11) (Sabu et al., 2018).
Depending on the application, HA is used in different concentrations
and molecular weights (Rinaudo, 2008).
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Fig. 11 Repeating monomers of hyaluronic acid (HA) (Sabu et al., 2018)

In regenerative medicine, HA finds use in the form of fibers, films and hydrogels
(Ma, 2014). Due to the wide distribution of HA in the human body and its
importance in certain body functions, it can be used in various field of medicine
such as vascular (Zhu et al., 2014), cartilage (Matsiko et al., 2012), bone
(Townsend et al., 2018), and skin TE (Monteiro et al., 2015) and cancer therapy
as drug delivery (Trombino et al., 2019).

5.3.2 Conductive polymers

Another group of potentially suitable materials for TE from the category
of polymers are electroactive biomaterials such as conductive polymers (CPs).
As it is known, most polymers are electrical insulators and they are non-
conductive due to their covalent bonding. On the other hand, CPs are synthetic
organic polymers possessing conductivity up to 200 S/cm. Aromatic rings with
conjugated m-orbitals and delocalized electrons occur in their formula, which
allows electrical activity (Lee, 2013). The CPs are capable to transform the ionic
conductivity to electronic conduction (Lindfors and Ivaska, 2002) and also have
good optical properties (Balint et al., 2014). CPs can be synthesized using various
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methods. The most common methods include electrochemical polymerization
and chemical polymerization. In their pristine state, CPs have low electrical
conductivity, but these can be enhanced by the use of dopants (K and Rout, 2021).

Overall their properties almost correspond to those of inorganic semiconductors.
With relatively easy synthesis, CPs provide the desired electrical and optical
properties. Thanks to that they can be used in a wide range of bioapplications,
such as neural interfaces (Green et al., 2008), drug delivery systems (Chapman et
al., 2020) or biosensors (Aydemir et al., 2016; Mawad et al., 2012). Overall, CPs
are widely studied for regenerative medicine applications. One of the first CPs
studied was polyacetylene, mainly due to its high electrical conductivity.
Nonetheless, polyacetylene usually has a complex synthesis and is unstable in the
air in the presence of humidity and other gases (Maity et al., 2021). Therefore, the
materials as  polypyrrole  (PPy), polyaniline  (PANI), Poly(3,4-
ethylenedioxythiophene) (PEDOT) are increasingly being investigated.

For the synthesis of electroactive CPs films are usually used an electrochemical
polymerization. This method is efficient due to its simplicity and reproducibility
(Fomo et al., 2019). Electrochemical polymerization is usually performed using
a three-electrode configuration (working, reading, and reference electrode)
in a solution of monomer, a suitable solvent, and an electrolyte (dopant). When
the correct voltage is applied to the working electrode, a polymer film
immediately begins to form on the working electrode. This method allows
the deposition of athin polymer film with a well-controlled thickness
(up to 20 nm) and morphology (Heinze et al., 2010). The product is sufficiently
pure and does not necessarily need to be purified to remove any residual amounts
of the original reaction mixture. The electrochemical polymerization method
is burdened with certain disadvantages such as hydrolysis of the polymer chains
and excessive oxidation, which can reduce the significant electroactivity
and conductivity of synthesized polymer (Fomo et al., 2019; Inzelt, 2008).

The chemical method of synthesis involves the oxidation or reduction
of monomers and their subsequent polymerization. The reaction is usually
an oxidative polymerization. In the chemical oxidative polymerization of CPs,
the monomer solution is mixed with a stoichiometric amount of oxidizing agent.
This process yields the polymer in powder or film form and enables its mass
production, making the method suitable for commercial applications (Inzelt,
2008). Through a chemical polymerization approach, the conjugated monomers
react with an excess amount of oxidizing agent in a suitable solvent, in an acidic
environment. The polymerization proceeds spontaneously and requires constant
stirring as the reaction proceeds (Ghammami and Sajadi, 2005). Oxidants,
oligomers and monomers remain in the product, so subsequent purification,
for example by dialysis, is important. The main advantage of chemical
polymerization is associated with mass reproducibility or scalability
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at a reasonable cost (Ghosh and Majumdar, 2021; Umoren et al., 2022).

Enzymatic methods of CP synthesis are based on the application
of oxidoreductases (often horseradish peroxidase (W. Liu et al., 2002)) and/or
redox compounds formed by these enzymes. Enzymatic synthesis of CP can be
carried out using redox enzymes (e.g., glucose oxidase and many other oxidases)
which, during catalytic action, generate hydrogen peroxide which acts
as an initiator of the polymerization reaction (e.g., pyrrole). Since enzymes are
natural catalysts that are non-toxic, biodegradable, energy efficient and obtained
from renewable sources, these reactions are more environmentally friendly (Loos,
2011; Ramanavicius and Ramanavicius, 2020; Sheldon and Van Pelt, 2013).
Figure 12 shows the scheme of enzymatic polymerization of polypyrrole
in the presence of the enzyme glucose oxidase, which generates hydrogen
peroxide to initiate polymerization.
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Fig. 12 Scheme of enzymatic polymerization of polypyrrole around enzyme
glucose oxidase (Ramanavicius and Ramanavicius, 2020)

5.3.2.1 Polypyrrole

PPy (chemical structure in Fig. 13) is conjugated polymer which can be easy
to synthesize. It could be prepared by electrochemical or chemical oxidation
of pyrrole monomer. Reaction takes place at room temperature, and a variety
of solvents can be used for preparation (Balint et al., 2014). Several different
oxidants can be used in chemical oxidative polymerization, such as iron (l1)
chloride or ammonium persulfate. However, various oxidants and their
concentrations can affect thermal stability, conductivity and morphology (Y ussuf
et al.,, 2018). The resulting intrinsic properties of PPy are determined
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by the polymerization conditions. Overall, PPy powder or films has excellent
mechanical and electrical properties and good in vitro biocompatibility. Thanks
to its excellent properties that can respond to stimuli, PPy is a smart biomaterial
that is allowed to dynamically control properties using an electric field
application. Due to its stimuli-responsive characteristics, it is one of the most
widely used CPs for biomedical applications (Khan et al., 2019). Its
bioapplications are also aided by the fact that the pyrrole ring structure can be
found in the aminoacids proline and hydroxyproline.
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Fig. 13 Polypyrrole

There are studies that investigate PPy as biosensors (Pandey et al., 2018; VVan Hao
etal., 2018), scaffolds for TE (Naghavi Alhosseini et al., 2019), and drug delivery
systems (Puiggali-Jou et al., 2019; Shah et al., 2018).

5.3.2.2 Polyaniline

Polyaniline (PANI) or so called aniline black, could be easily synthesized
by various methods. Chemical or electrochemical oxidation of the respective
monomer is most often used for the PANI preparation (Pina and Falletta, 2022;
Stejskal and Sapurina, 2005). The conductivity of PANI depends on the degree
of its oxidation. Three redox forms are known. The first form is a completely
reduced leucoemeraldine base (Fig. 14A). The second is a fully oxidized
pernigraniline base (Fig. 14B) and the last is an emeraldine base (Fig. 14C), which
consists of alternating units of oxidized and reduced forms (Qazi etal., 2014). The
most conductive of these three forms is PANI emeraldine. This form is not
inherently conductive, but the electrically conductive form can be transformed
by doping to the emeraldine salt (Chiang and MacDiarmid, 1986). The advantage
is good environmental stability and possibility of making PANI as a powder, thin
film, hydrogel/cryogel or colloidal suspension (Humpolicek et al., 2018;
Kasparkova et al., 2017; Kucekova et al., 2014). The morphology of polyaniline
depends on the degree of oxidation, but it also depends on the reaction conditions.
The growing interest in polyaniline for bioapplications is mainly due to its
cytocompatibility with various cell lines, biocompatibility, adjustable
conductivity, processability, and antibacterial efficacy (Kucekova et al., 2013;
Qazi et al., 2014; Roshanbinfar et al., 2020). However, the main disadvantage
of PANI is, that it exhibits pH-dependent conductivity. It loses its conductivity
upon contact with physiologic pH (Lindfors and lvaska, 2002). The potential
of PANI applications lies in biosensors (for glucose sensing (Majumdar
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and Mahanta, 2020; Zheng et al., 2020), cholesterol sensing (Li et al., 2015),
Hepatitis virus sensing (Chowdhury et al., 2019) etc.), in drug delivery systems
(Lietal., 2018) and TE (Massoumi et al., 2020; Roshanbinfar et al., 2020).
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Fig. 14 Polyaniline forms, edited from (Qazi et al., 2014)
5.3.2.3 PEDOT

Poly(3,4-ethylenedioxythiophene) (Fig. 15) is a derivate of polythiophene (PTh).
Its thermal stability and conductivity is better than PPy (Khan et al., 2019).
PEDOT can be synthesized by electrochemical deposition or chemical oxidation.
According to the chosen doping agent which will create strong charge capture
centres and thus ensure electrical conductivity, the biological
and physicochemical properties change (Zamora-Sequeira et al., 2018).
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Fig. 15 Poly(3,4-ethylenedioxythiophene)

6. BIOLOGICAL TESTING

As mentioned at the beginning, in the chapter Biological properties
of biomaterials, the cytotoxicity determination of a material is the first mandatory
test in the evaluation of medical devices. In the following section the conditions
for cytotoxicity determination according to the 1SO standard will be summarised.

28



6.1 Cytotoxicity testing

In vitro cytotoxicity testing is given according to I1SO standard 10993-5.
The standard specifies three categories of cytotoxicity tests: extract test, direct
contact test and indirect contact test (which includes agar diffusion and filter
diffusion tests). The choice of the specific type of test depends mainly
on the nature of the tested samples, and on their intended place of use
and the nature of the application. At the end of the exposure period, an assessment
of the presence and extent of the cytotoxic effect is evaluated. This part of the ISO
standard leaves the choice of evaluation open. The methods frequently used
in the determination of cytotoxicity can be divided into several categories.
The most commonly used evaluation methods for in vitro cytotoxicity testing
include colorimetric methods such as MTT, XTT or MTS. Other widely used
methods are luminescence and fluorescence methods such as for example the ATP
bioluminescence method. Or another option is to test cell viability using particle
analysers.

6.2 Preparation of extracts from materials

Since medical devices are made of different materials (e.g polymers, metals,
ceramics) it is usually not possible to define a specific quantity of the substances
of interest. For most tests, the most appropriate technique to determine
the biological reactivity of possible leachable chemicals from a material is to use
fluid extracts of the device materials.

ISO 10993-12 describes the extraction methods and conditions on different types
of test materials. If cytotoxicity is tested using an extract of the material,
extraction conditions should simulate or be exaggerated from those in clinical use
to define potential toxicological hazards. However, it is important that there are
no significant changes in the material such as bonding, melting or change
in chemical structure. Where testing is carried out on mammalian cells,
the selected solvents that may be used are listed in the standard. For example,
medium with or without serum or saline solution may be used as extraction media.
Extraction must be performed in sterile, chemically inert, closed containers using
aseptic techniques.

Temperature and time conditions of extraction can be seen in the table 1. Other
conditions may be used, but these conditions must stimulate the extraction
that occurs during clinical use or provide an appropriate level of potential risks.
Any changes must be described and justified. “Extraction is a complex process
influenced by time, temperature, surface-area-to-volume ratio, the extraction
vehicle and the phase equilibrium of the material” (1SO standard 10993-12).
If accelerated extraction or extraction under exaggerated conditions is used,
the effects of higher temperatures or other conditions on the extraction kinetics
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and the identity of the extracted substances must be acknowledged. For example,
there are several concerns when using elevated temperatures; the energy
of the elevated temperature may cause an increase in the crosslinking and/or
degree of polymerization of the polymer, thus reducing the amount of free
monomer that can migrate out of the polymer. Alternatively, the elevated
temperature may lead to the formation of degradation materials that are not
normally present in the finished medical device under the conditions of use.

Tab. 1 The extraction conditions (ISO standard 10993-12)

Temperature [°C] Time [h]
37+1 24+ 2
37r+1 2+2
50+ 2 242
0+2 24 £ 2
121 +£ 2 1+ 0.1

7. TECHNIQUES OF CELL CULTIVATION

The cell cultivation techniques are different for suspension and adherent cells.
Suspension cells are non-adhesive and are cultured in suspension. For their
cultivation, specially treated culture flasks are not required. As their name
suggests, adherent cells are attached to the substrate on which they proliferate.
And the vessels for their cultivation is tissue-culture treated, on which the cells
grow in monolayers (Sherr, 2004). Most cell types are adherent.

A typical approach to the cultivation of adherent cell culture is on 2D surfaces
(Petri dishes, tissue plastic plates, ...) or in 3D systems such as scaffolds. For most
of the initial assays described in the following chapter Properties of biomaterial,
the cells are cultured in a monolayer in an incubator. However, this type
of cultivation results in limited mass transfer. This is due to insufficient diffusion
of metabolites, oxygen and carbon dioxide under static conditions. Bioreactors
are used for higher nutrient transfer in vitro. The flow of the medium leads
to continuous oxygen transport and waste disposal. In addition, dynamic
conditions in vitro could mimic in vivo conditions to obtain a system that is
subjected to dynamic and mechanical forces, mechanical stress, hydrostatic
pressure, fluid shear stress and other environmental parameters such as pH,
temperature (Hao et al., 2015; Salehi-Nik et al., 2013).

Cells respond to their physical surroundings through a process -called
mechanotransduction. This process involves the integration and conversion
of various physical cues in the cell's microenvironment into biochemical signals
within the cell. As a result, cellular behaviours such as adhesion, proliferation,
morphology, migration, and differentiation can be influenced (Kaarj and Yoon,
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2019). Despite the proven benefits of dynamic conditions inenhancing
mechanotransduction effects, most in vitro studies are still conducted using static
culture settings. However, specialized bioreactors have been developed
to replicate the mechanical stimuli found in natural tissue environments. These
bioreactors directly interact with the mechanosensitive compartments of cells,
serving as active forces that guide cellular functions, including the differentiation
of stem cells into specific lineages (Clementi et al., 2018). Mechanical forces
affect cell instructive properties (e.g. proliferation and growth, cell migration,
shape modulation, and differentiation) (Oliveira et al., 2017).

Bioreactors that control one or more important factors influencing cell behaviour
can be used to mimic the in vivo environment/conditions. Due to the specificity
of tissues and their culture requirements, there are several types of bioreactors
that are designed to mimic in vivo conditions in a given tissue as closely
as possible. Various specific conditions are imposed on bioreactors, such
as shape, size, fluid dynamics, shear stress, etc. (Martin et al., 2004). Regarding
the classification of tissue bioreactors, the reactors can be divided according
to the main operating modes into perfusion systems, stirred vessels, and rotating
wall vessels (Chaudhuri and Al-Rubeai, 2005). Typical bioreactors commonly
used in TE are spinner flask, stirred (batch or continuous) vessels, airlift
bioreactor, perfusion bioreactor, low gravity bioreactor, and membrane
bioreactors (Annesini et al., 2016; Kim, 2014; Tapia et al., 2016). Figure 16 shows
some of the culture vessels for static cultivation as well as for dynamic cultivation.
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Fig. 16 Cell culture systems used in tissue engineering (Pértner et al., 2005)
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7.1  Perfusion Systems

Static cultivation may result in poor migration of cells into the internal
environment of the scaffold. A cell shell will form on the surface of the scaffold,
and the desired uniform distribution will not be established. In perfusion systems,
weak cell growth can be overcome (Chen and Hu, 2006). The constant flow
of medium through the pores and around the scaffold facilitates the transport
of nutrients to the cells within the scaffold (Chaudhuri and Al-Rubeai, 2005).
This causes orientation of cells in the direction of media flow, which is
undesirable for some tissues. For example, in articular cartilage, the orientation
of surface cells perpendicular to the flow is essential (Chen and Hu, 2006).

7.2  Stirred Vessels

The best known of the bioreactors with Stirred Vessels are Spinner Flasks. One
of the most widespread applications of this type of bioreactor is the dynamic
seeding of cells into a scaffold. The scaffold is placed in a culture medium that
contains cells (Chaudhuri and Al-Rubeai, 2005). The Spinner Flask bioreactor
was designed to generate hydrostatic forces that aid in mass transport. It consists
of a cylindrical glass vessel and a mixing element that provides mixing
of the culture medium. The stirring element can be, for example, a magnetic
stirrer. This system promotes a uniform homogeneous distribution of cells and is
mainly used for bone scaffolds. On the other hand, mixing the medium can cause
turbulent flow (Ahmed et al., 2019) which may not be optimal because it causes
higher shear stress (Chen and Hu, 2006).

7.3 Rotating Wall Vessel

The main purpose of rotary motion bioreactors is to increase the uniformity of cell
distribution and to facilitate the transport of nutrients and waste products.
The disadvantage of this type of bioreactors is the turbulent flow which results
in high shear stress that could damage the cells (Ma, 2014). Although shear stress
IS necessary to modulate some of the mechanical properties of tissue scaffolds,
high shear stress can lead to the formation of undesirable capsules surrounding
the tissues (Chen and Hu, 2006).
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8. AIMS OF DOCTORAL THESIS

The aim is to prepare and modify the biomaterials in the form of a scaffold
and to determine the interactions between the prepared scaffolds and the cells.
Overall, the aim is to prepare stimuli-responsive material enabling targeted
interaction with the organism and cytocompatibility testing of prepared scaffolds.
Another goal is to observe cellular behaviour on scaffolds using static
and dynamic cultivation.
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9. EXPERIMENTAL PART

The experimental part of the disertation was focused on the preparation
and surface modification of scaffolds. Furthermore, the interactions between
material and cells were investigated. Overall, routine tests for cytotoxicity
and biocompatibility were performed in the cell laboratory. The MTT assay was
used for cell quantification, evaluation was performed by spectrophotometry.
NIH/3T3 (ECACC 93061524, England) mouse fibroblast lines were mostly used
during the experiments. However, in some studies, the embryonic stem cell ES
R1 line (Nagy et al., 1993) or cell line of mouse osteoblastic precursors (MC3T3-
E1) obtained from the European Collection of Cell Culture (c.n. 99072810) were
used. Furthermore, the effect of dynamic cultivation and electrical stimulation
on cell cultures was investigated

A substantial part of this thesis deals with testing CPs as they are suitable
for the preparation of stimuli-responsive scaffolds. From the theoretical part
of the thesis, it can be understood that there are many material properties
that affect cell behaviour. CPs were investigated for their conductivity because,
as mentioned in the electrical stimulation subchapter, electrical signals affect cell
fate. Of the CPs, PANI and PPy were used for the work mainly because of their
relatively high conductivity and ease of synthesis. Interesting results were
obtained when testing PANI films and coatings of ceramic substrate. In addition,
these films and coatings were enriched with biopolymers that also affect cell
behaviour. During the research, ceramic samples produced by powder injection
technology (PIM) were investigated. Ceramic material has been studied primarily
for its potential in bone TE. This was followed by the study of another material
that could be used in TE of hard tissues. PEEK was studied for its elastic modulus
similar to that of natural bone. Therefore, the cytocompatibility and bioactivity
of PEEK grafts modified with farringtonite were investigated.

Another part of research focused on stimuli-responsive material suitable,
for example, for soft TE. The study was aimed at preparation of PPy
in combination with DAC, and combination of PPy with cotton modified with
DAC, dialdehyde alginate (DAAL), or dialdehyde hyaluronate (DAH). To the
authors’ best knowledge, in this research, a completely new approach to template-
controlled polymerization was used. Due to ongoing patent proceedings,
the preparation and results of this study will only be described briefly.

9.1 Celllines

Here, the cell lines that were used for the biological evaluation of the materials
will be briefly introduced.
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9.1.1 Mouse embryonic fibroblasts

The mouse fibroblasts NIH/3T3 cell line (ECACC 93061524, England) was used
to test the biological properties of the scaffolds. It is a line of adherent mouse
embryonic fibroblasts. The culture medium for this cell line consists of DMEM
(Dulbecco's Modified Eagle Medium, Biosera) containing 10% Calf Sera
(Biosera) and 1% Penicillin/Streptomycin (Biosera). For cultivation, TPP tissue-
polystyrene bottles and dishes were used. Cultivation was carried out under
constant conditions in an incubator (Heracell 150i, Thermo Scientific) at 37 °C,
with a CO, concentration of 5% and a constant relative humidity of 90%.

9.1.2 Stem cells

Stem cells could play an essential role in regenerative medicine. They are
unspecialized cells that can be found in most multicellular organisms. Those cells
have the ability to convert into another cell type based on their purpose, also they
can renew themselves (Bishop et al., 2002).

“The embryonic stem cell ES R1 line (Nagy et al., 1993) was propagated
in an undifferentiated state by culturing on gelatinized tissue culture dishes
in complete media. The gelatinization was performed using 0.1% porcine gelatin
in water. Complete medium with the following composition was used
for the cultivation: Dulbecco’s Modified Eagle’s Medium (DMEM), 15% fetal
calf serum, 100 U mL™?! penicillin, 0.1 mg mL™! streptomycin, 100 mM non-
essential amino acids solution (all from Thermo Fisher, Waltham, MA, USA), 0.05
mM 2-mercaptoethanol (Sigma, St. Louis, MO, USA) and 1000 U mL™
of leukemia inhibitory factor (LIF) (Gibco, MA, USA) "(Skopalova et al., 2021).
Cultivation conditions in incubator are the same as for the NIH/3T3 line.

9.2 Samples preparation

The following part of the thesis briefly describes the methodology of preparation
of the materials, which could have been prepared by myself or in collaboration
with colleagues. Most of the tested materials were prepared in collaboration with
other faculties or other universities. These methodologies are described
in the articles.

9.2.1 Ceramic-based scaffold

Ceramic-based substrates (CBS) were prepared in collaboration with colleagues
from department of production engineering Tomas Bata University by PIM
technology. This method consists of four steps, where the first step is to create
a homogeneous mixture that consists of powder material, polymer binder
and space holder. “The powder components of the PIM compound were aluminum
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oxide (Martinswerk — Huber Corporation, USA) (p = 3.98 g/cm?, size range 0.1-
3.0 um) and a powder space holder (PSH), potassium chloride (KCI, Sigma
Aldrich, Germany) (p = 1.98 g/cm?, size range 125-500 um). The powders were
admixed into a partially water-soluble binder (Licomont EK 583, p = 1.08 g/cm?,
viscosity 1.5 mPa.s at 130 °C) in a batch mixer (Plasti-Corder, Brabender,
Germany) with counter-rotating blades” (Martinkova et al.,, 2022).
The architecture of the scaffold and shape of pores is significantly influenced
by the shape and size of PSH. Particles KCI of irregular shape were used.

The second step is the injection of the prepared mixture into the desired shape.
Injection molding was performed on an injection molding machine (Allrounder
370S, Arburg, ARBURG GmbH + Co KG, Ldssburg, Germany).

The third step is the removal of the binder by a suitable solvent or thermal
decomposition and finally the sintering of the powder material to the final density.
“The water-soluble binder component and part of the PSH were removed
by immersion in distilled water (60 °C) for 24h. The remaining binder
(the backbone) was debound thermally (280 °C) at atmospheric pressure.
Sintering was carried out in a PIM furnace (CLASIC CZ s.r.0., Revnice, Czech
Republic) up to a maximum temperature of 1670 °C and for a holding time of 1h.
The surfaces of CBS were inspected using SEM microscopy (VEGA, Tescan)”
(Martinkova et al., 2022).

The surfaces of the CBS were functionalized by electrically-conductive
polyaniline and polyaniline stabilized by biopolymer films prepared in a colloidal
dispersion mode. Sodium alginate, sodium hyaluronate and chitosan were used,
mainly due to their good biocompatibility. Subsequently, the cytocompatibility
of the native ceramic substrate and bioactive coatings were investigated.
Cytocompatibility was investigated under static and under dynamic conditions
with electrical stimulation.

Surface functionalization of native substrate

The surface of a CBS prepared by powder injection molding was coated
to become bioactive. For surface functionalization, four different coatings were
designed. First of all, electroconductive PANI was used. However, several studies
indicate the lack of cytocompatibility of PANI itself. Therefore, composite
surfaces were further prepared. An innovative approach to the preparation, in-situ
polymerization of aniline hydrochloride (AH; Sigma Aldrich, Germany) with
oxidizing agent ammonium persulfate (APS; Sigma Aldrich, Germany)
in the presence of stabilizers was used. This technique of colloidal dispersion
mode of preparation was used for three biopolymer stabilizers — specifically,
sodium hyaluronate (SH; Contipro a.s.), sodium alginate (SA; IPL, Czech
Republic), and chitosan (CH; Sigma Aldrich). In this arrangement, biopolymers
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provide cytocompatibility and the conducting polymer contribute with
electroactivity. A schematic representation of the reaction is shown in Fig. 17.
The methodology for each surface is given in the publication "Powder injection
molded ceramic scaffolds: the role of pores size and surface functionalization
on the cytocompatibility" (Martinkova et al., 2022).
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Fig. 17 Scheme for the preparation of PANI filmr’sﬂin colloidal dispersion mode
stabilized by SA, SH or CH

9.2.2 Preparation of dialdehyde cellulose nanofibrils with PPy (CNF-
DAC PPy)

Solution in concentration of 0.5 wt% of Cellulose nanofibrils (CNF; 3 wt%
in water, Cellulose lab, Canada) in ultra-pure water (UPW) was prepared. Then
the solution was heated to 55 °C overnight under shaking. The solution was
homogenized using a sonicator for 60 min.

Then the cellulose nanofibrils were oxidized from 10%. For oxidation was used
periodate salt (sodium periodate NalO,4; PENTA, Czech Republic). The reaction
was carried out for 72 hours in the dark with stirring at 30 °C. After this time
the reaction was terminated by the addition of ethylene glycol (PENTA, Czech
Republic). Subsequently, dialysis of cellulose nanofibrils dialdehyde (CNF-
DAC) against UPW was performed for 72 hours. The solution of CNF-DAC was
investigated for the presence of residual oxidizing agents (periodate)
by iodometric titration. The presence of iodine was detected in the sample,
so the sample was purified by centrifugation and homogenization on a mechanical
homogenizer. Then dialysis against 0.05 M NaCl (Sigma Aldrich Co.) using
a 14 kDa MWCO membrane, until iodometric titration and XRF measurements
confirmed complete removal of all oxidizing agents. Subsequently mass analysis
was done.

To the solution of CNF-DAC, a pyrrole (Py; Sigma-Aldrich Co.) in different
concentrations was added. To a CNF-DAC suspension of 0.5 wt% in UPW was
added an amount of pyrrole corresponding to npy : Ncho Molar ratios of 1:1, 2:1,
4:1, and 8:1. This was followed by incubation for 24 hours on a shaker. Before
polymerization, the solution was homogenized by ultrasonication for 10 minutes.
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This was followed by the addition of an oxidizing agent to the solution (in mass
ratio 1:4 Py : FeCl; Sigma-Aldrich Co.) under gentle shaking for 24h. After this
time, the samples were filtered and washed with 0.2M hydrochloric acid (HCI,
PENTA, Czech Republic), then with methanol (PENTA, Czech Republic)
and finally with UPW. The samples were transferred into aqueous solution
and lyophilized for SEM.

The different preparation procedure resulted in the formation of more rigid
samples suitable for conductivity measurements. CNF-DAC dialysis was
followed by filtration through a 0.4 um pragopore filter. The pellet was dried
between two vapor permeable membranes (Fig. 18) at 40 °C with a load of 1kg.
The prepared CNF-DAC disks were consequently immersed in a solution
of pyrrole (several different concentrations) and placed for 24h on an orbital
shaker. Finally, iron (111) chloride was added four times the mass excess compared
to pyrrole. After 24h, the samples were washed with UPW and then placed
in an ultrasonic bath in 0.2 M HCI for 5 min. This was followed by washing with
UPW, methanol, and finally 5 min in the ultrasonic bath with UPW. CNF-DAC
PPy disk were dried between two vapor permeable membranes at 40 °C with
a load of 1kg.

Fig. 18 CNF-DAC disk on vapor permeable membrane after drying (left), CNF-
DAC PPy after polymerization before washing (right)

9.3 Biological properties

9.3.1 Cytotoxicity

In the theoretical part in the chapter biological testing the permitted conditions
for testing according to ISO standard 10993-5 and 12 are given.

Extract preparation

The preparation of the extracts was carried out in accordance with the 1SO
standard 10993-12. If the material properties of the sample allow, the sample
should be crushed or cut into small pieces for preparation in order to increase
the surface area of the extracted material. The extraction ratio of the material
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depends on the thickness, the preparation method and type of material.
For example, in the case of the ceramic substrate prepared by the PIM method,
the samples were crushed and extracted at a concentration of 0.2 g/mL of culture
media. The extraction was carried out for 24 hours at 37 °C with stirring.
Subsequently, the extracts were sterilized by filtration on syringe filter with a pore
size of 0.22 um (Merck, Darmstadt, Germany). The parent extracts (100 vol.%)
were then diluted in culture medium to achieve the desired final concentration.
In a second study testing the cytotoxicity of PEEK grafts, samples were extracted
in concentration of 3 cm?mL™* of culture medium. Prior to extraction, samples
were sterilized with ethanol for 1 hour, thus eliminating the need for filtration
of extracts. All extracts were used within 24 hours. In vitro testing of cytotoxicity
was performed according to the 1SO 10993-5.

MTT assay

MTT  (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl  tetrazolium  bromid))
(Invitrogen Corporation, USA) in the form of a yellow solubilized solution is
added to the cells. MTT is reduced in living and metabolically active cells
by mitochondrial dehydrogenases and reducing agents to purple coloured
formazan crystals (Freimoser et al., 1999; Y. Liu et al., 2002). Reduction of MTT
to formazan is limited upon cytotoxic damage or destruction of the cell. A strong
detergent is required to dissolve formazan. Dimethyl sulfoxide (DMSO) is
considered the best solvent and is applied especially where large amounts
of residual medium remain in the wells of the used microtiter plate (Twentyman
and Luscombe, 1987). The absorbance is measured spectrophotometrically with
an Infinite M200 Pro NanoQuant instrument (Tecan, Switzerland) at 570 nm.
The degree of absorbance is directly proportional to the amount of formazan
I.e. the number of living cells.

ATP assay

ATP assay is a method that can be used to evaluate cell viability. Adenosine
triphosphate (ATP) serves as the main chemical energy carrier for living cells.
When membrane integrity is disrupted, the cell loses its ability to synthesize ATP
(Riss et al., 2004). Cellular ATP is one of the most sensitive indicators
in measuring cell viability (Strehler and McElroy, 1957). This method is based
on a reaction when the substrate D-luciferin is converted by enzyme luciferase
to oxyluciferin. This conversion is driven by ATP in the presence of oxygen,
magnesium ions and luciferase accompanied by visible light emissions (Lee et al.,
2012). The resulting oxyluciferin produces a chemiluminescent signal whose
intensity is directly proportional to the ATP concentration. The Cellular ATP Kit
HTS (Invitrogen Corporation, USA) was used for ATP assessment in my co-
authored research. Luminescence was measured on an Infinite Lumi luminometer
(Tecan, Switzerland).
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9.3.2 Cytocompatibility determination

The cytocompatibility of materials can be studied by determining cell adhesion,
growth and proliferation. In cell adhesion assays, cells are seeded onto sterile
samples at a concentration of 10° cells per 1 mL of culture medium. After 1 hour,
unadhered cells were rinsed and the cell nuclei of adherent cells were visualized
through nuclei counterstaining by Hoechst 33258 (Invitrogen, USA).

For the determination of cell proliferation, cells were seeded at a concentration
of 10° cells per mL on the sample surface. Cultivation was carried out under
standard incubation conditions for 48 h (can be extended if necessary).
Subsequently, cells were fixed and stained by Hoechst 33258 and actin filaments
were visualized through staining by ActinRed™ 555 (Thermo Fisher Scientific,
USA).

Depending on previous results, the growth and ingrowth of cells under dynamic
conditions with electrical stimulation can be further investigated. Cells were
seeded on a scaffold at an initial concentration of 10° per mL and pre-cultivated
for 72 h. The cell-seeded sample was then transferred to a bioreactor for 72 h.
Electrical stimuli run 6 hours a day “each successive hour-long period alternating
between electrical stimulation and no stimulation. The medium flow was 54 RPM.
The pulse had a rectangular waveform with a width of 3000 ms, and the voltage
was set at 0.1 V. ”(Martinkova et al., 2022).

A number of tests with unsuccessful setups were performed before the correct
electrical stimulation settings and testing times were achieved in the bioreactor.
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10.SUMMARY OF RESULTS

The main focus of my doctoral study was to deepen the knowledge in the field
of stimuli-responsive scaffolds. There are various materials available for creating
a stimuli-responsive scaffold. However, many materials do not naturally respond
to external stimuli but still possess appropriate characteristics for use in TE.
Therefore, my research has also focused on modifying materials to enhance
their bioactivity. The choice of material for the creation of scaffolds is made with
regard to the intended use. For scaffolds to regenerate or restore soft tissues,
materials from the polymer group are more likely to be used. For hard tissues such
as bone, biomaterials need to have the required high degree of hardness
and for this reason, ceramics are used. In the beginning, my research dealt with
the preparation of ceramic-based biomaterials and functionalization of surfaces
of sintered porous scaffolds by electrically-conducting  polyaniline
or polyaniline/biopolymer films prepared in a colloidal dispersion mode. CBS
prepared by PIM technology has potential usage as bone scaffolds. However,
there are also polymers such as PEEK that have suitable properties for use in bone
TE. The research then moved on to another material that would be also suitable
for bone TE and that was PEEK. The addition of farringtonite particles
(Mg3(POy)2,) was introduced into the PEEK matrix to obtain physical-chemical
and mechanical properties suitable for bone-related applications. In contrast,
biomaterials suitable for soft TE should possess enhanced flexibility
and mechanical properties that align with the specific functions of the tissues.
For instance, load-bearing tissues like cartilage and tendons exhibit greater
rigidity compared to nonload-bearing tissues like the brain. The utilization
of conductive polymers holds promise in the development of electroactive soft
tissues, including cardiac muscles, nerves, and skin. With this in mind,
a comprehensive investigation was conducted on the combination of polypyrrole
and cellulose as a potential approach. The theoretical portion of the thesis
highlighted the various requirements that biomaterials must meet in order to be
utilized in TE. Consequently, this thesis focused on the experimental evaluation
of the prepared materials and their interactions with cells.

10.1 Scaffolds for hard TE

Hard tissue is calcified tissue in the human body, such as bones and teeth (tooth
enamel, dentin and cementum). This mineralized tissue is mainly characterized
by a firm intercellular matrix. The need for hard tissue surgery increases with
the increasing lifespan of the population as the incidence of fractures increases.
This is partially related to increased bone fragility. However, bone fractures
and defects are a significant problem worldwide at any age. Bones are
characterized by high compressive strength (cortical bone approximately
125 MPa along its longitudinal axis) (Kundu et al., 2014), of course in immature
bones, where the mineralization process is still ongoing, this value is lower. In any
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case, for bone TE, it is necessary to select a material that has high strength but is
also flexible. Therefore, most of the materials that are brittle are not suitable,
as the risk of failure increases (Zioupos et al., 2020). Biomaterials used for bone
TE include metals, ceramics, natural or synthetic polymers and composites.
On this basis, the experimental section was therefore divided into two parts
according to the materials that were investigated in my research. One part will be
dedicated to ceramic material and the other for polymer material.

1) Ceramic scaffolds for bone TE applications are ideal as ceramic combine
good biocompatibility, osteoconductivity and corrosion resistance. However, hard
and brittle ceramics limits its clinical use for TE. One of the representatives
of ceramics is aluminium oxide. Alumina (Al,Os3) is biocompatible, poses high
hardness and good abrasion and corrosion resistance (Rahmati and Mozafari,
2019). The architecture of the scaffold is influenced by its manufacturing.
The ability to produce individually design products with defined scaffold
architecture is possible by additive technologies or here used PIM technology.
It enables the production of personalized medical devices for hard TE. The pore
size can be effectively controlled by the particle size of the space holder. Ceramic
parts from alumina prepared by this technique was studied by Thomas-Vielma
et al., 2008. However, this publication does not study the interaction of cells with
material. The alumina parts prepared in this work are not porous and do not exhibit
the defined porosity that is desirable for bone scaffolds.

Nevertheless, it is not only the bulk properties (porosity, thermal conductivity
or elasticity) that are important for scaffold, but also the surface characteristics
are critical. Since alumina is bioinert and does not interact with the surrounding
bone tissue, it is possible to modified a surface with a biocompatible coating
that will promote cell adhesion and proliferation. The study by Bertazzo et al.,
2009 deals with bioactivation of alumina surface with low molecular weight
dicarboxylic acid. The biocompatibility of this surface modification was proved
by adhesion and viability of pre-osteoblasts. Such surface is bioactive, but does
not allow the electrical stimuli-responsivity. Therefore, a surface treatment that
makes scaffold electrically conductive is advantageous, especially for bone
scaffolds because it promotes bone healing and regeneration. Ahmed EIl-Said
et al., 2010 investigated cellular interaction on alumina substrate coated with PPy
nanowire. They discovered that this surface modification exhibits better cell
adhesion and proliferation of HeLa cancer cells and HMCF normal cells. In study
of Jasenska et al., 2021, conductive composite films were presented. These films
were prepared via in-situ polymerization of AH and SH or CH. From the available
literature, it was found that this surface treatment approach in combination with
a ceramic substrate has not yet been investigated.

To the author’s best knowledge, no study has been published on the combination
of alumina substrate with a defined pore size for TE prepared by PIM technology.
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Another innovative feature is surface modification by composite colloidal-based
coating based on PANI and biopolymers. The article “Powder injection molded
ceramic scaffolds: The role of pores size and surface functionalization
on the cytocompatibility” by Martinkova M., Hausnerova B., Huba J., Martinek
T., Kacerova S., Kasparkova V., Humpolic¢ek P. published in Q1 journal Materials
and Design (ARTICLE 1) is one of the first to explore this issue. Initially,
the cytotoxicity of native CBS prepared by PIM was investigated on cell line
NIH/3T3. Native alumina substrates did not induce cytotoxicity. Further
the porosity of CBS was visualized by SEM microphotographs. The architecture
of CBS was influenced by different sizes of space holder and four different space
holder vs powder volume ratios. There are conflicting reports in the available
literature on the optimal average pore size for bone scaffolds. In work of Murphy
etal., 2010 it was discovered that the highest cell viability was in the scaffold with
a pore size of 325 um and was therefore evaluated as the best pore size for bone
TE. However, higher cell numbers were also observed for scaffolds with 120 um
pores. In ARTICLE I, the space holder in size of 125-250 um and then 250-
500 um were used. In this study, it was confirmed that cell growth was better
on samples with pore sizes greater than 250 um (Fig. 19).

greater than 250 um

As mentioned above, the conductivity is important for bone grafts and scaffolds.
The proper function of natural tissue is ensured by its ionic conductivity, therefore
conductive polymers are a promising material for TE. The bioactive coatings
by PANI films and PANI in combination with natural polymer stabilizers were
prepared. Anyway, as reported in the study by Jasenska et al., 2021 pristine PANI
does not provide an adequate cellular response. Addition of biopolymer stabilizers
had a beneficial effect on cell adhesion, and proliferation. This was also
confirmed in ARTICLE I, where the component of the extracellular matrix —
sodium hyaluronate, or natural biopolymers such as sodium alginate and chitosan
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were employed, and, subsequently, the cytocompatibility of the native
and functionalized alumina scaffolds was determined. Interesting results were
obtained in the determination of cytocompatibility on CBS modified with PANI
films (Fig. 20). Cells on PANI film prepared on Petri dishes were unable
to adhere, but PANI film on ceramic substrate allowed adhesion (Fig. 21 PANI).
Overall cells could grow on the all surfaces and within the pores. However,
the cell distribution on surfaces is uneven (Fig. 21).

PANI/SA

PANI/CH AT PANI/SH

Fig. 20 Surfaces of modified CBS with 50% of space holder with grain sizes
greater than 250 um

PANI/CH , PANI/SH

Fig. 21 Cell grow on a modified ceramic scaffolds (CBS with 30% of space
holder with grain sizes greater than 250 um) under static cultivation
(supplementary material of ARTICLE | (Martinkova et al., 2022))
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Since the static cultivation has its limits, testing continued with dynamic
cultivation in a bioreactor. Dynamic cultivation allows simulating the cell's
surrounding microenvironment. It enhances mass transfer
and mechanotransductive effects. The flow rate of the culture medium
in the bioreactor is essential for bone scaffolds as it can promote bone
regeneration. Furthermore, electrical stimulation also plays a major role in bone
regeneration. A report by Kumar et al., 2016 investigated electric field-mediated
cell growth to accelerate wound healing. In this research the direct current pulses
with electric field intensity of 0.5-1 V-cm* were applied for 10 minutes (square
waveform, 100 Hz frequency and 50% duty cycle). This study showed that cell
growth under dynamic conditions with electrical field stimulation is higher than
under static conditions with stimulation. Mobini et al., 2017 in their publication
invastegated the effect of direct current electrical stimulation on rat mesenchymal
stem cells. The cells were exposed to 0.01 V-cm? for 1 hour per day for 3, 7,
and 14 days. The findings revealed that the ES changed expression patterns
of certain osteogenic genes. The settings for electrical stimulation of cells vary
in the literature, so this part of the study required a lot of time. For example, in
article by Wen et al., 2013 MSC and cardiac myocytes coculture monolayer was
stimulated by electric pulses current of power 40 pA, rectangular waveform 2 ms,
frequency 2 Hz. These pulses were applied 3, 6 hours per day for 5days). Electric
stimulation in neurogenesis were discussed in the research of Chang et al., 2011
used electrical stimulation with magnitude in range from 4 to 32 pA/cm?
for 50 and 200 ps at 100 Hz. Study revealed that current density 8 pA/cm?
for 200 us at 100 Hz increased fetal NSC proliferation.

In the first few experiments, the bioreactor settings were too extreme and the cells
did not proliferate under dynamic conditions. The morphology of the cells under
simulated in vivo conditions with electric stimulation was not typically triangular
(Fig. 22).

»

Fig. 22 Cell grow on CBS PANI-SH (CBS with 30% of space holder with grain
sizes greater than 250 um), (A) static cultivation, (B) dynamic cultivation

45



After a number of unsuccessful attempts, the settings of the medium flow
and electrical pulses were optimized. The results were published in ARTICLE I
and “the electrical stimulation parameters were as follows: voltage 0.1V, pulse
width 3000 ms, arrangement on square-wave “ (Martinkova et al., 2022) with
media flow 54 RPMI. Application of shear stress and external electrical
stimulation resulted in a homogeneous cellular distribution. Both the absence
of cytotoxicity and the cytocompatibility that were revealed demonstrate
the application potential of these scaffolds.

2) PEEK has high potential for use in bone TE and connective tissue
replacement. In particular, it is biocompatible, chemically stable and has an elastic
modulus similar to that of natural bone (Gu et al., 2021). This material is widely
studied for another numerous application such as dental implants (Sarot et al.,
2010), orthopaedic (Maetal., 2021), and spine implants (Mavrogenis et al., 2014).
However, this material is bioinert and exhibits poor osteoconduction, which can
lead to clinical failure. Another disadvantage is the poor antibacterial activity.
These properties can be modified by additives or surface treatment. Since calcium
phosphate occurs naturally in bone, many studies have focused on these materials
for bone TE. For example, in research by Manzoor et al., 2021, hydroxyapatite
was added to PEEK. The bioactivity was investigated and the formation of apatite
was observed on the surfaces of samples. Other publications of Abdulkareem
etal., 2019 focused on the antibacterial activity of chitosan-enriched PEEK-
hydroxyapatite coatings. Based on this study, it was summarized that PEEK-
chitosan-hydroxyapatite coatings have broad-spectrum antibacterial activity
with potential for biomedical applications. However, the type of mineral additive
can affect the determining the properties of the composites. As summarized
in the study by Sikder et al., 2020, the addition of amorphous magnesium
phosphate to PEEK enhanced biological activity and helped to significantly
increase pre-osteoblast cellular response. This indicates that phosphate-based
minerals such as farringtonite Mgs(PO4), will positively affect the final properties
of the biomaterial.

Most publications deal with the production of PEEK materials using 3D printing
(Manzoor et al., 2021), extrusion (Tseng et al., 2018), or injection molding
(Sagomonyants et al., 2008). Nevertheles, another option of manufacturing seems
to be the manually hot-pressed technique. This method of preparation PEEK with
farringtonite was used in our submitted paper by Martinkova M., Zarybnicka L.,
Viani A., Killinger M., Méacova P., Sedlacek T., Oralovd V., Kleparnik K.
and Humpoli¢ek P. entitled “Polyetheretherketone Bioactivity Induced
by Farringtonite: ~ The Effect  on Mineralization and  Differentiation
of Osteoblasts” (APPENDIX 1). Initially, the farringtonite material, which was
synthesized from an analytical grade powder mixture, was characterized
by XRPD. Then the particle mean diameter and specific surface area
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of the powder was measured. The results were consistent with those from
the farringtonite powder proposed for bioapplication. Main part of this work
focused on characterization of physical-chemical and mechanical properties
of grafts for bone TE. Fourier transform infrared (FTIR) maps were obtained
to determine the distribution of farringtonite on the PEEK graft surface. The maps
showed relatively homogeneous distribution of farringtonite in the PEEK matrix.
Since this material is intended for use in bone TE, mechanical properties are
important. Trabecular bone is estimated to have a modulus of elasticity around
5.4 GPa (Choi et al., 1990) to 14.8 GPa (Rho et al., 1993). There are studies that
have measured a lower modulus of elasticity, approximately 1.3 GPa (Williams
and Lewis, 1982). PEEK matrix had Young’s modulus 5.8 GPa
and as the concentration of the mineral additive increased, Young's modulus
increased to 7.9 GPa (for more details see attached APPENDIX 1). In order
to determine whether osteoblasts affect grafts, the surface properties of grafts
were tested before and after bioassays. As mentioned in the theoretical part
of the thesis, the biomaterial surface influences cell adhesion and proliferation.
The contact angle of the PEEK grafts was measured, which was approximately
75°. The results are consistent with the publication by Ren et al., 2018.
Measurements after bioassays showed lower contact angle values, this could be
due to protein binding to the surface.

One of the studies by Sikder et al., 2020 dealt with the preparation of PEEK with
the additive amorphous magnesium phosphate. In this research, the material was
processed using 3D printing. The research also confirmed that the incorporation
of amorphous magnesium phosphate increased the bioactivity of PEEK
and promoted a significant increase in the adhesion and proliferation
of preosteoblasts. In our research (APPENDIX I) cytotoxicity was determined on
a mouse fibroblast line. There was a slight decrease in cell viability below
the cytotoxicity threshold. On the other hand, the results from cell adhesion
and proliferation of osteoblast were comparable to the reference surfaces and even
higher in the case of PEEK with 1% farringtonite. It was also found that
the addition of farringtonite led to the mineralization process. Overall, the bone
grafts made of PEEK and farringtonite was biocompatible, bioactive and could be
used for treatement of bone defects and disiases. This material could also be
further modifies using a surface coating to make it stimuli responsive.

10.1 Scaffolds for soft TE

Soft tissues play a crucial role in connecting, supporting, and enveloping various
structures and organs within the body encompassing skeletal muscles, tendon
vessels, and the nerves that supply them. Additionally, vital organs like the heart,
brain, liver, and kidney are classified as soft tissues. Unfortunately, acute
or chronic injuries can result in temporary or permanent damage to these organs
and soft tissues. In cases of severe damage, the body's natural physiological repair
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and restoration mechanisms may be insufficient. To address this, TE scaffolds
have emerged as a promising clinical solution for repair or regeneration.

3) Cellulose combined with conductive polypyrrole has potential applications
in biomedicine due to its unique mechanical, biochemical and physical properties.
Cellulose is studied for its biocompatibility and possibility of tunable mechanical
properties. Cellulose could be prepared in different forms such as nanocrystals
(Abraham et al., 2017), nanofibrils (Olsson et al., 2010), hydrogels (Kundu et al.,
2014) etc. When neural TE is considered, the addition of CPs is often studied.
Publication by Zha et al.,, 2020 concerned with electrospun cellulose
in combination of CPs (such as poly N-vinylpyrrole and Poly(3-hexylthiophene))
incorporated through in situ polymerization. In vivo cytocompatibility testing
revealed that the scaffolds with CPs exhibited cell adhesion and proliferation.
In research paper by Thunberg et al.,, 2015 insitu polymerization of PPy
on electrospun cellulose nanofibers was described. During the investigation, it
was found that no tested concentration of PPy does not cause cytotoxicity. Also,
the results suggested that the addition of PPy helped cell adhesion and affected
the differentiation of human neuroblastoma cell line. Nevertheless, this type
of preparation often led to the inhomogeneous distribution of PPy in the matrix
which caused inhomogeneous properties. In addition, PPy is often flaking off
the surface. A stronger bond between the polypyrrole and the matrix could solve
this problem.

However, none of the studies suggested the possibility of covalently binded PPy.
This is possible due to condensation reaction between pyrrole cycles and aldehyde
groups of dialdehydes of polysaccharides. For this reason, cellulose in our
investigation was partily oxidized to create cellulose dialdehydes (SEM
photographes of cellulose nanofibers see in Fig. 23). This idea is described in our
patent that is currently under review.

e -~ B

Fig. photographs of CNF and CNF-DAC suspensions
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Subsequently, composites with covalently bound PPy were prepared. PPy was
deposited on the CNF-DAC using template-controlled polymerization. SEM
analysis revealed the presence of PPy grains on composites CNF-DAC-PPy in all
samples, with the amount of deposited PPy increasing with increasing ratio
of pyrrole to aldehyde groups during synthesis (Fig. 24).

:JE;I?DAC -1PPy - ,ﬂy I

“ o

Flg 24 SEM photographsof CNF-DAC Wlth four dlfferent concentralon of PPy

CNF-DAC-2PPy and CNF-DAC-8PPy samples (npy : Ncho 2:1 and 8:1) were
selected for further analysis. The conductivity was measured using the Van der
Pauw four-electrode method (Keithley 6517B digital electrometer; Keithley 2410
voltage source; Keithley 7002 scanner). The specific conductivity of the CNF-
DAC-2PPy sample was 0.708 mS/cm, while that of the 8PPy sample was
0.91 S/cm, which is due to the larger amount of deposited PPy.

To show the advantage of a stronger covalent bond, composites of unoxidized
CNFs were also prepared in an analogous manner to the preparation of CNF-
DAC-2PPy-8PPy. These samples are hereinafter referred to as CNF-2PPy-8PPy.
These composites without cellulose dialdehydes had PPy attached by weak
bonding interactions and thus were more susceptible to mechanical damage.
CNF-DAC-2PPy-8PPy and CNF-2PPy-8PPy subjected to mechanical
degradation in 30 min sonication using an MS 73 micro tip ultrasonicator with
a Bandelin Sonopuls HD 2070. The composites prepared using unoxidized CNF
fibers have lost asignificant part of the deposited PPy layer. Especially
in the CNF-2PPy samples where the PPy layer is almost completely absent,
the PPy layer is still present inthe CNF-DAC-2PPy and CNF-DAC-8PPy
samples. The differences between the CNF and CNF-DAC samples are also
apparent on a macroscopic scale, with much less fragmentation due to ultrasound
in the CNF-DAC samples than in the CNF series. See details of the petri dishes
in Fig. 25.
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Fig. 25 SEM analysis of CNF-2PPy, CNF-DAC-2PPy, CNF-8PPy, CNF-DAC-
8PPy after 30 min of sonication, demonstrating PPy layer damage in samples
of the CNF-PPy series; Petri dishes with samples after sonication to compare

fragmentation of samples after sonication

Thus, covalent anchoring leads to an increase in the coverage efficiency
of the dialdehyde polysaccharide and an increase in the flaking resistance
of the deposited polypyrrole layer from the matrix while maintaining
the electrical conductivity of the as-prepared composites.

Furthermore, during my studies | was involved in testing the biological properties
of conducting polymers. First co-authorship is in research by Skopalova K.,
Radaszkiewicz K.A., Kasparkova V., Stejskal J., Bober P., Junkar 1., Mozeti¢ M.,
Capakova Z., Lehocky M., Kasparova M., Pachernik J., Humpolic¢ek P., 2021.
Modulation of Differentiation of Embryonic Stem Cells by Polypyrrole:
The Impact on Neurogenesis. International Journal of Molecular Sciences 22,
501. Second publication by Gupta S., Acharya U., Pist¢kova H., Taboubi O.,
Moravkova Z, KaSparova M., Humpolicek P., Bober P., 2021. Tuning
the Conductivity, Morphology, and Capacitance with Enhanced Antibacterial
Properties of Polypyrrole by Acriflavine Hydrochloride. ACS Appl. Polym.
Mater. 3, 6063-6069. In the third article the cytotoxicity of cryogels was tested
together with the proliferation of the NIH 3T3 cell line. Milakin K.A., Moravkova
Z., Acharya U., KaSparova M., Breitenbach S., Taboubi O., Hodan J.,
Hromadkova J., Unterweger C., Humpoli¢ek P., Bober P., 2021. Enhancement
of conductivity, mechanical and biological properties of polyaniline-poly(N-
vinylpyrrolidone) cryogels by phytic acid. Polymer 217, 123450.
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Another paper where | tested cytotoxicity was by Musilova L., Achbergerova E.,
Vitkova L., Kolatik R., Martinkova M., Minafik A., Mracek A., Humpoli¢ek P.,
Pecha J., 2022. Cross-Linked Gelatine by Modified Dextran as a Potential Bioink
Prepared by a Simple and Non-Toxic Process. Polymers 14, 391. In this research,

the distribution of fixed and contrast-stained cells in a 3D printed structure was
investigated.
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11.CONTRIBUTION TO SCIENCE

Stimuli-responsive materials for tissue engineering are frequent subjects
of research. Researchers are exploring a range of stimuli such as temperature,
light, pH, magnetic fields, and electric fields with the aim of harnessing their
potential to alter the properties, interactions, structure, and dimensions
of materials. These stimuli-responsive materials hold great promise
in the biomedical sector, field of TE, but also in drug delivery systems
for diagnostics and treatment purposes. Despite a notable increase in the number
of publications concerning stimuli-responsive biomaterials in recent years, there
are still encountering challenges related to the fabrication methods
and the composition of the material that would provide the cell-instructive
potential.

Part of this work is focused on bones TE. The specificity of response to stimuli
and the ability to respond to stimuli is essential for bone TE. When bone is
mechanically deformed it generates a small electrical current that aids bone
regeneration. Therefore, the possibility of electrical field stimulation is mainly
investigated in this work, so this work also focuses on conducting polymers.
However, mechanical fragility and poor processability of CPs limit their use.
Therefore, here we come up with a solution based on a combination of materials
that have suitable bulk properties (ceramic — ARTICLE I, PEEK - APPENDIX I)
for bone TE with a thin conducting polymer film (pristine or prepared in colloidal
dispersion mode ARTICLE |I) onthesurface of the material. The main
contributions of this research to science include an innovative approach of surface
modification by films of conductive polymers such as or prepared in colloidal
dispersion mode. These modifications lead to different surface characteristics but
also significantly change the cytocompatibility of materials. Coatings based
on conductive  polymers  and biopolymers are electrically-conductive
and cytocompatible.

Another achievement is in the new way of biomaterials preparation. This work
introduces two manufacturing options that are not commonly used, yet enable
the production of personalized medical devices. In our work (ARTICLE 1) was
declared that not only the architecture but also the porosity can be controlled using
Powder injection molding technology moreover using an environmentally
friendly approach. The second used fabrication method (APPENDIX 1) was used
for the bone graft of PEEK prepared by manually hot-pressed technique. This
material is not stimuli-responsive but has suitable properties for bone TE. Due
to the lack of time, it was not possible to finalize the surface modification
or introduce the CP into the structure of PEEK grafts to be stimuli-responsive.

The last present study introduces a novel method for the preparation of conductive
composites based on PPy and polysaccharide dialdehydes. Covalent bonding
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of PPy on polysaccharide dialdehydes enhances the homogeneity of decoration
efficiency, improves the resistance of the deposited polypyrrole layer against
flaking from the matrix, and provides the electrical conductivity
of the composites. To summarize the main contribution of this disertation
to science is the extension of knowledge about the preparation of CPs based
stimuli-responsive biomaterials.
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ABSTRACT

The alumina-based scaffolds prepared by powder injection molding can be preferentially used for prepa-
ration of bone grafts. Here, the final architecture of alumina scaffolds was efficiently controlled by pow-
der space holder size and volume ratio. The alumina is not intrinsically cell-instructive material and thus
the coating with electrically-conducting polyaniline or polyaniline/biopolymer films prepared in a col-
loidal dispersion mode was used to provide this advanced property. The component of the extracellular
matrix, sodium hyaluronate, or natural biopolymers (sodium alginate or chitosan) were employed, and,
subsequently, the cytocompatibility of the native and functionalized alumina scaffolds were determined.
Both the absence of cytotoxicity and the cytocompatibility that were revealed demonstrate the applica-
tion potential of these composites. The scaffolds with pore size greater than 250 pm were more cytocom-
patibility than those with pores size between 125 and 250 pm. The cytocompatibility was confirmed
under in vivo-mimicking dynamic cultivation conditions which further improve the cell distribution
and growth.
© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CCBY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Abbreviations: CBS, ceramic-based scaffold; CH, chitosan; SA, sodium alginate;

SH, sodium hyaluronate; AH, aniline hydrochloride; APS, ammonium persulfate.
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Personalized medical devices such as dental prostheses, bone
grafts or personalised medical devices often require the prepara-
tion of precisely designed scaffolds. While 3D printing techniques
are applicable for polymer-based scaffolds, Powder Injection Mold-
ing (PIM) allows the preparation of precisely designed ceramics-
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based products made. The precise design together with homoge-
neous chemical composition [1] is considered as main advantages
of PIM made materials. PIM allow to fabricate the personalised
medical devices made of ceramics which can be especially advan-
tageous in bone or dental engineering. The resulting porous PIM
structures have a different internal structure to those fabricated
by additive manufacturing plus allows to control the porosity [2].

Aluminum oxide (alumina) has good biocompatibility [3],
excellent corrosion resistance, high wear resistance and strength,
and is chemically bioinert [4]. In addition, its price is substantially
lower in comparison to, for example, titanium alloys. It should also
be mentioned that the production of porous alumina structures is
not as demanding as in the case of titanium and its alloys, which
are highly reactive and thus must be mixed, molded, and also
debound/sintered carefully under protective atmospheres.

Both, the bulk and surface properties must be considered when
the cytocompatibility of scaffolds are considered. From the bulk
properties, the pore shape is known to affect cell behavior, as in
the bone tissue regeneration process, the size and interconnection
of pores affect the cell migration, proliferation, and ingrowth into
the scaffold [5]. Another bulk properties such porosity [6], thermal
conductivity [7], and elasticity [8] is not limited the ceramic-based
scaffolds (CBS) application, but the surface characteristics are. Thus,
the composites combining the appropriate bulk characteristics with
stimuli-responsive surface coatings seems to be the most appropriate
way for preparation of desired cell-instructive scaffolds.

One of the most suitable materials for the preparation of
stimuli-responsive, and thus cell-instructive coatings is polyaniline
(PANI) [5]. PANI is a widely studied conducting polymer that pos-
sesses some unique properties. For example, the coating by PANI
itself is not adequately cytocompatible, but can be combined with
a variety of biomolecules, by the preparation of thin films based on
colloidal dispersions, to produce cytocompatible films [9,10]. PANI
also intrinsically combines electronic and ionic conductivities,
which is advantageous for material/cell communication. As men-
tioned, PANI can be stabilized by biopolymers that influence the
cellular physiology [11,12]. The following compounds can be used
as stabilizers: sodium hyaluronate, which can provide final
material-specific bioactivity, especially changes in stem cell gene
expression [13]; chitosan, which is well known for its antibacterial
properties [14]; and alginate, which is widely used in a variety of
biomedical applications including tissue engineering [15].

There have been studies devoted to the space-holder-assisted PIM
of metal powders such as 316 L stainless steel and several titanium
alloys, but there has hitherto been no report on aluminum oxide.
Considering the shape of the pores, polymethyl methacrylate
(PMMA) was used as a spherical space-holder for 316 L stainless steel
[16,17] and Ti6Al4V [18], while sodium chloride (NaCl) and potas-
sium chloride (KCl) have been employed in cases where an irregular
shape of particles or fibers with a high L/D ratio is desired. Thus, one
of the novelties of presented study is the use of KCl as space holder
for aluminium oxide. Another innovative feature of the approach
used in the present study is the colloidal-based coating of surfaces.
Concretely, the surfaces of a substrate were coated with various films
based on polyaniline (PANI) stabilized by biopolymers - in this case,
sodium hyaluronate, chitosan, and sodium alginate. Using these
biopolymers, cell compatibility, or more generally the biocompatibil-
ity of materials, might be controlled.

2. Materials and methods

2.1. Preparation of native ceramic-based substrates

The powder components of the PIM compound were aluminum
oxide (Martinswerk — Huber Corporation, USA) (p = 3.98 g/cm?,
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size range 0.1-3.0 um) and a powder space holder (PSH), potas-
sium chloride (KCI, Sigma Aldrich, Germany) (p = 1.98 g/cm?, size
range 125-500 pum). The powders were admixed into a partially
water-soluble binder (Licomont EK 583, p = 1.08 g/cm?, viscosity
1.5 mPa.s at 130 °C) in a batch mixer (Plasti-Corder, Brabender,
Germany) with counter-rotating blades. The powder content was
kept at 60 vol%, the powder: PSH ratio varied from 20:40 to
50:10, and two size ranges of the PSH were tested, see Table 1
(samples marked as CBS - Ceramic Based Substrates).

Injection molding was performed on an injection molding
machine (Allrounder 370S, Arburg, ARBURG GmbH + Co KG, Loss-
burg, Germany) with a universal tooling frame. The inserts for test
samples were made by machining EN AW 7022 aluminum alloy.
The test geometry consisted of a round plate (diameter 45 mm)
with a highly-drafted angle due to the absence of an ejector sys-
tem. The molding pressures were optimized to obtain defect-free
samples, (see Table 1).

Afterwards, the water-soluble binder component and part of
the PSH were removed by immersion in distilled water (60 °C)
for 24 h. The remaining binder (the backbone) was debound ther-
mally (280 °C) at atmospheric pressure. Sintering was carried out
in a PIM furnace (CLASIC CZ s.r.o., Revnice, Czech Republic) up to
a maximum temperature of 1670 °C and for a holding time of
1 h. The surface of CBS were inspected using SEM microscopy
(VEGA, Tescan).

2.2. Surface functionalization of native substrate

The surface of native CBS was further coated to become bioac-
tive. Four different compositions of the coating were tested. Firstly,
polyaniline (PANI) was used for coating. This coating can provide
electroactivity but according to previous studies does not provide
adequate cytocompatibility. Another three coatings were therefore
prepared via the innovative in-situ polymerization of aniline
hydrochloride in the presence of stabilizers — concretely, sodium
hyaluronate (SH), sodium alginate (SA), and chitosan (CH) [11].
The final composite coating is denominated either as PANI/SH,
PANI/SA, or PANI/CH. In all cases, aniline hydrochloride (AH, Sigma
Aldrich, Germany) and ammonium persulfate (APS, Sigma Aldrich,
Germany) were used for the preparation of each coating.

Preparation of PANI coating. PANI films were prepared by mixing
0.2 M AH and 0.25 M APS solutions and then pouring the reaction
mixture over samples and into Petri dishes. After 1 h of polymer-
ization, the surfaces were washed with 0.2 M HCI (Penta, Czech
Republic) and rinsed with methanol (Penta, Czech Republic).

Preparation of PANI/SH coating. For the preparation of PANI with
SH, 0.2 M AH, 0.1 M APS, and 1 % SH (Contipro a.s., Czech Republic)
were used. SH in demineralized water was shaken at 55 °C over-
night. Then, the AH solution was added, followed by the APS solu-
tion. The reaction mixture was poured over samples and into Petri
dishes, and polymerization carried out for 4 h.. As before, this step
was followed by washing with 0.2 M HCl and rinsing with
methanol.

Preparation of PANI/SA coating. PANI film stabilized with sodium
alginate (IPL, Czech Republic) was prepared using 0.2 M AH, 0.25 M
APS, and 2 % SA. The solution of SA was made in demineralized
water and shaken at 37 °C overnight. Afterward, AH was added, fol-
lowed by APS; thereafter, samples and the Petri dishes were coated
with the PANI/SA mixture. The polymer films were allowed to
polymerize for 4 h. The last step was the fixation of films with
0.2 M HCI and methanol.

Preparation of PANI/CH coating. This surface modification was
made with 0.2 M AH, 0.01 M APS, and 2 % chitosan (Sigma Aldrich,
Germany). Firstly, a solution of CH was prepared by dissolving it in
1 M HClI and shaking the solution at 55 °C overnight. After filtration
of the solution, AH was added, followed by APS. The surfaces were
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Table 1
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Composition of mixture and parameters of powder injection moulding process. Two ranges of PSH grain sizes were used in this study, firstly grains in the size range of 125-250

(5%°%) um and grains of 250-500 pm (=2%9),

Abbreviation Powder Space Holder Powder Pressure [bar]
size [um] [vol.%] [vol.%] Injection Holding

CBS=250-A 250-500 20 40 2100 1650
(CBS=2°0-8 30 30 1500 1200
CBS=250-¢ 40 20 1900 1500
CBS=250-D 50 10 2100 1650
CBS=250-E 125-250 20 40 2100 1650
CBS=250F 30 30 1500 1200
CBS=250-C 40 20 1900 1500
(CBS=2°0-H 50 10 2100 1650

covered with the resulting mixture and the film was left to poly-
merize for 12 h. Subsequently, the films were washed with 0.2 M
HCI and rinsed with methanol.

2.3. Cytotoxicity determination

In the tests, a mouse embryonic fibroblast cell line (ATCC CRL-
1658 NIH/3T3, USA) was used. The cultivation medium consisted
of Dulbecco’s Modified Eagle’s Medium (PAA Laboratories GmbH,
Austria) containing 10 % bovine calf serum (BioSera, France) and
1 % of Penicillin/Streptomycin (GE Healthcare HyClone, United
Kingdom). The test was repeated twice, each with five repetitions
per sample. Cells were incubated at 37 °C in 5 % CO, in humidified
air.

Cytotoxicity of the native substrate. Native CBS were crushed and
extracted according to ISO standard 10993-12 in media with a
concentration of 0.2 g/mL. The tested samples were extracted in
a culture medium for 24 h at 37 °C with stirring. The parent
extracts (100 vol%) were then diluted in the culture medium to
achieve final concentrations of 75, 50, 25, 10, and 1 vol%. All
extracts were used within 24 h.

Cytotoxicity testing itself was performed according to ISO pro-
tocol 10 993-5. Cells were preincubated in 96 well plates (TPP,
Switzerland) at a concentration of 10° cells per mL. The extracts
were added to pre-cultivated cells for another 24 h. All tests were
performed in quadruplicates. The evaluation of cell viability at the
end of exposure was performed using Tetrazolium (MTT cell prolif-
eration assay kit, Duchefa Biochemie, Netherlands). The absor-
bance was measured at 570 nm with an Infinite M200 Pro
NanoQuant instrument (Tecan, Switzerland) and the reference
wavelength was adjusted to 690 nm. The results are presented as
the cell viability (%) in NIH/3T3 culture compared to that in med-
ium without PIM extracts (reference cell viability corresponds to
1). The morphology of cells from the culture plates was assessed
after their cultivation in CBS extracts by using an inverted Olympus
IX 81 phase contrast microscope (Olympus, Germany).

2.4. Cytocompatibility determination

The cytocompatibility study began with the determination of
cell adhesion, growth, and proliferation on (1) native CBS and (2)
the films used for its functionalization. The results from these ini-
tial steps allowed us to design and perform (3) bioactivity studies
in which cell growth and ingrowth under static or dynamic condi-
tions with electrical stimulation were investigated.

The cultivation conditions for experiments 1 and 2 were the
same: the cells were incubated at 37 °C in humidified air with
5 % CO, for 2 days. The differences were in the concentrations of
seeded cells: 2 x 10° per mL for experiment 1, and half that con-
centration (10° per mL) for experiment 2. The experimental setup
and cultivation conditions for experiment 3 were adjusted as fol-

lows: A concentration of 2 x 10° cells per mL was seeded on sub-
strates with a functionalized surface. After 3 days of proliferation,
samples were transferred to a bioreactor enabling electrical stimu-
lation. The bioreactor was run for 6 h per day for a total run-time of
72 h, each successive hour-long period alternating between electri-
cal stimulation and no stimulation. The medium flow was 54 RPM.
The pulse had a rectangular waveform with a width of 3000 ms,
and the voltage was set at 0.1 V. Cells were visualised through
nuclei counterstaining by Hoechst 33,258 (Invitrogen, USA) and
actin filaments were visualized by counterstaining with ActinRed™
555 (Thermo Fisher Scientific, USA).

3. Results and discussion
3.1. Space holder size and volume determine the architecture of CBS

Substrate composition, architecture, pore size, and porosity all
play important roles in the context of designing materials for use
within biomedicine. Here, we used different sizes of space holder,
different space holder vs powder ratios, and different processing
parameters. Scaffold porosity increases with increasing additions
of the powder space holder. In addition, the shape of the pores
can be influenced by the shape of the PSH grains. As can be clearly
seen in Fig. 1, the critical parameter determining the material
properties is the space holder size and its ratio to powder, while
processing parameters seems to be less important. Using these
two components, the architecture, porosity, and especially the pore
size can be easily controlled.

3.2. Native CBS do not induce cytotoxicity

The level of cytotoxicity predetermines any application of a
material in biomedicine. Here, the ISO procedure was used to
determine the cytotoxicity of the native substrate. The cytotoxicity
evaluation is based on the determination of effect of soluble impu-
rities leaching from the material, thus the cytotoxicity of substrates
with functionalized surfaces was not determined, as the volume
ratio of coatings was very low and could not thus induce cytotox-
icity. The surface functionalization can however influence the cyto-
compatibility due to receptor-based interaction with cells. This
issue is determined and discussed further.

As presented in Fig. 2, the native CBS did not induce cytotoxic-
ity. Only in the case of two samples, CBS>2°0-B: CBS=25%F marked as
B and F, the cell viability slightly decreased bellow the 70 %, and
thus approach the cytotoxicity threshold. If the standard deviations
and cytotoxicity of higher concentrations (in case of sample B) are
considered, the cytotoxicity of those concentrations was not
clearly proved. It can thus be concluded that native CBS are appli-
cable in biomedicine and can be further functionalized to become
bioactive.
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Fig. 1. SEM images of the structure of native CBS prepared using different compositions and preparation parameters. The effect of the size of the space-holder as well as the
ratio between space and powder volume on the final structure of the substrate can be clearly seen. The pore size is highly correlated to the size of space holder, while the
space holder / powder volume ration predetermine the porosity and pore interconnection. A = CBS=2°0-A B = CBS=2°0-B, C = CBS=2°0-€, D = CBS=2°0-P, E = CBS=2°0F F = CBS=2°0F,
G= CBsﬁZSO—G H= CBSSZSO—H.
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Fig. 2. The cytotoxicity of native CBS determined by a decrease in cell viability compared to the reference (data were converted to a percentage of the control and expressed
as the mean # standard deviation, n = 5). The ISO 10-993 procedure, concretely the testing of extracts, was used. The cytotoxicity threshold is marked by dashed lines; when
the viability falls below 70 %, samples are considered to induce cytotoxicity. None of the tested native substrates induced cytotoxicity. A = CBS*2°°-#; B = CBS=2°0-B,
C = CBS=250-C D = CBS=250-P E = CBS=<250-E | = CBS=<250-F ( = CBS<250-C H = CB§=250-H-

3.3. Bioactive coatings prepared in colloidal dispersion mode are conductivity can be achieved by incorporation of conducting poly-
cytocompatible mers. It was, however, previously determined that native PANI
does not provide an adequate cell response, which was also con-

The conductivity is one of the crucial properties when the firmed by this study (see Fig. 3B). Functionalization was therefore
bioactivity of bone scaffolds and grafts are considered [19]. The performed by means of an innovative procedure combining the
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synthetic conducting polymer (providing stimuli-responsivity)
with biopolymers (providing cytocompatibility). The procedure is
based on the preparation of thin films in colloidal dispersion mode
[10]. The final composite coating can thus provide both bioactivity
and cytocompatibility.

To confirm the cytocompatibility of the surface functionaliza-
tion employed here, cells were seeded onto surfaces and their pro-
liferation and morphology were determined. The quantification of
cells on the individual surfaces was not determined due to both the
interaction of films with reagents used for cell viability evaluation
(especially the MTT assay results can be biased) and due to the fact,
that cell quantity does not provide relevant information about the
real cytocompatibility which depends on cell physiology and mor-
phology. It is clearly shown that cells on the PANI films were not
capable of proliferation (see Fig. 3B). From the study [11], it is
known that the addition of biocompatible polysaccharides to col-
loidal films changes the surface energy and surface topography,
which can also lead to a change in cytocompatibility. Fig. 3C show
that the number of cells on the surface modified with PANI/SA was
smaller than the numbers of cells on the surfaces modified with
PANI/SH (Fig. 3E) and PANI/CH (Fig. 3D) film. Also, on PANI/SA
(Fig. 3C), round cells could be observed that were capable of adher-
ing onto the surface, but they could not proliferate. The number of
cells on the surface stabilized by alginate was smaller in compar-
ison to the other stabilized films. Fig. 3E shows the cell on the sur-
face coated with PANI/SH are present in higher quantity and
especially their morphology is more physiological. This could be
because of SH, which can support not only cell adhesion and pro-
liferation but mainly their physiological state according to the type
of adhered cells. The actin cytoskeleton of cells on this film was
more fibrous compared to the reference sample (Fig. 3A). The pro-
liferation rate on the PANI/CH film (Fig. 3D) was similar to that on
the PANI/SH film and also the morphology of actin fibers was sim-
ilar in these two cases. It can be clearly seen that the best cytocom-
patibility was offered by the PANI/SH and PANI/CH coatings. From
those, the PANI/SH was later chosen as the most promising treat-
ment for the determination of bioactivity under dynamic cultiva-
tion conditions. Sodium hyaluronate was chosen with regard to
bioactivity related to stem cell differentiation [20].
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Fig. 4. Cell growth on the surface and within the pores of native CBS=2°°-B (A) and
CBS=2°0-F (B) prepared with 30 vol% of space holder. The cells were seeded in a
concentration of 2 x 10° cells per mL and cultivated for 2 days. Individual cells were
visualised through nuclei counterstaining by Hoechst (white). There were no
significant differences between any of native CBS. The CBS=2°°-" were chosen as the
most appropriate for other experiments.

3.4. Cells can grow on the surface and within the pores of CBS under
static cultivation conditions

In addition, cell growth on the surface of the sample, as well as
cell ingrowth into the pores were investigated on native as well
functionalized CBS. Cells were able to attach to, and subsequently
grow on all mentioned samples.

Fig. 4 provides a detailed view of the surface of the native CBS
without any surface treatment and with different pores sizes (A
250 pm and more, B 125-250 pm). Overall, the growth of cells
was better on samples with a pore size greater than 250 pm than
on samples with a pore size between 125 and 250 pm. The lowest
viability was observed for CBS functionalized with PANI. In con-
trast, functionalization by films prepared in colloidal dispersion
mode improved cell growth on PIM samples in the case of all sta-
bilizers. Also, there were no significant differences in cell growth
between CBSPANVSH CBSPPANYSA and CBSPANYCH, Moreover, the cell

Fig. 3. Cell proliferation on reference - the cell culture polystyrene without surface modification (A); PANI (B), PANI/SA (C); PANI/CH (D); and PANI/SH (E). Cells were seeded
in a concentration of 10° cells per mL and cultivated for 2 days. Cell nuclei were visualized by counterstaining with Hoechst; actin filaments were visualized by
counterstaining with ActinRed™ 555 The appropriate cytocompatibility was observed in the case of the PANI/CH and PANI/SH coating.

5
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quantity was very similar to that observed for pure PIM samples.
Based on microscopic observations it can be concluded, that cells
were able to ingrowth deeper into the pores in all of the samples.

Due to the best cytocompatibility of CBS with pores higher than
250 pm and most promising properties of PANI/SH based coating
the only CBS=2°0-P-PANISH \y35 ysed for further experiments.

3.5. Dynamic conditions and electrical stimulation improve
cytocompatibility

The final goal of the here presented study was to prepare a CBS
which is not only cytocompatible but also possess stimuli-
responsive and thus even cell-instructive potential. The impor-
tance of in vivo occurred dynamic condition is often omitted within
the cytocompatibility study. In this context, the mechanotransduc-
tion which integrates various physical cues from a cell’s surround-
ing microenvironment and converts them into biochemical
intracellular signaling responses are most important. The flow of
cultivation medium (shear stress) is main part of mechanotrans-
duction when the bone scaffolds are considered. Here we apply
the media flow 54 RPMI. Except of mechanotransduction, the
instructive role of electroconductivity is obviously of great impor-
tance. Especially in case of bone tissue, the role of electroconduc-
tivity of materials is discussed [21].

There are no generally accepted protocols used for the electrical
stimulation of cells, the set-ups vary not only in the applied voltage
(from ~ 4-5 mV to 150 mV) but also pulse duration (mostly from
2 ms to 200 ms), frequency (mostly between 2 and 6 Hz), and
waveform (e.g. monophasic, square) [19,22,23]. In here presented
experiments the commercial equipment was used and the electri-
cal stimulation parameters were as follows: voltage 0.1 V, pulse
width 3000 ms, arrangement on square-wave.

As mentioned, the CBS with a pore size above 250 pm was cho-
sen for the experiments under dynamic conditions. The preferen-
tial cytocompatibility of materials with pore size of about 200 to

Fig. 5. Cell distribution and cell morphology on CBS=230-P-PANISH ynder static (A,B)
or dynamic (C,D) cultivation conditions. Cells were seeded in a concentration of 2 x
10° cells per mL and precultivated in static conditions for 3 days and subsequently
cultivated in dynamic conditions for another 3 days. Cell nuclei are visualized by
counterstaining with Hoechst, actin filaments are visualized by counterstaining
with ActinRed. Parameters of dynamic conditions: Media flow 54 RPMI, pulse width
3000 ms, square waveform, voltage 0.1 V.
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300 pum is generally considered as ideal for bone tissue replace-
ments [24] and was confirmed even on the CBS (see Fig. 4A). The
coating with PANI/SH was chosen as the most promising, mainly
due to the bioactivity of SH.

Both described cell-stimuli external factors, shear stress and
external electrical stimuli, were applied together, and the results
are presented in Fig. 5. It is obvious that application of shear stress
and external electrical stimulation has an important effect on few
cellular parameters (please compare the Fig. 5A and 5B versus 5C
and 5D). Firstly, the cell quantity is higher on the surfaces exposed
to dynamic conditions, and more importantly the cell distribution
is more homogeneous. This is critical for the scaffold acceptance
after implantation [25]. In addition, a slightly different cell mor-
phology and structure of cytoskeleton can be observed under
dynamic conditions with electrical pulses than under static condi-
tions. This can be connected to both the applied shear stress and
electrostimulation [26,27].

4. Conclusion

Ceramic-based scaffolds prepared by Powder Injection Molding
are promising candidates for use as medical scaffolds, especially in
bone regeneration and restoration. The composition of the PIM
mixture as well as the processing parameters were tested to reveal
their impact on the architecture of the porous material. It was
found that the final architecture can be efficiently controlled by
the powder space holder size and the volume ratio. However, alu-
mina itself does not provide adequate cytocompatibility, or, espe-
cially, bioactivity. None of the prepared ceramic-based scaffolds
induced cytotoxicity, and more importantly, cells were able to
grow on their surface and ingrowth into the pores. The scaffolds
surfaces were therefore subsequently functionalized by stimuli-
responsive polyaniline-based films. To improve the cytocompati-
bility, coatings were innovatively prepared in colloidal dispersion
mode and combined the synthetic conducting polymer with
biopolymer stabilizers (sodium hyaluronate, chitosan, and sodium
alginate). This functionalization further significantly improved the
cytocompatibility of the ceramic-based scaffolds. The bioactivity of
the prepared scaffolds was confirmed by an improvement in cyto-
compatibility when dynamic cultivation conditions and electrical
impulses were applied. The in vivo mimicking conditions improve
the cytocompatibility of scaffolds, especially in context of cell dis-
tribution and growth.
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SM 3.3 Cells can grow on the surface and within the pores of CBS under static

cultivation conditions
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Fig. 1 Cell growth on a ceramic scaffolds (CBS=**""F) with all types of surface modifications.

From the photograph of the ceramic scaffold surface modified with pristine PANI, it
can be seen that the cells are capable of adhesion and proliferation. On the surface modified
with PANI/CH, there appear to be fewer cells, however, the cells ingrow into the scaffold's
internal environment. As this is testing under static conditions, the cells are not evenly

distributed on the surfaces.
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Abstract: The active role of biomaterials in the regeneration of tissues and their ability to modulate
the behavior of stem cells in terms of their differentiation is highly advantageous. Here, polypyrrole,
as a representantive of electro-conducting materials, is found to modulate the behavior of embryonic
stem cells. Concretely, the aqueous extracts of polypyrrole induce neurogenesis within embryonic
bodies formed from embryonic stem cells. This finding ledto an effort to determine the physiological
cascade which is responsible for this effect. The polypyrrole modulates signaling pathways of Akt and
ERK kinase through their phosphorylation. These effects are related to the presence of low-molecular-
weight compounds present in aqueous polypyrrole extracts, determined by mass spectroscopy:.
The results show that consequences related to the modulation of stem cell differentiation must also
be taken into account when polypyrrole is considered as a biomaterial.

Keywords: conducting polymer; polypyrrole; biocompatibility; neurogenesis; stem cells

1. Introduction

The conjugated structure of conducting polymers (CPs) is, among other factors,
mainly responsible for their unique properties, such as high electron affinity, low en-
ergy optical transmission, and low ionization potential [1]. Another advantageous aspect
of utilizing CPs, especially in biomedicine, is their intrinsically combined electron and ionic
conductivity. As a result, CPs are able to convert electrical signals to ionic ones and vice
versa. This is a crucial factor for the efficient exchange of signals and stimuli between living
objects (e.g., cells or tissues) and conducting materials [2]. Therefore, CPs are excellent
materials for tissue engineering with respect to stimulating nerve cells and tissues [3],
as electrical stimulation increases neurite outgrowth in vitro and promotes nerve regen-
eration in vivo [4]. Electric stimuli also affect the differentiation of embryonic stem cells
(ESCs). In contrast to cells differentiated by growth factors, ESCs stimulated by electric
current are able to differentiate into more specific types [5].

Polypyrrole (PPy) is one of the most studied CPs in the context of tissue engineering
applications. It can be synthesized by chemical or electrochemical polymerization [6,7].
The electrochemical method is relatively expensive, and, moreover, a conducting substrate
is required for the polymerization. The chemical synthesis of PPy can be accomplished
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using oxidative polymerization, admicellar polymerization, and layer-by-layer deposi-
tion [8], giving rise to PPy in the conducting form of a salt, which can be converted by
alkali treatment to a non-conducting base [9,10]. PPy polycation is prepared in the form
of thin films or powders, and negatively charged counter-ions can be incorporated into
its structure during polymerization. By changing the counter-ions, also called “dopants”,
the physical properties of the polymer can be controlled [11].

In tissue engineering, the application of electrical stimuli through PPy not only in-
creases neurite outgrowth but also regulates the shape and function of endothelial cells,
and enhances the proliferation of smooth muscle cells. PPy also exhibits interesting po-
tential with respect to its application in controlled drug release. If a suitable dopant is
incorporated in the polymer, it can be released into the surrounding environment by
electrical stimulation [12]. For example, Richardson et al. [13] prepared cochlear implant
electrodes coated with a combination of PPy, p-toluene sulfonate, and nerve growth factor
neurotrophin-3 (NT3). The release of NT3 was controlled by electrical stimuli and neurite
outgrowth increased. However, PPy is not only suitable for the cell stimulation by electrical
signals, but also exhibits antimicrobial activity. Such antimicrobial activity was, for exam-
ple, confirmed in a study by Milakin et al. [14], who demonstrated the antimicrobial effect
of cryogel scaffolds combining PPy and gelatin.

The abovementioned studies clearly demonstrate the unique properties of PPy itself;
however, PPy is also interesting due to the properties of its main precursor, heterocyclic
pyrrole. The pyrrole molecule is contained in a broad range of therapeutic substances and
natural products as one of the main constituents, such as porphyrins. Thus, this heterocyclic
compound and its derivatives can serve as the source of a number of pharmacologically
active substances. For example, Kang et al. reported on pyrrole-3-carboxamide, which was
evaluated as an antidepressant drug [15], and pyrrole derivatives with a sulfonamide group
were reported to exhibit antitumor activity [16]. PPy derivatives are also known for their
neuroprotectivity. Aiello et al. [17] investigated the natural pyrrole containing product
daminin, which showed neuroprotective ability against Parkinson’s and Alzheimer’s
diseases. In general, pyrrole derivatives can also act as anti-inflammatory, antituberculous,
antiviral, antimalarial, and insecticidal agents [18]. In summary, the above facts suggest that
pyrrole and its derivatives affect intracellular signaling pathways. Thanks to the promising
application potential of conducting polymers in tissue engineering, the investigation of
their biological properties has been at the center of attention for several years. In addition
to their basic characteristics, such as cytotoxicity, adhesion, and the ability to enhance
cell growth, neurogenesis has remained at the center of efforts towards developing new,
smart materials. To the best of our knowledge, no previous study has investigated the effect
of PPy, PPy oligomers (Figure 1), low-molecular-weight by-products, or residual impurities
present in PPy after its synthesis on the neurogenesis of stem cells. The biological activity of
pyrrole and a large number of its derivatives has led the authors to question the role of these
low-molecular-weight substances in the control of cellular fate. Therefore, the aim of this
paper was to determine the impact of aqueous PPy extracts containing the pyrrole-based
substances on the neurogenesis of ESCs.

VAN
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Figure 1. The formula of pyrrole oligomer. n=0, 1, 2, ...
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2. Materials and Methods
2.1. Preparation of PPy Powders

Polypyrrole salt was synthetized by oxidizing 0.2 M pyrrole (Sigma-Aldrich, China)
with 0.5 M iron-(III) chloride hexahydrate (Sigma-Aldrich, Germany) in an aqueous envi-
ronment. The oxidant-to-pyrrole mole ratio was 2.5. The mixture was left to polymerize at
room temperature for 12 h. The precipitated black PPy was collected on a filter, rinsed with
0.2 M hydrochloric acid followed by acetone, and dried at room temperature over silica
gel [19]. Preliminary tests conducted in this laboratory demonstrated that the effect of PPy
base (formed via the deprotonation of PPy salt with ammonia [10]) on neurogenesis was
insignificant; therefore, the present study applies only to PPy hydrochloride (hereinafter
referred to as PPy) and the preparation of PPy base is not reported.

2.2. Preparation of Extracts

Samples of PPy were extracted according to ISO 10993-12 with the following modifi-
cation: 0.05 g PPy per 1 mL of cultivation medium was used instead of the ISO-defined
ratio of 0.2 g polymer per 1 mL. The extraction was conducted in chemically inert closed
containers using aseptic techniques at 37 = 1 °C under stirring for 24 h. Subsequently,
the extract was separated from the polymer powder by centrifugation at 1000 g for 15 min
followed by the second centrifugation of supernatant under the same conditions. The par-
ent extracts (100%) were used for the testing of cytotoxicity according to the ISO 10 993-5
protocol. The parent 100% extracts were diluted in complete medium to obtain a series
of dilutions. All extracts were used within 24 h. Prior to in vitro testing, the extracts the
extracts were sterilized by sterile filtration through a 0.22 um Millex GV filter (Merck,
Darmstadt, Germany). All tests were performed in four separate sets.

2.3. Culture of Embryonic Stem Cells

The embryonic stem cell ES R1 line [20] was propagated in an undifferentiated state
by culturing on gelatinized tissue culture dishes in complete media. The gelatinization
was performed using 0.1% porcine gelatin in water. Complete medium with the following
composition was used for the cultivation: Dulbecco’s Modified Eagle’s Medium (DMEM),
15% fetal calf serum, 100 U mL~1 penicillin, 0.1 mg mL~1 streptomycin, 100 mM non-
essential amino acids solution (all from Thermo Fisher, Waltham, MA, USA), 0.05 mM
2-mercaptoethanol (Sigma, St. Louis, MO, USA) and 1000 U mL ! of leukemia inhibitory
factor (LIF) (Gibco, MA, USA) [21,22].

2.4. Cytotoxicity

The cytotoxicity testing of extracts of PPy was performed according to the ISO
10 993-5 protocol. Samples were extracted according to ISO 10993-12 in the ratio of 0.2 g
per 1 mL of DMEM media. Extraction was performed in chemically inert closed containers
using aseptic techniques at 37 &= 1 °C under stirring for 24 h. The parent extracts (100%)
were then diluted in a complete medium to obtain a series of dilutions with concentrations
of 25, 10, 5 and 1%. All extracts were used within 24 h. For proliferation testing, cells were
seeded at a density of 5000 cells per cm? 24 h before treatment. As a reference giving 100%
cell proliferation, cells cultivated in the complete medium without extract added were used.
In addition, the proliferation of cells differentiating in the presence of extracts but without
the presence of LIF in the cultivation medium was also tested. Cells were treated with
extracts for 48 h and, to assess cytotoxic effects, the mass of viable cells was determined as
the level of ATP using Cellular ATP Kit HTS (Biothema, Handen, Sweden). Samples were
prepared and analyzed according to Konopka et al. [23]. Before lyses, the morphology of
the cells was observed and documented using an inverted Olympus phase contrast micro-
scope (Olympus IX51, Tokyo, Japan) supplemented with a digital camera (Olympus E-450,
Tokyo, Japan). All tests were performed in four separate sets. Statistical significance was
determined by ANOVA with post hoc Tukey’s Multiple Comparison test; * p < 0.05.
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2.5. ESCs Differentiation

The ESC differentiation was induced through the formation of embryoid bodies
(EBs) by hanging drop techniques (400 cells per one 35 puL drop) in LIF-free complete
medium [24]. Pictures of growing EBs were captured by digital camera using an Olympus
binocular microscope (Olympus SZX7, Tokyo, Japan). The diameter of five-day-old EBs
was measured and the number of EBs with expanding neuronal cells was also determined.
The EBs were treated with 1, 5, and 25% extract of PPy for 5 days. Consequently, the number
of expanding EBs in adherent culture with visible neurites was determined on days 7 and
11 after the seeding of 5-day-old EBs (12 and 16 days of ESC differentiation in total).

In the next step, the 5-day-old EBs were transferred to a gelatinized 24-well plate
(one EB per well) and cultivated in serum-free DMEM-F12 media (1:1) containing
100 UmL! penicillin, 0.1 mg mL~! streptomycin and insulin—-transferrin—selen (ITS) sup-
plement (all from Thermo Fisher, Waltham, MA, USA) for the next 11 days. The medium
was replaced with fresh medium every 2 days of cell culture. Differentiating cells were
observed using an inverted Olympus phase contrast microscope (Olympus IX51, Tokyo,
Japan) and documented with a digital camera (Olympus E-450, Tokyo, Japan) [21]. All tests
were performed in four separate sets. Data are reported as the mean and standard devia-
tions from a minimum of four independent experiments. ANOVA with post hoc Tukey’s
Multiple Comparison test was applied to determine any statistical differences between the
samples. p values of < 0.05 were considered statistically significant. Design of experiment
leading to formation of EBs in the presence or absence of PPy extracts is given in Figure 2.

quantification of neurite

outgrowth
The size of EBs
+/- PPy extracts
T PP TP T >
Day 0 12 16
1 N Western blot
v analysis

—— e (N

EBs in non-adhesive EBs in adhesive
culture with serum culture without serum
gRT-PCR analysis

Figure 2. Design of experiment: formation of embryoid bodies in the presence or absence of PPy extracts.

2.6. Expressions of Neural Markers by Quantitative RT-PCR

Total RNA was extracted by Qiagen RNeasy Mini Kit (Qiagen, Hilden, Germany).
Complementary DNA was synthesized according to the manufacturer’ instructions for
RevertAid Reverse Transcriptase reverse transcriptase kit (Thermo Fisher, Waltham, MA,
USA). Real-time PCR of neural cell phenotype markers was performed in a Roche 480 Light-
Cycler using Light Cycler®480 DNA SYBR Green I Master (Roche, Basel, Switzerland).
Primers and annealing conditions are listed in Table 1. GAPDH was used as a reference
gene [24-26]. Data are presented as the differences between reference and samples treated
with PPy extracts after normalization to the reference gene by the 2~ (Ca(target) ~Cq(reference))
method [27,28]. All tests were performed in four separate sets. Data are reported as
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the mean and standard deviations from a minimum of four independent experiments.
Statistical significance was determined by ANOVA with post hoc Tukey’s Multiple Com-
parison test; * p < 0.05. (*) and (#) mark statistically significant differences compared to
ESCs and to EBs without PPy treatment, respectively.

Table 1. Primer sequences for target and reference genes used in qRT-PCR assays; F = forward primer
(5’-3'), R = reverse primer (3/-5').

Gene Primer Sequence

F TGCCCTTC-

Pax 6 CATCTTTGCTTG 60 178
R
TCTGCCCGTTCAA-
CATCCTTAG
F CCAGCCTCCA-

Sox 1 GAGCCCGACT 62 258
R GGCATCGC-
CTCGCTGGGTTT
F GGTCTCGTCC-

Mash 1 TACTCCTCCG 62 137
R GCTGCCATCCT-
GCITCCAAA
F AAGGGCTCAT-

Gapdh GACCACAGTC 62 252
R CATACTTG-
GCAGGTTTCTCCA

T annealing (°C) Product Size (pb)

2.7. Western Blot

Western blot assay of the expressions of the neuron-specific proteins N-cadherin,
N-CAM, f III tubulin, and doublecortin [29-33] in non-differentiating ESCs and in differ-
entiating ESCs with and without PPy treatment (reference (REF)) on Day 16 of differen-
tiation was performed. The level of 3-actin was used as a control of protein loading [34].
Cells were directly lysed using 100 mM Tris/HCI (pH 6.8), 20% glycerol, 1% sodium
dodecyl sulfate, 0.01% bromophenol blue, and 1% 2-mercaptoethanol. Western blotting
was performed according to the manufacturer’s instructions with minor modifications.
Concretely, the SDS-PAGE was run at 110 V and the transfer onto polyvinylidine fluoride
membrane was conducted for 1 h at 100 V (Mini-Protean III; Bio-Rad, Hercules, CA, USA).
Membranes were blocked in 5% non-fat dry milk solution in TBS-Tween 20 buffer (TBST)
for 30 min and subsequently incubated overnight at 4 °C with the following primary
antibodies: N-CAM (Sigma, St. Louis, MO, USA), N-cadherin (BD Biosciences, Franklin
Lakes, NJ, USA, 610920), doublecortin (Abcam, Cambridge, United Kingdom, 18723),
B-IlI-tubulin (Sigma, St. Louis, MO, USA, T5076), p-Akt (phospho-5473; Cell Signaling,
4060), Akt (Cell Signaling Technology, Beverly, MA, USA, 4691), p-ERK1/2 (phospho-
T202/Y204; Cell Signaling Technology, Beverly, MA, USA, 8544), ERK1/2 (Cell Signal-
ing Technology, Beverly, MA, USA, 4695), p-GSK3 (phospho-S9; Cell Signaling Tech-
nology, Beverly, MA, USA, 9336), and (3-actin (Santa Cruz Biotechnology, Dallas, TX,
USA, SC47778). The membranes were washed in TBST and incubated with horse radish
peroxidase-conjugated secondary antibodies (Sigma, St. Louis, MO, USA). Inmunoreactive
bands were detected using ECL detection reagent kit (Sigma, St. Louis, MO, USA) and the
FusionSL chemiluminescence documentation system (Vilber-Lourmat, Collégien, France).
Results were quantified by the densitometric analysis of Western blot bands using the
Fiji distribution of Image]. All tests were performed in four separate sets. Data are pre-
sented as mean and standard deviation from a minimum of four independent experiments.
Statistical significance was determined by ANOVA with post hoc Tukey’s Multiple Com-
parison test; * p < 0.05. (*) and (#) mark statistically significant differences compared to
ESCs and to EBs without PPy treatment, respectively.
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2.8. Characterization of Extracts

PPy extracts were analyzed with a 1260 Series liquid chromatography system coupled
to a 6520 Accurate-Mass Q-TOF mass spectrometer (both Agilent Technologies, Santa Clara,
CA, USA). A dual-spray electrospray ionization source was employed. A sample volume
of 5 uL was infused into a continuous flow of mobile phase with no column installed.
Samples were eluted with a flow rate of 0.3 mL min~! using 1% (v/v) aqueous formic acid
at 30 °C.

Mass spectroscopy analyses were conducted on PPy extracts prepared using the
procedure described above, with deionized water as the extraction liquid. The posi-
tive ion mode mass spectrometry conditions were as follows: gas temperature, 300 °C;
fragmentor voltage, 75 V; capillary voltage, 3 kV; nozzle voltage, 2 kV; scan range m/z,
50 to 1700; 1 scan~1. The internal mass reference ions m/z 922.009798 and 121.050873 were
used to keep mass axis calibration stable during the analysis.

2.9. Statistical Analysis

Statistical significance was determined by ANOVA with post hoc Tukey’s Multiple
Comparison test. More detailed information and values of significance are provided in
individual chapters in the methodology.

3. Results and Discussion

The effect of the electrical conductivity of the material is particularly interesting with
respect to excitable tissues and cells, such as cardiac or nerve cells, represented here by
neuronal lines derived from ESCs. A prerequisite for using any material in contact with
cells and tissues is the absence of its cytotoxicity, which concerns also materials based on
PPy. In studies by Humpoli¢ek et al. [19] and Capdkova et al. [35], the cytotoxic properties
of two PPy forms were tested, namely protonated PPy salt and deprotonated PPy base,
which were prepared by various techniques.

As the effect of PPy base on neurogenesis proved to be insignificant, the current
study reports only on the investigation of neurogenesis induced by extracts of PPy salt
(hereinafter referred to as PPy). As described in the work by Humpolicek et al. [19],
PPy extract loses its cytotoxic effect at 5% concentration. In the case of the embryotoxicity
of PPy, erythroid cluster formation and beating foci completely disappeared in the presence
of 25% extract.

The cytotoxic effect of PPy extracts (1, 5 and 25%) on ESCs was also determined in the
present study. Cytotoxicity was tested not only on undifferentiated ESCs in the presence of
leukemia inhibitory factor (LIF) but also on cells that differentiated spontaneously due to
LIF depletion. The results are presented in Figure 3, demonstrating a correlation between
relative cellularity, PPy extract concentration and cell phenotype. For undifferentiated
cells cultured in the presence of LIF, a cytotoxic effect was observed at the highest tested
concentration of PPy extract (25%). The results are comparable with those reported by
Humpolicek et al. [19]. The ability of ESCs cultured in the absence of LIF to undergo
spontaneous differentiation has already been reported by Smith et al. [36]. In the case
of cells that underwent differentiation (Figure 3B), the relative cellularity was reduced
by almost 50% already in the presence of the lowest concentration of PPy extract (1%),
in comparison with the reference. Therefore, cells cultured under normal conditions,
in which they retain their ability to self-renew, and in an undifferentiated state exhibit
higher resistance to environmental changes.

The work described here, which extends the abovementioned study by Humpoli¢ek
et al. [19], concentrates on testing the toxicity impact on EBs. Cells were exposed to
extracts during the induction and maintenance of EBs for a period of 5 days. In principle,
EBs mimic the development of embryos and the cells differentiate into all three embryonic
germ layers [37]. The cytotoxic effect of PPy extract on the size of growing EBs is shown in
Figure 4A. Significant reductions in EBs sizes were found only in the case of cultivation
with 25% extract. Here, the cells differentiated into many types and formed abundant
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intercellular interactions (Figure 4B). The influence of lower tested concentrations of PPy
extract (1 and 5%) did not negatively influence EB dimensions, demonstrating thus no
harmful effect on the part of the studied substance.
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Figure 3. Cytotoxic effect of polypyrrole (PPy) extract on embryonic stem cells (ESCs) after treatment with 1, 5,
and 25% extract in self-renewing media (A), and in media enabling their spontaneous differentiation (B) after 48 h

in comparison with reference. Data are reported as the mean and standard deviations from a minimum of four independent

experiments. ANOVA with post hoc Tukey’s Multiple Comparison test was applied to determine any statistical differences

between the samples. p values of < 0.05 were considered statistically significant and are labeled with (*).
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Figure 4. (A) Cytotoxic effect of PPy extract on embryoid bodies (EBs). The size of EBs determined on Day 5 of culture.

(B) Embryonic body. Data are reported as the mean and standard deviations from a minimum of four independent

experiments. Statistical significance was determined by ANOVA with post hoc Tukey’s Multiple Comparison test; * p < 0.05.

Due to its conductivity, PPy can serve as smart material influencing cell differentiation
and promoting the proliferation of various types of nerve cells. However, additional external
factors, such as the presence of signaling molecules or an electric current are needed for
successful cell differentiation. Therefore, the use of PPy formulated as a scaffold, which can
combine all these factors, enhances the ability of cells to differentiate. A recent study by
Granato et al. [38] investigated the differentiation of the murine Neuro2a cell line on poly
(butylene adipate-co-terephthalate) (PBAT) fibers blended with PPy. The cells were cultured
on the material for three days in the presence of media promoting neurodifferentiation.
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On a substrate containing 2% PPy, the occurrence of neurites was higher in comparison
with neat PBAT. The presence of PPy in the blend also increased its hydrophilicity, resulting
in improved cell adhesion. In another work, Stewart et al. [39] investigated the effect
of PPy on the differentiation of human neural stem cells (hNSCs) in the presence of an
electric field. The conducting PPy substrate promoted differentiation into neurons under
the influence of electric current, in contrast to the reference (a glass-based substrate with
protein laminin). Biocompatibility with Schwann cells is also very important for the use
of materials in neural tissue engineering. This was demonstrated in a study conducted
by Wang et al. [40], who reported on the absence of cytotoxic effects even in the case of
50% PPy extract. Moreover, Schwann cells were able to proliferate on the PPy membrane.
Comparable results were published by Sun et al. [41]. Here, a PPy coated composite of poly
(L-lactic acid-co-e-caprolactone) with silk fibroin (PLCL/SF) was used as the test material.
In comparison with the reference (non-coated PLCL/SF), Schwann cells manifested better
proliferation on PPy-coated PLCL/SF. The authors also used this conducting polymer to
induce the differentiation of neuroblastic cells in the absence of nerve growth factor in
the culture medium by applying only an electric field. However, they observed that the
conducting polymer was not able to induce differentiation without stimulation by the
electrical current. On the basis of the findings reported in the above publications, it can be
stated that all the mentioned factors playing a role in neurogenesis are mutually supportive.

However, to date, no studies have been published on the effect of PPy extracts on the
neurogenesis of ESCs. Here, EBs were formed by the hanging drop method in the presence
of 1, 5 and 25% PPy extracts for 5 days. Then, EBs were cultivated on adherent plastic in the
absence of serum in the culture medium. Neurogenesis was evaluated on days 7 and 11 of
culture (12 and 16 days of overall differentiation, respectively) as the percentage of bodies
with visible neurites (Figure 5B). Compared to reference cells, extract-treated EBs developed
earlier and more frequent neuronal processes. The 5% PPy extract exerted the greatest
effect on the formation of neurites (Figure 5A). In the light of these results, the expressions
of early neurogenic transcripts were evaluated in 5-day-old EBs growing in the presence
of 5% PPy extract. For comparison, expression was also assessed in undifferentiated
ESCs and EBs formed without extract. PAX6 [42], SOX1 [43] and MASH]1 [44] are factors
important for neurogenic processes and are expressed primarily at the beginning of neuron
development. As expected, the expression levels of these transcripts in ESCs were very
low. EBs cultured in the absence of extract increased the expression of all genes due to
spontaneous differentiation. However, the highest level of expression was observed in EBs
in the presence of 5% PPy extract (Figure 5C).

Neurogenesis was also determined through the protein level by means of Western
blot assay. The neuron-specific proteins were carefully chosen on the basis of their prop-
erties and action during neurogenesis. N-cadherin was one of the neuroproteins tested
in the present study. N-cadherin has an important function for cell adhesion and also
for cell interactions under the development of the central nervous system (CNS) [29].
N-CAM (also known as CD56), the neural cell adhesion molecule, was chosen as another
marker of neurogenesis. This immunoglobulin occurs on the cell surface in the central and
peripheral nervous systems. Along with N-cadherin, it is involved both in cell adhesion
and in synaptogenesis [30]. A protein that is also involved in neurogenesis is 3-IlI-tubulin
(or TUJ1). It is predominantly expressed in the cytoskeleton of neuroblasts [31].
Another protein detectable under the development of embryonic neural systems is dou-
blecortin (doublin), which belongs to the family of microtubule-associated proteins (MAPs)
and is mainly involved in neuronal migration [32,33]. It is commonly used in experiments
as one of the markers of neurogenesis.

In the present study, the expressions of the abovementioned neurospecific proteins
(N-cadherin, N-CAM, B-IlI-tubulin, and doublecortin) were studied, with beta-actin used
as a reference protein. Expression was determined after 16 days of cultivation both in
undifferentiated ESCs and in differentiated cells in the absence and presence of 5% PPy
extract. The results of the assay, summarized in Figure 6, show a significant increase in the
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expressions of all the tested neuroproteins in PPy-treated cells, these being higher by 50%
or more than in the samples with PPy extract absent. The presented observations, therefore,
indicate that PPy extracts contain compounds that positively affect cell neurogenesis.
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Figure 5. Influence of PPy extracts on neurogenesis. (A) Formation of EBs with neurite expansion after treatment with PPy
extracts. (B) Microscopic visualization of expanded EB with neurites. (C) the expression of early neurogenic transcripts
(Pax6, Sox1, and MASH1) in non-differentiating ESCs and in 5-day-old EBs growing in the absence (EBs) or in the presence
of 5% PPy extract (EBs + PPy). Data are reported as the mean and standard deviations from a minimum of four independent
experiments. Statistical significance was determined by ANOVA with post hoc Tukey’s Multiple Comparison test; * p < 0.05.
(*) and (#) mark statistically significant differences compared to ESCs and to EBs without PPy treatment, respectively.

Akt (or PBK) is a serine/threonine kinase involved in a variety of processes such as
the regulation of cell growth, proliferation, migration, protein synthesis, and differentiation.
The disruption of Akt kinase-mediated signal transduction leads to neurodegenerative
diseases, such as Alzheimer’s, Parkinson’s, and Huntington’s disease. Akt occurs in the
organism in three forms (Aktl, Akt2 and Akt3) that share a highly conserved structure.
All isoforms are abundantly expressed in the CNS and their activation is affected by
various growth factors, insulin, or cell stress. Akt activity is determined as the ratio of
phosphorylated Akt at Ser473 to total Akt [45,46]. Through the PI3K signaling pathway,
Akt is involved in neuronal survival and growth [47,48]. GSK-3 (glycogen synthase kinase-
3) is one of the most important physiological substrates for Akt [49,50]. The activity of this
signaling molecule is usually inhibited by Akt phosphorylation, following a response to
stimulation by a certain factor [51,52].

To discover possible molecular mechanisms underlying the influence of PPy extract
on neurogenesis, the status of selected signaling proteins was determined (Figure 7).
Various pyrrole-containing compounds have the ability to inhibit the activity of GSK3 [53-55].
Other kinases, such as Akt (or PKB) and/or ERK can phosphorylate and thus also modify
the activity of GSK3 [56,57]. The ability of PPy extract to inhibit the phosphorylation
of the mentioned kinases was also determined within this study. Concretely, the ESCs
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were seeded 24 h before treatment with 10% PPy extract and subsequently exposed to
extract for 15 and 60 min. Cells were lysed and analyzed by the Western blot technique.
PPy extract significantly attenuated the level of phosphorylated Akt kinase at both tested
time points. In contrast to Akt, the level of phosporylated ERK increased; however,
a significant increase was observed only in the sample treated for 15 min. No changes
were observed in the phosphorylation of GSK3 in cells treated by PPy extract (Figure 7).
As already mentioned above, it was reported that various pyrrole-containing compounds
inhibited the activity of GSK3 [53-55]. GSK3 plays an important role in a myriad of cellular
processes including the regulation of neurogenesis and neuronal function in the developing
and adult brain [57]. The phosphorylation status of GSK3 Ser9 was unchanged in cells
exposed to PPy extract. Accordingly, we believe that the activity of GSK3 was not modified
by extract of PPy. Unexpectedly, here, downregulation of the phosphorylation of GSK3
upstream kinase Akt (Ser473) was observed, which reflects the inhibition of Akt activity.
In contrast, the phosphorylation of ERK (another important upstream kinase of GSK3)
was slightly downregulated. This reciprocal phospho status of Akt and ERK kinases
corresponds to mutual competition between their signaling pathways [58]. The stimulation
of ESC neurogenesis by the inhibition of Akt kinase activity was described previously [59].
Moreover, many growth factors activate Akt signaling in many cell types. On the other
hand, growth factor depletion, which also leads to the inhibition of Akt activity, provides the
initiation of neurogenesis in ESCs [60,61]. On the basis of these facts, we assume that the
promotion of neurogenesis in ESCs by PPy extract is connected with the PPy extract-
mediated modulation of Akt signaling pathway activity.
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Figure 6. Western blot assay of the expression of neuron-specific proteins N-cadherin, N-CAM, B-III-tubulin, and dou-
blecortin in non-differentiating ESCs and in differentiating ESCs with PPy treatment (PPy) and without PPy treatment
(Reference) on day 16 of differentiation. The level of 3-actin was used as a control of protein loading. Data are reported as the
mean and standard deviations from a minimum of four independent experiments. Statistical significance was determined
by ANOVA with post hoc Tukey’s Multiple Comparison test; * p < 0.05. (*) and (#) mark statistically significant differences

compared to ESCs and to Reference, respectively.
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Figure 7. PPy extract inhibits Akt kinase phosphorylation. ESCs were either exposed or not exposed (reference) to 10% PPy
extract (PPy) for 15 and 60 min. The levels of active, phosphorylated forms of Akt, ERK and GSK3 kinases, and the level
of 3-actin were determined by Western blot techniques. The level of 3-actin was used as a control of protein loading.

Representative Western blot and quantified data from four independent experiments are shown. Statistical significance was
determined by t-test; * p < 0.05; ** p < 0.01; *** p < 0.001.

Work undertaken to determine the reasons for the cytotoxicity of polyaniline was
previously published by Stejskal et al. [62] and Ka$parkova et al. [63]. On the basis of
their findings, it can be assumed that such cytotoxic effects are mainly connected with
the presence of low-molecular-weight impurities. In order to look into the composition
of PPy extracts and to identify any low-molecular-weight products and oligomers that
might induce neurogenesis, electrospray mass spectrometry (MS) analyses of the samples
were conducted.

Mass spectrometry, with the exception of pyrolysis MS, has not frequently been used
as an analytical tool for the characterization of PPy. This is mainly due to the extremely
poor solubility of PPy in common solvents suitable for MS. However, the studied aqueous
PPy extracts, which are assumed to contain low-molecular-mass fractions/impurities of
the polymer, can be accessible for analysis. A representative mass spectrum of the studied
PPy extract is shown in Figure 8A, and, from this, it is obvious that within the studied
m/z region, the sample comprises one main dominating molecular ion M + H) + m/z =
325.2. Higher masses are also present at significantly lower intensities, with a pattern
typical for oligomers. The interpretation of the recorded MS spectra is not, however,
straightforward and, surprisingly, very limited information on the occurrence or structure
of PPy oligomers and impurities exists in the literature [64,65]. Nevertheless, the mass of the
main molecular ion with m/z = 325.2 can be assigned to PPy pentamer. Higher masses can
then correspond to oligomers and/or their adducts, and may comprise oxygen and oxygen
containing by-products. Taking into consideration the presence of Cl~dopant anions
originating from FeCl; oxidant, the presence of adducts containing chlorine can also be
expected. Interestingly, the higher masses present in the spectrum are separated by a mass
of about Am/z ~125 Da. A similar observation was reported by Appel et al., who studied
oligomers soluble in a PPy reaction mixture using UV-Vis and GPC techniques [64]. In their
work, PPy was synthetized in two ways: (1) from p-toluene sulfonic acid and pyrrole in
acetonitrile via oxidation by oxygen in the surrounding air, and (2) electropolymerization
from the same system. The authors concluded that, in both cases, there are some preferred
oligomers formed with n =3, 4,7, 12 and 19, and that oligomers up to n = 30 were present.
This is an indication of the formation of larger oligomers by combinations of smaller ones.
In addition, Fermin and Scharifker [65] studied oligomers under elctropolymeration with
aqueous KNOj; or KCl as electrolytes and observed soluble oligomers with up to nine
pyrrole units in the electrolyte solutions, together with polypyrrole gradually depositing
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onto the electrode surface. Though neither of the reported procedures can be compared
with oxidation using FeCls, it is quite obvious that the presence of different oligomer
types will depend on the polymerization procedure and oxidation agent, as well as the
reaction system. The interpretation of the spectra is also complicated because of the
known shortcomings of ESI-MS—namely, the fact that analytes with higher molecular
masses may acquire several electrostatic charges during the ESI process. A series of
multiply charged species are consequently produced, including adducts with impurities,
water, and components of mobile phase [66]. Unambiguous deconvolution of the spectra
recorded for PPy extract in our work is, therefore, difficult and is beyond the scope of the
current study.
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Figure 8. Positive-ion ESI-MS spectrum of polypyrrole extract; (A) polypyrrole salt, (B) polypyrrole base.

Combining the results from MS analysis and cytotoxicity testing, it can be concluded
that neither of the detected substances exhibit severe cytotoxicity to EBs, as shown by their
insignificant size reduction after treatment with 5% PPy extract. Neurogenesis, however,
is induced by species with m/z higher than 325.5, as this pentamer is still present in
the deprotonated PPy base (Figure 8B), which, in the present study, have not induced
neurogenesis. The oligomers with higher masses are absent or detected in substantially
lower amounts. The absence of higher oligomers in the PPy base is due to the deprotonation
process transforming PPy from salt to base form, which serves as a purification procedure.
There are a number of substances which can be present as by-products of PPy synthesis
and can regulate stem cell behavior. In this respect, the work of Park et al. [67] can be
mentioned. In this study, the influence of extract of dried Euphoria longan, which has
been used in ancient Chinese medicine for the treatment of forgetfulness, was tested.
The extract was tested in vivo in mice and it was shown that it regulates neurogenesis
and promotes memory. A pyrrole-lactone-based natural alkaloid named longanlactone
was later isolated from Euphoria seeds [68]. This pyrrole-lactone is responsible for the
promotion of neurogenesis, as confirmed in a recent study by Reddy et al. [69], in which
various synthetic derivatives of longanlactone have also been tested.
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4. Conclusions

The conjugated structure of conducting polymers (CPs) is, among other factors,
mainly responsible for their unique properties.

Polypyrrole, an example of a conducting polymer, is one of the most attractive materi-
als within this group for applications in tissue engineering. It finds application not only
because of its good level of biocompatibility, but also due to its intrinsic combination of
electronic and ionic conductivity. These characteristics are mainly advantageous when
preparing biointerfaces, and controlling and regulating cell fate. PPy itself, as a chemical
substance, exhibits no known effects on the differentiation of stem cells. However, the ques-
tion remains whether and to what extent any of the low-molecular-weight products and
residual impurities present in PPy affect cell physiology. In the present study, the cytotoxi-
city of aqueous PPy extracts and their effects on the differentiation of embryonic bodies
formed from mouse embryonic stem cells (ES R1 line) were investigated. Cytotoxic effects
on undifferentiated cells cultured in the presence of leukemia inhibitory factor were first
observed at the highest tested concentration of PPy extract (i.e., 25%). On the other hand,
in cells that underwent differentiation, relative cellularity decreased by ~50% relative to
the reference already after treatment with the lowest extract concentration (i.e., 1%).

With regard to neurogenesis, EBs cultured in the presence of PPy extracts
(especially those with 5% concentration) formed nerve processes and amplified neurite
expansion more abundantly than non-treated EBs (reference). In the light of these find-
ings, the expressions of genes associated with early neurogenesis (specifically Pax6, Sox1,
and MASH1) were measured in EBs formed in the presence of 5% PPy extract and found
to be higher than in the reference EBs. Similarly, the expressions of neurospecific proteins
(N-cadherin, N-CAM, B-III-tubulin, doublecortin) increased in comparison with the ref-
erence. The 10% PPy extract then exerted an effect on the modulation of Akt and ERK
kinase signaling pathways. This effect is also associated with neurogenesis. The observed
induction of neurogenesis in EBs could be related to the presence of PPy oligomers in
the extract, which were determined by mass spectrometry. The cellular behavior is likely
influenced by these low-molecular-weight compounds; however, the exact determination
of which of these compounds causes this effect is beyond the scope of this study.
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Abbreviations

CPs conducting polymers

ESCs embryonic stem cells

PPy polypyrrole

NT3 neurotrophin-3

LIF leukemia inhibitory factor

EBs embryoid bodies

ITS Insulin—transferrin—selen

REF reference

PBAT butylene adipate-co-terephthalate
hNSCs human neural stem cells
PLCL/SF  composite of poly (L-lactic acid-co-e-caprolactone) with silk fibroin
CNS central nervous system

MAPs microtubule-associated proteins
GSK-3 glycogen synthase kinase-3

MS mass spectrometry
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ABSTRACT: In this study, a simple one-step preparation of
polypyrrole (PPy) assisted by an organic dye, acriflavine hydro-
chloride (AF), was investigated. The presence of a dye resulted in
the development of PPy nanofibers with the conductivity enhanced
up to 14 S cm™'. The structural analysis by Fourier-transform
infrared and Raman spectroscopies confirmed the interaction of the
AF with PPy. As far as the electrochemical activity of PPy is
concerned, the gravimetric capacitance increased up to 85 F g~
with the help of a AF. Additionally, a substantial improvement in
the antibacterial activity against Staphylococcus aureus and
Escherichia coli bacteria for all the PPy-containing organic dye
was achieved. The conductivity, morphology, capacitance, and
remarkable antibacterial properties of PPy tuned by an organic dye
enable applications wherever the electroconductivity and anti-
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bacterial activity should meet requirements, for example, wound healing, electrochemical sensors, bioactuators, or even regenerative

medicine.

KEYWORDS: acriflavine hydrochloride, polypyrrole, nanofibers, conductivity, capacitance, antibacterial activity

1. INTRODUCTION

Considerable progress has been made in the field of
conducting polymers due to their versatile applications,
particularly in biosensors, electrochemical capacitors, and for
employment in biomedical and health care sectors.”” The cost-
effective, easy synthesis, environmental stability, and tunable
properties such as conductivity and morphology of polypyrrole
(PPy), in addition to its biocompatibility, make it a high-
ranking conducting polymer.” The combination of antibacterial
properties and conductivity can be successfully utilized in
various application fields, for example, in smart wearable
equipment, where conductivity can be used for heating or
sensing and antibacterial properties add to sustainable use.”
Marakova et al. have demonstrated the enhanced antibacterial
effect of PPy-embedded cotton along with lower cytotoxicity
and further studied the effect of silver nanoparticles on the
conductivity and antibacterial activity of PPy.” Liu et al. have
successfully synthesized PPy—AgCl nanocomposites in the
presence of methyl orange and obtained a conductivity of 17 S
cm™! with enhanced antibacterial properties.’

Efforts to improve the antimicrobial properties of PPy with
the use of biopolymers such as cellulose,” dextrin,® chitosan,”

© 2021 American Chemical Society
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and gelatin10 have been made. Also, metals or metal oxides
have been used for the preparation of PPy composites to
achieve promising antibacterial properties; however, their high
cost limits applications in biomedicine."'™"> Moreover,
abundant research work shows that high conductivity of PPy
can be accomplished by introducing carbon nanotubes,'®
graphene,'” or graphene oxide'® in addition to its desirable
capacitive properties.'”*" Besides these, PPy with the cost-
effective organic dyes have recently attracted interest of
researchers for the high conductivity and easy tuning of
morphology in the resulting composites.

In previous studies, our group has demonstrated the
significance of various dyes such as methyl orange, ethyl
orange, safranin and methyl red in improving the conductivity
of PPy. Additionally, we successfully gained controlled
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morphology of PPy such as nanorods, nanotubes, nanofibers,
and so forth.” 7>* One of the recent studies has presented the
cytotoxic activity of biocompatible PPy prepared in the
presence of acid blue 25, signifying its potential biomedical
applications.”* However, regarding its antibacterial assess-
ments, surprisingly, nothing is known, which thus encouraged
our current research work.

The present study reports the effect of an organic dye,
acriflavine hydrochloride (AF) (Figure la), not only on

@ LOEC

«2HCI

Hyl OOO H

2

NH

4n (\ /7 + 8n Fecl,

(b)

+8n FeCl, +6nHCI

Figure 1. (a) Synthesis of PPy using iron(III) chloride as an oxidant
and (b) structure of AF.

electrical conductivity and morphology but also on the
electrochemical activity of PPy. The high capacitive behavior
displayed by nanofibers compared to pristine globular PPy is
also discussed. AF is well known for its antiseptic properties
and ability to treat bacterial and fungal infections as well as is
used in different biomedical applications.”* For this purpose,
the utmost emphasis has been made in investigating the
antibacterial activity of conducting PPy prepared in the
presence of AF. The enhanced capacitance of the conducting
nanofibrous PPy with optimistic antibacterial activity is
presented in this work.

2. EXPERIMENTAL SECTION

2.1. Chemicals and Reagents. Pyrrole (98%), iron(III) chloride
hexahydrate, AF (mixture of 3,6-diamino-10-methylacridinium and
3,6-diaminoacridine), and Nafion 117 solution (lower aliphatic
alcohols and water mixture) supplied from Sigma-Aldrich were
employed without any further purification.

2.2. Preparation of PPy with or without the AF Dye. PPy was
prepared by the oxidation of 0.15 M pyrrole using 0.3 M iron(III)
chloride as an oxidant (Figure 1b). Both pyrrole and FeCly-6H,0
were dissolved separately in 50 mL of distilled water. Then, the
reaction was started by fast mixing of the two solutions followed by
vigorous shaking (1—2 min). The resultant 100 mL reaction mixture
contained a fixed molar ratio of the oxidant to monomer, that is,
[oxidant]/[pyrrole] = 2. Then, the polymerization was carried out by
leaving the reaction mixture undisturbed overnight at room
temperature. The obtained product was filtered and washed with
excess of 0.2 M HCl and ethanol, and the black solid, PPy, was dried
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in a desiccator over silica gel to a constant weight. For the synthesis of
PPy in the presence of a AF, a sequence of AF concentrations from
2.5 to 10 mM was selected. The dye was dissolved in S0 mL of
distilled water along with pyrrole. The next step involved the addition
of an oxidant to the solution of the monomer with the dye, and the
reaction proceeded in a similar way as described above.

2.3. Characterization. The morphology of the PPy samples was
examined with an MAJIA3 TESCAN scanning electron microscope
and TEC-NAI G2 SPIRIT transmission electron microscope.

DC conductivity was measured at room temperature by a van der
Pauw method with spring-loaded electrodes on compressed pellets
(diameter 13 mm, thickness 1.0 + 0.3 mm) prepared under 530 MPa
pressure using a hydraulic press TRYSTOM H-62 (Czech Republic).
A Keithley 230 programmable voltage source in serial connection with
a Keithley 196 System DMM was used as the current source, and the
potential difference was measured with a Keithley 181 nanovoltmeter.
The values were determined as an average from the measurements in
two perpendicular directions taken from the linear part of the
current—voltage curve.

Fourier-transform infrared (FTIR) spectra of the powders
dispersed in potassium bromide pellets were registered using a
Thermo Nicolet NEXUS 870 FTIR spectrometer with a DTGS TEC
detector in the 400—4000 cm™' wavenumber region.

Raman spectra were recorded on a Renishaw InVia Reflex Raman
microspectrometer. The spectra were excited with HeNe 633 nm. A
research-grade Leica DM LM microscope was used to focus the laser
beam. The scattered light was analyzed with a spectrograph using
holographic gratings of 1800 lines mm™". A Peltier-cooled charge-
coupled device detector (576 X 384 pixels) registered the dispersed
light.

Thermogravimetric analysis (TGA) of the PPy sample was
performed on a PerkinElmer Pyris 1 thermogravimetric analyzer in
a temperature range 35—800 °C at a rate of 10 °C min ™" with a fixed
air flow rate at 25 mL min~".

Electrochemical studies were performed on a Metrohm AUTOLAB
PGSTAT302N potentiostat in a three-electrode cell. Glassy carbon
(diameter = 3 mm), Ag/Ag" wire, and Pt wire were used as the
working, pseudoreference, and counter electrodes, respectively. As a
supporting electrolyte, 0.2 M HCI was used. For each sample
preparation, ~5 mg of ground PPy with or without the dye was
uniformly dispersed in 1 mL of a mixture containing 590 uL of Milli-
Q water, 400 uL of isopropanol, and 10 uL of Nafion. Each
measurement was carried out by drop-casting 1 uL of the dispersion
onto a glassy carbon electrode under an inert atmosphere.

The gravimetric capacitance was calculated from the cyclic
voltammograms (CVs) using the following equation

/VZIdV

_ "
2mvAV

where / I dV depicts the area under the CV, m (g) represents the
mass of the active material drop-casted, v (V/s) is the scan rate, and
AV is the potential window from V) to V.

For antibacterial testing, each sample was ground in a porcelain
mortar to a fine powder and then weighed to prepare a stock
concentrated suspension. From each sample, the stock concentrated
suspension was prepared in sterile Mueller—Hinton broth (MHB)
medium at a concentration of 64 mg mL™", and the stock suspension
was further diluted to concentrations of 32, 16, 8, 4, 2, 1, 0.5, 0.25,
0.12, 0.062, and 0.031 mg mL™.*” An equal amount of the bacterial
suspension (inoculum) in MHB was added to each concentration,
and after thorough homogenization, the tubes were incubated for 24 h
at 35 °C. Then, 0.1 mL was taken from each tube and spread on the
surface of tryptone soya agar (in duplicate for each concentration).
After incubation at 35 °C for 18—24 h, the growth of the test bacteria
on the surface of the plates was evaluated and the minimum inhibitory
concentration (MIC) was determined accordingly. The tests were
performed with Gram-positive Staphylococcus aureus (S. aureus) CCM
4516 (inoculum concentration 2.2 X 10° cfu mL™') and Gram-
negative Escherichia coli (E. coli) CCM 4517 (inoculum concentration
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84 x 10° cfu mL™). The experimental setup was performed
according to the procedure described in Nature Protocols.””

3. RESULTS AND DISCUSSION

3.1. Morphology. In general, pristine PPy shows a globular
morphology which could be tuned to nanorods, nanotubes,
nanofibers, or irregular patterns upon addition of organic dyes
such as safranin, methyl orange, acid blue 25, or methyl red,
respectively, to the polymerization mixture.”'~>* Herein, the
conversion from globular PPy (Figures 2a and 3a) to

Figure 2. SEM micrographs of PPy prepared in the presence of (a) 0,
(b) 2.5, (c) 7.5, and (d) 10 mM of AF.

Figure 3. TEM micrographs of PPy prepared in the presence of (a) 0,
(b) 2.5, (c) 7.5, and (d) 10 mM of AF.

nanofibers (Figures 2b and 3b) can be seen clearly upon
introduction of even a small quantity of the AF dye. Upon
increasing the dye concentration to 7.5 mM, PPy nanofibers
show enlarged dimensions, signifying the role of concentration
of the dye in determining the morphology (Figures 2c and 3c).
However, the nanofibrous morphology of PPy is maintained
even for the highest concentration of the dye, that is, 10 mM
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(excess of the dye in the polymerization mixture). The
aggregate formation of undefined shape can also be noticed for
this dye concentration (Figures 2d and 3d).

3.2. FTIR Spectra. Infrared spectra of the pristine PPy, AF
dye, and PPy with various concentrations of the AF dye are
displayed in Figure 4. In the spectrum of the AF dye, the band

§

=

Absorbance

1500 1000

)

3000 2500 2000
Wavenumber (cm”

3500 1

Figure 4. FTIR spectra of pristine PPy, acriflavine dye, and PPy
prepared at various concentrations of AF. The peaks referring to AF
are marked with dashed blue lines, PPy with black solid lines, and the
peak shifts with red solid lines.

corresponding to the N—H" stretching vibration of amine
hydrochloride (—NH,") is observed at 3303 cm™'. The C=C
stretching vibrations in the aromatic ring show absorptions at
1597 cm™L. In addition, the peak at 1480 cm™! refers to the
ring stretching vibration of the phenazine ring. The range,
1200—1400 cm™, represents the C—N stretching modes.””
The peaks at 927 and 827 cm ™' represent out-of-plane C—H
deformation on a trisubstituted aromatic ring structure present
in the phenazine ring.

The spectra of PPy prepared in the presence of the dye
reveal the main characteristic bands of PPy and a small
shoulder at 1597 cm™' that corresponds to the aromatic ring
vibrations of AF. A weak absorption band is also observed at
about 1634 cm™' and can be related to AF ring-stretching
vibrations (observed exactly at 1640 cm™" in pure AF) or to
the presence of the carbonyl group due to the nucleophilic
attack of water during the polymerization.”” The latter would
indicate strong overoxidation of the sample induced by AF
presence. The band observed at 1534 cm™ (C—C stretching
vibrations in the pyrrole ring) of the pristine PPy shifts to 1540
cm™! after adding 10 mM of AF. The band of C—N stretching
vibrations located at 1453 cm™" shifts to 1458 cm™". The broad
band at 1302 cm™" corresponding to the C—H or C—N in-
plane deformation vibration remains at the same position as
well as the peak at 1166 cm™ which refers to the C—H in-
plane deformation vibration. The peak at 1036 cm™'
representing C—H out-of-plane bending shifts to 1041 cm™
upon addition of AF. The small peak at 1597 cm™ that appears
in the spectra of PPy with various concentrations of the dye in
addition to the peak shifts confirms the presence of the AF dye
and its interaction with PPy. All mentioned shifts are in the
direction to higher wavenumbers, indicating a slight stiffening
of the pyrrole ring, most likely due to 7—7 interactions with
AF.

3.3. Raman Spectra. Raman spectra collected with a laser
excitation wavelength of 633 nm as presented in Figure S
provide information on the charge distribution on the PPy
chains since both polarons and bipolarons are resonantly
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Figure S. Raman spectra (excitation line 633 nm) of AF and PPy in
the absence and presence of various concentrations of the AF.

enhanced with this excitation line. On the other hand, the AF
dye is out of resonance with this excitation wavelength and
thus is not observed.

In the recorded spectrum of pristine PPy, the typical band
related to the backbone stretching of C=C bonds and the
inter-ring C—C in the backbone of the polaron structure is
located at 1580 cm™".**"** The band of C—N stretching
vibrations in the pyrrole ring is located at 1488 cm™".”*° The
doublet situated at 1376 and 1321 cm™' corresponds to the
ring stretching vibrations of PPy. The band located at higher
wavenumbers is assigned to the vibrations of charged PPy, and
the second one refers to the C—C ring stretching of neutral
units.’’** The band maximum at about 1242 cm™" is assigned
to the C—H antisymmetric in-plane bending vibrations.”””” In
the region 1090—1050 cm™', two peaks are detected: 1068
cm™! is attributed to the C—H in-plane deformation vibrations
of protonated species and 1051 cm™" corresponds to the C—H
in-plane deformations in the neutral units.””**** The bands at
967 and 928 cm™' are assigned to the in-plane ring
deformation related to the polaron and bipolaron states of
PPy, respectively.””"*> The small shoulder at 1718 cm™,
observed in all samples, is connected to the carbonyl groups
and overoxidation.

In the spectra of PPy in the presence of AF, we observe the
same bands with blue shifts in comparison to the spectrum of
pristine PPy. The C=C backbone stretching vibrations at
1580 cm™! are moved to 1593 cm™, and the peaks at 1376,
1068, and 967 cm™" corresponding to the bipolaron structure,
observed in the spectrum of pristine PPy, are shifted,
respectively, to 1381, 1080, and 978 cm™! in the presence of
the dye. This is connected to the interaction of PPy with the
AF dye, as mentioned earlier in FTIR analysis.

The spectra of PPy with the dye exhibit an increase in the
intensity of the band of C—H deformation in the bipolaron
structure situated at 1080 cm ™" compared to the band at 1068
cm™ in the pristine PPy. The intensity of the peak at 1080
cm™' observed for the lowest dye concentration of 2.5 mM in
PPy subsequently decreases upon further addition of the dye.
As the bipolarons are dominant charge carriers in PPy, higher
bipolaron content can be correlated with the higher
conductivity of PPy.***¢

3.4. Yield and Conductivity. The yield is calculated with
respect to the monomer used in the polymerization reaction.
Theoretically, 1 g of pyrrole provides 1.23 g of PPy chloride
(Figure 1a). Herein, we observe that the yield in the synthesis
of globular PPy is lower, which, however, increases with the
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use of the dye and thus shows the incorporation of the dye
(Table 1).

Table 1. Yield and Conductivity of the PPy Prepared at
Different Molar Concentrations of AF with a Fixed Molar
Ratio of the Oxidant to Pyrrole, i.e., [Oxidant]/[Pyrrole]
2

[AF] (mM) yield (g g7") conductivity (S cm™)
0 0.90 1.1 + 0.2
2.5 1.54 147 + 0.5
7.5 1.62 82+ 03
10.0 1.46 53 +£03

Globular PPy possesses a conductivity of 1.1 S cm™' (Table
1), which is in good agreement with previously published
results.”” As presented in Table 1, the conductivity of PPy
increases up to 14.7 S cm™ for the PPy nanofibers prepared in
the presence of 2.5 mM AF dye. The increase in the
conductivity can be attributed to the higher content of charge
carriers, bipolarons, in the nanofibrillar PPy, as evidenced by
Raman spectroscopy (see Section 3.3). It can be observed that
the further increase in the dye concentration lowers the
conductivity; however, it is still greater in all cases compared to
globular PPy. As visible in SEM (Figure 2d) and TEM (Figure
3d) images, increase in the dye concentration to 10 mM
invokes the formation of dye aggregates (nonconducting
islands) on the surface of nanofibers, leading to the
inhomogeneity of the material; as a result, a decrease in the
conductivity was observed, and hence, the further increase in
dye concentration was not studied. It is previously well
reported that the conductivity of globular PPy can increase up
to 2 orders of magnitude’”*’ when organic dyes are added to
the preparation procedure, depending on the nanostructure
obtained.

3.5. Thermal Studies. TGA was carried out to study the
thermal stability of globular and nanofibrous PPy (Figure 6).

100
80 -
9
% eof
5
g omM
[ L
=z 4 25mM
7.5mM
10 mM
20 -
0 1 1 1
200 400 600 800

Temperature (°C)

Figure 6. TGA of PPy prepared with different AF concentrations.

In all the cases, PPy shows stability up to nearly 200 °C,
whereas a small weight loss is observed, which might be due to
the removal of moisture. The thermal stability of PPy
composites with the dye is higher than that of the pristine
PPy. PPy nanofibers leave a residue of ~20 wt % as compared
to globular PPy with no residual weight.

3.6. Electrochemical Studies. In order to examine the
potential in electrochemical capacitors, CV was performed for
the prepared PPy, without and with the AF dye. Figure 7
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Figure 7. Cyclic voltammograms of PPy prepared in the presence of (a) 0, (b) 2.5, (c) 7.5, and (d) 10 mM AF.

presents the CV, carried out by the drop-casting method as
explained above in the Experimental Section. Different scan
rates of 10, 20, 50, 100, and 200 mV s~! were used over the
potential range from —0.35 to 0.75 V in 0.2 M HCL
Globular PPy shows oxidation and reduction peaks (Figure
7a) similar to previously reported studies.”®”” The cyclic
voltammograms evidently display the influence of the dye on
the current densities of PPy, which further affect their redox
behavior. Herein, for the lowest dye concentration of 2.5 mM,
a sudden increase in the current density was observed,
resulting in an enhanced redox peak and provided with a
quasi-rectangular shaped curve, thus signifying better capaci-
tive properties. For higher dye concentrations, 7.5 or 10 mM
(Figure 7c,d), however, a gradual decrease in the redox
behavior, still better or similar to PPy alone, was observed,
respectively. These cyclic voltammograms were further studied
to evaluate the gravimetric capacitances based on their integral
areas, as presented in Table 2. PPy itself is believed to have
good capacitive behavior. The highest gravimetric capacitance

Table 2. Gravimetric Capacitances (F g~') of PPy with
Different AF Concentrations at Various Scan Rates

gravimetric capacitances (F g_l)

concentration of the dye

scan rates (mV s™') 0 mM 2.5 mM 7.5 mM 10 mM
10 62.1 85.6 782 60.3
20 47.5 78.4 70.1 47.3
50 35.7 76.2 61.7 38.2
100 282 74.9 54.7 32.0
200 222 75.2 47.4 26.3
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was observed for the lowest dye concentration, which is fairly
stable even at high potential scan rates. The enhanced
capacitive behavior is also in accordance with the highest
conductivity value obtained (Table 2). However, for other dye
concentrations, lower capacitances which decay upon increas-
ing the sweep rates, one of the commonly seen behaviors, were
observed. It can be summarized that the presence of a AF
certainly increases the capacitive property of PPy with the
maximum capacitance of 85 F g~' for the lowest amount of the
dye.

3.7. Antibacterial Properties. The assessment of
antimicrobial activity is commonly achieved either by the
diffusion or by the dilution method. In the dilution method,
the minimum concentration of the antibacterial material to
inhibit the bacterial growth, in media such as agar or broth, is
determined, termed as MIC, which is often expressed in mg
mL™! or ug mL™.* In the current study, the MIC was
determined by the CLSI/EUCAST macrodilution method for
the prepared PPy-containing AF dye. The PPy nanofibers show
abrupt rise in the antibacterial activity against both bacteria,
irrespective of the dye concentrations, as presented in Table 3.
The antibacterial activity of PPy can be related to various
effects which have been previously described by Silva Janior et
al.*! The dye concentrations, 2.5 and 7.5 mM, show similar

Table 3. Results of the MIC of the PPy in the Presence of
(a) 0, (b) 2.5, (c) 7.5, and (d) 10 mM AF

minimal inhibitory concentration (mg mL™")

bacteria 0 mM 2.5 mM 7.5 mM 10 mM
S. aureus 16 2 2 4
E. coli 16 4 4 4

https://doi.org/10.1021/acsapm.1c00775
ACS Appl. Polym. Mater. 2021, 3, 6063—6069


https://pubs.acs.org/doi/10.1021/acsapm.1c00775?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.1c00775?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.1c00775?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.1c00775?fig=fig7&ref=pdf
pubs.acs.org/acsapm?ref=pdf
https://doi.org/10.1021/acsapm.1c00775?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Polymer Materials

pubs.acs.org/acsapm

decreased MIC values of 2 and 4 mg mL™" against S. aureus
and E. coli, respectively, compared to PPy alone, signifying the
enhanced antibacterial activity with incorporation of the dye.
However, for the highest concentration, the response of the
Gram-positive bacterium is reduced as the MIC value is
increased to 4 mg mL™}, but against the Gram-negative
bacterium, no changes were observed.

In recent years, the antibacterial activity of PPy has gained
significant interest. For example, Salabat et al. demonstrated
the influence of palladium on the antibacterial activity of PPy
against S. aureus by the microdilution method and obtained an
MIC of 5.78 mg mL ™12 Using the broth dilution method,
Maruthapandi et al. presented the effect of Zn/CuO on the
antibacterial activity of PPy with an MIC of 1 mg mL™."" It is
clear that PPy has lower antibacterial activity; however, it can
be improved with the addition of a variety of metal or metal
oxides; nevertheless, the complicated synthesis and high cost
are the major disadvantages. Herein, with the support of an
inexpensive organic dye, we have successfully enhanced the
antibacterial effect against the two bacteria with the lowest
MIC of 2 mg mL™".

4. CONCLUSIONS

The successful preparation of PPy nanofibers in the presence
of the AF dye, using iron(Ill) chloride was achieved. A
maximum conductivity of 14.7 S cm™ for PPy with the lowest
dye concentration was observed. The FTIR and Raman
spectroscopy confirmed the structure of PPy and its interaction
with the AF dye. The higher bipolaron fraction in the PPy-
containing dye was also indicated through Raman spectroscopy
at a 633 nm excitation. The highest gravimetric capacitance of
85 F g~! was observed for PPy prepared with the 2.5 mM dye
at a scan rate of 10 mV s~'. Additionally, the PPy-containing
AF dye demonstrated enhanced antibacterial activity against
both S. aureus and E. coli bacteria. Therefore, the addition of
AF during PPy synthesis offers improved materials with
possible applications in biosensors, antimicrobial surfaces, and
bioelectronic devices. The low cost and easy availability of an
organic dye are additional advantages in making the overall
process simple and cost-effective.

B AUTHOR INFORMATION

Corresponding Author
Patrycja Bober — Institute of Macromolecular Chemistry,
Czech Academy of Sciences, 162 06 Prague 6, Czech
Republic; ® orcid.org/0000-0002-1667-8604;
Email: bober@imc.cas.cz

Authors

Sonal Gupta — Institute of Macromolecular Chemistry, Czech
Academy of Sciences, 162 06 Prague 6, Czech Republic

Udit Acharya — Institute of Macromolecular Chemistry, Czech
Academy of Sciences, 162 06 Prague 6, Czech Republic

Hana Pistékova — Centre of Polymer Systems, Tomas Bata
University in Zlin, 760 01 Zlin, Czech Republic

Oumayma Taboubi — Institute of Macromolecular Chemistry,
Czech Academy of Sciences, 162 06 Prague 6, Czech Republic

Zuzana Moravkova — Institute of Macromolecular Chemistry,
Czech Academy of Sciences, 162 06 Prague 6, Czech
Republic; ® orcid.org/0000-0001-8128-1040

Martina Kasparova — Centre of Polymer Systems, Tomas Bata
University in Zlin, 760 01 Zlin, Czech Republic

6068

Petr Humpolicek — Centre of Polymer Systems and Faculty of
Technology, Tomas Bata University in Zlin, 760 01 Zlin,
Czech Republic; ® orcid.org/0000-0002-6837-6878

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsapm.1c00775

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

The authors wish to thank the Czech Science Foundation (19-
04859S) for the financial support. This work was supported by
the Ministry of Education, Youth and Sports of the Czech
Republic—DKRVO (RP/CPS/2020/001 and RP/CPS/2020/
002). J. Hroméadkova is acknowledged for providing SEM and
TEM images.

B REFERENCES

(1) Gerard, M; Chaubey, A,; Malhotra, B. D. Application of
conducting polymers to biosensors. Biosens. Bioelectron. 2002, 17,
345-359.

(2) Snook, G. A; Kao, P; Best, A. S. Conducting-polymer-based
supercapacitor devices and electrodes. J. Power Sources 2011, 196, 1—
12.

(3) Humpolicek, P.; Kasparkové, V.; Pachernik, J.; Stejskal, J.; Bober,
P.; Capékovd, Z.; Radazkiewicz, K. A.; Junkar, I; Lehocky, M. The
biocompatibility of polyaniline and polypyrrole: A comparative study
of their cytotoxicity, embryotoxicity and impurity profile. Mater. Sci.
Eng, C 2018, 91, 303—310.

(4) Mahat, M. M,; Sabere, A. S. M.; Azizi, J; Amdan, N. A. N.
Potential Applications of Conducting Polymers to Reduce Secondary
Bacterial Infections among COVID-19 Patients: a Review. Emergent
Mater. 2021, 4, 279-292.

(5) Marakovd, N.; Humpolicek, P.; Kasparkové, V.; Capakovd, Z.;
Martinkovd, L.; Bober, P.; Trchovd, M.; Stejskal, J. Antimicrobial
activity and cytotoxicity of cotton fabric coated with conducting
polymers, polyaniline or polypyrrole, and with deposited silver
nanoparticles. Appl. Surf. Sci. 2017, 396, 169—176.

(6) Liu, J.; Wang, J.; Yu, X;; Li, L.; Shang, S. One-pot synthesis of
polypyrrole/AgCl composite nanotubes and their antibacterial
properties. Micro & Nano Lett. 2015, 10, S0—53.

(7) Bideau, B.; Bras, J; Saini, S.; Daneault, C.; Loranger, E.
Mechanical and antibacterial properties of a nanocellulose-polypyrrole
multilayer composite. Mater. Sci. Eng, C 2016, 69, 977—984.

(8) Nazarzadeh Zare, E.; Mansour Lakouraj, M.; Mohseni, M.
Biodegradable polypyrrole/dextrin conductive nanocomposite: syn-
thesis, characterization, antioxidant and antibacterial activity. Synth.
Met. 2014, 187, 9—16.

(9) Ahmad, N; Sultana, S.; Faisal, S. M.; Ahmed, A.; Sabir, S.; Khan,
M. Z. Zinc oxide-decorated polypyrrole/chitosan bionanocomposites
with enhanced photocatalytic, antibacterial and anticancer perform-
ance. RSC Adv. 2019, 9, 41135—41150.

(10) Milakin, K. A, Capékova, Z.; Acharya, U, Vajdék, J;
Moravkové, Z.; Hodan, J.; Humpolicek, P.; Bober, P. Biocompatible
and antibacterial gelatin-based polypyrrole cryogels. Polymer 2020,
197, 122491:1-7.

(11) Xu, Y.; Ma, J.; Han, Y.; Xu, H; Wang, Y.; Qi, D.; Wang, W. A
simple and universal strategy to deposit Ag/polypyrrole on various
substrates for enhanced interfacial solar evaporation and antibacterial
activity. Chem. Eng. ]. 2020, 384, 123379:1-9.

(12) Salabat, A.; Mirhoseini, F.; Mahdieh, M.; Saydi, H. A novel
nanotube-shaped polypyrrole—Pd composite prepared using reverse
microemulsion polymerization and its evaluation as an antibacterial
agent. New J. Chem. 20185, 39, 4109—4114.

(13) Maruthapandi, M.; Sharma, K; Luong, J. H. T.; Gedanken, A.
Antibacterial activities of microwave-assisted synthesized polypyrrole/

https://doi.org/10.1021/acsapm.1c00775
ACS Appl. Polym. Mater. 2021, 3, 6063—6069


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Patrycja+Bober"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-1667-8604
mailto:bober@imc.cas.cz
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sonal+Gupta"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Udit+Acharya"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hana+Pis%CC%8Cte%CC%8Ckova%CC%81"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Oumayma+Taboubi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zuzana+Mora%CC%81vkova%CC%81"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-8128-1040
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Martina+Kas%CC%8Cparova%CC%81"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Petr+Humpoli%CC%81c%CC%8Cek"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-6837-6878
https://pubs.acs.org/doi/10.1021/acsapm.1c00775?ref=pdf
https://doi.org/10.1016/s0956-5663(01)00312-8
https://doi.org/10.1016/s0956-5663(01)00312-8
https://doi.org/10.1016/j.jpowsour.2010.06.084
https://doi.org/10.1016/j.jpowsour.2010.06.084
https://doi.org/10.1016/j.msec.2018.05.037
https://doi.org/10.1016/j.msec.2018.05.037
https://doi.org/10.1016/j.msec.2018.05.037
https://doi.org/10.1007/s42247-021-00188-4
https://doi.org/10.1007/s42247-021-00188-4
https://doi.org/10.1016/j.apsusc.2016.11.024
https://doi.org/10.1016/j.apsusc.2016.11.024
https://doi.org/10.1016/j.apsusc.2016.11.024
https://doi.org/10.1016/j.apsusc.2016.11.024
https://doi.org/10.1049/mnl.2014.0435
https://doi.org/10.1049/mnl.2014.0435
https://doi.org/10.1049/mnl.2014.0435
https://doi.org/10.1016/j.msec.2016.08.005
https://doi.org/10.1016/j.msec.2016.08.005
https://doi.org/10.1016/j.synthmet.2013.09.045
https://doi.org/10.1016/j.synthmet.2013.09.045
https://doi.org/10.1039/c9ra06493a
https://doi.org/10.1039/c9ra06493a
https://doi.org/10.1039/c9ra06493a
https://doi.org/10.1016/j.polymer.2020.122491
https://doi.org/10.1016/j.polymer.2020.122491
https://doi.org/10.1016/j.cej.2019.123379
https://doi.org/10.1016/j.cej.2019.123379
https://doi.org/10.1016/j.cej.2019.123379
https://doi.org/10.1016/j.cej.2019.123379
https://doi.org/10.1039/c5nj00175g
https://doi.org/10.1039/c5nj00175g
https://doi.org/10.1039/c5nj00175g
https://doi.org/10.1039/c5nj00175g
https://doi.org/10.1016/j.carbpol.2020.116474
pubs.acs.org/acsapm?ref=pdf
https://doi.org/10.1021/acsapm.1c00775?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Polymer Materials

pubs.acs.org/acsapm

chitosan and poly (pyrrole-N-(1-naphthyl) ethylenediamine) stimu-
lated by C-dots. Carbohydr. Polym. 2020, 243, 116474.

(14) Zasonska, B. A,; Acharya, U,; Pfleger, J.; Humpolicek, P.;
Vajdak, J.; Svoboda, J.; Petrovsky, E.; Hromadkovd, J.; Walterova, Z.;
Bober, P. Multifunctional polypyrrole@ maghemite@ silver compo-
sites: synthesis, physico-chemical characterization and antibacterial
properties. Chem. Pap. 2018, 72, 1789—1797.

(15) Bober, P.; Liu, J.; Mikkonen, K. S.; Thalainen, P.; Pesonen, M.;
Plumed-Ferrer, C.; von Wright, A.; Lindfors, T.; Xu, C.; Latonen, R.-
M. Biocomposites of nanofibrillated cellulose, polypyrrole, and silver
nanoparticles with electroconductive and antimicrobial properties.
Biomacromolecules 2014, 15, 3655—3663.

(16) Wu, T.-M.; Chang, H.-L.; Lin, Y.-W. Synthesis and character-
ization of conductive polypyrrole/multi-walled carbon nanotubes
composites with improved solubility and conductivity. Compos. Sci.
Technol. 2009, 69, 639—644.

(17) Hsu, F.-H.; Wu, T.-M. In situ synthesis and characterization of
conductive polypyrrole/graphene composites with improved solubil-
ity and conductivity. Synth. Met. 2012, 162, 682—687.

(18) Bose, S.; Kuila, T.; Uddin, M. E.; Kim, N. H.; Lau, A. K. T;
Lee, J. H. In-situ synthesis and characterization of electrically
conductive polypyrrole/graphene nanocomposites. Polymer 2010,
S1, 5921—-5928.

(19) Jurewicz, K.; Delpeux, S.; Bertagna, V.; Béguin, F.; Frackowiak,
E. Supercapacitors from nanotubes/polypyrrole composites. Chem.
Phys. Lett. 2001, 347, 36—40.

(20) Biswas, S.; Drzal, L. T. Multilayered nanoarchitecture of
graphene nanosheets and polypyrrole nanowires for high performance
supercapacitor electrodes. Chem. Mater. 2010, 22, 5667—5671.

(21) Li, Y; Bober, P.; Trchov4, M.; Stejskal, J. Polypyrrole prepared
in the presence of methyl orange and ethyl orange: nanotubes versus
globules in conductivity enhancement. J. Mater. Chem. C 2017, S,
4236—424S.

(22) Minisy, I. M.; Bober, P; Acharya, U; Trchovi, M,;
Hromédkovd, J.; Pfleger, J.; Stejskal, J. Cationic dyes as morphol-
ogy-guiding agents for one-dimensional polypyrrole with improved
conductivity. Polymer 2019, 174, 11-17.

(23) Minisy, I. M.; Bober, P.; Sedénkov4, L; Stejskal, J. Methyl red
dye in the tuning of polypyrrole conductivity. Polymer 2020, 207,
122854:1-9.

(24) Bober, P; Li, Y,; Acharya, U; Panthi, Y.; Pfleger, J;
Humpolicek, P.; Trchovd, M.; Stejskal, J. Acid Blue dyes in
polypyrrole synthesis: the control of polymer morphology at
nanoscale in the promotion of high conductivity and the reduction
of cytotoxicity. Synth. Met. 2018, 237, 40—49.

(25) Dana, S.; Prusty, D.; Dhayal, D.; Gupta, M. K; Dar, A;; Sen, S.;
Mukhopadhyay, P.; Adak, T.; Dhar, S. K. Potent antimalarial activity
of acriflavine in vitro and in vivo. ACS Chem. Biol. 2014, 9, 2366—
2373.

(26) Lee, K;; Zhang, H.; Qian, D. Z,; Rey, S.; Liy, J. O.; Semenza, G.
L. Acriflavine inhibits HIF-1 dimerization, tumor growth, and
vascularization. Proc. Natl. Acad. Sci. U.S.A. 2009, 106, 17910—17915.

(27) Wiegand, I; Hilpert, K; Hancock, R. E. W. Agar and broth
dilution methods to determine the minimal inhibitory concentration
(MIC) of antimicrobial substances. Nat. Protoc. 2008, 3, 163—175.

(28) Marjanovi¢, B.; Ciric-Marjanovi¢, G.; Radulovic, A.; Juranic, L;
Holler, P. Synthesis and characterization of polyacriflavine. Mater. Sci.
Forum 2007, 555, 503—508.

(29) Stejskal, J.; Trchova, M.; Bober, P.; Moravkové, Z.; Kopecky,
D.; Vrnata, M.; Prokes, J.; Varga, M.; Watzlové, E. Polypyrrole salts
and bases: superior conductivity of nanotubes and their stability
towards the loss of conductivity by deprotonation. RSC Adv. 2016, 6,
88382—88391.

(30) Crowley, K; Cassidy, J. In situ resonance Raman spectroelec-
trochemistry of polypyrrole doped with dodecylbenzenesulfonate. J.
Electroanal. Chem. 2003, 547, 75—82.

(31) Gupta, S. Hydrogen bubble-assisted syntheses of polypyrrole
micro/nanostructures using electrochemistry: structural and physical
property characterization. J. Raman Spectrosc. 2008, 39, 1343—135S.

6069

(32) Moravkova, Z.; Taboubi, O.; Minisy, L. M.; Bober, P. The
evolution of the molecular structure of polypyrrole during chemical
polymerization. Synth. Met. 2021, 271, 116608:1-6.

(33) Minisy, I. M.; Acharya, U; Kobera, L; Trchovi, M,;
Unterweger, C.; Breitenbach, S.; Brus, J; Pfleger, J.; Stejskal, J;
Bober, P. Highly conducting 1-D polypyrrole prepared in the presence
of safranin. J. Mater. Chem. C 2020, 8, 12140—12147.

(34) Ishpal; Kaur, A. Spectroscopic and electrical sensing
mechanism in oxidant-mediated polypyrrole nanofibers/nanoparticles
for ammonia gas. J. Nanopart. Res. 2013, 15, 1637:1-14.

(35) Liu, Y.-C. Characteristics of vibration modes of polypyrrole on
surface-enhanced Raman scattering spectra. J. Electroanal. Chem.
2004, 571, 255—264.

(36) Varga, M.; Kopecka, J.; Morévkové, Z.; Kfivka, L; Trchova, M,;
Stejskal, J.; Prokes, J. Effect of oxidant on electronic transport in
polypyrrole nanotubes synthesized in the presence of methyl orange.
J. Polym. Sci,, Part B: Polym. Phys. 2015, 53, 1147—1159.

(37) Acharya, U.; Bober, P.; Trchova, M.; Zhigunov, A.; Stejskal, J.;
Pfleger, J. Synergistic conductivity increase in polypyrrole/molybde-
num disulfide composite. Polymer 2018, 150, 130—137.

(38) Fan, X; Yang, Z; He, N. Hierarchical nanostructured
polypyrrole/graphene composites as supercapacitor electrode. RSC
Adv. 2018, S, 15096—15102.

(39) Liu, Y.; Wang, H.; Zhou, J.; Bian, L.; Zhu, E.; Hai, J.; Tang, J.;
Tang, W. Graphene/polypyrrole intercalating nanocomposites as
supercapacitors electrode. Electrochim. Acta 2013, 112, 44—52.

(40) Balouiri, M.; Sadiki, M.; Ibnsouda, S. K. Methods for in vitro
evaluating antimicrobial activity: A review. J. Pharm. Anal. 2016, 6,
71-=79.

(41) Silva Janior, F. A. G. d; Vieira, S. A;; Botton, S. D. A.; Costa,
M. M. D,; Oliveira, H. P. D. Antibacterial activity of polypyrrole-based
nanocomposites: a mini-review. Polimeros 2020, 30, No. E2020048:1-
9.

https://doi.org/10.1021/acsapm.1c00775
ACS Appl. Polym. Mater. 2021, 3, 6063—6069


https://doi.org/10.1016/j.carbpol.2020.116474
https://doi.org/10.1016/j.carbpol.2020.116474
https://doi.org/10.1007/s11696-018-0429-3
https://doi.org/10.1007/s11696-018-0429-3
https://doi.org/10.1007/s11696-018-0429-3
https://doi.org/10.1021/bm500939x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bm500939x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.compscitech.2008.12.010
https://doi.org/10.1016/j.compscitech.2008.12.010
https://doi.org/10.1016/j.compscitech.2008.12.010
https://doi.org/10.1016/j.synthmet.2012.02.025
https://doi.org/10.1016/j.synthmet.2012.02.025
https://doi.org/10.1016/j.synthmet.2012.02.025
https://doi.org/10.1016/j.polymer.2010.10.014
https://doi.org/10.1016/j.polymer.2010.10.014
https://doi.org/10.1016/s0009-2614(01)01037-5
https://doi.org/10.1021/cm101132g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cm101132g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cm101132g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c7tc00206h
https://doi.org/10.1039/c7tc00206h
https://doi.org/10.1039/c7tc00206h
https://doi.org/10.1016/j.polymer.2019.04.045
https://doi.org/10.1016/j.polymer.2019.04.045
https://doi.org/10.1016/j.polymer.2019.04.045
https://doi.org/10.1016/j.polymer.2020.122854
https://doi.org/10.1016/j.polymer.2020.122854
https://doi.org/10.1016/j.synthmet.2018.01.010
https://doi.org/10.1016/j.synthmet.2018.01.010
https://doi.org/10.1016/j.synthmet.2018.01.010
https://doi.org/10.1016/j.synthmet.2018.01.010
https://doi.org/10.1021/cb500476q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cb500476q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1073/pnas.0909353106
https://doi.org/10.1073/pnas.0909353106
https://doi.org/10.1038/nprot.2007.521
https://doi.org/10.1038/nprot.2007.521
https://doi.org/10.1038/nprot.2007.521
https://doi.org/10.4028/www.scientific.net/msf.555.503
https://doi.org/10.1039/c6ra19461c
https://doi.org/10.1039/c6ra19461c
https://doi.org/10.1039/c6ra19461c
https://doi.org/10.1016/s0022-0728(03)00191-8
https://doi.org/10.1016/s0022-0728(03)00191-8
https://doi.org/10.1002/jrs.2002
https://doi.org/10.1002/jrs.2002
https://doi.org/10.1002/jrs.2002
https://doi.org/10.1016/j.synthmet.2020.116608
https://doi.org/10.1016/j.synthmet.2020.116608
https://doi.org/10.1016/j.synthmet.2020.116608
https://doi.org/10.1039/d0tc02838j
https://doi.org/10.1039/d0tc02838j
https://doi.org/10.1007/s11051-013-1637-y
https://doi.org/10.1007/s11051-013-1637-y
https://doi.org/10.1007/s11051-013-1637-y
https://doi.org/10.1016/j.jelechem.2004.05.015
https://doi.org/10.1016/j.jelechem.2004.05.015
https://doi.org/10.1002/polb.23755
https://doi.org/10.1002/polb.23755
https://doi.org/10.1016/j.polymer.2018.07.004
https://doi.org/10.1016/j.polymer.2018.07.004
https://doi.org/10.1039/c4ra15258a
https://doi.org/10.1039/c4ra15258a
https://doi.org/10.1016/j.electacta.2013.08.149
https://doi.org/10.1016/j.electacta.2013.08.149
https://doi.org/10.1016/j.jpha.2015.11.005
https://doi.org/10.1016/j.jpha.2015.11.005
https://doi.org/10.1590/0104-1428.08020
https://doi.org/10.1590/0104-1428.08020
pubs.acs.org/acsapm?ref=pdf
https://doi.org/10.1021/acsapm.1c00775?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ARTICLE 4

Milakin K.A., Moravkova Z., Acharya U., KaSparova M., Breitenbach S.,
Taboubi O., Hodan J., Hroméadkov4 J., Unterweger C., Humpolic¢ek P., Bober P.,
2021. Enhancement of conductivity, mechanical and biological properties
of polyaniline-poly(N-vinylpyrrolidone) cryogels by phytic acid. Polymer 217,
123450. DOI 10.1016/j.polymer. 2021.123450



Polymer 217 (2021) 123450

ELSEVIER

Contents lists available at ScienceDirect
Polymer

journal homepage: http://www.elsevier.com/locate/polymer

Check for

Enhancement of conductivity, mechanical and biological properties of e
polyaniline-poly(N-vinylpyrrolidone) cryogels by phytic acid

Konstantin A. Milakin “, Zuzana Moravkova “, Udit Acharya ™", Martina Kasparova ¢,
Stefan Breitenbach ¢, Oumayma Taboubi ?, Jif{ Hodan?, Jifina Hromadkova*,
Christoph Unterweger ¢, Petr Humpolicek “°, Patrycja Bober *

2 Institute of Macromolecular Chemistry, Czech Academy of Sciences, 162 06, Prague 6, Czech Republic

Y Faculty of Mathematics and Physics, Charles University, 182 00, Prague, Czech Republic
¢ Centre of Polymer Systems, Tomas Bata University in Zlin, 760 01, Zlin, Czech Republic
9 Wood K Plus — Kompetenzzentrum Holz GmbH, 4040, Linz, Austria

€ Faculty of Technology, Tomas Bata University in Zlin, 760 01, Zlin, Czech Republic

ARTICLE INFO ABSTRACT

Keywords:
Polyaniline
Cryogel
Conductivity
Biocompatibility

Polyaniline-based cryogels were prepared by oxidative cryopolymerization in the presence of various concen-
trations of poly(N-vinylpyrrolidone) and phytic acid used as a polymer support and a dopant, respectively.
Mechanical strength and handling stability of the resulting macroporous materials (pore size up to 70 pm) were
significantly improved by the addition of poly(N-vinylpyrrolidone) into the polymerization system compared to
the cryogels crosslinked only by phytic acid. Increase of poly(N-vinylpyrrolidone) concentration in the reaction

medium above 5 wt%, while not noticeably changing mechanical properties, was found to lead to a decrease of
conductivity and specific surface area. Introduction of optimal amount of phytic acid (0.2 M) as an additional
codopant, in opposite, allowed enhancement of the material conductivity and specific surface area as well as
increase of their tensile modulus. Polyaniline-poly(N-vinylpyrrolidone) cryogels containing phytic acid also
showed better cytocompatibility due to lower cytotoxicity and improved cell adhesion and proliferation.

1. Introduction

Polyaniline (PANI)-based cryogels are composite materials which
consist of the conducting polymer and a water-soluble polymer support
forming a three-dimensional macroporous network [1]. They are
designed to combine intrinsic physicochemical characteristics of PANI
with mechanical and chemical properties of the supporting polymer to
overcome inherent brittleness of the conducting polymer for improved
handling properties and opening new potential application options.
Being a subclass of conducting polymer hydrogels, cryogels can be used
in similar ways, for example, as sensors [2-4], supercapacitors [5,6],
antibacterial materials [7,8], in tissue engineering [9,10] and
drug-delivery [11,12]. Polyaniline cryogels are prepared by oxidative
polymerization of aniline in a frozen medium containing a water-soluble
polymer [1]. The prefix "cryo" in the term cryogel, therefore, refers to
the cryogelation process which is a crucial step in the preparation pro-
cedure. Freezing of the reaction medium and subsequent formation of

* Corresponding author.
E-mail address: bober@imec.cas.cz (P. Bober).

https://doi.org/10.1016/j.polymer.2021.123450

ice crystals acting as pore-forming agents, around which a conducting
polymer network is formed, are stages, which define macroporous
morphology and properties of the resulting materials [13]. Influencing
the balance between the polymerization rate and the rates of ice crystal
formation and growth by variation of the reaction medium composition
(copolymerization approach) or freezing temperature allows tuning
pore size, mechanical properties and specific surface area of the cryogels
for a required application [14,15].

Choosing an appropriate polymer support for a conducting polymer
gel preparation allows tailoring the material properties for the specific
purpose. For instance, using poly(N-isopropylacrylamide) leads to
thermoresponsive materials [4], poly(vinyl alcohol) is suitable for the
preparation of the cryogels with superelasticity [16] or gelatin [17] can
serve as a sacrificial template for the preparation of a cryogel derived
macroporous conducting polymer. Poly(N-vinylpyrrolidone) (PVP)
being an inert and biocompatible polymer, widely used for various
biomedical purposes [18], can be a promising support for cryogels for
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bio-applications. It was shown [19] to be used in a PANI-based hydrogel.
However, to the best of our knowledge, cryopolymerization of similar
systems has not been reported yet.

Phytic acid is an organic acid, which is abundant in natural sources
such as legumes, cereals and nuts, and represents up to 85% of phos-
phorus supply in plants [20]. Being a polybasic acid, which contains
twelve acidic protons, phytic acid can be used as a dopant and cross-
linker for PANI chains. The latter allows preparation of PANI hydrogels
without additional polymer supports or matrices, where phytic acid
serves as the only gelating agent [21,22]. The resulting macroporous
materials show high surface area and specific capacitance, and can be
used as supercapacitors [21], sensors [21] or adsorbents [22]. A com-
bined approach involving cryogelation together with crosslinking by
phytic acid for preparation of PANI-phytic acid cryogels was also re-
ported [23]. Directed freezing and freeze-drying applied in the work
[23] resulted in aerogels with anisotropic conductivity, high specific
surface area and specific capacitance. Moreover, the cryogelation
approach coupled with introduction of additional polymer support was
also described [3,24]. In the mentioned works [3,24], however, freezing
of polymerization mixture inducing gelation of poly(vinyl alcohol) was
performed after PANI-phytic acid hydrogels had formed. This fact might
affect morphology and mechanical properties of the materials compared
to simultaneous formation of the hydrogel and the supporting polymer
matrix.

It should be additionally noted that using phytic acid as the only
dopant results in PANI of lower conductivity compared to the one doped
by conventional hydrochloric acid [25]. Therefore, it was suggested [25,
26] to use chloride and phytate in a mixed dopant approach for
achieving both high conductivity and desired morphology.

In the present work, we have prepared PANI cryogels supported by
PVP by a previously unreported combination of cryopolymerization and
a mixed dopant approach with chloride, sulfate and phytate ions as
codopants and studied influence of polymerization mixture composition
on the morphology, mechanical and physicochemical properties of
resulting materials. In contrast to the published works, flash-freezing of
the reaction mixture has been utilized to ensure simultaneous formation
of PVP and PANI-phytic acid hydrogel networks to minimize potential
interference of growing ice crystals on the formed conducting polymer
phase.

2. Experimental
2.1. Chemicals

Aniline (Penta, Czech Republic), aniline hydrochloride (Penta, Czech
Republic), ammonium peroxydisulfate (Lach-Ner, Czech Republic), poly
(N-vinylpyrrolidone) (PVP) (molecular weight 360000, Sigma-Aldrich,
China) and phytic acid (50 wt% solution, Sigma-Aldrich, Japan) were
used as received.

2.2. Synthesis of cryogels

Polyaniline-poly(N-vinylpyrrolidone) cryogels were prepared by
oxidative cryopolymerization of aniline hydrochloride (0.2 M) by
ammonium peroxydisulfate (0.25 M) in aqueous solution of PVP (5-8 wt
%) containing various concentrations of phytic acid (0.04 M, 0.2 M, 1
M). After mixing of precooled monomer and oxidant solutions, the
polymerization mixture was quickly sucked into plastic syringes, frozen
in dry ice/ethanol bath at —78 °C and left to polymerize in a freezer at
—24 °C for 7 days. After thawing, the cryogels were removed from the
syringes, washed with excess of water and freeze-dried. Similar pro-
cedure was applied for preparation of reference cryogels in the absence
of phytic acid (6 wt% PVP) or in the absence of PVP (0.2 M phytic acid).
The latter material was prepared using aniline as a monomer instead of
aniline hydrochloride.
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2.3. Characterization

Morphology of freeze-dried PANI-PVP cryogels was studied by a
scanning electron microscope (SEM) MAIA3 (Tescan, Czech Republic).
Static mechanical properties of water-swollen PANI-PVP cryogels (cy-
lindrical specimens — diameter 3 mm, length 60 mm) were investigated
using electromechanical testing machine Instron 6025/5800R (Instron,
USA) equipped with a 10 N load cell at room temperature in deionized
water and with a cross-head speed of 10 mm min~!. The values reported
in the manuscript are averages of at least three measurements.

The DC electrical conductivity of freeze-dried cryogels was deter-
mined by a van der Pauw method on compressed pellets (diameter 13
mm, thickness 1.0 &+ 0.3 mm) placed in sample holder fitted with gold
plated spring loaded electrodes. A Keithley 230 Programmable Voltage
Source in serial connection with a Keithley 196 System DMM served as a
current source, the potential difference between the potential probes
was measured with a Keithley 181 Nanovoltmeter (Keithley, USA).
Measurements were carried out at constant ambient conditions at 24 +
1 °C and relative humidity 35 & 5%. The electrical conductivity ¢ was
calculated from the applied current I and the measured potential dif-
ference U in the linear part of the current-voltage characteristics.

Specific surface area of cryogels was calculated from physisorption
measurements on a volumetric sorption analyzer Autosorb-iQ (Anton
Paar QuantaTec Inc., USA) using the Brunauer-Emmet-Teller (BET)
method. 50 mg of the samples were outgassed for 2 h at 120 °C. The
measurements were performed with nitrogen at 77 K at a relative
pressure of 0.1-0.4.

Raman spectra of freeze-dried materials were measured with a InVia
Reflex Raman microspectrometer (Renishaw, United Kingdom). The
spectra were excited with a diode 785 nm laser. The scattered light was
registered with a Peltier-cooled CCD detector (576 x 384 pixels) and
analyzed by the spectrograph with holographic grating 1200 lines
mm . The spectra were obtained at several spots of the sample, and the
samples were found to be inhomogeneous, average spectra are thus
presented.

PANI-PVP cryogels (6 wt% PVP, 0.2 M and no phytic acid) were
tested for cytotoxicity and proliferation of cells on the surface. The
mouse embryonic fibroblast cell line (ATCC CRL-1658 NIH/3T3, USA)
was used for all experiments. The cultivation medium consisted of
Dulbecco’s Modifed Eagle’s Medium (PAA Laboratories GmbH, Austria)
containing 10% bovine calf serum (BioSera, France) and 1% of Peni-
cillin/Streptomycin (GE Healthcare HyClone, United Kingdom).

The cytotoxicity determination was performed according to ISO
standard 10993-12; concretely the 0.1 g of PANI-PVP cryogel per 1 mL
of media were used for extract preparation. The samples were dis-
integrated in culture medium and incubated for 24 h at 37 °C with
stirring. The extracts were subsequently filtered using Syringe filter
0.22 pm. The parent extracts (100%) were then diluted in fresh culture
medium to obtain a series of dilutions with concentrations of 75, 50, 25,
10, and 5% of extracts. All extracts dilutions were used immediately for
testing. The cytotoxicity testing was done as follows: cells were seeded to
pre-cultivate in the 96 well microtitration test plates dishes (TPP,
Switzerland) in seeding concentration 1 x 10° cells per mL. After 24 h of
pre-cultivation, the extracts were added to pre-cultivated cells. All as-
says were performed in quadruplets. After another 24 h, when the cells
were cultivated in the presence of diluted extracts, the extracts were
sucked up, replaced by fresh medium, and cell viability was determined.

The cell viability was evaluated by MTT assay (MTT cell proliferation
kit, Duchefa Biochemie, Netherlands). Infinite M200 Pro NanoQuant
(Tecan, Switzerland) was used for measuring the absorbance at 570 nm.
The reference wavelength was adjusted on 690 nm. The results are
presented as reduction of cell viability in percentage when compared to
those cultivated in medium without the extracts of tested materials
(reference cell viability corresponds to 1).

Before cell proliferation testing, the samples were sterilized by 70%
ethanol for 24 h and washed four times (after 12 h) with ultra-pure
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Fig. 1. (a) Scheme of PANI and phytic acid interaction; (b) SEM image of PANI-phytic acid cryogel prepared in aqueous solution of phytic acid (0.2 M) in the absence

of PVP.

water to remove the residual ethanol. Then the samples were immersed
into medium for next 24 h. The surface of PANI-PVP cryogels, approx-
imately 0.79 cm?, was overflowed with 0.5 mL of cell suspension in a
concentration of 1 x 10° cells per mL. After 48 h of cultivation, staining
of DNA and F-actin was used to determine the amount of cells and their
cytoskeleton. Before staining, cells were fixed and permeabilized.
Firstly, the cells were fixed using 4% formaldehyde (Penta, Czech Re-
public) for 15 min, then washed by phosphate buffered saline (PBS,
Invitrogen, USA) and subsequently poured with 0.5% Triton X-100
(Sigma-Aldrich, USA) for 5 min to permeabilization. After this time cells
were washed 3 times by PBS. Then Hoechst 33258 (Invitrogen, USA) at a
concentration of 5 pg per mL was added to the new PBS to stain DNA. At
the same time two drops of ActinRed™ 555 (Thermo Fisher Scientific,
USA) per 1 mL of PBS were used for visualization of F-actin cytoskeleton
and left to incubate for 30 min in the dark. The morphology of cells was

observed using an inverted Olympus phase contrast microscope IX 81
(Olympus, Germany) and also confocal laser scanning microscope
Olympus FV 3000.

3. Results and discussion
3.1. Polyaniline-phytic acid cryogel

Due to the fact that phytic acid can perform not only as a dopant for
PANI but also as a gelator during formation of hydrogels (Fig. 1a)
without additional supporting polymers [21], a reference synthesis was
performed, in which oxidative cryopolymerization of aniline was carried
out without PVP in an aqueous solution of phytic acid (0.2 M).

Fig. 1b shows that PANI-phytic acid cryogel is a double-porous
material which consists of porous (pore size up to 2 pm) two-

Fig. 2. SEM micrographs of PANI-PVP cryogels prepared in 0.2 M phytic acid solution containing following concentrations of PVP: (a) 5 wt%, (b) 6 wt%, (c) 7 wt%,

(d) 8 wt%.
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Table 1

Mechanical properties, conductivity and specific surface area of PANI-PVP
cryogels prepared using various concentrations of PVP in polymerization
mixture containing 0.2 M of phytic acid.

PVP Tensile Tensile Tensile Conductivity, =~ BET
concentration, strain at stress at modulus, Scm! surface
wt% break, break, kPa area,
% kPa m?g!
5% 41+6 35+ 96 + 13 2 x 107! 38.7
0.4
6% 63+7 4.2 + 112 £ 25 1x10°! 28.0
0.7
7% 59 + 10 3.9+ 108 + 60 8x1072 22.2
0.3
8% 70 + 19 4.0 + 88 + 14 7 x 1072 11.0
0.3

dimensional conducting polymer layers forming a 3D structure with
much larger pores (up to 30 pm). Double-porous morphology was pre-
viously described in the literature [21] for similar materials prepared
without freezing the reaction medium. However, the largest reported
pores were around units of micrometers. That value is similar to pore
size in the individual polymer layers in our PANI-phytic acid cryogels
but considerably smaller than the one for the pores between the layers.
Thus, in the case of the cryogelated materials, significantly larger pores
can be observed due to formation of ice crystals upon freezing of the
reaction medium.

One of the main motivations for preparation of free-standing
PANI-based hydrogels is enhancement of the conducting polymer
processibility and applicability. Therefore, mechanical strength of the
resulting materials is a crucial parameter for assessment. In the case of
PANI-phytic acid cryogels mechanical integrity was found to be very
low, the gels were difficult to handle and most of them were destroyed
during the washing procedure. Thus, it was concluded that using of
phytic acid as the only gelator is not enough for ensuring handling
stability of the materials and all further experiments were performed
with cryogels additionally containing PVP as a supporting polymer.

Polymer 217 (2021) 123450

3.2. Polyaniline-poly(N-vinylpyrrolidone) cryogels doped by phytic acid:
effect of the supporting polymer concentration

Polyaniline-poly(N-vinylpyrrolidone) cryogels were prepared by
oxidative cryopolymerization of aniline hydrochloride in the aqueous
solution of PVP containing phytic acid. In order to study the influence of
the reaction medium composition on the morphology, mechanical
strength and conductivity of the cryogels, the synthesis was carried out
using various concentrations of the supporting polymer and the dopant.
In the first step, the cryopolymerization was performed varying a con-
centration of PVP from 5 wt% to 8 wt% with a constant concentration of
phytic acid (0.2 M).

SEM images of the resulting cryogels (Fig. 2) prepared using all
studied concentrations of PVP show similar macroporous structure with
pore sizes 10-40 pm typical for conducting polymer hydrogels prepared
by cryopolymerization technique in the presence of a polymer support
[1,14]. The porous structure of cryogelated materials is determined by
size and distribution of ice crystals, which are formed upon freezing of
the reaction medium and serve as pore-forming agents [13]. It was
recently shown [15] that it is possible to influence the pore size of
PANI-based cryogels by shifting the balance between growth of ice
crystals and formation of polymer network around them. In the present
case, when PVP concentration is the only variable in the composition of
the polymerization mixture there is no observed variation in the pore
sizes in the cryogels with the change of the parameter. Therefore, we can
assume that the mentioned shift of balance does not occur.

The main role of a water-soluble polymer, such as PVP, in the
preparation of conducting polymer-based cryogels is enhancement of
material’s mechanical strength and overcoming inherent brittleness of
conducting polymers. It can be expected that changing the ratio between
a conducting polymer and a polymer support in the cryogel might in-
fluence mechanical characteristics of the material. However, according
to assessment of mechanical properties of PANI-PVP prepared using
different concentrations of PVP (Table 1), changing the strengthening
agent concentration from 5 wt% to 8 wt% does not lead to noticeable

Fig. 3. SEM images of PANI-PVP cryogels prepared in 6 wt% solution of PVP in (a) the absence of phytic acid or containing following concentrations of phytic acid:

() 0.04 M, (c) 0.2 M.
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Table 2

Mechanical properties, conductivity and specific surface area of PANI-PVP
cryogels prepared in 6 wt% solution of PVP containing various concentrations of
phytic acid or in the absence of phytic acid.

Phytic acid Tensile Tensile Tensile Conductivity, =~ BET
concentration, strain at stress at modulus, Scm! surface
M break, break, kPa area,
% kPa m?g!
0.2 63+7 4.2 + 112+ 25 1x107! 28.0
0.7
0.04 55+28 0.3+ 16 + 4 2x1072 5.8
0.2
0 196 + 3+1 15+3 1x1072 9.3
52

change of tensile characteristics of the cryogels, while showing signifi-
cant improvement compared to the reference PANI-phytic acid cryogels
prepared in the absence of PVP, for which mechanical characteristics
could not be measured due to the poor handling stability. The
strengthening effect of addition of PVP into the polymerization system
might be connected with the absence of pores in the PANI-PVP cryogel
walls (Fig. 2), which were present in the structure of the material con-
taining phytic acid as the only gelating agent (Fig. 1b) and could act as
microdefects.

Influence of PVP content in the initial polymerization solution on
conductivity of PANI-PVP cryogels is shown in Table 1. Increasing PVP
concentration from 5 wt% to 8 wt% leads to a slight conductivity
decrease from 2 x 1071 Sem ™! to 7 x 1072 S em ™! which can possibly be
explained by higher fraction of a non-conducting polymer component
(PVP) in the resulting cryogels.

Specific surface area of PANI-PVP cryogels was found to decrease
from 38.7 m? g! to 11.0 m? g~! with increasing of PVP concentration
from 5 wt% to 8 wt%. This is probably concerned with PVP interference
with formation of pores, which can be assumed to take place based on
the difference between porous structure of a reference cryogel prepared
in the absence of PVP (Fig. 1b) and morphology of PVP-containing
materials (Fig. 2).

3.3. Polyaniline-poly(N-vinylpyrrolidone) cryogels: effect of phytic acid
concentration

The next step for optimization of the PANI-PVP cryogel preparation
procedure was studying the influence of phytic acid concentration on
the morphology, mechanical properties and conductivity of the mate-
rials. The cryogels were synthesized by the cryopolymerization tech-
nique in aqueous solution of PVP (6 wt%) in the presence of various
concentrations of phytic acid (0.04 M, 0.2 M, 1 M) or in the absence of
phytic acid. It should be noted that PANI-PVP cryogels prepared using 1
M phytic acid showed low mechanical strength and poor handling sta-
bility and were destroyed upon removal from plastic syringes immedi-
ately after preparation. Therefore, they were excluded from further
studies.

Fig. 3 shows that all studied PANI-PVP cryogels prepared using
various concentrations of phytic acid or in the absence of phytic acid
have similar macroporous morphology typical for the cryogelation
approach. However, the material obtained in the absence of phytic acid
has notably larger pores with pore sizes reaching 70 pm while for the
composites synthesized in the phytic acid containing solutions these
values are lower (up to 40 pm). This effect might be attributed to the
presence of additional type of ions (phytic acid) and difference in ionic
strength in the system which can influence ice crystal formation [27]
leading to the change in pore sizes of the resulting composites.

Influence of phytic acid concentration in the initial reaction mixture
on mechanical properties of PANI-PVP cryogels is shown in Table 2. It
can be seen that introduction of 0.2 M phytic acid into the polymeri-
zation medium results in higher tensile modulus and lower tensile strain

Polymer 217 (2021) 123450
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Fig. 4. Average Raman spectra of (a) PANI-phytic acid (0.2 M) cryogel syn-
thesized without PVP; PANI-PVP (6 wt%) cryogel prepared (b) in the presence
of 0.2 M phytic acid and (c) in the absence of phytic acid; (d) PANI-PVP (5 wt
%) cryogel prepared in the presence of 0.2 M phytic acid (a typical spectrum of
an inhomogeneity) and reference spectra of PVP and phytic acid. The spectra
were excited with 785 nm laser line, normalized and shifted for clarity.

at break of the cryogels compared to the reference ones without phytic
acid. This can possibly be explained by the fact that phytic acid can act
as a crosslinker in the system and its presence leads to obtaining mate-
rials with lower elasticity. Increasing the phytic acid concentration
further (to 1 M), as was mentioned before, led to mechanically weak
cryogels, which were impossible to handle.

Conductivity of PANI-PVP cryogels (Table 2) was found to be in the
same order of magnitude as observed for PANI-based cryogels contain-
ing dopants other than phytic acid (sulfate and chloride ions) [14].
However, addition of 0.2 M phytic acid into the polymerization medium
resulted in a slight increase of the measured values: 1 x 1072 S em ™! for
the material obtained in the absence of phytic acid, 1 x 1071 S em ™! for
the cryogel prepared in 0.2 M solution of phytic acid. This can be
attributed to higher resistance to deprotonation [28] of a phytic acid
doped PANI which occurs during washing of the resulting cryogels with
water.

Addition of 0.2 M phytic acid into the polymerization mixture was
also found to increase specific surface area of resulting PANI-PVP cry-
ogels up to 28.0 m? g~! compared to the reference cryogel prepared in
the absence of phytic acid (9.3 m? g’l) (Table 2). This effect might be
related to the morphology changes induced by the presence of phytic
acid, which can be seen in Fig. 3. To summarize, 0.2 M is the optimal
concentration of phytic acid in the polymerization mixture which leads
to the noticeable improvement of mechanical strength, conductivity and
specific surface area of PANI-PVP cryogels. Using 0.04 M phytic acid
does not affect tensile modulus, conductivity and BET surface area
compared to the reference cryogel without phytic acid and 1 M phytic
acid leads to the dramatic reduction of the cryogel mechanical strength.

3.4. Spectroscopic study

To analyze chemical structure of PANI in the cryogels, Raman
spectra excited with 785 nm laser line were obtained (Fig. 4). This
excitation resonantly enhances various polaronic structures, allowing to
study the protonation and oxidation states of the conducting polymer.

The samples were quite heterogeneous, polaron delocalization
changed from spot to spot. Raman spectra were obtained at several spots
of the sample and average spectra are presented (Fig. 4). Raman spectra
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Fig. 5. Cell viability of extracts of PANI-PVP cryogels synthesized using 6 wt% of PVP in the presence of (a) 0.2 M phytic acid and (b) without it. Statistical sig-
nificance was determined by ANOVA with post hoc Tukey’s Multiple Comparison test; *P < 0.0001. (*) mark statistically significant difference compared

to reference.

display the features of protonated PANI [29-34]: semiquinonoid ring
stretching of emeraldine salt structure at 1590 cm ™!, N-H deformation
vibration at 1507 cm™!, C~N®* stretching vibration of delocalized
1340 cm™! and localized 1377 em ™! polaronic structures, C-N stretch-
ing vibration at 1250 and 1235 cm™!, C-H deformation vibrations at
1170 em™!, and various skeletal deformation vibrations below 1000
em™L

A group of additional bands connected with overoxidation [29]
appear in the spectra of some areas in the cryogels (Fig. 4d): ring
stretching of the quinonoid ring in a pernigraniline-like or
benzoquinone-like structure at 1625 cm ™, benzenoid ring stretching at
1590 and 1575 cm ™}, N*—H stretching in quinonoid structure at 1520
cm ™}, C=N stretching at 1492 cm ™, bipolaron C~N®* stretching at
1322 em?, and skeletal deformation peaks at 590, 510, 390 and 293
cm™ .

3.5. Biological properties

Influence of phytic acid presence on biocompatibility of PANI-PVP
cryogels was studied by cytotoxicity and cell proliferation tests. The
cryogels prepared at 6 wt% of PVP in the presence of 0.2 M phytic acid

and without it were compared. The results of cytotoxicity evaluation are
presented in Fig. 5. To determine any statistical differences between the
reference and samples extracts, the ANOVA with post hoc Tukey’s
multiple comparison test was applied. The P values of < 0.0001 were
considered statistically significant. Extracts from both type of cryogels
proved no cytotoxicity for concentration 1% and 10% in cultivation
medium. The first difference occurs in 25% of extracts, when the sample
with phytic acid shows statistically non-significant difference from the
reference, while the sample without phytic acid shows a mild cytotox-
icity. Statistically significant differences were noted for both types of
extracts with 50% and over. Overall, the cytotoxicity effect for PAN-
I-PVP cryogel containing phytic acid was slightly lower than without
phytic acid. Previously cryogels of PANI with poly(vinyl alcohol) were
studied in context of cytotoxicity by Humpolicek et al. [35] Compared to
the material reported in the present manuscript, the PANI-poly(vinyl
alcohol) cryogel has slightly lower cytotoxicity as only 100% extracts
show mild cytotoxicity while all other concentrations were
non-cytotoxic. The results of these two studies are, however, not fully
comparable as different cell lines were used in there. On the other hand,
the cytotoxicity of the presented PANI-PVP material is comparable to
the one determined for polypyrrole-poly(vinyl alcohol) cryogel which

Fig. 6. Cell proliferation on surface of PANI-PVP cryogels synthesized using 6 wt% of PVP in the presence of (a) 0.2 M phytic acid and (b) without it.
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was published in the study of Bober et al. [36], and where the same cell
line was used. It is, therefore, obvious that cytotoxicity of PANI-PVP
cryogels is common to those type of materials.

The cytotoxicity is just the first prerequisite for application of any
biomaterial. Here another parameter, the cell adhesion and their sub-
sequent growth and proliferation, was determined. For the cell prolif-
eration testing, the cells were seeded on PANI-PVP cryogel surface and
allowed to grow for 2 days. It is clear (Fig. 6), that cells were able to
adhere on the surface. On the other hand, the cells form clusters and,
thus, the surface was not covered homogeneously. Moreover, the
morphology of cells shows limited spreading of cells on the material
surface which can be connected to porous structure of the cryogel.
Generally, there were more adhered cells on PANI-PVP cryogel pre-
pared in the presence of phytic acid, than on the cryogel without one.
This is an important improvement of cryogel properties in context of its
practical application. To summarize, in terms of toxicity and prolifera-
tion, addition of phytic acid into PANI-PVP cryogels allows higher
biocompatibility of PANI-PVP based cryogels.

4. Conclusions

Polyaniline-based macroporous conducting cryogels supported with
PVP were synthesized by in situ one-step procedure in the presence of
phytic acid as a codopant and a crosslinker for PANI. The presence of
PVP was shown to be crucial for mechanical integrity of the materials,
despite having phytic acid in the system as a crosslinker. The intro-
duction of optimal amount of phytic acid, in addition to improvement of
mechanical strength of the composites, enhanced conductivity, specific
surface area and biocompatibility of the cryogels, shown by cytotoxicity
and cell proliferation tests.
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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,
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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%, My = 209,600 g-mol’l) and Gel-R (dry content 86.5%,
M, = 157,800 g-mol_l) 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 Mokrejs et al., 2019 [38] and Gal et al., 2020 [39]. Dextran (Dex)
M, = 40,400 g-mol~!, 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%. NaHPO,4.12H,0 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 pm, 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~!. 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~!, 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=12?/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 pA, 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] 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 10° 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.x = 355 nm, A,y = 465 nm) and the cytoskeleton
was counterstained by ActinRed 555 (Aqx = 540 nm and A,;; = 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, 10x magnification—10 images with 5 um 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 'H 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, 5 NH,
HOO COOH 4 HoOC COOH HO
o HO
HO
H% o
H, + 6 —— NH, HO  Hol o
H, .
HO A }ko
HOO o d HOO 07/0
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 7-12h~!. In
contrast, the cross-linking reaction of Gel-C was significantly slower with reaction rates
in the range of 1.0-2.5 h~!. 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 25
Gel-C

1:1 2.0 0.997 2

2:1 1.2 0.999 13

3:1 24 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~!) 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
3:1 3.0 14 /
Gel-R
1:1 29 10 0.90 £ 0.09
2:1 3.3 6 0.873 4+ 0.009
3:1 3.2 10 0.90 4 0.07
Gel-C
1:1 24 7 1.0+0.1
2:1 2.6 9 1.0+0.2
3:1 2.7 8 0.92 4+ 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 mm?). 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.

o 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) [%]

B El

—{A}-Gel-B (1:1)] —A}-Gel-R (1:1) f —{Al-Gel-C (1:1)]
—{B}- Gel-B (2:1) B} Gel-R 2: D} L —{B}-Gel-C (2:1)
—{C}-Gel-B 3:1) —CHGel-R (3:1) —C1-Gel-C (3:1)

0 50 100 150 200 250 300 350 1350 1400 1450 50 100 150 200 250 300 350 1350 1400 l4l5l] 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 um
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

31 0.020 + 0.009 60-75
Gel-R

1:1 0.017 £ 0.006 40-80

2:1 0.011 +£ 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
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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) 4x 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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