i Tomas Bata University in Zlin
Faculty of Technology

Habilitation Thesis

Conducting Polymer Scaffolds — the Technology of
Preparation and Cytocompatibility

Vodivé polymerni scaffoldy — technologie pripravy a
cytokompatibilita

Ing. Zdenka Capakova, Ph.D.

Technology of Macromolecular Compounds

Zlin, 2021



© Zdenka Capékova

Keywords: biomaterials, cytocompatibility, conducting polymers, stimuli-
responsive materials.

Klicova slova: biomateridly, cytokompatibilita, vodivé polymery, stimuli-
responsivni materidly.

A full text of the habilitation thesis is available in the library of Tomas Bata
University in Zlin.



ACKNOWLEDGMENTS

In my life, both personal and professional, I have met many people who
have influenced me and to whom my thanks belongs. Although, it is not
possible to name them all. I am immensely grateful to Petr Humpolicek for
his patience and his guidence throughout my whole research career. I am
also indebted to willing person Véra KaSparkova for her help and kindness.
Moreover, my thanks also tend to Jaroslav Stejskal and Patrycja Bober for
sharing of their immense knowledge in the field of conductive polymers.

I would like to thank also to my family, my parents and siblings for
supporting me all my life. An infinite number of thanks belong to the
exeptional person, my partner Jan Vicha for motivation, dicussions and
encouragement.

I would like to express my gratitude also to prof. Ing. Petr Sdha, CSc., doc.
Dr. Ing. Vladimir Pavlinek and prof. Ing. Vladimir Sedlatik, Ph.D. for the
opportunity to be part of the Centre of Polymer Systems on Tomas Bata

University.



ABSTRACT

This habilitation thesis summarises studies performed on conducting
polymers, especially polyaniline and polypyrrole, during more than ten
years of research. In the course of time, various procedures for polymer
synthesis and a number of modification techniques were employed, giving
rise to a wide variety of conducting materials or their composites. Prepared
conducting polymers and their composites were deeply characterized in
terms of their material properties, with special interest paid to their surface
properties. The thesis also sums up unique and original results
documenting improvements in the cytocompatibility of these conducting
polymers and composites. Especially the composites with biopolymers are
unique in terms of their cytocompatibility. The new knowledge gained in
this field resulted in the preparation of cytocompatible conducting

scaffolds with target applications in tissue engineering.



ABSTRAKT

Habilitacni price shrnuje vice nez desetiletou praci uchazecky v oblasti
studia elektricky vodivych polymerli, zejména pak polyanilinu a
polypyrrolu. Za onéch deset let vyuzila uchazeCka ve své praci fadu
postupt syntézy vodivych polymerl a jejich modifikaci. Vysledkem je
Sirokd S$kdla pfipravenych vodivych polymeri a jejich kompoziti.
Ptipravené materidly byly detailné studovdny z hlediska materidlovych,
pfredevSim povrchovych, vlastnosti. Teze sumarizuji pfedevSim oblast
origindlni uchazecCiny priace zaméiené na zlepSeni bunééné kompatibility
vodivych polymerii a jejich kompozitli. Obzvlastni pozornost zasluhuji
kompozity s biopolymery, které vykazuji unikatni biologické vlastnosti.
Nové znalosti, které vzniky diky praci uchazecky, vyustily v piipravu

tkanovych leseni vhodnych pro oblast tkdnového inzenyrstvi.
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INTRODUCTION

Thousands of surgical procedures are performed globally on a daily basis due
to the need to replace or repair of tissues which have been damaged by disease
or injury. This is made possible by the enormous progress in material science,
which has led to the preparation of biocompatible materials suitable for the
fabrication of medical devices — otherwise known as biomaterials. Biomaterial
science has matured in the last few decades and become a highly
interdisciplinary field. An important part of biomaterial science is the field of
polymer science. The development of biocompatible polymers and their
utilization as biomaterials have significantly contributed to progress in modern
medicine. The chief advantage of using polymers is the ability to control their
shape and size, as well as their functionalities and mechanical properties, in
order to fabricate products with the desired properties for a specific use.
However, considering the complexity of the human body, the field of
biomaterials is still open to new discoveries and inventions. Hence, new
biomaterials with new applications are continually being developed in the
biomedical area. This includes the synthesis, fabrication, design, and selection of
such materials. The increasing demand for the development of superior
biomaterials with new applications has resulted in efforts to create smart
biomaterials.

Smart biomaterials are sophisticated materials which are able to respond to
various external chemical and physical stimuli, and to changes in physiological
parameters. They can be sensitive to pH, temperature, redox potential, stress,
and electrical fields. The development of such stimuli-responsive materials with
properties tailored to specific applications is a very challenging task for
researchers worldwide. Electro-conducting materials are classified as one such
smart biomaterial. They allow for current conduction and thus the modification
of cell behaviour. Conducting polymers are an excellent choice for the
preparation of such smart materials. However, a lack of fundamental
understanding of the impact of various forms of conducting polymers on cell
behaviour has been the major limitation on their utilization in biomaterials
sciences. Hence, the biological characterization of various conducting polymers
and their composites, prepared by a variety of means, is the main topic of this
work, this thesis, and my research career. My interest focuses especially on two
of them: polyaniline and polypyrrole.



1 BIOMATERIALS

Nowadays, modern medicine is unthinkable without the use of biomaterials.
Thanks to the utilization of various biomaterials, the quality of healthcare has
rapidly increased. Biomaterials are used in a broad range of applications, from
disposable medical devices (e.g. blood bags), through contact lenses, to medical
implants. Although humans have used biomaterials since the dawn of history,
their development has accelerated over the last 50 years. However, there is still
demand for new biomaterials with better properties. Indeed, it is not sufficient
for a biomaterial merely to be biocompatible and to serve as a simple
replacement; it should also have additional advanced properties, such as health-
promoting function(s).

Biomaterials can be defined in several ways. Indeed, definitions have been
evolving in the same manner as biomaterials themselves. Originally (in 1987),
the European Society for Biomaterials Consensus Conference II proposed the
following simple definition “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”'. Currently, one of the most broadly accepted
definitions states that “A biomaterial is any substance or combination of
substances, other than drugs, synthetic or natural in origin, which can be used
for any period of time, which augments or replaces partially or totally any
tissue, organ or function of the body, in order to maintain or improve the quality
of life of the individual”*. However, both these definitions agree that a
biomaterial is essentially a material which interacts with the human body. The
material can be both natural and synthetic and it can come into contact with
organisms in a direct or indirect way. Consequently, the material which is in
contact with the body can influence its physiology or more generally its
biological function. Therefore, biocompatibility is its first and most crucial
characteristic, which is to say that biomaterials cannot elicit any harmful effects
in or on organisms.

Each of a substance’s material properties, however, is able to affect the
substance’s overall biocompatibility. All of them together, including chemical
composition and surface, mechanical and physical properties, must therefore be
considered in this context. Unfortunately, there is no exact “recipe” for
preparing materials with a combination of properties which would ensure
biocompatibility. Which properties are desirable depends on where the
biomaterial is to be applied and on its expected function. The basic classification
of material properties affecting host response covers surface and bulk properties
and will be described in more detail below.

Metals, ceramics, glass, and polymers or their composites can be utilised as
biomaterials*>. Metals and their alloys are widely used as load bearing implants
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or internal fixation materials, such as screws, wires etc. The biggest advantages
are their strength and easy sterilization®>. However, among their disadvantages
includes corrosion due to chemical reaction with body enzymes or acids®.
Ceramics are also known for their strength, stiffness, and hardness’. They
generally find applications in the repair of the skeletal system, i.e. bones, joints,
and teeth®. Biomaterials based on glass are also intended for use in the skeletal
system, e.g. for the correction of bone defects or as composites in dentistry®. All
the above mentioned materials find application mainly in hard tissues, and their
mechanical properties are not suitable for soft tissue engineering. The
sophisticated nature of soft tissue can, however, be mimicked by polymers,”
whose utilization in biomedical sciences 1s more diverse than that of metallic,
ceramic, or glass materials.

1.1 Polymers

The term polymer was introduced in 1833 by the Swedish chemist Jons Jacob
Berzelius'! who described compounds with identical empirical formulas but
different properties'>. However, as organic chemistry developed, his
characterization was shown to be too simplistic. The modern conception of
polymers is connected with the German chemist Hermann Staudinger, who
proposed that macromolecules are covalently bonded monomers composed of
more than 1000 atoms'>!3. Later in 1953, Staudinger was awarded the Nobel
Prize for his contribution to chemistry!*.

Since Staudinger's times, progress in the development of polymeric materials
has been great. Now, polymers play an important role in almost every area of
modern life, touching almost every aspect of our lives. For example, water
bottles, food packaging, toys, textile fibres, tires, and even computers and
mobile telephones all contain polymers'>~!7. Polymeric material can have unique
properties which depend on many factors, such as the type of bonded molecules
and the nature of the bonds, the size of the macromolecules, and the strength of
the intermolecular bonds!®!. They can have great flexibility and can bend and
stretch (e.g. rubber) or be hard and tough (e.g. epoxies). Also, they can be
produced in various desired shapes®.

Nowadays, polymers are also the most widely-used materials in medicine’,
where they can be used both as medical devices and in tissue engineering.
Implantable devices, catheters, vascular grafts, and drug delivery systems can
serve as examples?’. Currently, polymers are one of the cornerstones of tissue
engineering'’.

Polymers can be classified in different ways — for example, according to their
origin, structure, monomer, molecular forces, tacticity, and mode of
polymerization*'?, Classification based on the source of origin is the most
relevant for this thesis and therefore this class will be discussed further.
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1.1.1 Classification of polymers based on their origin

As the name suggests, the origin of natural polymers lies in natural materials,
mostly in plants and animals, but such polymers can also be of microbial origin.
Natural polymers are also essential for human beings. According to the book
Polymer Chemistry?, they can be further classified under:

e polysaccharides,

» proteins and polypeptides,
* polynucleotides,

* polyesters,

* polyisoprenes.

In general, natural polymers exhibit good biocompatibility, but they can also
easily undergo degradation processes. Moreover, they are variable in their
properties depending on the source of their origin. This somewhat limits their
practical application®*.

Semi-synthetic polymers are derived from natural polymers, which have
undergone further chemical modification to improve their properties. They
include, for example, cellulose nitrate and cellulose acetate®.

Synthetic polymers comprise a large group of man-made polymers. They are
commonly used in various industrial branches, such as packaging, the car
industry, and mobile phones, as well as in medicine and pharmacy. Among their
advantages are their versatility, the capacity to be fabricated in various shapes,
and the possession of good mechanical properties, strength, or chemical
inertness®. On the other hand, they are not without disadvantages. In this
respect, poor biocompatibility and negative impacts on the environment can be
mentioned. However, these shortcomings can be suppressed thanks to their
modifications?”?8, This topic will be discussed further in the work.

Within  my  research, synthetic (poly(vinyl alcohol) (PVA),
N-poly(vinylpyrrolidone) (PVP) as well as natural (chitosan, cellulose or
hyaluronic acid) polymers have been investigated. A special category of
synthetic polymers are conducting polymers, mainly polyaniline (PANI) and
polypyrrole (PPy), which will be discussed in more detail in part 2.1.1 of this
thesis.

1.2 Properties of biomaterials

The properties of biomaterials can be classified into the two main groups:
1) material properties and 2) biological properties®. As already mentioned, these
two groups are closely connected and affect each other. No matter whether we
are considering chemical composition, or mechanical or physical properties, all
such properties can directly influence the biocompatibility of the material.
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1.2.1 Material properties

Material properties play an important role in the development of new
biomaterials. No matter whether we are talking about physical, chemical or
mechanical properties, all are able to directly influence the host response.
Material properties cover both surface and bulk properties*. This topic is
described in more detail in teaching materials prepared by myself within the
framework of project No. CZ.02.2.69/0.0/0.0/16_018/0002720 .

1.2.1.1 Surface properties

The surface is the first “part” of any material which comes into contact with
the organism (i.e., when considering materials used in direct contact with the
body). The very first phenomenon which occurs after contact between the
biomaterial and the host organism is protein adsorption onto the material
surface. The type as well as amount of adsorbed proteins affects the adhered
cells in respect of their physiology and cellular signalling pathways. Therefore,
protein adsorption plays an important role in the future fate of cell adhesion,
proliferation, and differentiation, etc. The surface immobilization of proteins is
explained by a process called the Vroman effect®!.

Protein adsorption is influenced by a broad range of factors including the
physical as well as chemical properties of the material surface?. For example,
surface properties such as free energy, charge, wettability, functional groups, or
topography affect protein adsorption and, therefore, the final biocompatibility of
the material. In the case of conducting polymers, conductivity should also be
included.

1.2.1.2 Bulk properties

After the cells have adhered to the surface of material, the physical, chemical
and material properties of the bulk material directly influence the dynamic
interactions at the interface between the cells and the biomaterial, which
subsequently affect cell fate.

Generally, the first prerequisite for successful cell adhesion is conditioned by
the requirement that biomaterials should mimic the properties of native tissue,
according to the exact location of the intended use®’. Therefore, it is very
important to consider whether the biomaterial will be utilized in soft or hard
tissue, etc. As their names suggest, soft or elastic materials are desirable for soft
tissues. By contrast, rigid and tight materials are more suitable for hard tissues.

Bulk properties of materials directly influence dynamic interactions at
tissue/biomaterial interfaces. Among the most important are two interrelated
characteristics - mechanical properties and the architecture (porosity) of the
material. The size, shape, orientation, and distribution of pores influence the
mechanical properties of the bulk, as they define the structure and
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dimensions**33, Tt is desirable to mimic the physicochemical properties of native
tissues that the biomaterials are intended to replace or augment.

Nevertheless, even if the “perfect material” — one exhibiting “perfect”
chemical physical and structural properties — were to be created, biological
compatibility would still have to be ensured. Thus, biocompatibility testing is,
and always will be, necessary.

1.2.2 Biological properties — biocompatibility

The most common term characterising the suitability of the biological
properties of biomaterials is biocompatibility**. The first definition of
biocompatibility came from Williams, who defined biocompatibility in 1987 as
“the ability of a material to perform with an appropriate host response in
a specific situation”™. However, over time, this simple definition proved
insufficient, which led to a re-definition of the term in 2008 by Williams
himself. This definition is commonly used until today. Its exact wording is:
“The ability of a material to perform its desired function with respect to a
medical therapy, without eliciting any undesirable local or systemic effects in
the recipient or beneficiary of that therapy, but generating the most appropriate
beneficial cellular or tissue response in that specific situation, and optimizing
the clinically relevant performance of that therapy™®.

The biocompatibility of a material is a very complex characteristic, which
involves various biological properties. A biocompatible material has to fulfil
several conditions, e.g. it has to be non-cytotoxic, non-immunogenic, non-
irritant, non-inflammatory, and non-carcinogenic®’. To test the biocompatibility
of a material, a series of different tests has to be performed. The exact types of
tests depend on the anticipated future utilization of the material. There are
numerous aspects determining the extent of biological testing. Here, we can
mention, for example, the nature of biomaterial contact with the organism,
which is classified as external contact, surface contact, or implantation. The
duration of the contact (limited, prolonged, or permanent) is another important
aspect of biocompatibility. Indeed, there is a legislative framework defining
specifications which the material or device has to meet*®,

The evaluation of cytotoxicity, in contrast, has to be accomplished no matter
what the intended utilization of the biomaterial is. It is one of the first tests
performed for every biomaterial®,

After the evaluation of cytotoxicity, the material undergoes other types of
biological testing, which may include carcinogenicity, chronic toxicity,
genotoxicity, immune response, skin sensitization and irritation, intracutaneous
reactivity, and reproductive toxicity, among others.
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1.2.2.1 Biocompatibility testing

The biocompatibility testing of a material or product is a long procedure. As
already mentioned above, it involves a broad range of biological tests, which
starts with in vitro testing, continues with in vivo testing, and ends with clinical
testing®. During my research career, I have specialized on in vitro tests, which
are briefly introduced in the following sections. For in vitro testing, a number of
cell lines can be utilized**. There are several cell lines available for such testing
and which can differ in tissue origin, genus origin, and life span, etc. The correct
choice of cell line depends mainly on the expected utilization of the tested
material. Within my research various cell lines have been used. Mouse
embryonic fibroblast (NIH/3T3) and human immortalized keratinocytes
(HaCaT) are representatives of healthy cells, whilst human cells from lung
carcinoma (A549) and hepatocellular carcinoma (HepG2) have mainly been
used as cancer cell lines. In addition, stem cells such as human mesenchymal
stem cells derived from bone marrow have also been utilised within my
research.

Each in vitro biocompatibility test which I conduct starts with basic screening
— the cytotoxicity test. As previously mentioned, cytotoxicity testing is crucial
for every material, irrespective of its planned form of contact with the organsim.
It can be stated that the results of cytotoxicity testing predetermine the future
fate of the material. If the test is successful, the material can be further tested for
other biological properties. If not, the material has to be further modified to
reduce or eliminate its cytotoxicity.

Cytotoxicity can be determined through direct or indirect contact (agar
diffusion) between the material and the organism and via the testing of aqueous
extracts of the material according to protocol ISO 10 993, part 5%. The latter has
to be considered because of the constant blood flow in the human body, which
may cause the leaching of possible toxic substances from the material. Of these
methods, testing in direct contact is the most sensitive as it is capable of
detecting even weak cytotoxic effects. The choice of the method depends mainly
on the nature of material. In my research, I have mostly conducted cytotoxicity
tests on extracts and on materials in direct contact.

The level of material cytotoxicity can be tested quantitatively (e.g. by
measuring of cell growth, metabolic activity) or qualitatively (by observing
changes in cell morphology)*'. The latter is important as the material can cause
cytotoxicity in several ways; for instance, it can inhibit cell growth, it can trigger
cell death, or it can provoke changes in cell structure resulting in changes in
their morphology. Flow cytometry can be used to detect these parameters.

Flow cytometry is a technique used to detect the chemical and physical
characteristics of cells — not only in research, but also in clinical practice. Flow
cytometer is equipped with multiple lasers, which allow the detection of various
cell characteristics based on the cell labelling; parameters such as cell viability,
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type of cell death, enzymatic activity, the presence of antigens, and protein
modifications, among others, can be determined*’. This methodology was
established by me at TBU.

Cell cultures for in vitro testing are grown as monolayers on tissue culture
plastic and cells are thus not affected by flow or mechanical stress. Hence,
although tests on cultures are fundamental for biocompatibility testing, they do
not sufficiently mimic real in vivo conditions due to the absence of blood
circulation, pressure, or shear stress. Hence, bioreactors, which resemble in vivo
conditions, are employed for testing in my research. The mimicking of in vivo
conditions can be achieved by the controlling of external parameters, such as
shear stress, fluid flow, pressure, and other stimuli®.

Another method for mimicking the influence of biomaterials on native tissues
applied in my research is the use of reconstructed tissue models**. These models
are made of specific cells and are produced as three dimensional, highly
differentiated tissues with mitotic and metabolic activity simulating real tissues.
They can include various tissues, such as skin®, ocular, oral*, intestinal®’,
alveolar*®, and vaginal®. I worked with these models during an internship at
MatTek corporation, which is a global leader in reliable in vitro human tissue
model innovations. Currently, in our cell laboratory, we are working on research
leading towards the production of our own reconstituted skin tissues.
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2 BIOELECTRICITY

The effect of electric fields on the behaviour of cells and tissues, especially
muscle and nerve, has been of interest for a long time>!. The impact of
electricity on muscle contractions was demonstrated as early as 1791 by Luigi
Galvani®®. In his work, he uncovered the fact that electricity occurs in living
tissues. Later, in the 19th century, Emil du Bois-Reymond, following up the
work of Galvani, reported the presence of electricity in wounds™. The electrical
phenomena occurring in or generated by living organisms are termed
bioelectricity. Interest in bioelectricity grew in the 20th century and led to the
design of many commonly used medical devices. Today, it is well-known that
electricity plays a role in many cellular processes, such as cell differentiation,
cell division, and cell migration, and in signalling systems>*.

It is worth mentioning that the conduction of electric current, which is
a stream of charged particles, can be accomplished either via the flow of
electrons or the flow of ions, the latter being typical for bioelectric current®.
This means that ions are the charge carriers in living tissues and organisms. This
relates to one of the advantages of conducting polymers compared to other
conducting materials such as metals. Conducting polymers (which will be
discussed further) exhibit mixed conductivity — ionic and electronic — and can
thus better “communicate” with living objects™.

Bioelectricity is a result of electrical signalling proceeding through ion
channels and pumps at or within the plasma membrane. Plasma membranes have
the ability to create and maintain different charges on their opposite sides. This
is because of differences between the ion concentrations in cytosol and outside
the cell®’. Several types of ions influence electric potential, but potassium,
sodium and chloride ions are especially noteworthy. Intracellular fluid contains
more positively charged potassium ions than extracellular fluids. By contrast,
more positively charged sodium and negatively charged chloride ions are
present outside cells. The semi-permeability of the plasma membrane plays an
important role in this process, as sodium ions are not able to diffuse directly
through the membrane but have to employ ion channels or active transport, in
which an ion pump is involved®. The different concentrations of ions determine
the potentials of cells and tissues. The strength of bioelectric potentials can vary
from wunits to hundreds of millivolts in various tissues. Generally,
undifferentiated cells exhibit a lower potential compared to fully differentiated
ones. However, differences are also found among various types of differentiated
cells. For example, the highest membrane potential can be found in muscle cells,
where it 1s around -90 mV. In nerve cells, the typical value is around -70 mV,
and for epithelial cells it is approximately -50 mV>°.

The effect of external electric fields on cell behaviour was demonstrated in
a number of works. In this context, wound healing is the most discussed topic.
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An essential process involved in wound healing is cell migration. Defective
migration can lead to the formation of chronic wounds. An important aspect of
migration is the direction in which migration takes place. In the last few decades
it has been shown that an endogenous electric field can increase the rate of
healing and provide cues that direct cells®®. The effect of electrical fields on
various cell lines has been the subject of numerous studies. It was confirmed, for
example, that keratinocytes®!, fibroblasts®?, endothelial cells®*, lymphocytes %,
macrophages® and neuronal cells®®®” are able to respond to weak electric fields
that are externally applied.

2.1 Electrically conducting polymers

There is currently an enormous effort to develop biomaterials with “added
value” — in literature, called “smart” or “intelligent” materials. Smart materials
should have tailored properties and controlled functions which directly influence
cell behaviour. These biomaterials should be able to respond to various
environmental stimuli by changing their properties, such as biomechanical or
drug-releasing features®®. This means, for example, that they can be temperature
or pH sensitive, or enzymatically active. As reported in the previous chapter,
electric fields are able to influence cell behaviour. Therefore, conducting
polymers could be useful with respect to the preparation of such smart
biomaterials.

The materials with the best electrical conductivity are metals, of which the
highest conductivity was measured for silver (6.3 S m™ at 20 °C)®. However,
the limited compatibility of some metals with living systems is often
encountered in tissue engineering. The limitations are mainly connected to
1) their mechanical properties making them incompatible with soft tissues, and
2) the fact that the electric current is carried by electrons and not by ions. In
light of these facts, conducting polymers are suitable candidates for the
replacement of metals in the area of tissue engineering®.

H

PAC PPy PANI
O O
M M
S S
PTh PEDOT

Fig. 1. Examples of conductive polymers. PAC — polyacetylene, PPy —
polypyrrole, PANI — polyaniline, PTh — polythiophene, PEDOT —poly(3,4-
ethylenedioxythiophene).
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Polyacetylene (PAC), polypyrrole (PPy), polyaniline (PANI), and
polythiophene (PTh) and its derivatives, such as
poly(3,4-ethylenedioxythiophene) (PEDOT) belong to the family of conducting
polymers (Fig. 1). Among these polymers, PAC exhibits the highest
conductivity. On the other hand, PAC exhibits very low stability in air 7.
Therefore, this polymer is not suitable for further processing. With respect to
processability, PANI and PPy are the best studied conducting polymers. They
exhibit several advantages for applications in tissue engineering’!. Among the
most important is their mixed ionic and electronic conductivity, already
mentioned in the previous chapter. Also their chemical, electrical and physical
properties can be tailored for specific applications by using various dopants or
by the incorporation of biological active substances such as enzymes and
proteins, etc. The dopant agents are able to affect the conductivity of these
polymers as well as their stability’>.

Conducting polymers can be prepared in two ways, chemically or
electrochemically’. Thin films with a well-controlled thickness and morphology
are commonly obtained by electrochemical synthesis, while various forms of
these polymers can be produced by chemical synthesis. Depending on the
polymer type, powders, films, colloidal suspensions, or hydrogels/cryogels can
be prepared’®. Therefore, chemical synthesis provides a wide range of suitable
conducting materials for various applications. On the other hand,
the electrochemical route leads to lower concentrations of unwanted by-products
formed in the polymer during synthesis.

As mentioned above, most attention is devoted to two conducting polymers,
PANI and PPy. This has also been true of my research. Therefore, a short
description of their chemical preparation and properties is presented in the next
chapter.

2.1.1 Preaparation of conducting polymers

The conducting polymers were for the first time produced several decades ago’.
Today, they can be prepared by many methods. The most common is
the oxidative polymerization”>. Here, we will focus on the preparation of
conducting polymers which are in the interest of this thesis — PANI and PPy.
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2.1.1.1 Polyaniline

Protonated pernigraniline (blue) Pernigraniline base (violet)
N\ e o/ \ +2H® -
NH NH N N
te
te
Protonated emeraldine (green, conductive) Emeraldine base (blue, unconductive)

B

Leucoemeraldine (colorless)
—< >—NH—< >——NH—-< :}—

Fig. 2. Oxidation forms of PANI.

Polyaniline is an intensively studied conducting polymer. It has excellent
electrical and optical properties, is easy to synthesize in high yields,
and achieves good conductivity. However, its conductivity highly depends on its
oxidation state (Fig. 2). Three types of polyaniline, differing in the degree of
oxidation/reduction, are known: 1) the fully reduced form — leucoemeraldine,
2) the semi-oxidized form - emeraldine, and 3) the fully oxidized
form - pernigraniline’®>. Emeraldine is the most stable and the most highly
conducting PANI form.

Fig. 3. PANI in the formo f A) powder, B) film, C) colloidal dispersion.

Pristine PANI can be manufactured in the form of a powder, film or colloidal
dispersion (Fig. 3) depending on the preparation procedure. The standard
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preparation of all three forms is well described in ITUPAC technical reports’”’s.

Now, we will briefly focus on these procedures.

The preparation of PANI powders builds on the work in an ITUPAC technical
report written by Stejskal and Gilbert in 200277, in which PANI powder was
prepared at various laboratories and the results were compared. The standard
procedure is based on the oxidation of monomer aniline hydrochloride (AH) by
an oxidation agent, namely ammonium peroxydisulfate (APS), in aqueous
medium at laboratory temperature using concentrations of 0.2 M for AH and
0.25 M for APS. Both precursors are prepared in aqueous solutions, which are
mixed together, stirred, and left to polymerize overnight. Thereafter,
the polymerization mixture is filtered and the PANI precipitate is collected on
the filter and washed with 0.2 M HCI and subsequently with acetone, before
being dried. The greenish powder of PANI hydrochloride (emeraldine) is
obtained by this procedure. According to the IUPAC technical report, the
electrical conductivity of PANI prepared by this method was 4.4 + 1.7 S cm’!
(the average of 59 samples).

The preparation of colloidal dispersions and thin films was also described in
an IUPAC technical report three years later, in 2005. This report was written by
Stejskal and Sapurina’®. Similarly to the previous report, the procedure was
conducted by various laboratories in six countries.

PANI films were prepared using the same concentrations of precursors used
for PANI powder; i.e. 0.2 M AH and 0.25 M APS solutions were mixed together
and the mixture poured onto the glass substrate at laboratory temperature. The
polymerization was completed in 10 minutes and the substrates were washed
with 0.2 M HCI and acetone and then dried in air. The great advantage of PANI
films is their ability to cover various materials, such as silicon, polymers (e.g.
polystyrene), or noble metals, which can all be used as substrates for the films.
The thickness of the films prepared by this procedure is 125 + 9 nm and they
achieve a conductivity of 2.6 0.7 S cm™.

The preparation of colloidal PANI dispersions is based on a similar method,
as samples are synthetized using 0.2 M AH and 0.25 APS solutions. However,
in addition, a suitable stabilizer has to be used to prepare the colloidal form of
this polymer. Here, a water-soluble polymer is employed, specifically
poly(N-vinylpyrrolidone) (PVP, M, = 360 000). Briefly, the AH is dissolved in
an aqueous solution of 2 mass % PVP, instead of water. This solution is mixed
with a solution of APS, stirred, and left to polymerize. The polymerization is
finished in several minutes. The average size of particles formed in colloidal
dispersions prepared by this method is 241 + 50 nm and the polydispersity is
0.26 £ 0.12.
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2.1.1.2 Polypyrrole
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Fig. 4. The molecular structure of protonated and deprotonated PPy.

Similarly to PANI, the advantage of PPy 1is its easy preparation,
environmental stability, and electrochemical activity’”. PPy can be prepared in
the form of powder®, film®! or colloid®?.

The oxidation of pyrrole can be performed by electrochemical® or chemical®*
means. The properties of PPy change depending on the degree of oxidation. The
molecular structures of protonated and deprotonated PPy are depicted in fig. 4.
For example, PPy films change colour from blue to dark black as the degrees
ofoxidation and film thickness increase®. PPy conductivity ranges from units to
tens of S cm™! depending on the mode of preparation®. The most common
procedure to synthesise polypyrrole is via the oxidation of pyrrole by iron
(IIT) chloride®”%8. The typical conductivity of PPy prepared in this way is
102Scm! %,  Additionally, ferric sulfate®, ammonium persulfate®!,
hexycyanoferrate®?, or ferric percholate® can be used as oxidizing agents.

2.1.2 Modifications of polymers

Any change in the polymer preparation process will result in changes in the
properties of the final polymer. Preparation conditions can affect the molecular
weight, morphology, conductivity, molecular structure, and also the
biocompatibility of the resulting product. Therefore, modifications of
conducting polymers are often desirable.

With increasingly demanding requirements with respect to polymer
properties, the functionalization of macromolecules has evolved, leading to the
production of complex and functional polymers. Functionalization is aimed at
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improving polymer properties, such as their biocompatibility and their
mechanical and/or surface properties. Various modifications can be employed to
improve the properties of these materials. In general, modifications can be
accomplished 1) before polymerization®®, 2) during synthesis®> and 3) post-
polymerization®®. Modifications before polymerization usually include the
functionalization of the precursors. Regarding post-polymerization methods,
various chemical and physical modifications have been developed. Among the
most commonly used physical methods are plasma treatment, ion implantation,
and UV irradiation. Chemical methods are presented by a broad range of
modifications, which result in changes in the chemical constitution or
configuration of macromolecules. The surfaces of materials can be modified
with amide, carboxylic, and hydroxyl groups, among many others. However, in
addition to the desired positive effects, many types of functionalization are also
associated with undesirable side effects, leading, for example, to the degradation
of the material®’.

As mentioned before, the functionalization of polymers can be valuable as it
can lead to improvements in their properties that are not accessible by direct
polymerization of the monomer. Important characteristics, such as wettability,
yield, polymer morphology, stability, and mechanical properties, can be
changed®’. And naturally, all of these properties have a final impact on the
biocompatibility of the material.

2.1.2.1 Modification of conducting polymers

The modification and functionalization of conducting polymers can lead to
improvements in their properties with respect to their various applications. For
example, the incorporation of functional groups can improve the
biocompatibility of such polymers and open them up for utilization in tissue
engineering and biomedical areas. As a further example, the wettability of PANI
can be changed simply through reprotonation by an acid. In the study of Stejskal
et al.”8, forty two various acids were used for the reprotonation of PANI. While
the contact angle of pristine PANI hydrochloride is above 49° *°, the measured
contact angles after reprotonation varied from 29° to 102°. Therefore, it can be
concluded that reprotonation can both increase and decrease the wettability of
conducting polymers.

Another aspect which can be changed by a modification procedure is the
morphology of PANI, which can vary according to the acidity of the reaction
mixture during polymerization, this allowing PANI to be prepared with globular,
nanofibrilar, or nanotubular morphology'®. For example, globular PANI is
obtained by the oxidation of monomer in strongly acidic conditions, while
nanotubular PANI is obtained if the polymerization is conducted in less acidic
conditions (e.g. in the presence of sulfuric acid)'°!.

In the case of PPy, the morphology can be controlled by polymerization
conducted in the presence of different azo dyes. For example, in the studies by
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Hu et al.!® and Yang et al.'®® methyl orange was used to obtain nanotubes with
circular profiles. In another work, the replacement of methyl orange with ethyl
orange led finally to PPy with a globular morphology'®. In contrast, Yan and
Han'® used Acid red 1 for the synthesis of PPy with rectangular nanotube
morphology.

Last but not least, the final product (in this case, PANI) can be significantly
affected by the polymerization temperature. Stejskal et al.'% studied the
influence of polymerization run at 20 and —50 °C on molecular weight and
observed that it increased at the lower polymerization temperature. The effect of
temperature during polymerization was also studied by Bldha et al.,'”” who
found that the molecular structure, morphology, and crystallinity of PANI can
be controlled through the polymerization temperature.

When dealing with conducting polymers, the aspect of conductivity should
not be forgotten. The most common method of influencing the conductivity of
these polymers is to dope them with various agents, which may increase the
conductivity by several orders of magnitude*!°%1%; however, changes in the
preparation technique can also influence the conductivity. For example, the
polymerization temperature can strongly affect the conductivity of PANI'1%,
Polymerization in the presence of various reaction media or the addition of other
polymers are other approaches that can lead to changes in -electrical

properties!1°.

In my work, several types of conducting polymer modifications have been
employed, with the main focus on improving the biocompatibility of the
materials. Now, I will briefly discuss examples of this research, which clearly
document changes in material characteristics after modification.

In article I. the effect of PANI surface modifications on surface energy and
their impact on biocompatibility were studied. Pristine PANI hydrochloride
(PANI-S) and its deprotonated form (PANI-B) were prepared according to the
IUPAC protocol’®. Sulfamic, phosphotungstic, and poly(2-acrylamido-2-methyl-
1-propanesulfonic) (PAMPSA) acids were used for modifications. Two types of
preparation routes were studied: 1) using the acids as doping agents or 2) direct
incorporation of the acids into the reaction mixture. Sulfamic and
phosphotungstic acid were used as doping agents for PANI-B films, resulting in
reprotonated films named PANI-SULF and PANI-PT. Polymeric acid PAMPSA
was added to the reaction mixture in different concentrations. The mole ratio of
aniline hydrochloride to PAMPSA was adjusted to 1:1 (PANI-PAMPSA-1:1) or
2:1 (PANI-PAMPSA-2:1).
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Table 1. Surface energy evaluation of different surfaces.

Surface energy components (mN m!)

Sampl e ,Ytot ,YLW ,YAB
PANI-S 52.54 46.05 6.49
PANI-B 50.88 46.54 4.35
PANI-SULF 52.13 44.97 7.17
PANI-PT 51.89 47.39 4.50
PANI-PAMPSA-1:1 41.85 40.98 0.87
PANI-PAMPSA-2:1 56.35 4391 12.45

Note: ¥ - total surface energy, Y-V - disperse part of surface energy, Y2

energy. Data obtained from article L',

- polar part of surface

The effect of the modifications on surface energy is shown in Tab. 1. Samples
PANI-S, PANI-B, PANI-SULF and PANI-PT produced similar results.
However, the modification with PAMPSA resulted in changes in surface
energies. The most significant differences, compared to pristine PANI-S, were
observed for PANI-PAMPSA-1:1, where the total surface energy decreased by
about 20 %. By contrast, PANI-PAMPSA-2:1 slightly increased the surface

energy compared to pristine PANI-S.

Figure 5. SEM images of A) PAAPA/HCI, B) P4AP

l fter the post-

treatment, C) P4APA/SA, B) P4APA/SA after the post-treatment. Adapted from

article 1112,
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Modification of the conducting polymer poly(4-aminodiphenylaniline)
(P4AAPA) by acids was also studied in article II. Here, the effect of PAAPA
doping on the cytotoxicity, morphology, and molecular weight distribution of
P4APA was examined. PAAPA powder was prepared in the presence of HCI
according to standard procedure; this sample was named P4APA/HCI. Similarly
to the previous article, pristine PAAPA/HCI] was deprotonated with ammonium
hydroxide. This deprotonated form was further subjected to a reprotonation
process. The following acids were used as doping agents: phosphoric acid
(H3PO,), salycilic acid (SA), dodecylbenzenesulfonic acid (DBSA), and
camphorsulfonic acid (CSA). Furthermore, the samples were exposed to
a post-treatment procedure in which they were purified by soaking in phosphate
buffer saline (PBS) with pH 7.3. The results showed that the post-treatment
procedure influenced both the morphology of the modified samples and the
content of oligomers. Data from size exclusion chromatography showed
the presence of aniline oligomers before post-treatment. Aniline dimer, hexamer,
and octamer derivatives were present in all the powders. The post-treatment
process allowed the removal of these oligomers, which are potentially cytotoxic
species. In addition, from the SEM images (Fig. 5) it is obvious that the sample
morphology changed. Before the post-treatment procedure, the samples
exhibited an irregular morphology whilst after post-treatment, layer-by-layer
oriented rod-like structures were observed.
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Fig. 6. UV—vis spectra of PANI-PAMPSA films between pH 2—12. Adapted from
article 111175,
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Another important aspect related to bio-applications is the stability of
polyaniline conductivity under physiological pH. Standard PANI is
non-conducting in physiological pH. The transition from conducting PANI salt
to non-conducting PANI base occurs at a pH of around 4!!'*. This transition can
be shifted to higher pH by various modifications. In article IIl. the pH stability
of conductivity was improved by reprotonation of the PANI surface by
PAMPSA. The acceptable level of conductivity for this modified polymer was
retained at pH 6 (Fig. 6), which is a very notable improvement over pristine
PANIL.
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3 CYTOCOMPATIBILITY OF CONDUCTING
POLYMERS

The main effort of my research has been focused on the preparation of
a stimuli-responsive biomaterial which can be used to prepare scaffolds with
excellent mechanical properties together with good biocompatibility. At the
beginning of my work, I chose conducting polymers as potentially stimuli-
responsive materials. Considering all the issues mentioned so far, the utilization
of conducting polymers in biomaterials requires deep knowledge about various
aspects of their biocompatibility. However, at the start of my research, the
impact of conducting polymers on cell behaviour had not been adequately
studied and knowledge was insufficient. Therefore, it was first necessary to
widen our grasp of this field to gather new and advanced knowledge on these
materials.

First, the biological properties of pristine conducting polymers were at
the centre of interest. Then, various modifications were employed to improve
the biological response of these polymers. In addition, various forms of these
polymers were prepared and tested. The research began with the testing of PANI
powders and continued with colloidal dispersions and thin films, and the
knowledge acquired was applied to the preparation of conducting polymer-based
scaffolds. Over time, the level of biological testing was also notably extended
and improved, from basic cytotoxicity studies conducted on standard cell lines
to cell cultivations in bioreactors with stem cells.

3.1 PANI - powders

To the best of my knowledge, the biocompatibility of pure PANI powders
was tested for the first time in 2012 by Humpoli¢ek at al.!'>. Previous
investigations were targeted on various PANI composites or complexes!!®!!7,
but not on pristine PANI. Tests on PANI salt and base to determine levels of
skin irritation, sensitization, and cytotoxicity were performed in the mentioned
study, which showed that pristine PANI did not induce any sensitization or skin
irritation either. However, both forms of PANI exhibited significant cytotoxic
effects. This study showed that the modification of pure PANI is needed for it to
be used in biological applications.

For the reasons given above, article IV. focuses on one of the possible ways
of purifying PANI, and on the determination of leached impurities. The aim of
this work was to overcome the limitations of PANI described by Humpolicek
et al., 2012. PANI powder was therefore prepared by the same procedure and
subsequently purified in a Soxhlet extractor using the following solvents:
methanol, 1,2-dichloroethane, acetone, ethyl acetate, hexane, and 0.2 M aqueous
hydrochloric acid. The impurities removed from PANI were determined by size
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exclusion chromatography and their contents are shown in Tab. 2. The
cytotoxicity of purified samples was evaluated using mouse embryonic
fibroblasts (NIH/3T3 cell line). After purification with HCl and methanol,
the cytotoxic effect of extracted samples was decreased compared to pristine
PANI. In addition, it was found that the cytotoxicity of pristine PANI is mostly
connected with the presence of low-molecular-weight fractions in the polymer.
The knowledge summarised in the article led to an understanding of the causes
of PANI cytotoxicity and contributed to further improvement in the purity of
this polymer.

Table 2. The impurities removed from PANI after treatment with different
solvents in a Soxhlet extractor (given in normalized peak area) determined by
SEC and the extracted matter.

Monomers Dissolved Total Extracted
Solvent and 1 . ” Matter

oligomers poLymer 1pUTItes (mg/ 100 mL)
0.2 M HCL 1445 15 1460 113
Methanol 840 80 920 87
Acetone 50 410 460 14
Dichloroethane 125 195 320 17
Ethyl acetate 80 480 560 9
Hexane 12 43 55 8

Note: Data obtained from article IV."8,

3.2 PANI - colloidal dispersions

The powders studied in manuscript IV. are regrettably insoluble in aqueous
media and common organic solvents. Therefore, it is difficult to process them to
any suitable product useful in biomedical applications. Here, thin films or
colloidal dispersions are much more desirable. Colloidal forms of conducting
polymers can be easily dispersed in aqueous media, and the advantages of films
lie in their ability to easily cover various substrates.

Knowledge about the biological activity of PANI was extended in the work
published in article V. Here, the biological characteristics of colloidal PANI
were reported for the first time. Colloidal dispersions were prepared according
the standard protocol of the [IUPAC by oxidation of aniline hydrochloride with
ammonium persulfate in the presence of poly (N-vinylpyrrolidine) (PVP) as
a stabilizer’®,
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Polyaniline concentration pg.mL"

#® 17  Scavenging of ROS generated by PMA-stimulated neutrophils
4 130  Cytotoxic effect on Mouse Embryonic Fibroblast 7% cR-1ese™

# 155 Decrease of apoptosis and necrosis on Mouse Embryonic

Fibroblast “¢R-1658™

# 345 Cytotoxic effect on Human Immortalized Keratinocyte °*%

€ 3500 MIC of B. cereus “»*and E. coli ®™***
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Fig. 7. Dependence of biological properties on concentration of PANI in
colloidal dispersion. Adapted from article V.'?°.

Particle size, PANI concentration, and biological properties were determined
(Fig. 7). The biological testing of the colloid focused on its antibacterial activity,
cytotoxic effect, the type of cell death, and oxidative burst in neutrophils and
whole blood. The tests revealed that PANI dispersion was homogenous, with a
nearly uniform single population of particles of size 226.5+ 0.5 nm and a
polydispersity index of 0.145 + 0.004. These data showed particles with the
expected size range, meaning that the dispersions were prepared correctly. The
type of cell death, apoptosis or necrosis, was recognized by means of an
annexin/propidium 1odide assay on flow cytometry. The results indicated that
the safe concentration of PANI in colloid for biological applications is of the
order of 150 ug mL'. At the same time, this concentration did not provoke
neutrophil activity, as measured through the detection of reactive oxygen
species. These observations suggest that colloidal PANI is a potentially good
candidate for biological applications.
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Fig. 8. Transmission electron micrographs of PANI colloids stabilized with A)
sodium hyaluronate of lower molecular weight, B) sodium hyaluronate of higher
molecular weight, and C) chitosan. Adapted from article VI.'?°,
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The advantageous properties of colloidal dispersions described in Article V.
led to their further research and an effort to utilise such colloids in advanced
applications. To improve their biological properties, the PANI colloids were
stabilized with biocompatible polysaccharides. The preparation and
characterization of the composite polysaccharide-PANI particles is described in
the article VI. Sodium hyaluronate (HA) and chitosan (CH) were used for this
experiment. Both biopolymers were used in two different molecular
weights for the stabilization (HA: M=1800 - 2 100kDa and 50 kDa; CH:
M =50 -190 000 Da and 400 kDa). The material characterization involved the
determination of UV-Vis spectra, the particle size distribution, and morphology
which i1s shown in Fig. 8. The behaviour of the colloids in contact with
prokaryotic and eukaryotic cells was studied and the cytotoxicity and
antibacterial activity were determined. The cytotoxic effect depended mainly on
the concentration of PANI in the respective colloidal samples. Colloids
stabilized with higher molecular weight HA exhibited the best properties, with
the absence of cytotoxicity observed for a PANI concentration of 465 pug mL!
(Fig. 9), which was a significant improvement over pristine PANI. In addition,
this colloid exhibited an antibacterial effect against Staphylococcus aureus.
Thus, these formulations of PANI colloids can be considered as promising
candidates for use as stimuli-responsive biomaterials.
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Fig. 9. Cytotoxicity of colloidal PANI stabilized with sodium hyaluronate
(molecular weights 1 800 — 2 100 kDa) for individual concentrations of PANI in
colloid. Adapted from article VI.'.
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3.3 PANI - films

Many potential applications for conducting polymers in medicine are related
to the formation of surfaces. Here, biosensing or the control of the fate of
adhered cells can be given as examples. PANI films were studied in Article III.
Here, pristine PANI films were prepared according to the [IUPAC procedure in
the form of PANI salt and base’®. Subsequently, the films were modified with
PAMPSA. The polymeric acid PAMPSA was chosen as a representative of
heparin-like substances. Heparin is the most common compound used as an
anticoagulant and its efficacy is attributed to the structure of its polysaccharide
backbone with a combination of sulfo and carboxyl groups '*!. The molecular
structures of heparin and PAMPSA are shown in Fig. 10.
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Fig. 10. The molecular structure of heparin and PAMPSA.

The prepared samples were tested for selected parameters of their
hemocompatibility, namely blood coagulation and platelet adhesion. Two
different procedures for the preparation of PANI/PAMPSA films were
employed. The first consisted in the reprotonation of PANI base with PAMPSA
(PANI-PAMPSA). In the second procedure, PAMPSA was used directly in the
reaction mixture (PANI-1:1) under PANI synthesis. The films were also tested
for their surface properties and contact angle measurements were performed.
The contact angle increased in the samples with PAMPSA incorporated into
the reaction mixture compared to standard PANI salt. In contrast, after
the reprotonation of PANI base with PAMPSA, the contact angle decreased. As
it is a commonly accepted fact that plasma proteins prefer hydrophobic surfaces
to hydrophilic ones'??, these results correspond to the results on platelet
adhesion on the film surfaces, where the lowest adhesion was observed for
the most hydrophobic surface (PANI-PAMPSA). This surface not only reduced
platelet adhesion, but also had a notable impact on blood coagulation. Moreover,
the modification of PANI with PAMPSA improved the pH stability of PANI
under physiological conditions by increasing the salt-base transition from pH 4
to pH 6. These findings suggest that this procedure can be a possible means of
preparing PANI-based biomaterials.
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Fig. 11. Cell growth on different PANI surfaces (after various times of
proliferation). A) Reference (24 hrs), B) PANI salt (24 hrs), C) PANI modified
with PAMPSA in the molar ratio of aniline hydrochloride to PAMPSA adjusted
to 1:1 (144 hrs), D) PANI modified with PAMPSA in the molar ratio of aniline
hydrochloride to PAMPSA adjusted to 2:1 (144 hrs). Adapted from article 1.'"".

PANI films modified with PAMPSA were also tested for cell compatibility.
These tests are described in Article I. Besides PAMPSA, the PANI films were
also doped with sulfamic and phosphotungstic acids. Cell adhesion,
proliferation, and migration were determined on the modified surfaces.
Unfortunately, in this study, the samples of PANI doped with PAMPSA did not
show good cytocompatibility, as the cell attachment on this surface was weak
(Fig. 11). Moreover, the cells also migrated more slowly on the PANI surface
with PAMPSA compared to the other tested surfaces. The doping with sulfamic
and phosphotungstic acids resulted in good cytocompatibility. Hence, these
surfaces could possibly be utilized in tissue engineering.
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3.4 PANI - films prepared in colloidal mode

Fig 12. The cytoskeleton organization of NIH/3T3 cells cultivated for 24 hours
on the PANI films prepared in the presence of A) SDS, B) HCI. Adapted from
article VIL.'%.

As shown in article VI., the biocompatibility of colloidal PANI can be
modified by using suitable stabilizers. Correspondingly, the properties of PANI
films, such as surface morphology and electrical properties, can be controlled by
using different stabilizers. In an effort to prepare conducting films with low
cytotoxicity, PANI colloidal dispersions were prepared in the presence of four
stabilizers and films were made thereof, as described in article VII.
Poly-N-vinylpyrrolidone (PVP), sodium dodecylsulfate (SDS), Tween 20, and
Pluronic F108 were chosen for this purpose. In addition, two types of reaction
media were used during synthesis, water and 1M HCI, the latter to increase the
acidity of the reaction mixture. The material properties of the films, such as
surface energy, conductivity, and spectroscopic characteristics, were
determined. Biological testing was conducted to determine cell adhesion,
proliferation, morphology and migration. Regarding conductivity, higher values
were achieved for films where HCl was used as a reaction medium during
synthesis. In contrast, the reaction medium did not influence the surface energy.
Cells were able to adhere on all surfaces, but their further growth and
proliferation were not so uniform. Cells were not able to proliferate on surfaces
modified with Pluronic F108 and Tween 20. The morphology of cells growing
on films modified with PVP was significantly changed; the cytoskeleton did not
form filopodia and the cells did not spread. On the other hand, samples modified
with SDS showed good cytocompatibility, which can also be seen in the Fig. 12,
where cells are spreading and have their typical triangular shape. Overall,
the PANI-SDS films emerged as the samples with the best properties. Because
of the presence of SDS, which is a known irritant, a skin irritation test was
performed on a 3D reconstructed human tissue model. Surprisingly, the sample
scored as a non-irritant material. In fact, it was shown that it had lower irritant
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potential than the reference, i.e., PANI prepared without stabilizer. It can be
concluded, therefore, that the preparation of PANI films in colloidal dispersion
mode can lead to notable improvements in their biological properties.

3.5 PANI and PPy — comparison of biocompatibility

All of the above described papers deal only with PANI. The main reason for
this lies mainly in the limited information about its biocompatibility available at
the start of my career. Regarding the second investigated conducting polymer
PPy, research dealing with its biocompatibility was sparse but some interesting
data and studies could be found. For example, polyesters coated with PPy were
tested for tissue reactions!?*, the cellular response of PPy/biomolecule blends on
silicone electrodes was investigated'?, and the doping of PPy was examined!%.
However, no study investigating the properties of pristine PPy was available.
Consequently, it was not possible to compare the biocompatibility of PPy and
PANI with respect to existing studies. Nevertheless, the general opinion among
researchers was that PPy exhibited better biocompatibility with a lower
cytotoxic effect than PANI'?"128, This generally accepted view gave rise to
article VIII., which compared these two polymers with respect to their
biocompatibility. Both polymers were prepared according to standard
procedures and their biological characteristics were determined in one
laboratory to eliminate differences in testing. The cytotoxicities of the polymer
extracts were determined using embryonic fibroblasts and embryonic stem cells.
Embryotoxicity was also tested through the impact of the extracts on
erythropoiesis and cardiomyogenesis within embryonic bodies. In addition,
sample morphologies were captured by SEM and the extracts were analysed by
mass spectroscopy. Both forms of PANI and PPy were tested, i.e., protonated
salts and deprotonated bases. Observations showed that the differences in
cytotoxicity were between the forms of the polymers (salt vs base) rather than
between the individual polymers per se (PANI vs PPy) (Fig. 13). That is, while
the same forms (salt or base) of each polymer showed almost identical cytotoxic
and embryotoxic effects, it was the base forms of both polymers that exhibited
better cytocompatibility than the protonated salts. Overall, therefore, direct
comparison of both polymers using the same methodology evidenced that PPy
and PANI exhibit similar degrees of biocompatibility. Hence, the generally
accepted opinion that PPy is a less cytotoxic polymer was disputed.
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Fig. 13. Cytotoxicity of extracts of PANI and PPy on ESc determined by the
relative level of ATP compared to the reference. The different superscripts
correspond to significant differences (P < 0.05) compared to the reference. The
dashed lines highlight the limits of viability according to EN 1SO 10993-5:
viability > 0.8 corresponds to no cytotoxicity, > 0.6 — 0.8 mild cytotoxicity, >
0.4 — 0.6 moderate cytotoxicity and < 0.4 severe cytotoxicity. Adapted from
article VIIL.'?.

The study published in Article VIII. was later extended by further work in
which PANI and PPy were compared after doping with the same doping agents.
This work is outlined in Article IX. As already mentioned, the use of
conducting polymers in biomedical applications is complicated by the fact that
their conductivity rapidly decreases at physiological pH. Researchers worldwide
are currently engaged in efforts to increase the pH stability of such polymers by
various methods 9114130 Tn our work, “re-doping” with four types of organic
phosphonates was employed. Dimethyl phosphonate (DMPH), diethyl
phosphonate (DEPH), dibutyl phosphonate (DBPH), and diphenyl phosphonate
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(DPPH) were used. The following properties of such “re-doped” samples were
studied: their conductivity and their embryotoxicity and cytotoxicity towards
embryonic stem cells. The results showed that the pH stability of phosphonate-
doped PANI samples improved in comparison with pristine PANI salt (Fig. 14).
In particular, PANI doped with DPPH exhibited significant improvement.
Unfortunately, this sample also showed high cytotoxicity. On the other hand, the
cytotoxicity of PANI doped with DBPH and DMPH was low compare to
pristine PANI. In contrast to PANI, all types of phosphonates improved the
cytotoxicity of PPy. It can be concluded, therefore, that PPy doped with
phosphonates could serve as a conducting biomaterial.
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Fig. 14. The conductivity of PANI doped with organic phosphonates under
various pH and the comparison with pristine PANI-S. Adapted from article
IX. 51,
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4 SCAFFOLDS - PREPARATION AND
CYTOTOXOMPATIBILITY

Following our evaluation of the basic biological properties of conducting
polymers, my attention was directed towards studying more advanced 3D
systems, i.e., scaffolds. The aim of the work was to prepare scaffolds for tissue
regeneration supported by conductivity. First, it was important to determine the
optimal conditions for scaffold preparation, including the choice of
a crosslinking agent or matrix. Articles X., XI, and XII. deal with this topic.
PV A was the common denominator for these studies, being used either as matrix
or as crosslinker. PVA is known for its physical properties suitable for
biological applications'??, for its good water solubility!®}, and for its
biocompatibility;134 therefore, it was chosen as a suitable candidate for scaffold
preparation in our laboratory.

In article X. scaffolds based on PVA and fractionated kraft lignin were
prepared and their material and biological properties evaluated. Kraft lignin was
used to improve the stiffness of PVA hydrogels and to increase their
antibacterial activity. The following properties were determined to characterise
the material: the mechanical and thermal stability, the hydrogel network
architecture, and the swelling ratio. Cytocompatibility studies determined
the cytotoxicity of hydrogels in direct contact, the cytotoxicity of extracts, and
cell ingrowth through the scaffolds in bioreactors. In addition, antibacterial
properties were also studied. The mechanical stability was sufficient for all
scaffolds with a concentration of kraft lignin up to 10 wt%. The tested cell line
was able to grow with unchanged morphology in direct contact with all samples.
However, the cytotoxicity of extracts was highly dependent on the concentration
of kraft lignin in the scaffolds, with cell viability decreasing as the concentration
of kraft lignin increased. Moreover, cell ingrowth in the bioreactor showed that
only the scaffold with 1 wt% kraft lignin was suitable for applications in tissue
engineering.

Another study on PVA-based hydrogels was published in Article XI. Here,
PVA was used as a matrix for hydrogel, which was crosslinked by a modified
polysaccharide — specifically, dialdehyde cellulose (DAC). DAC represents
a less toxic, sustainable, and more effective alternative to highly toxic synthetic
crosslinkers such as glutaraldehyde, which is widely used for the preparation of
PVA hydrogels '*>13¢ Three different concentrations of DAC were used to
crosslink PVA and to prepare hydrogels with various mechanical and
rheological properties, porosities, and surface areas. The material characteristics
of PVA/DAC hydrogels were tunable, resulting in a range of hydrogels from
stiff gels suitable for cartilage replacement to soft and highly porous viscoelastic
hydrogels ideal for drug-delivery applications. They were also found to be
superior to those of analogical material prepared using glutaraldehyde. The in
vitro biological evaluation of hydrogel extracts using keratinocytes and
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fibroblasts revealed no cytoxicity on the part of the prepared materials.
Similarly, no negative effects of hydrogels on the cell growth or morphology of
fibroblasts were observed. Hydrogels were subsequently loaded with
biologically active substances, including the anticancer drug phenanthriplatin
(PhPt). In addition to drug release, the cytotoxicity of PhPt-loaded hydrogel
toward fibroblasts and malignant lung cells (A549) was evaluated. Notably,
a synergistic effect of the loaded drug and hydrogel was observed in cytotoxicity
towards the A549 cell line, though no such behavior was visible for fibroblasts.
Thus, overall, PVA/DAC hydrogels represent tunable and biocompatible
materials ideal for further study.

= . z .': e :{.-- 2 !_7'
Fig. 15. Bioadhesivity of PVA/DAC hydrogels. Adapted

om article XIL'Y .

In Article XII, knowing the influence of DAC on the properties of PVA-
based hydrogels, we focused on investigating the role of PVA in the scaffold.
Hence, in addition to two different concentrations of DAC crosslinker, PVA of
different molecular weights (M,, =1 and 130 kDa) was used for the preparation
of PVA/DAC hydrogels. The hydrogels were fabricated in the form of thin
films, which are more suitable for coating by conducting polymers. The
prepared samples were biocompatible, showed no observable cytotoxicity
against fibroblasts, and had no negative impact on cell growth. The hydrogels
prepared with a combination of a low amount of crosslinker and high-molecular
weight PVA were found to be particularly suitable for topical applications, such
as wound dressings or patches. They exhibited high porosity and a high content
of water, good bioadhesivity (Fig. 15), and transdermal drug-delivery. This
material is thus an ideal candidate for the development of conducting patches
capable of further improving wound healing.

My research effort has also been directed towards preparing stimuli-
responsive scaffolds with properties mimicking native tissues. The combination
of PVA based matrices with conducting polymers was the subject of our
research in articles XIII. and XIV. Both manuscripts are targeted at the
synthesis of porous conducting PVA-based cryogels, one in combination with
PANI, the other with PPy. Cryogels are gel matrices formed at sub-zero
temperatures, and their preparation is carried out under freezing during
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138139 Usually, they exhibit a macroporous structure, good

140-142

polymerization
elasticity and good flexibility

Article XIII describes the preparation of a novel macroporous material in the
form of a PANI cryogel exhibiting good mechanical properties. This study
reports the material characteristics of the gels, such as thermal conductivity,
surface energy, pore-size distribution, and elasticity expressed by Young’s
modulus. The biocompatibility of these macroporous polyaniline cryogels was
demonstrated by evaluating their cytotoxicity towards mouse embryonic
fibroblasts and via the testing of embryotoxicity based on the formation of
beating foci within spontaneously differentiating embryonic stem cells.
In addition, the results of biological testing were related to impurities leached
from the cryogel, which were characterized by liquid chromatography.
The macroporous structure of the PANI cryogel is depicted in Fig. 16.

Fig. 16. The SEM images of the cryogel structure Adapted from artlcle XII1.'%,

The mean pore size was assessed to be 159 um and the specific surface area
to be 0.020 m? cm™. The mechanical properties were described by Young’s
modulus, which reached a mean value of 9.7 + 0.5 kPa, meaning that the PANI
cryogel was an elastic material, what can be seen in Fig. 17.
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Fig. 17. Stress-strain curve used for calculation of Young modulus of PVA-PANI

cryogel measured under confined conditions. Adapted from article XIII.'%.

The PANI cryogel also showed low levels of cytotoxicity and embryotoxicity.
The embryonic stem cells and embryoid bodies were able both to adhere and
grow well on its surfaces. This good biocompatibility can also be related to
the low content of low-molecular-weight 1mpurities in the cryogel.
Unfortunately, apoor level of interaction of cardiomyocytes and neural
progenitors with the PANI cryogel was detected. Cardiomyocytes were not able
to attach to the cryogel and only a few neural progenitors, which failed to
spread, were observed on its surface. However, the fact that the PANI cryogel
mimicked the properties of native tissues and exhibited reasonable
biocompatibility opens up possibilities for its utilization in regenerative
medicine, given that suitable modifications or purifications can be developed.

Further research on conducting macroporous cryogel is presented in article
XIV. Here, PPy was used as the conducting component and different
concentrations of PVA (ranging from 5 to 8 wt.%) were used for sample
preparation. The cryogels were characterized with respect to their morphology,
mechanical properties, electrical conductivity, specific surface area, and
cytotoxicity. According to SEM images, it can be concluded that cryogels with
interconnected pores with macropore diameters ranging from 5 to 100 um were
successfully prepared. The mechanical properties of the PPy expressed by
Young’s moduli achieved a value of approximately 20 kPa. The stiffness as well
as the pore diameters were independent of the concentration of PVA in
the cryogel. The conductivity was enhanced compared to standard PPy and
reached a value of 18 S cm™. This value remained unchanged after long-term
treatment with water, i.e. close to physiological pH. These findings taken
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together with comparatively good results from cytotoxicity testing suggest that
these cryogels are potentially suitable for use in biomedical applications.
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S CONTRIBUTION TO SCIENCE AND PRACTICE

The main goal of my scientific career so far has been to prepare
biocompatible stimuli-responsive scaffolds. These scaffolds should allow the
modification of cell behaviour in desired ways through the application of
external electrical fields. The conductivity of the scaffold can be achieved by
using conducting polymers, such as polyaniline (PANI) or polypyrrole (PPY).
However; crucial information about the biocompatibility of conducting
polymers was lacking. Therefore, the first aim of my work was to increase our
understanding of the factors which influence the impact of conducting polymers
on cells. The importance of this research is evidenced by the publications
summarized and described in this work. At the beginning, knowledge about
thebiocompatibility of PANI was in the centre of attention, and this polymer was
studied in the form of powders, colloidal dispersions and thin films. New
information about the influence of the PANI preparation procedure on
various parameters of cytocompatibility was revealed.

Before my work on conducting polymers began, it was generally accepted
that pristine PANI powder exhibited a high level of cytotoxicity. Therefore, one
of my works dealt with the detection of impurities leached from PANI and the
methods of PANI purifications. It was shown that the cytotoxic potential of
PANI is mainly induced by low-molecular-weight fractions of the polymer.
As was shown by our team, these cytotoxic fractions can be efficiently
removed by purification — specifically, by extraction with organic solvents,
a step which resulted in a significant decrease in PANI cytotoxicity.

One important contribution of this dissertation thesis to science is related to
the research of colloidal PANI dispersions, whose biological properties were
hitherto unknown. One of my initial studies focused on this topic, and
the biological activity of colloidal PANI was reported for the first time. This
knowledge about colloidal PANI was further extended with respect to its
cytotoxicity, the type of cell death, oxidative burst in neutrophils and whole
blood, and its antibacterial activity. This study significantly improved
knowledge about the potential application of colloidal conducting
dispersions in tissue engineering. In addition, the new knowledge acquired
through this study along with increased methodological experience and
laboratory acumen with respect to the preparation and characterization of PANI
led to an innovative approach to the preparation of cytocompatible electro-
conducting substrates, characterised as polymerization in colloidal
dispersion mode. Such prepared substrates have unique properties in terms of
their cytocompatibility, as they combine the properties of both synthetic PANI
and the biopolymers used as colloidal stabilizers.

Research on PANI continued with the aim of preparing conducting materials
with even better cytocompatibility. As a result, various advanced modifications
of this polymer were successfully developed. Here, the incorporation of
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biomacromolecules into PANI films should be mentioned, a procedure
which leads not only to the better biological response of these composite
films but also to their improved pH stability in physiological environment.
This improvement is especially important, as the decrease in the electrical
conductivity of PANI at physiological pH is one of the crucial challenges.

When talking about the utilization of conducting polymer films as
biomaterials, their surface properties should not be forgotten. Hence, some of
the studies also dealt with this topic. One aspect of biocompatibility, important
especially for scaffolds which can come in the contact with blood, is blood
compatibility. In this resepct, important progress was achieved by the
reprotonation of PANI film with polymeric acid, poly(2-acrylamido-2-methyl-1-
propanesulfonic acid) PAMPSA. This modification led to a significant
reduction in platelet adhesion on the PANI/PAMPSA surface and
significantly influenced blood coagulation. Moreover, this modification also
improved pH stability in comparison with pristine PANI film. One subsequent
and exciting study concentrated on the preparation of PANI films in colloidal
mode in the presence of surfactants used as stabilizers, e.g. sodium
dodecylsulfate. The films thus prepared exhibited not only good
cytocompatibility but were also shown to be non-irritant towards skin.

The biological response of PANI was also compared with that of another
conducting polymer, PPy. In scientific literature, PPy was previously considered
as a material with better biocompatibility than PANI. However, these findings
were based on studies in which PPy was examined in the form of various
composites and blends, not in its pristine form. These two polymers were
therefore prepared in their pristine forms using standard procedures and studied
using identical methods. It was shown that the cytocompatibilities of PANI
and PPy were very similar and depended mainly on the form of the
polymer (salt or base). As their differences in biological response were
negligible, neither of them should be preferred for biomedical applications.

All the above investigated parameters relating to conducting polymers, such
as their surface characteristics, the procedure for their preparation, and
the cytocompatibility of their various forms and composites were summarised to
collect knowledge crucial for the preparation of scaffolds. In particular, the
focus of my research was stimuli-responsive scaffolds in which the responsivity
is triggered by electrical conductivity. To determine optimal conditions for the
preparation of such conducting scaffolds, several types of non-conducting
PVA-based analogues were first prepared. These scaffolds exhibited good
mechanical as well as biological properties. Therefore, the synthesis of
conducting PVA-based scaffolds followed. As conducting components, both
PANI and PPy were used. These prepared scaffolds also showed good
mechanical properties and were able to mimic the properties of native
tissues. Even their cytocompatibility was good, which opens up
the possibility to use such conducting scaffolds in biomedical applications.
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Besides the topics discussed above, my research also focused on investigating
the influence of conducting polymers on the formation of bacterial biofilms.
This is also a very important aspect of utilizing materials in the medical area,
where bacterial contamination must be avoided. In addition to PANI and PPY,
carbon quantum dots as antibacterial and antibiofouling coatings were also
investigated and several studies dealing with this topic were conducted, these
leading to the development of some promising materials. Another part of my
research was also dedicated to drug delivery systems, especially related to
cancer therapy and the controlled release of drugs.
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6 FUTURE PERSPECTIVE

At present, also thanks to my work, knowledge about the biological properties
of conducting polymers has expanded significantly and improved methods to
enhance their biological properties have been developed. These two
prerequisites open up new possibilities for the utilization of such polymers as
conducting components in stimuli-responsive materials for medicine. Although
various scaffolds with incorporated conducting polymers that exhibit good
biocompatibility and mechanical properties have already been prepared by our
team, they are still not perfect materials with the excellent properties required
for targeted clinical use. For example, the level of biocompatibility is still not
sufficient for general biomedical applications. Another parameter which needs
additional improvement is the degree of porosity, which is also quite
challenging, because we often encounter materials in which the interconnection
of pores in the bulk material is missing or the pore size or shape are not adequate
for cell ingrowth. Pore interconnection is an essential characteristic, as it
supports cell migration and proliferation and also the penetration of
the extracellular matrix into the scaffold. Besides this, it affects the diffusion and
exchange of nutrients throughout the scaffold.

Therefore, the preparation of conducting scaffolds with interconnected pores,
excellent biocompatibility, and mechanical properties mimicking those of native
tissue is the goal of future research. In addition, the incorporation of various
bioactive molecules into scaffolds will be undertaken. For example, growth
factors which will influence cell differentiation will be used. Another aspect
which must be taken into consideration is the real cell environment with its
continuously changing mechanical, chemical, and biochemical gradients. Hence,
respective gradients will be established to effectively mimic this real
environment. All these aspects will be tested in bioreactors to resemble in vivo
systems in the most consistent way.
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PANI Polyaniline

PANI-B Polyaniline base

PANI-S Polyaniline salt

PBS Phosphate buffered saline
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PEDOT
P4APA
PPy
PTh
PVA
PVP
SA
SEM
SDS
YAB

YLw

Yot

Poly(3.,4-ethylenedioxythiophene)
Poly(4-aminodiphenylaniline)
Polypyrrole

Polythiophene (PTh)

Poly(vinyl alcohol)
N-poly(vinylpyrrolidone)
Salycilic acid

Scanning electron microscopy
Sodium dodecyl sulfate
Acid-base (polar) part of surface energy
Disperse part of surface energy

Total surface energy
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Abstract: Polyaniline shows great potential and promises wide application in the biomedical
field thanks to its intrinsic conductivity and material properties, which closely resemble natural
tissues. Surface properties are crucial, as these predetermine any interaction with biological fluids,
proteins and cells. An advantage of polyaniline is the simple modification of its surface, e.g.,
by using various dopant acids. An investigation was made into the adhesion, proliferation and
migration of mouse embryonic fibroblasts on pristine polyaniline films and films doped with
sulfamic and phosphotungstic acids. In addition, polyaniline films supplemented with poly
(2-acrylamido-2-methyl-1-propanesulfonic) acid at various ratios were tested. Results showed
that the NIH/3T3 cell line was able to adhere, proliferate and migrate on the pristine
polyaniline films as well as those films doped with sulfamic and phosphotungstic acids; thus,
utilization of said forms in biomedicine appears promising. Nevertheless, incorporating poly
(2-acrylamido-2-methyl-1-propanesulfonic) acid altered the surface properties of the polyaniline
films and significantly affected cell behavior. In order to reveal the crucial factor influencing the
surface/cell interaction, cell behavior is discussed in the context of the surface energy of individual
samples. It was clearly demonstrated that the lesser the difference between the surface energy of the
sample and cell, the more cyto-compatible the surface is.

Keywords: polyaniline; fibroblast; cyto-compatibility; sulfamic acid; phosphotungstic acid; poly
(2-acrylamido-2-methyl-1-propanesulfonic) acid

1. Introduction

Recently, a rise in interest has been shown in research on polyaniline (PANI), which represents a
highly attractive material due to its intrinsic conductivity, simple and inexpensive synthesis, versatile
surface properties and favorable biological properties. As a direct consequence of such unique
properties, PANI exhibits potential for diverse applications—ranging from microelectronics [1] on
through biosensors [2] to tissue engineering [3]. Moreover, PANI, as representative of conducting
polymers, has the application potentials as micro-electrodes for cell stimulation embedded in the
bio-hybrid actuators [4] or material mimicking neuronal activity and neuromorphic functionalities [5].
In terms of biomedicine, a promising PANI electroactive scaffold could be utilized specifically in cardiac
or neuronal tissue engineering [6]. However, utilizing PANI in biosensing and tissue engineering
assumes that substantial knowledge exists on its bio-interface properties. In this context, a number of
studies have already been published, e.g., PANI films doped with perchloride, hydrochloride, malic
and citric acid are suitable for adhesion and proliferation of PC-12 [7], PANI films deposited with poly
(2-acrylamido-2-methyl-1-propanesulfonic) acid (PAMPSA) allow an embryonic stem cell to adhere and
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grow [8]. Therefore, polyaniline coating has been used in the past to improve the physical and biological
properties of materials such as polyurethane [9] or graphene and graphene oxide [10]. Moreover,
not only the modification of the cell/PANI surface interaction is possible, but also the interaction
with blood can be influenced. The anticoagulation effect of PANI reprotonated with PAMPSA via the
interaction of film with coagulation factors X, V and II has previously been described [11]. Apart from
PAMPSA, other acids may be utilized, e.g., sulfamic and phosphotungstic acid.

Thus, the aim herein is to reveal the biological properties of PANI films synthesized by chemical
oxidation in pristine forms as well as modified with poly (2-acrylamido-2-methyl-1-propanesulfonic),
sulfamic and phosphotungstic acid. The mouse embryonic fibroblast cell line NIH/3T3 was utilized
for this purpose. This cell line is generally considered as a suitable cell model for studying material
biocompatibility and was already used for the determination of biological properties of conducting
polymers [12,13].

2. Results and Discussion

2.1. Surface Energy

In the case of the evaluation of surface properties and related interactions of NIH/3T3 cells
with the studied surfaces, the surface energy of the tested samples as well as the cell monolayer was
determined. The total surface energy (y*') was obtained and the absolute value of the difference
between the surface energy of the cells and the sample (y4if) was calculated (Table 1).

Table 1. Surface energy evaluation of different polyaniline surfaces.

Surface Energy Components (mN-m 1)

Sample ytot YW VAB it
PANI-S 52.54 % 46.05 * 6.49 * 3.33
PANI-B 50.88 * 46.54 * 4.35* 1.67
PANI-SULF 52.13 44.97 717 292
PANI-PT 51.89 47.39 4.50 2.68
PANI-PAMPSA-1:1 41.85 40.98 0.87 7.36
PANI-PAMPSA-2:1 56.35 4391 12.45 7.14
Cells 49.21 23.21 26.00 -

* The values presented in [14].

An interesting phenomena was observed for polyaniline samples that contained PAMPSA
in the reaction mixture. As previously published, a significant decrease in y'*' occurred when
pristine polyaniline substrate was doped with PAMPSA [14]. In the present study, in the case of
PANI-PAMPSA-1:1, the values obtained for the surface energy corresponded to PANI doped with
PAMPSA. This may indicate that the characteristics of PAMPSA predominated and significantly
impacted the surface properties of PANI-PAMPSA-1:1. Surface energy changed dramatically when a
reduced amount of PAMPSA was used during polyaniline synthesis (the ratio of aniline hydrochloride
to PAMPSA for synthesis was 2:1). In this case, the results approximated values for y'°! as observed
for pristine PANI-S and PANI-B. Thus, the surface properties of PANI-PAMPSA-2:1 are primarily
governed by polyaniline, and only to a lesser extent by PAMPSA. Moreover, as can be seen, doping
PANI with sulfamic acid and phosphotungstic acid did not influence surface properties in terms of
v in comparison with PANI-S and PANI-B. Furthermore, the obtained y*' resembled that for the cell
monolayer and so should indicate that suitable biological properties exist.

2.2. Cyto-Compatibility

To reveal the cyto-compatibility of tested samples, the adhesion, proliferation and migration of
the mouse embryonic fibroblast NIH/3T3 cell line was investigated. The NIH/3T3 cell line is one of
the most frequently used lines in material/ cell interaction research and has been previously used for
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cytotoxicity testing of PANI [15-17]. Thus, the results provided by these tests can easily be compared
with data published in the literature. The micrographs clearly show that although the NIH/3T3 cells
were able to adhere to all the tested surfaces in a similar way as the reference (Figure 1, only PANI-S is
presented), remarkable differences in the subsequent cell proliferation and morphology existed (see
Figure 2).

Figure 2. Proliferation: (a) Reference 24 h; (b) PANI-S 24 h; (c¢) PANI-PAMPSA-1:1 144 h;
(d) PANI-PAMPSA-2:1 144 h.

It was clearly demonstrated that after 24 h, the cells reached semi-confluence on the reference
sample (Figure 2a). Behavior comparable to that for the reference was observed on the surfaces of



Int. J. Mol. Sci. 2016, 17, 1439 40f8

PANI-S, PANI-B, PANI-SULF, and PANI-PT (see Figure 2b, where PANI-S is presented as an example).
In contrast, on the PANI-PAMPSA-1:1 sample, proliferation was significantly decreased and the cells
initially reached a semi-confluent state after 144 h (see Figure 2c). Cell proliferation then improved on
PANI-PAMPSA-2:1, which contained a lower amount of PAMSPA compared to PANI-PAMPSA-1:1.
This also corresponded to the better cell proliferation observed on pristine PANI-S and PANI-B
surfaces, where PAMPSA was absent. Nevertheless, attachment was weak and any cells adhered on
PANI-PAMPSA-2:1 easily detached from its surface; even gentle handling during media exchange
caused cell detachment (Figure 2d). Consequently, it can be concluded that introducing PAMPSA
into the polymer bulk during synthesis notably affected NIH/3T3 cell proliferation in comparison
with reference and pristine polyaniline. These results correspond to observing the preferable behavior
of mouse embryonic stem cells on pristine PANI forms, in comparison with PANI deposited with
PAMPSA [14].
The results of cell migration on the tested surfaces are presented in Figure 3.

Figure 3. Migration 48 h: (a) Reference; (b) PANI-B; (c) PANI-PAMPSA-1:1; (d) PANI-SULF.

As can be seen, migration on PANI-PAMPSA surfaces was significantly less than for the reference
(Figure 3c, only PANI-PAMPSA-1:1 is given as an example). This finding fully corresponds with the
limited cell proliferation observed on these surfaces, and correlates with the results obtained for the
surface energy. Obtained results indicate utilization of this modification in the field of biosensors
rather than biomaterials. Nevertheless, the migration of cells on PANI-S, PANI-B, PANI-SULF and
PANI-PT was comparable to cell behavior on the reference sample (see PANI-B in Figure 3b and
PANI-SULF in Figure 3d). In summary, cell behavior corresponds to the surface energy of individual
samples. It can be concluded that the less variation there is in the surface energy of a tested sample,
the more compatible the surface is. Overall, these findings supported cell behavior in terms of adhesion
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and proliferation, suggesting the potential of applying such PANI forms in biomedicine, e.g., tissue
engineering of electrically responsive tissues.

3. Materials and Methods

3.1. Preparation of Polyaniline Films

The PANI films were formed in situ directly on the tissue culture plates (TPP, Trasadingen,
Switzerland). The polyaniline salt (PANI-S) was prepared by chemical oxidation of aniline
hydrochloride with ammonium peroxydisulfate in aqueous solution according to IUPAC technical
report [18]. An appropriate amount of aniline hydrochloride (2.59 g, Neratovice, Czech Republic) and
ammonium peroxydisulfate (5.71 g, Sigma-Aldrich, St. Louis, MO, USA) was separately dissolved
in 50 mL of water. Both solutions were mixed, briefly stirred and poured into culture plates.
The polymerization reaction lasted 1 h at room temperature. Then, the solution was poured out
and deposited green film of PANI-S was rinsed with 0.2 M hydrochloric acid followed by methanol.
The films were left to dry in air overnight.

To prepare polyaniline base (PANI-B), the films were immersed in 1 M ammonium hydroxide
for 12 h.

In order to prepare films doped with sulfamic acid (PANI-SULF) and phosphotungstic acid
(PANI-PT), the PANI-B films were re-protonated with either 1 M sulfamic acid (Sigma-Aldrich, St. Louis,
MO, USA) or 50 wt % aqueous solution of phosphotungstic acid (Sigma-Aldrich, St. Louis, MO, USA).
The solutions of acids were poured onto the surface of the PANI-B film and the reaction was left to
proceed for 24 h. Afterwards, the residual solutions were poured out and the films were rinsed with
methanol and left to dry in air.

The second type of modified film was prepared using direct polymerization with PAMPSA present
in the reaction mixture of aniline hydrochloride and ammonium peroxydisulfate. To this end, modified
procedures published by Bayer et al. [19], Stejskal et al. [20], and Yoo et al. [21] were employed. Firstly,
an aqueous solution of PAMPSA was prepared, its target concentration corresponding to 0.028 mol
of its monomer, acrylamido-2-methyl-propanesulfonic acid. Aniline hydrochloride (0.028 mol) was
then added to the PAMPSA solution and stirred at room temperature for 1 h. The mole ratio of
aniline hydrochloride to PAMPSA was adjusted to 1:1 (PANI-PAMPSA-1:1) or 2:1 (PANI-PAMPSA-2:1).
The oxidant, ammonium peroxydisulfate (0.025 mol), was dissolved separately in ultrapure water
and added to the reaction mixture at the mole ratio for aniline hydrochloride to oxidizing agent of
1:0.9. Polymerization was completed within 60 min. The films were rinsed with water and methanol to
remove any adherent PAMPSA, and left to dry in air.

3.2. Surface Energy

The surface energy evaluation system (“SEE System”, Advex Instruments, Brno, Czech Republic)
was used to measure contact angle and determine surface energy of tested samples. Deionized water,
ethylene glycol and diiodomethane (Sigma-Aldrich, St. Louis, MO, USA) in volume of 2 uL was
utilized as testing liquids for PANI films. To obtain the value of contact angle, ten separate readings
were performed for each testing liquid. The surface energy was determined by the “acid-base” method.

In order to evaluate the interaction of NIH/3T3 cells with the studied surfaces, the surface energy
of the cells was determined. The cell suspension was thoroughly filtered through a filtration paper to
obtain a homogeneous cell layer on the paper and this sample was immediately subjected to contact
angle measurement. For the cells, glycerol (Sigma-Aldrich, St. Louis, MO, USA) and diiodomethane
were used as the testing liquids, and the droplet volume of these liquids was also set to 2 uL for all
experiments. In a corresponding manner to the aforementioned polyaniline samples, ten separate
readings were taken to obtain one representative average value for the contact angle. Using these data,
the surface energy of the cells was calculated by the “OWRK” (Owens-Wendt-Rabel-Kaelble) method,
in addition to obtaining total surface energy (y'*!) including its components, disperse part (y*¥) and
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polar part (yAB). Finally, calculation was made of y4if, denoting the absolute value of the difference
between the surface energy of the cells and sample, according to equation ydif = | ytoteell _ totsample |

3.3. Cyto-Compatibility

Prior to in vitro testing, the samples were disinfected by 30 min of exposure to a UV-radiation
source operating at a wavelength of 258 nm, emitted by a low-pressure mercury lamp. Investigation
was conducted into the compatibility of the polyaniline films with the mouse embryonic fibroblast
NIH/3T3 cell line (ATCC CRL-1658 NIH/3T3, Marlboro, MA, USA). NIH/3T3 cell line is
abundantly used in material biocompatibility testing, thus obtained results are readily comparable
to published data in literature. Definitively, study was made of cell adhesion, proliferation and
migration. ATCC-formulated, Dulbecco’s Modified Eagle’s Medium (PAA, Trasadingen, Switzerland)
containing 10% calf serum (PAA, Trasadingen, Switzerland) and 100 U-mL~! Penicillin/ Streptomycin
(PAA, Trasadingen, Switzerland) was used as the culture medium.

Tests were conducted as follows:

1. Toreveal the ability of cells to adhere to the surfaces, the cells were seeded on reference culture
dishes (TPP, Trasadingen, Switzerland) and the studied polymer films at a concentration of
1 x 107 cells'\mL~!. After one hour, the cells were gently rinsed and micrographs were taken.

2. Cell proliferation and morphology were evaluated on cells that had been seeded at an initial
concentration of 1 x 10° cells-mL~! and cultivated.

3. Cell migration was determined by the scratch assay according to Liang et al. [22] with
modification. The scratch assay was created in a confluent cell monolayer. After 48 h had
passed, micrographs were captured with an Olympus inverted fluorescent microscope (Olympus,
IX51, Tokyo, Japan) equipped with a digital color camera (Leica DFC480, Wetzlar, Germany).

4. Conclusions

The cell/surface interaction of pristine polyaniline films, films doped with sulfamic and
phosphotungstic acid and films incorporating poly (2-acrylamido-2-methyl-1-propanesulfonic) were
studied. The mouse embryonic fibroblasts were able to adhere, proliferate and migrate on pristine
polyaniline films and those doped with sulfamic or phosphotungstic acids. Therefore, these polyaniline
forms should be suitable for utilization in biomedicine, e.g., tissue engineering of electrically responsive
tissues. Contrarily, incorporating poly (2-acrylamido-2-methyl-1-propanesulfonic) acid actually
affected the surface properties of the polyaniline films, significantly influencing cell proliferation
and migration; hence, the potential for application in the biomedical sector is limited, but opens the
door for utilization as a biosensor. The surface energy constitutes the crucial factor that influences
cell/surface interaction and the determination of surface energy is essential to attaining appropriate
surface modifications.
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ABSTRACT

Thanks to their unique properties, as intrinsic conductivity and simple preparation, conducting polymers
are highly applicable in tissue engineering, regenerative medicine, and biosensors. Pristine polymers
often include residual precursors or other low molecular impurities, which have a negative impact on
their biocompatibility. Concerning poly(4-aminodiphenylaniline), its cytotoxicity and biocompatibility
have not yet been investigated. Herein, the cytotoxicity of poly(4-aminodiphenylaniline), prepared by an
innovative green approach, as well as the effect of samples’ posttreatment and kind of dopant acid used,
are reported for the first time. The results show that not only the type of used dopant but also polymers’
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washing in phosphate saline buffer and material’s morphology has a significant impact on materials’
cytotoxicity. After a proper posttreatment or when salicylic acid is used as the doping agent the
cytotoxicity of poly(4-aminodiphenylaniline) seem to be lower than those obtained for traditional PANI.

GRAPHICAL ABSTRACT
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1. Introduction

Although intrinsically conducting polymers (ICPs) were
discovered over 150 years ago, their popularity is still growing
thanks to their versatile properties. Among them polyaniline
(PANI) is unique owing to its extraordinary features, such as ease
of synthesis [1], environmental stability [2], and simple doping/
dedoping process [3,4]. Furthermore, easy modifications of the
polymer allow to give new properties (e.g., heamocompatibility,
[5] etc.). The high interest in ICPs and in particular in PANI is,
however, related to their ability to respond to external stimuli
(e.g., force, pressure, pH) by conductivity changes. This latter abil-
ity makes them promising candidates for many applications in
numerous technological fields: electrochromic devices [6,7],
stress/strain sensors [8-10], electromagnetic shields [11,12], and
anticorrosion paints [13,14]. The recent open scenarios for ICPs
applications in medical and biomedical fields [15-18] have
boosted the scientific interest in their biocompatibility.

_Decreasing cytotoxicity _§

In this regard, many efforts have been recently addressed to
enhance PANI biocompatibility by different approaches, such
as purification after synthesis [19,20], presoaking in medium
before cell culturing, or grafting adhesive peptides [21].

The cytotoxicity of PANI prepared by traditional way [22]
has been deeply explored by Humpolicek et al. [19], demon-
strating that thanks to its high insolubility PANI itself is not
cytotoxic. However, the presence of low molecular impurities
and other byproducts [23] may cause cytotoxicity [19,20]. To
improve the cytocompatibility of PANI prepared according
to the IUPAC procedure, some purification steps have been
introduced [23]. Another general way to improve biocompat-
ibility is using other oxidation [24] or doping agents [25].

Starting from the pioneering investigations of Geniés et al.
[26] and Kitani et al. [27], another approach, consisting
of ICPs production by innovative environmentally friendly
protocols, has been recently developed [28-31]. More in
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detail, the possibility to synthesize polyaniline, more correctly
poly(4-aminodiphenylaniline) (P4APA), by oxidative poly-
merization of N-(4-aminophenyl)aniline, a commercially
available chemical, using hydrogen peroxide or molecular
oxygen as the oxidants in the presence of proper catalysts,
allows for water to be obtained as the unique coproduct,
simplifying posttreatment steps, and avoiding the formation
of toxic/mutagen pollutants (i.e., benzidine).

The conductivity of P4AAPA was found to be lower (typically
1072 S cm™}) [30] than that of PANI prepared from aniline
monomer (typically 4.4 S cm™Y) [31]. Geniés et al. [26] and
Kitani et al. [27] attributed such behavior to different length
of the polymeric chains, shorter in P4APA than in
traditional PANI, even though our recent results belie them
(data not published). Further investigations are in progress
to clarify this aspect. Moreover, the high solubility of PAAPA
has recently led to promising results in many sectors, such as
nanofibers preparation by electrospinning technique [32,33].
However, if on the one hand results on biocompatibility of
PANI prepared by traditional methods are available [19,20,34],
on the other hand the impact of P4AAPA-based materials in
human and environmental health is not well studied. In this
work, we present our recent achievements in the in vitro
cytotoxicity of poly(4-aminophenylaniline) powders detected
on mouse embryonic fibroblast cell line. Moreover, the effect
of acid dopant type and proper posttreatments are also discussed.

2. Experimental

All chemicals were used as received (Sigma Aldrich) without
further purification unless stated otherwise.

2.1. Samples preparation

Poly(4-aminodiphenylaniline) was prepared following a
synthetic procedure similar to that reported elsewhere
[30,34]. Briefly, 8 g of N-(4-aminophenyl)aniline (43.5 mmol)
were dissolved in 800mL of 0.8 M HCI Then, 22mL of
H,0, 30% (213.5mmol) were quickly added under stirring
followed by 32.4 mg of FeCl; - 6H,0 (0.12 mmol). The mixture
was stirred for 24 h at room temperature. Finally, a dark green
product was collected on a filter, abundantly washed with
deionized water and acetone, until the washings became
colorless, and dried in an oven at 65°C overnight. The spectro-
scopic characterizations of this product confirmed that it was
P4APA/HCI, according to the literature [30,34]. The present
synthesis was repeated three times to obtain enough product
for all the investigations reported. 1g of P4APA/HCI] was
put aside for further investigations.

To test the influence of different doping agents on P4APA
biocompatibility, the remaining part of the previously
prepared sample (P4APA/HCI) was deprotonated to obtain
the corresponding base and divided into different portions.
Each lot was then subjected to a protonation process by the
use of proper acids.

More in detail, PAAPA/HCI was dispersed in a large excess
of 1M ammonium hydroxide for 24h. The resulting base
(P4APA_B) was collected on a filter and washed several timed
with water until neutral washings and dried in an oven at 65°C

overnight. 1g of this product was put aside for further
investigations.

Different portions (1 g each) of PAAPA_B were separately
suspended in 150 mL of deionized water treated with proper
amounts of water soluble acids (H;PO, and salycilic acid,
SA) maintaining an N-(4-aminophenyl)aniline/acid molar
ratio of 1. The resulting P4APA/H;PO, and P4APA/SA
samples were filtered, washed several times with water, and
dried in an oven at 65°C overnight.

Other portions of P4AAPA_B were separately dispersed in
150 mL of chloroform and treated with proper amounts of
dodecylbenzenesulfonic acid (DBSA) and camphorsulfonic
acid (CSA). The resulting products (P4APA/DBSA and
P4APA/CSA) were filtered and dried in an oven at 65°C
overnight.

2.2, Samples posttreatment

500mg of each sample (P4APA/HCI, P4APA_B, P4APA/
H,PO,, PAAPA/SA, PAAPA/DBSA, and P4APA/CSA) was
separately soaked in 10 mL of a phosphate-buffered saline
(PBS; pH =7.3) at room temperature for three days. Finally,
each solid was recovered by centrifugation, washed with a
small volume of deionized water and dried in an oven at
65°C overnight. From now on, these materials will be
indicated as P4APA/HCL B, P4APA/H;PO, B, P4APA/
SA_B, PAAPA/DBSA_B, and P4APA/CSA_B.

2.3. Characterization

All samples were characterized by diverse techniques.

FT-IR spectra of KBr dispersed samples were recorded on a
JASCO FT/IR-410 spectrophotometer in the 500-4000 cm ™'
range. UV-Vis spectra were recorded on a Hewlett Packard
8453 spectrophotometer using N,N-dimethylformamide
(DMF) as the solvent.

Molecular weights distribution of the P4APA samples’
fractions soluble in DMF were determined by size exclusion
chromatography (SEC) using a Shimadzu LC10ADVP HPLC
equipped with a refractive index (RI) as the detector. A
Phenomenex Phenogel 5u 55 A (300 x 4.6 mm) was used as
the column. All the measurements were carried out at room
temperature using ultra-pure DMF as the eluent. The flow rate
was set at 0.3 mL min~' and the injection volume was 20 pL.
Polystyrene standards were used for calibration. Samples for
SEC analysis were prepared using the following procedure.
5mL of DMF were added at approximately 20 mg of each
material. The mixtures were sonicated for 20 minutes at room
temperature. Then, the insoluble parts were removed by
filtration on 0.2 um Teflon syringe filters and only the soluble
fractions were analyzed.

For conductivity measurement, 200 mg of three samples
(P4APA/HCI, P4APA/SA, and P4APA/DBSA) were pressed
between 13mm anvils with force 10ton for 30 min. The
resulting disks were next pressed with force 2 kg for 30 min.
Resistance R was measured by an AMEL 338 multimeter
and conductivity o was obtained as

g = (1/R)(1/A)
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where 1 is the thickness of the disks, R is the resistance, and A
is the area of the disks’ base.

2.4. Cytotoxicity test

Prior to in vitro cytotoxicity testing, the samples were
homogenized and disinfected by dry heat at 120°C for
40 min. The extracts from powders were prepared according
to ISO standard 10993-12 in the ratio of 0.2g per 1 mL of
culture medium. Dulbecco’s modified Eagle medium high
glucose, 10% calf serum, and penicillin/streptomycin, 100 U
mL™"' (PAA Laboratories GmbH, Austria) were used as the
medium. Extractions were performed in chemically inert
closed containers using aseptic techniques at 37 = 1°C under
stirring for 24 £ 1h. After extraction, the parent extracts
(100%) were diluted in culture medium to obtain a series of
dilutions with concentrations of 75%, 50%, 25%, 10%, and
1% have been used further for cell viability tests. All the
extracts were used within 24 h. The ability of cells to respond
to cytotoxic substances was verified by the application of
sodium dodecyl sulfate solution (SDS; Sigma, Czech Republic).

Cytotoxicity testing was conducted in accordance with EN
ISO 10993-5, using mouse embryonic fibroblast cell line
(ATCC CRL-1658 NIH/3T3, USA). Cells were seeded in the
suspension of 1 x 10° cells mL ™' and precultivated for 24 h.
After a preincubation period, the cultivation medium was
replaced with the extracts. As a reference giving 100% cell
proliferation, cells cultivated in the pure medium were used.
The cells were observed by an inverted Olympus phase contrast
microscope (Olympus IX81, Japan). To assess cytotoxic effects,
the MTT assay was performed after 24 hours of cell cultivation
in the presence of extracts at 37 £0.1°C and 5% CO,. The
absorbance was measured at 570 nm by an Infinite M200
PRO (Tecan, Switzerland). All the tests were performed in
quadruplicates. Cell viability was expressed as the percentage
of viable cells present in the corresponding extract relative to
cells cultivated in pure growth medium (100% viability).

3. Results and discussion
3.1. Spectroscopic characterization

All samples were spectroscopically characterized by FT-IR and
UV-Vis techniques to evaluate the oxidation level of the poly-
meric chains. It is known, in fact, that only the half-oxidized
and half-protonated form of polyaniline (emeraldine) and its
derivatives are stable and interesting for their conductive
properties. This form can be easily confirmed by the FT-IR
(Figures 1A and 1B) and UV-Vis spectra (Figures 1B and
1D), as discussed subsequently.

In particular, in the FT-IR spectra the two bands at 1569
cm~ ' and 1499 cm™ ', having an intensity ratio of about I,
can be attributed to the stretching vibration modes of quinoid
(N=Q=N) and benzenoid rings (N-B-B) C=C respectively,
whereas that one at about 1150 cm ™", also called an electronic-
like band, is associated to the conjugation level [35].

Similarly, the UV-vis spectra exhibit the typical bands of
emeraldine base. The first band at around 300 nm is related
to the m—m* transition of the benzenoid rings and the second
one at around 600 nm is due to the transition from a localized

benzenoid highest occupied molecular orbital to a quinoid
lowest unoccupied molecular orbital, that is a benzenoid to
quinoid excitonic transition [36].

On the base of these results it is possible to conclude that
considering the molecular structure all the materials resulted
similar in terms of backbone’s oxidation level also after the
buffer treatment.

3.2. Size exclusion chromatography

To measure the molecular weight distribution of P4APA-
based materials, all samples were analyzed by SEC using
polystyrene standards. As polystyrene and P4APA have
different hydrodynamic volumes, these measurements must
be considered as apparent molecular weights and not absolute
ones. The results are reported in Table 1.

As reported in section 2, only the P4APA fractions soluble
in DMF were analyzed by this technique. The data show that
all the samples consist of polymers characterized by different
molecular weight. Before the buffer treatment all the materials
contain short oligomers attributable to aniline dimer (214
uma), hexamer (598 and 630 uma), and octamer (757 and
718 uma) derivatives. Except for P4AAPA/HCI, in all the other
cases the buffer treatment allows to remove these potential
toxic species, as confirmed by the percentage areas reported
in Table 1. This suggests that the buffer-treated materials
do not contain short oligomers that could be responsible of
samples’ cytotoxicity.

3.3. Morphological characterization

The morphology of all the PAAPA-based samples was analyzed
by scanning electron microscopy and the results are reported
in the Figure 2.

Even though methods and conditions (e.g., stirrer speed,
temperature, type and amount of acid) used for the preparation
of PANI and its derivatives mainly affect their morphology
[37,38], also the dedoping/redoping process can have a role
[39], strictly related to penetration depth of dopant in the
polymer structures, kind of dopant-polymer interactions, and
SO on.

In the present work, if on the one hand before the buffered
treatment all the P4APA-based samples showed an irregular
morphology (Figures 2A, 2B, 2D, 2F, 2H, and 2L), however,
after stirring in PBS some of them, in particular PAAPA/HCI
and P4APA/SA, exhibited SEM images characterized by layer-
by-layer oriented rod-like structures, suggesting that the
H,PO, /HPO?~ couple in some cases or in the presence of
proper dopants could play a role in the P4APA orientation.

3.4. Conductivity measurements

Table 2 reports the conductivity values of measured for three
samples: PAAPA/HCI, P4APA/SA, and P4APA/DBSA. 1t is
possible to observe that the electroconductivity of these mate-
rials decreases in the following order: PAAPA/HCI > P4APA/
SA > P4APA/DBSA.

According to the scientific literature [40], the amount and
type of acid used as the dopant strictly affects polymers’
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Figure 1.

electroconductivity. In fact, as well as for polyaniline also for
poly(4-aminodiphenylaniline) electroconductivity is higher
for polymers doped with inorganic acids than for those
protonated with organic acids. This because the small
dimensions of inorganic dopant counterions allow a highly
efficient penetration of the latter through the polymeric chains
guaranteeing a high protonation level and, as a consequence,
good conductivity. On the contrary, organic dopants counter
ions are big. Therefore, their diffusion through the chains is
restricted and there are localized. This reduces the mobility
of doped centers inside the polymeric matrix, making these
materials less conductive than those doped with inorganic
acids.

Even though SA and DBSA are acids characterized by
different acidic functions (SA is a carboxylic acid and DBSA
is a sulfonic acid), the difference in conductivity observed
for SA- and DBSA-doped polymers can be reasonably
attributed to the different sizes of the acids.

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm?)

265 415 565 715 865
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FT-IR and UV-Vis spectra of P4APA-based materials before (A and C) and after (B and D) buffer treatment.

3.5. Cytotoxicity test

The cytotoxicity tests were performed according to the ISO
standard to be comparable with previously published results
about polyaniline cytotoxicity. The complete results of cyto-
toxicity testing are presented in Table 3, the micrographs
representing the impact of P4APA on the cell morphology
are shown in Figure 3. It can be assumed that cytotoxicity of
individual samples can be assigned to the following factors:
(a) pH of extracts and (b) correlated impact of used dopant
acid, (c) effect of buffer treatment, and (d) presence of short
oligomers.

The micrographs reported in the Figure 3 clearly demon-
strate the significant impact of extracts on the cells. The micro-
graph 3A represents the reference and similar cell morphology
and quantity were observed in the case of micrograph 3B,
when the cells were exposed to the 25% extract in the P4APA/
CSA_B cultivation medium. If compared to the Figure 3A, a

Table 1. Molecular weights of P4APA-based materials before and after buffer treatment by SEC technique.
Sample M, Area (%)
P4APA_B (Peak14#) 311331; (Peak2#) 74677 (Peak1#) 75.06; (Peak2#) 24.14
P4APA/HCI (Peak14#) 217330; (Peak2#) 757 (Peak14#) 48.16; (Peak2#) 51.03
P4APA/HCI_B (Peak14#) 369096; (Peak2#) 757 (Peak14#) 77.11; (Peak2#) 22.10
P4APA/H5PO, (Peak14#) 356504; (Peak2#) 253647; (Peak3#) 1567; (Peak14#) 21.56; (Peak2#) 49.13; (Peak3#) 7.19;

(Peak4#) 718; (Peak5#) 209
P4APA/H;PO,_B

(
P4APA/SA (Peak1#) 256216; (Peak2i#) 598
P4APA/SA_B (Peak1#) 287538
P4AAPA/DBSA (Peak1#) 557936; (Peak2#) 85035; (Peak3#) 64057;

(Peak4#) 2688; (Peak5#) 1668; (Peak6#) 630
P4APA/DBSA_B
P4APA/CSA
P4APA/CSA_B

(Peak1#) 396074
(Peak14#) 4233678

Peak1#) 276177, (Peak2#) 110509; (Peak3#) 1549; (Peak4#) 214

(Peak1#) 416543; (Peak2#) 279600; (Peak3#) 110508; (Peak4t#) 1584

(Peak4#) 12.24; (Peak5#) 12.45
(Peak1#) 33.12; (Peak2#) 60.35; (Peak3#) 5.01; (Peak4#) 0.52
(Peak14#) 81.55; (Peak2#) 16.24
(Peak1#) 99.93
(Peak1#) 40.07; (Peak2#) 13.22; (Peak3#) 18.05;
(Peak4#) 6.11; (Peak5#) 12.04; (Peak6#) 8.91
(Peak14#) 38.36; (Peak2#) 36.77; (Peak3#) 21.16; (Peak4#) 2.01
(Peak14#) 99.74
(Peak1#) 99.85
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Figure 2.
H3PO4 (D), PAAPA/H3PO4_B (E), PAAPA/CSA (F), PAAPA/CSA_B (G), PAAPA/DBSA
(H), PAAPA/DBSA_B (I), P4APA/SA (L), and P4APA/SA_B (M).

SEM images of P4AAPA_B (A), PAAPA/HCI (B), PAAPA/HCI_B (C), PAAPA/

Table 2. Conductivity data of PAAPA/HCI, P4AAPA/SA, and P4APA/DBSA.

Sample Conductivity (S/cm)
P4APA/HCI 504 x 107*
P4APA/SA 350 x 107°
P4APA/DBSA 1.92 x 107°

significantly lower cells’ amount of cells and presence of debris
can be consider responsible to the mild cytotoxicity of sample
P4APA/SA_B (Figure 3C). The severe cytotoxicity of sample
P4APA/DBSA is presented on micrograph 3D, where almost
no cell can be found.

The pH has a negative impact only in case of sample HCI
protonated and surprisingly this effect persists even after the
buffer treatment. In fact, after the material is stirred in the
buffering solution, the pH of extract does not change signifi-
cantly. The negative impact of acidity can be observed until
25% of extracts in cultivation medium when the buffering
capacity of medium neutralizes it. Under this concentration
P4APA/HCl and P4APA/HCl B samples express moderate
or no cytotoxicity, respectively. The pH of native extracts of
all the other samples was within the range, which is easily
buffered by cultivation medium. Therefore, an acidity impact
is not expected.

Conversely to the pH impact, the effect of dopant acid can
be assigned as significant. In general, except of P4APA_B, all
samples in concentrations higher than 50% show moderate
or severe cytotoxicity. Considering P4APA-based materials
before the buffer treatment, the lowest cytotoxicity was
observed when HCIl or SA is used as the dopant acid. Surpris-
ingly, using H;PO,, DBSA or CSA as the dopants, the samples
induce significant toxicity even in low extract concentration in
the medium. This effect is probably connected to the presence
of oligomers in these samples (see Table 1).

Remarkably, the stirring in PBS decreases the cytotoxicity.
This step is similar to the redeprotonation, which was
previously described as possible way for improvement of
cytotoxicity of polyaniline [19]. The observed impact of PBS
is exciting as this effect was not correlated to the change of
acidity. As the stirring in PBS was performed by the same
way in all samples, its effect must be connected either to (a)
the removal of oligomers from polymeric species (see Table 1)
or to (b) the different samples’ morphology related to the
ability of buffer solution to penetrate into the materials. Based
on the results from SEC and SEM it is possible to conclude that
both the mentioned effects related to the stirring in PBS
contribute to the decreased toxicity of samples. In fact, as it
is clearly reported in the Table 1, the oligomeric fractions are
missing in the buffered samples if compared to the parent
samples (e.g., missing octamers at P4APA/H;PO,_B or
hexamers at PAAPA/DBSA_B). After the buffering treatment
the different morphology of individual samples (see Figure 2)
significantly influences their cytotoxicity. The impact of
different morphology on cytotoxic effect is also known, mainly
on nanostructures [41,42].

Finally, it can be assumed that the lowest cytotoxicity was
expressed by PAAPA/H;PO,_B, PAAPA/CSA_B, and P4APA/
SA, where 1%, 10%, and 25% of extracts were without cytotoxic
effect. Good results were also achieved for extract of P4AAPA/
SA_B, concentrations 1% and 10% were noncytotoxic. Com-
pared to the PANI prepared according to the IUPAC [22] pre-
sented in the work of Humpoli¢ek et al. [19] the cytotoxicity
of P4APA are slightly better in case of PAAPA/SA, P4APA/
H5;PO,_ B, and P4APA/CSA_B. The nanotubular PANI [20]
or PANI purified by Soxhlet extraction [23] express slightly
higher cytotoxicity than those samples. Therefore, it can be
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Table 3.
993-5 standard.

Cytotoxicity of PANI samples determined for various extract concentrations presented as relative value compared to reference (RV) according to ISO 10

Sample (pH of native extract) 100% 75% 50% 25% 10% 1%

P4APA_B (8.13) 039+£0.07D 0.42 £0.04 C 0.66 = 0.08 B 091+0.16 A 092+0.14A 091£0.13A
P4APA/HCI (1.65) 033+0.05D 0.40 +0.07C 0.42 +0.06 C 0.41+£0.08 C 0.40 +0.07 C 0.58 +£0.10 C
P4APA/HCI_B (2.18) 0.394+0.03D 0.42+0.03 C 0.40 £0.03 C 0.39+0.06 D 0.92+0.08 A 0.88+0.08 A
P4APA/H;PO, (8.12) 037+£0.03D 037+£0.03D 0.35+0.04 D 0.79 +0.06 B 0.78 £0.06 B 0.79+0.04 B
P4APA/H;PO,_ buffer (8.54) 0.43 +£0.03 C 0.43 +0.03 C 0.47 £0.04 C 0.84 +0.06 A 1.05+0.12 A 0.99+0.26 A
P4APA/ SA (7.63) 0.434+0.04 C 0.43 +£0.05 C 0.47 £0.06 C 0.81+0.08 A 1.03+0.12A 1.024+0.10 A
P4APA/ SA_B (7.22) 0.42 £0.06 C 0.40 £ 0.05 C 047 £0.14 C 0.67 £0.27 B 0.94+0.23 A 1.00£0.22 A
P4APA/DBSA (5.34) 0.38+0.01 D 035+0.03D 0.36+0.03D 0.36+0.03D 0.37+0.02D 0.67 £0.15 B
P4APA/DBSA _B (7.41) 0.41£0.07 C 0.38+0.05D 0.38+:0.05D 0.42 +£0.03 C 0.42+0.02 C 0.60 +0.04 B
P4APA/CSA (5.95) 0.38+£0.03D 0.34+0.02D 037 +0.04 D 036 +0.02 D 0.35+0.02D 1.034+0.08 A
P4APA/CSA_B (7.32) 0.40 +0.04 C 0.39+0.04D 0.39+0.04 D 0.80+0.11 A 0.94+0.12A 0.85+0.17 A

Note. Cytotoxicity in relative values equal to 1 corresponds to 100% cell survival compared to reference. Values >0.8 are assigned to no cytotoxicity (A), 0.6-0.8 to mild
cytotoxicity (B), 0.4-0.6 to moderate cytotoxicity (C), and <0.4 to severe cytotoxicity (D).

Figure 3.
extracts in cultivation medium. (A) Reference, (B) P4APA/CSA_B, (C) PAAPA/SA_B,
(D) P4AAPA/DBSA.

The cell morphology after the 24-h cultivation in the presence of 25%

concluded that cytotoxicity of the P4AAPA is comparable to that
of PANI prepared by the IUPAC procedure when SA is used as
the dopant acid or when buffering treatment is applied.

4. Conclusion

The biological properties of poly(4-aminodiphenylaniline) are
presented for the first time. The significant impact of presence
of oligomers on cytotoxicity was proved. Based on the size
exclusion chromatography it is clear that those oligomers
can be easily removed by a proper posttreatment, consisting
in the polymer washing by a phosphate buffered solution.
This procedure positively affects materials’ cytotoxicity.
Remarkably, the acid used for protonation has also significant
impact on the polymer’s cytotoxicity. However, the proper
posttreatment seems to have higher impact on cytotoxicity
than choice of dopant acid.

Salicylic acid seems to lead to a polymer with the highest
cytocompability. It can be concluded that this polymer is
simply modifiable in terms of its final cytotoxicity working
on the type of acid used as the doping agent and on an easy
posttreatment process.
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Polyaniline is a promising conducting polymer with still increasing application potential in biomedicine.
Its surface modification can be an efficient way how to introduce desired functional groups and to control
its properties while keeping the bulk characteristics of the material unchanged. The purpose of the study
was to synthetize thin films of pristine conducting polyaniline hydrochloride, non-conducting polyani-
line base and polyaniline modified with poly(2-acrylamido-2-methyl-1-propanesulfonic acid) (PAMPSA)
and investigate chosen parameters of their hemocompatibility. The modification was performed either
by introduction of PAMPSA during the synthesis or by reprotonation of polyaniline base. The polyani-
Poly(2-acrylamido-2-methyl-1- line hydrochloride a.r.1d polyaniline base.had no impact on blood.coagulation and_platelet adhe_siqn. By
propanesulfonic contrast, the polyaniline reprotonated with PAMPSA completely hindered coagulation thanks to its inter-
acid) action with coagulation factors Xa, Va and Ila. The significantly lower platelets adhesion was also found
Hemocompatibility on this surface. Moreover, this film maintains its conductivity at pH of 6, which is an improvement in
Blood coagulation comparison with standard polyaniline hydrochloride losing most of its conductivity at pH of 4. Polyaniline
Platelet adhesion film with PAMPSA introduced during synthesis had an impact on platelet adhesion but not on coagulation.
The combined conductivity, anticoagulation activity, low platelet adhesion and improved conductivity
at pH closer to physiological, open up new possibilities for application of polyaniline reprotonated by

PAMPSA in blood-contacting devices, such as catheters or blood vessel grafts.
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Despite remarkable progress in understanding the blood coag-
ulation system, as well as in the development of blood-compatible
biomaterials and blood-contacting devices, the problem of foreign-
surface-induced thrombosis still remains unsolved [1]. In fact,
the contact of any material with blood induces multiple defen-
sive mechanisms, such as the activation of coagulation cascade,
platelet adhesion, the triggering of complementary systems, and
others [2]. The most common compound with known anticoagu-

* Corresponding author at: Polymer Centre, Faculty of Technology, Tomas
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lant activity is heparin, and its efficacy is mainly ascribed to the
simultaneous presence of sulfate, sulfamic, and carboxylic groups
and their arrangement along the polysaccharide backbone of this
polymer (Fig. 1a). It has already been reported that synthetic poly-
mers and copolymers with heparin-like activity might be applicable
to medical devices or surfaces coming into contact with blood.
Polyaniline (PANI), as a conducting polymer, has immense
potential with regard to practical applications in the biomedical
field. In particular, cardiomyocyte synchronization [3], myoblast
differentiation [4], neuronal lineage differentiation, and cardiac
tissue engineering [5] have been highlighted with respect to
the use of conducting polymers. Commonly, the standard PANI,
emeraldine salt is prepared via oxidative polymerization of aniline
hydrochloride with ammonium peroxydisulfate [6]. Considering
the biological properties of PANI, the number of papers is surpris-
ingly limited. Humpolicek et al. [7] studied pristine PANI powders

0927-7765/© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


dx.doi.org/10.1016/j.colsurfb.2015.06.008
http://www.sciencedirect.com/science/journal/09277765
http://www.elsevier.com/locate/colsurfb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.colsurfb.2015.06.008&domain=pdf
http://creativecommons.org/licenses/by/4.0/
mailto:humpolicek@ft.utb.cz
dx.doi.org/10.1016/j.colsurfb.2015.06.008
http://creativecommons.org/licenses/by/4.0/

P. HumpoliCek et al. / Colloids and Surfaces B: Biointerfaces 133 (2015) 278-285 279

COOH

CH,0S 0 H
) 0

O

NHSOzH 0SO,H

OH 0

COCH

CH,0S0,H
0 0

OH 0 OH 0

NHSOzH OH

o}

b
‘ETH—CHZ}

CONH

CHQ,_(I.: —CHs
CH>-502H

Fig. 1. Formulae of (a) heparin and (b) poly(2-acrylamido-2-methyl-1-propanesulfonic acid).

for their cytotoxicity, skin irritation and sensitization. Also cell
proliferation on PANI films [8] and implantability in tissues was
investigated by Kamalesh et al. [9] and Mattioli-Belmonte et al.
[10]. To the best of authors’ knowledge, no information about PANI
hemocompatibility has previously been published.

Considerable advantage of PANI consists also in its ability to eas-
ily form thin films on substrates immersed in the reaction mixture
used for PANI preparation [11]. The films can be further modified
by using various dopant acids with the aim to change their surface
properties [12]. This opens new possibilities for targeted surface
modification of PANI by acids, or generally substances showing
desired properties. Polyacids are good candidates for protonation
of PANI, and some of them alone have been observed to exhibit
notable anticoagulant effects. Methacrylic copolymers contain-
ing, similarly to heparin, the above-mentioned functional groups,
can be listed as examples [13]. Poly(2-acrylamido-2-methyl-1-
propanesulfonic acid) (PAMPSA; Fig. 1b) was shown to act against
blood clotting in a similar way to heparin, either alone [ 14] or incor-
porated in copolymers [15]. Setoyama et al. [16] also reported that
PAMPSA is capable of inhibiting the activation of serum comple-
ment activity, which is another important factor with respect to
the applicability of materials in biomedical engineering.

In the present study, PANI has a dual role. The first is repre-
sented by easy modification of surfaces by deposition of thin PANI
films of sub-micrometre thickness. This is done in situ on sub-
strates immersed in the reaction mixture used for the oxidation of
aniline [11]. The second role then consists in the subsequent immo-
bilization of PAMPSA onto PANI films by the formation of a salt
(Fig. 2). The feasibility of a polyanion-polycation complex forma-
tion between PANI and PAMPSA has been demonstrated [17,18] and
the resulting material was used in the electrodes of energy-storage
devices [19,20]. PANI films with PAMPSA have also been tested for
their biocompatibility [21], and normal cell adhesion, proliferation,
and low cytotoxicity was observed. Polymer combining hemocom-
patibility and conductivity can be with advantage used for example
in biosensors. These types of sensing materials can be safely placed
in vivo while monitoring the desired parameters via conductiv-
ity. Moreover, inherently conducting PANI can easily be combined
with other biocompatible materials and applied for example for
artificial blood vessels where electrical performance can be used
to monitor a range of medically important parameters, such as
triacylglycerol/cholesterol concentration in blood or velocity of
blood flow. A growing interest has been also in electrochemical
sensors capable of in vivo monitoring of metabolites, for exam-
ple glucose, hormones, neurotransmitters, antibodies and antigens
[22,23].

The present paper is focused on the changes in blood coagu-
lation and platelet adhesion induced by the surfaces of different
PANI films, namely PANI hydrochloride, PANI base and PANI
salts with PAMPSA. The films with PAMPSA were prepared
using two procedures. In the first, reprotonation of PANI base
using PAMPSA solution was performed giving rise to films with
acid deposited onto the PANI surface. In the second procedure,
a standard oxidative polymerization of aniline was conducted,
with PAMPSA added directly into the reaction mixture of ani-
line hydrochloride and ammonium peroxydisulfate. While the
PANI film reprotonated with PAMPSA contains exclusively poly-
meric counter-ions, the second PANI is protonated in part with
sulfuric acid produced in the course of aniline oxidation from
peroxydisulfate.

2. Materials and methods
2.1. Deposition of polyaniline films

The surfaces of blood collection tubes (Vacuette, Austria) were
coated with conducting films of PANI hydrochloride. Aniline
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Fig. 2. Polyaniline salt with poly(2-acrylamido-2-methyl-1-propanesulfonic acid).
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hydrochloride (2.59g; Sigma-Aldrich) was dissolved in water to
yield 50 mL of solution; ammonium peroxydisulfate (5.71 g; Sigma-
Aldrich) was similarly dissolved to 50 mL of solution. Subsequently,
both solutions were mixed at room temperature and immediately
poured into tubes [11]. The concentrations of reactants were thus
0.2 M aniline hydrochloride and 0.25M ammonium peroxydisul-
fate [6]. After 1h, the tubes were emptied and the films of green
conducting PANI hydrochloride deposited on the walls were rinsed
with 0.2 M hydrochloric acid, followed by methanol, and left to dry
in air for 5 days.

Some films were deprotonated by immersion in 1 M ammonium
hydroxide for 12h and thus converted to blue, non-conducting
films of PANI base.

In order to prepare first type of PANI film with poly(2-
acrylamido-2-methyl-1-propanesulfonic acid) (PANI-PAMPSA),
the reprotonation of PANI base with a 7.5% (v/v) aqueous solution
of PAMPSA (molecular weight M=2 x 10 g mol~!, Sigma-Aldrich)
was performed by exposing the film to the PAMPSA solution. The
neutralization reaction was left to proceed for 24 h; then the resid-
ual PAMPSA solution was poured out, the film was rinsed with
methanol and left to dry in air.

The second type of film combining PANI and PAMPSA was pre-
pared with PAMPSA present in the reaction mixture of aniline
hydrochloride and ammonium peroxydisulfate. For this purpose,
modified procedures published by Stejskal et al. [24], Yoo et al.
[25], and Bayer et al. [21] were employed. First, an aqueous
solution of PAMPSA was prepared with a target concentration
corresponding to 0.028 mol (5.8 g) of its constitutional unit, (2-
acrylamido-2-methyl-1-propanesulfonic acid). In practice, 38.5 mL
of 15% PAMPSA solution was diluted by water to 375 mL. Aniline
hydrochloride (0.028 mol, 3.6g) was then added to the PAMPSA
solution and stirred at room temperature for 1 h. The mole ratio of
aniline hydrochloride to PAMPSA units was adjusted to 1:1 (PANI-
1:1). Then the oxidant, ammonium peroxydisulfate (0.025 mol,
5.8g), at a 1:0.9 aniline hydrochloride to oxidant mole ratio,
was dissolved separately in 25 mL water and added to this solu-
tion. The polymerization was completed within 60 min. The films
were rinsed with water to remove the adhering precipitate and
left to dry in air. In the contrast to PANI-PAMPSA, the PANI-
1:1 film contains also sulfate or hydrogen sulfate counter-ions
produced by the decomposition of peroxydisulfate in addition to
PAMPSA. For that reason, the molecular structure of PANI-1:1
may be structurally closer to PANI hydrochloride films than to
PANI-PAMPSA.

2.2. Spectroscopic characterization

The UV-Vis spectra of films were recorded in the presence of
buffer solutions with pH ranging from 2 to 12 using the UV/VIS
Spectrometer (Lambda 25, Perkin Elmer, UK). The inner surfaces
of standard polystyrene cuvettes were coated by PANI-PAMPSA
films according to procedure described above. The buffer solu-
tions consisted of 0.0225 M solutions of citric acid (monohydrate)
(=99.5%), Tris (p.a. > 99.8%), KCl (p.a. > 99.5%), obtained from Fluka,
KH,PO4 and Nay;B407-10H,0 (Merck), and the pH was adjusted
in the individual buffer solutions by adding either HCl or NaOH
solutions. In the UV-Vis measurements, a syringe was used to
manually fill the sample cuvettes with buffer solution and to
remove the previous solution. UV-Vis spectra were recorded
within the wavelength range 360-1100nm after 1h at each
pH.

Fourier-transform infrared (FTIR) spectra of the films deposited
on silicon windows were recorded with a Thermo Nicolet
NEXUS 870 FTIR Spectrometer with a DTGS TEC detector in the
400-4000 cm~! wavenumber region.

2.3. Contact angle measurements

Contact angle measurements were conducted with the aid of
the “SEE system” (surface energy evaluation system) (Advex Instru-
ments, Czech Republic) with deionized water as a testing liquid. The
droplet volume was set to 2 L in all experiments.

2.4. Anticoagulation test

In all tests, venous blood was collected from healthy donors by
venipuncture using the vacuum blood collection system into the
5mL collecting tubes (VACUETTE, Greiner Bio-One) after obtain-
ing informed consent. All tests were conducted in accordance
with the Helsinki Declaration. Plasma was prepared by centrifu-
gation (15 min, 3000 x g). The following coagulation parameters in
human blood plasma treated with citric acid (0.109 mol/L) have
been studied: (1) thrombin clotting time (TCT), (2) activated par-
tial thromboplastin time (aPTT), and (3) prothrombin time (PT).
The tests were performed using a SYSMEX CA-1500 (Siemens,
Germany). Each of the samples was assessed three times. To deter-
mine the interaction of PANI films on the surface with blood plasma,
the coagulation factors Xa (Stuart-Prower factor), Va (proaccelerin),
[la (prothrombin), factor I (fibrinogen), antithrombin Il (AT) and D-
dimer were selected and the following methods were employed for
their determination. The Clauss assay was used to detect the impact
on factor [ using a SYSMEX CA-1500 (Siemens, Germany). The same
equipment with INNOVANCE® Antithrombin and INNOVANCE D-
Dimer reagents was used to determine the AT and D-dimer. The
activities of factors Xa, Va and Ila in the plasma have been deter-
mined by a modified prothrombin time test using an ACL ELITE
Pro (IL-Instruments, Italy). Tested plasma was diluted and added
to commercial plasma which was deficient always in one of the
individual factors (HemosIL™, Instrumentation Laboratory, USA).
The clotting time of the deficient plasma is proportional to the con-
centration (% activity) of a factor in the tested plasma, interpolated
from a calibration curve.

2.5. Platelet adhesion

Additional information about the interaction of films with
human blood was obtained by the modified TOX 6 assay (Sigma-
Aldrich, USA). For this type of experiment, the PANI films were
deposited on discs of 10 mm diameter. The discs were subse-
quently incubated in the presence of 1 mL of human blood. Sample
incubation was performed in a 24-well microtiter plate at 37°C
under shaking at 200 rpm for 15 min. After incubation, the sam-
ples were rinsed with phosphate buffered saline in order to
remove all unattached blood constituents and fixed with 1 mL 50%
trichloroacetic acid (Sigma-Aldrich) at 4°C. After 1h the platelets
adhered on the surface were stained with the Sulforhodamine B.
The incorporated dye was liberated from the platelets using Tris
base solution. Difference in the number of platelets on different sur-
facesresults in the amount of dye incorporated by the platelets. The
incubation of all samples without blood was performed to reveal
if used dye did not interact with tested surfaces. The intensity of
released colour by the means of absorbance was measured with a
Lambda 1050 UV/VIS/NIR spectrophotometer (Perkin Elmer, USA)
at a wavelength of 565 nm. The assay was performed on three discs
in triplicates.

3. Results and discussion
3.1. Blood plasma coagulation

Standard films of PANI hydrochloride, PANI base and PANI-1:1
did not have any significant impact on the coagulation parameters
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Table 1
Impact of PANI surfaces on selected coagulation parameters expressed as times (s) to the coagulation start.
Reference? PANI base PANI hydrochloride PANI-PAMPSA PANI-1:1
PT 12.1 £ 0.1 119+ 0.2 12.2 £ 0.1 NCP 12.0 £ 0.1
aPPT 264 +0.1 256 £ 1.1 264+ 0.0 NCP 299 +£0.2
TCT 18.6 £ 0.1 16.7 £ 0.1 17.56 + 0.2 NCP 18.8 £ 0.1

2 The surface of blood collection tube.

b No coagulation. Normal ranges for a healthy person are: PT 11.0-13.5, aPTT 25-32, TCT > 20. The values are expressed as mean value + standard deviation, n=3.

(Table 1). The coagulation on the PANI-PAMPSA surface, however,
was prevented. The fact that neither standard PANI hydrochloride
nor PANI base induce any changes in blood clotting suggests that
the anticoagulant activity of PANI-PAMPSA is a surface effect of the
used polymeric acid and is not inherently caused by PANI as such.
The role of PANI thus consists in the immobilization of PAMPSA.
This conclusion can be supported by the fact that PANI-1:1, in
which the PAMPSA is incorporated directly under polymerization
into the PANI film and not attached on its surface, does not show
the above-described anticoagulation effect. In this case, however,
also the fraction of PAMPSA on the surface may be lower due to the
presence of sulfate counter-ions that compete with PAMPSA for the
interaction with PANL

In principle, three important variables influencing coagulation
of blood in the contact with foreign matter can be identified: (1)
the acidity (pH), (2) the surface charge, and (3) the interaction with
coagulation factors. As acidity is one of the above mentioned fac-
tors, the pH was measured on freshly taken blood and after blood
addition to Vacuette tubes coated with the PANI films. The pH of
blood was not notably influenced by any of the tested samples
and remained within the range of values for which no effect on
blood clotting is expected (PANI hydrochloride: pH=7.02 +0.01;
PANI base: pH=7.06 4 0.02; PANI-PAMPSA: pH=6.95 £ 0.01). This
is understandable because the specific mass of thin PANI films
coated on the tubes is low, of the order of 10 pg cm~2. Such small
quantities cannot significantly affect the bulk acidity of the blood
in the tube. There are several studies about the impact of pH on the
blood coagulation [26], but it is generally accepted that a reduction
in thrombus formation starts at a pH below 6.8 and thus coagula-
tion is reduced [27]. Moreover, the pH values of all tested samples
were almost equal and impact on coagulation was observed only in
case of PANI-PAMPSA. Based on this we can conclude, that reported
effect of PANI-PAMPSA on blood plasma coagulation is not related
to change of pH value.

As to the second factor, blood coagulation on foreign materials
is activated by negative charge present on the hydrophilic surfaces
[28,29]. Considering the surface properties of all the tested samples,
it can be concluded that their behaviour with respect to coagulation
is not influenced by surface charge, because negative charges on
PAMPSA are balanced by the positively charged PANI backbone.

The fact that the PANI-PAMPSA film is conducting, and thus anti-
static, may also play some role. The conductivity alone, however,
cannot be the reason for anticoagulation effect. Typical conduc-
tivities of PANI hydrochloride and PANI base are of the orders
10° and 10-1'Scm™1, respectively [6]. Irrespective of these sig-

nificantly different values, the coagulation properties of both films
are comparable. A conductivity of ~10-2Scm~! was reported for
PANI-PAMPSA [17], which is a value within the above interval. Also
the conductivity of PANI-1:1 with anticoagulation activity absent
does not deviate from the values typically reported for conducting
PANI and is of 1.7Scm™! [21].

Although it is known that both extrinsic (tissue factor) and
intrinsic (contact activation) coagulation pathways are intercon-
nected in vivo [30], the plasma-coagulation cascade is usually
divided into the two pathways for the convenience of discussion
and coagulopathy testing. It is beyond the scope of this article
to provide a comprehensive explanation of coagulation cascade
and platelet adhesion in its complexity; this can be found, for
example, in the paper by Vogler and Siedlecki [31]. Generally, PT
detects the defects or deficits in extrinsic and common coagula-
tion pathways, aPTT similarly in intrinsic and common coagulation
pathways, and TCT is used for discriminating between problems in
thrombin generation (normal TCT) and the inhibition of thrombin
activity (abnormal TCT). Considering the fact that PANI-PAMPSA
influences all studied coagulation variables (Table 2), it can be con-
cluded that it affects the common pathway as a consequence of
interference with coagulation factors. Thus, the effect of films on
the main factors of the common pathway, factor Xa, factor Va,
factor Ila, and factor I, was studied in more detail (Table 2). The
results clearly show that, in the contrast to all other tested films,
PANI-PAMPSA interacts with factor Xa, factor Va and factor Ila. To
verify that the surfaces do not induce fibrin production, its amount
was measured. The results confirm that none of tested surfaces
increase the concentration of fibrin (Table 2). Such effect might be
regarded as parallel to that of heparin sulfate, which binds to the
enzyme inhibitor antithrombin III (AT), thus causing its activation.
The activated AT then inactivates thrombin and other proteases
involved in blood clotting, most notably factor Xa formation found
in the common pathway. PANI-PAMPSA, therefore, might follow
a similar pathway, as it further influences factors in a common
way, with the exception of factor I. To test this theory, the activ-
ity of AT after contact with tested surfaces was performed. The
results clearly show (Table 2), that the activity of AT is physiological
after contact with all tested surfaces. The above given conclusion
indicates that although PAMPSA acts against blood clotting in a sim-
ilar way to heparin, which confirms the results of previous studies
[14,15], the mechanism must be different. The similarity relies on
the fact that heparin and PAMPSA exhibit some common features,
which probably play arole in their anticoagulation activity. The fact,
that both substances are polymers, although the molecular weight

Table 2

Impact of PANI surfaces on selected coagulation factors.
Factor Reference? PANI base PANI hydrochloride PANI-PAMPSA PANI-1:1
Xa (%) 100 100 98.4 25.8 94.5
Va (%) 100 89.8 70.5 0.7 86.2
Ia (%) 100 92.7 86.7 0.4 83.6
I(g/L) 3.6° 3.7 35 2.3 33
AT (%) 101.4° 107.2 110.0 101.6 104.5
D-dimer (ng/mL FEU) 430° 470 450 480 460

2 Uncoated surfaces of blood collection tube. The factors Xa, Va and Ila are expressed as percentage of values determined for reference.
b Normal range for a healthy person are I=2-4g/L; AT =80-120% and D-dimer =0-500 ng/mL FEU.
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Table 3
Platelets adhesion on PANI surfaces determined as absorbance at 565 nm.
Reference?® PANI base PANI hydrochloride PANI-PAMPSA PANI-1:1
Platelet adhesion 25+0.2 20+0.3 25405 04+0.0 1.0+0.0

2 Polystyrene was used as a reference. The values are expressed as mean value + standard deviation, n=3.

of heparin is much lower compared to PAMPSA, and the polysac-
charide backbone of heparin is rigid in contrast to the flexible chain
observed in PAMPSA [18], must also be taken into account. More-
over, both polymers are polyanions and both contain nitrogen- and
sulfur-containing ionizable groups. This is illustrated by the cova-
lent bond -NH-SO3~ H* in heparin (Fig. 1a) and the ionic bond
-NH* SO3~ in PANI-PAMPSA (Fig. 2). On the other hand, the hep-
arin effect is complex and depends not only on mentioned factors
but also on certain pentasaccharide sequence in the polymer. The
above results again indicate that the role of PANI is limited to the
immobilization of PAMPSA at its surface.

Formation of thrombus can be also initiated by protein adsorp-
tion on polymer surfaces, which can be minimized when surface
energy is on the minimum [32]. This situation occurs on highly
hydrophilic surfaces. On the other hand, surfaces of higher
hydrophobicity are able to more absorb the protein from plasma, as
well as to induce more conformation changes of the adsorbed pro-
teins [33,34]. More comments on this topic is provided in Section
3.5.

3.2. Platelet adhesion on polyaniline surfaces

Using sulforhodamine B colorimetric assay, the total mass of
platelets adhered to the surfaces was determined, after the staining
of their intracellular proteins. The platelet adhesion significantly
decreased on both PANI films modified with PAMPSA irrespec-
tive of whether the PAMPSA was deposited on PANI film or
added to the polymerization mixture. Of all the tested samples
PANI-PAMPSA exhibited the lowest platelet adhesion compared to
PANI hydrochloride, and PANI base (Table 3). The behaviour of sam-
ples with PAMSA anchored to the surface or incorporated directly
into the polymer is hence similar with respect to platelet adhe-
sion, but dissimilar with respect to the behaviour during the blood
plasma coagulation.

Surface properties can be considered as an important fac-
tor in PANI/platelet interactions and therefore the water contact
angle, as a measure of surface hydrophilicity/hydrophobicity was
determined. The PANI hydrochloride and PANI-PAMPSA surfaces
(Table 4) were the most hydrophilic of all surfaces tested and
showed similar behaviour in contact with water. The lowest
value (34.24 4+ 1.46°) was, however observed for film composed
of PANI-PAMPSA. Significant change was then observed for PANI
base and PANI 1:1, both showing increase in contact angle
to 66.33+2.45° and 69.95+3.42°, respectively. It is generally
accepted that hydrophobic surfaces adsorb more plasma proteins
than those with hydrophilic character. This corresponds to the
lowest platelet adhesion observed on the most hydrophilic sur-
face of PANI-PAMPSA. Nevertheless, the differences in surface
hydrophilicity alone, measured on the tested surfaces, cannot
unambiguously explain the observed changes in either platelet
adhesion or blood coagulation.

Table 4
Contact angle (°) of individual surfaces.
PANI base PANI hydrochloride ~ PANI-PAMPSA  PANI-1:1
Water 63.33+£2.47 44.97+3.53 34.21+1.46 69.95 £3.42

3.3. pH stability of PANI-PAMPSA films

The UV-Vis spectra of the PANI-PAMPSA films under different
pH were recorded with the aim to evaluate the pH of the transi-
tion between conducting PANI-PAMSA salt and its non-conducting,
deprotonated base. From the spectra (Fig. 3) it is seen that, at
pH 2, PANI-PAMPSA has two absorption maxima typical for the
conducting PANI form, namely at 410nm and at approximately
840 nm, which are assigned to the m-m* transition of the ben-
zenoid rings and the polaron band transitions, respectively [35].
The figure also illustrates that at pH higher than 5 the conversion
from the conducting salt to non-conducting base occurs. The evi-
dence of this transition is a gradual shift of the spectrum maxima
from 840 nm towards lower values. At the same time the shift of
the maximum is not abrupt but gradual and, at pH > 8, the max-
ima are located at 605-650 nm, which corresponds to the n-m*
transition of quinonoid rings. Under these conditions the film is
fully deprotonated and non-conducting PANI base is formed. The
results obtained thus indicate that surface deposition of PANI with
PAMPSA improved the pH stability of the film, which was able
to retain at least part of its conductivity at pH 6. In the compari-
son with standard PANI, emeraldine hydrochloride, with transition
from salt to base occurring at pH~ 4 [36], this is clear improvement.
The enhanced stability under physiological conditions might be of
importance for PANI applications in biomedicine.

3.4. Spectroscopic investigation

The FTIR spectroscopic analysis has been performed (Fig. 4) to
prove the presence of PAMPSA in the films and its interaction with
PANL The infrared spectrum of PANI-PAMPSA strongly differs from
the spectrum of the original PANI base, and it is very close to the
spectrum of PANI hydrochloride, which exhibits the typical bands
of the emeraldine salt [37,38]. This confirms the protonation of the
PANI base with PAMPSA.

Absorption bands of the secondary amine -NH- and protonated
imine -NH*= are detected in the region 3400-2800 cm~" (Fig. 4b).

Absorbance

L A ) . . . 1 .
400 500 600 700 800 900 1000 1100

Wavelength, nm

Fig. 3. UV-Vis spectra of the PANI-PAMPSA films measured in buffer solutions
between pH 2 and 12.
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Fig. 4. FTIR spectra of the in situ deposited standard PANI hydrochloride (S), PANI
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low wavenumber regions. Spectrum of neat PAMPSA is shown for comparison.

They reflect the organization of PANI chains within the film by
hydrogen bonding involving these groups. A relatively sharp peak
with amaximum at 3225 cm~! is attributed to the secondary amine
N-H* stretching vibrations hydrogen-bonded with hydrogen sul-
fate HSO4~ and sulfate SO42- counter-ions which are present due to
the protonation of PANI with sulfuric acid which is a by-product of
the aniline oxidation (spectrum PANI-1:1). In the case of reprotona-
tion of PANI base with PAMPSA this peak is stronger and it is shifted
to higher wavenumber 3250 cm~! (spectrum PANI-PAMPSA). The
maximum of the broad band observed at 2990 cm~! corresponds
to the stretching vibrations of -NH*= in protonated imine groups
bonded by a hydrogen bond with hydrogen sulfate HSO4~ or sul-
fate SO42- counter-ions. This supports the interaction of PANI with
PAMPSA by stronger hydrogen bonding [12] and explains the fact
that PANI-PAMPSA has improved pH stability in the transition from
conducting salt to non-conducting base.

The band typical of the conducting form of PANI is observed
at wavenumbers higher than 2000cm~! (Fig. 4b). Two main
bands with maxima situated at 1579 and 1492 cm~!, assigned to
quinonoid and benzenoid ring-stretching vibrations, respectively,
dominate the spectrum of protonated film in the region bellow
2000 cm~!. The absorption band corresponding to m-electron delo-
calization induced in the polymer by protonation is situated at

1309 cm™1, the band of C~N** stretching vibrations is observed
at 1247cm™!, and the prominent band situated at 1154cm™!,
has been assigned to the vibrations of the -NH*= structure. The
region 900-700cm~! corresponds to the aromatic ring out-of-
plane deformation vibrations. The presence of PAMPSA on the
surface of PANI film is reflected in the bands at 1654 and 1037 cm ™!
observed also in the spectrum of PAMPSA (Fig. 4b).

The shift of the sharp peak present at 3225 cm~! and the max-
imum of the broad band at 2990cm™! in the spectrum of PANI
salt is lower than in the case of the film PANI-PAMPSA. This sig-
nifies that the hydrogen bonding of PAMPSA is weaker in the film
of PANI-1:1.The broad polaron band above 2000 cm~! disappeared,
as it is observed after deprotonation of the PANI salt to PANI base
(Fig. 4). The bands of quinonoid and benzenoid-ring vibrations shift
to higher wavenumbers, 1593 cm~! and 1510 cm~!. The band of the
C-N stretching vibrations in the neighbourhood of a quinonoid ring
at 1378 cm~! appeared in the spectrum of PANI-1:1 and of PANI
base. The 1309cm~! band of the C-N stretching of a secondary
aromatic amine and of the aromatic C-H in-plane bending modes
are observed in the region at about 1170cm~! and they are not
enhanced in the spectrum of PANI-1:1 and PANI base. Out-of-plane
deformations of C-H on 1,4-disubstituted rings are located in the
region of 800-880 cm~!. The presence of PAMPSA in the film is also
reflected by the bands present at 1654 and 1037 cm~! observed also
in the spectrum of PAMPSA (Fig. 4b).

3.5. General discussion

In blood-contacting devices, various polymers can be applied.
Just briefly listed, catheters are made of poly(vinylchloride),
poly(tetrafluorethylene), polyethylene, polyurethanes and
polysiloxane; hemodialysis membranes of polyethersulfone and
regenerated cellulose, and oxygenator membranes of polysilox-
ane or polypropylene [39]. These polymers, however, do not
possess an electrical conductivity which can be important in some
applications where both conductivity and contact with blood are
expected, e.g. in vivo sensing materials.

Considering the complexity of material/blood interaction, some
general rules have to be considered regarding hemocompatibility of
the polymer materials. It is well known, that uncharged hydrophilic
surfaces exhibit low interaction with proteins and blood. Never-
theless, this is not a general rule, as for example plasma oxidation
of polyethylene substrate was reported to increase wettability
with increased protein adsorption while the platelet adhesion was
reduced [40]. With respect to hydrophilicity, hydrogels for applica-
tion in blood contacting devices were shown to be efficient to cause
steric repulsion of blood proteins and were prepared for exam-
ple of poly(vinyl alcohol), poly(N-vinylpyrrolidone), poly(ethylene
oxide) or cellulose [41]. The poor mechanical properties of hydro-
gels can be avoided by their grafting on the surfaces of standard
polymers. However, highly hydrophobic polytetreafluorethylene
or fluorinated surfaces also show high hemocompatibility [42,43].
Surface charge plays also animportantrole. Positive surface charges
stimulate platelet adhesion and activation [44] and negative surface
charges activate the plasmatic coagulation systems [29].

In general, there are several approaches to prepare modi-
fied materials with improved hemocompatibility. The first one,
passivation of the surface can be performed with the aim to
achieve minimal interaction with blood proteins and cells. The next
approach relies in immobilization of active molecules interacting
with blood proteins and cells; and finally, promotion of the growth
of endothelial cells is also a possible way of modification. In this
context, the surface fluorination [45,46], immobilization of hep-
arin (e.g. [29]) as well PEGylation (immobilization of polyethylene
glycol) [47] can serve as examples of modified surfaces. Also, the
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prevention of non-specific adsorption while selective adsorption
of proteins can lead to the desired bioactive function. In this con-
text, the main advantages of PANIrelies not only in its conductivity,
but also in its ability to be modified by another biological active
substances or to act as a surface modifier itself.

The mentioned protein adsorption can be also affected by
surface topography of a substrate. Rough surfaces adsorb more pro-
teins than relatively smooth ones [48]. Moreover, the nanoscale
surface topography [49] can play an important role. As the polymer
chain of PAMPSA modifies the surface topography of PANI, it can
also contribute to a different anticoagulation activity on its surface.

4. Conclusions

The PANI film reprotonated with poly(2-acrylamido-2-methyl-
1-propanesulfonic acid) had a significant impact on blood
coagulation, which was hindered by the interaction with three
coagulation factors, Xa, Va and Ila. Such modified polymer film
also significantly reduced platelet adhesion, when compared with
standard PANI films or uncoated reference surface, which exhib-
ited neither of the mentioned effects. Anticoagulation activity
and reduction of platelet adhesion was attributed to pres-
ence of PAMPSA polyanion immobilized on PANI polycationic
surface. Reprotonation of PANI with poly(2-acrylamido-2-methyl-
1-propanesulfonic acid) also yielded other interesting results,
namely improved pH stability of the PANI-PAMPSA polymer. While
the standard PANI shows transition from non-conducting to con-
ducting form at pH below 4-6, PANI modified with PAMPSA
exhibited this transition at increased pH of 6. This is a notable
improvement, shifting the conductivity of this polymer closer to
physiological pH. The combination of conductivity, anticoagula-
tion activity, low platelet adhesion capacity as well as improved
pH stability of PANI coated with poly(2-acrylamido-2-methyl-1-
propanesulfonic acid) opens up new possibilities for application of
this polymer as a biomaterial, for example in blood-contacting or
collecting devices or for in vivo sensing materials requiring men-
tioned properties.
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Conductivity, impurity profile, and cytotoxicity
of solvent-extracted polyaniline

Véra Kasparkova®®, Petr Humpoli¢ek®<*, Jaroslav Stejskal®, Jitka Kopecka®,
Zdenka Kucekova® and Robert Moucka®

Understanding the correlation between the preparation, purification, impurity leaching, and cytotoxicity of
polyaniline is crucial for the application of this conducting polymer in biomedicine. Polyaniline hydrochloride was
purified in a Soxhlet extractor by using six different solvents: methanol, 1,2-dichloroethane, acetone, ethyl acetate,
hexane, or 0.2 M aqueous hydrochloric acid. The chromatographic analyses of impurities leached out of the polymer
into the solvents confirmed differences in impurity profiles, which depended on the polarity of the extraction
solvent. Compared with the original polymer, the conductivity of purified polyanilines increased in dependence
on the amount and type of extracted impurities. The cytotoxicity of purified samples determined on the mouse
embryonic fibroblast cell line NIH/3T3 using MTT assay improved as well. Methanol and 0.2 M hydrochloric acid were
the most efficient solvents capable of extracting low-molecular-weight impurities, and thus reducing polyaniline
cytotoxicity. The absence of cytotoxicity was observed at an extract concentration of 10%. Extraction with suitable
solvents can, therefore, be a possible way of obtaining cyto-compatible polyaniline with sufficient conductivity.

Copyright © 2015 John Wiley & Sons, Ltd.
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INTRODUCTION

Polyaniline (PANI) is one of the promising polymers for the
applications in the life sciences.”’ Synthesis and processing of
PANI are governed by several factors resting on its target
utilization. A number of applications of polyaniline in
biomedicine have recently appeared® requiring, in addition
to conductivity, the special properties of this polymer, namely
its biocompatibility. The biological properties of PANI,
emeraldine salt in powdered form, prepared by chemical
oxidation according to Stejskal and Gilbert,” were investigated
by Humpolicek et al.," who found that the polymer exhibited
notable cytotoxicity towards HaCaT and HepG2 cells. The
modification of PANI used for biomedical applications is there-
fore essential. In scientific literature, procedures for purifying
PANI have already been published; however, they were mainly
focused on the improvement of material properties, such as
conductivity investigated by Zhang and Jing.”! In their work,
PANI emeraldine base was treated in Soxhlet extractor with tet-
rahydrofuran, and the purified polymer was reprotonated with
hydrochloric, sulfuric, p-toluenesulfonic, and methanesulfonic
acids to obtain emeraldine salt with increased conductivity
compared to the original sample. The purification of PANI with
the aim of improving its compatibility with cells was, to the
best of the authors’ knowledge, performed only in the study
of Humpolicek et al," who used re-protonation for this pur-
pose; and in the work of Stejskal et al.,'®! who investigated PANI
purified by precipitation from N-methyl-2-pyrrolidone or sulfu-
ric acid in acidified methanol.

It is assumed, but not unambiguously confirmed, that the
observed cytotoxicity of PANI is connected with occurrence of
low-molecular-weight impurities present in the polymer. Both
precursors used for PANI synthesis, ammonium peroxydisulfate

(APS) and aniline hydrochloride (AH), are water soluble, and their
residues might be easily released from otherwise insoluble PANI,
when subjected to physiological conditions in the body. Briefly,
their acute toxicity,”® carcinogenicity’'® teratogenity,"'"!
genotoxicity,”'? mutagenicity,”">'* Ames assay,”'™ and influence
on chromosomal aberrations!'®'”! have been tested and re-
ported. The cytotoxicity and cellular response of aniline oligo-
mers have also been the subject of a study published by
Zhang et al,'"® who reported that, of the tested oligomers, ani-
line trimer was the most cytotoxic to mouse embryo fibroblast
and adenocarcinoma human alveolar basal epithelial cells.

* Correspondence to: Petr Humpolicek, Centre of Polymer Systems, Tomas Bata
University in Zlin, T.G.M. 5q. 5555, 760 01 Zlin, Czech Republic.
E-mail: humpolicek@ft.utb.cz

j3]

V. Kaspdrkovd, P. Humpolicek, Z. Kucekovd, R. Moucka
Centre of Polymer Systems, Tomas Bata University in Zlin, 760 01 Zlin, Czech
Republic

o

V. Kaspdrkovd
Department of Fat, Surfactant, and Cosmetics Technology, Faculty of Technol-
ogy, Tomas Bata University in Zlin, 762 72 Zlin, Czech Republic

n

P. Humpolicek
Polymer Centre, Faculty of Technology, Tomas Bata University in Zlin, 760 01
Zlin, Czech Republic

Q.

J. Stejskal
Institute of Macromolecular Chemistry, Academy of Sciences of the Czech Re-
public, 162 06 Prague 6, Czech Republic

m

J. Kopeckd
University of Chemistry and Technology, Prague 166 28 Prague 6, Czech
Republic

Polym. Adv. Technol. 2016, 27 156-161

Copyright © 2015 John Wiley & Sons, Ltd.



PROPERTIES AND CYTOTOXICITY OF SOLVENT-EXTRACTED POLYANILINE

olymers
gd\yanced !
technologies

Soxhlet extraction is a well-established method for the
purification of solids. In the present study, the extraction of PANI
in the Soxhlet extractor with organic solvents including metha-
nol, 1,2-dichloroethane, acetone, ethyl acetate, and hexane, as
well as 0.2 M aqueous hydrochloric acid was followed, and the
efficacy of the solvents to remove impurities from the polymer
was investigated. The cytotoxicity and conductivity of the puri-
fied polymer were then evaluated and are discussed.

EXPERIMENTAL

Polyaniline preparation

Aniline hydrochloride (Fluka, Switzerland) and ammonium
peroxydisulfate (Lach-Ner, Czech Republic) were used as
delivered. Polyaniline salt hydrochloride was prepared by oxida-
tion of 0.2M aniline hydrochloride with 0.25M ammonium
peroxydisulfate in water at room temperature.” Aniline hydro-
chloride (0.2 mol) was dissolved in water to 500 ml of solution;
ammonium peroxydisulfate (0.25 mol) was separately dissolved
to the same solution volume. Both solutions were mixed in a
beaker, stirred briefly, and aniline left to polymerize. The next
day, a green polyaniline powder was collected on a filter, rinsed
with 0.2 M hydrochloric acid, and similarly with acetone, dried in
air, and then in a desiccator over silica gel.

Extraction

Polyaniline hydrochloride (5g) was weighed, transferred to an
extraction thimble, and loaded in the chamber of the Soxhlet
extractor. Five hundred milliliters of solvent was taken in a
distillation flask; the extractor was assembled and heated to
reflux. The extraction continued until the solvent became
colorless (Table 1). After the extraction, the polyaniline powder
was collected, dried in air, measured for conductivity, and used
for the testing of cytotoxicity. Samples were designated PANI-S.
The solvent extract was evaporated in a rotary evaporator, and
solids were dried to constant weight. The procedure was
repeated with each of the solvents used: methanol, 1,2-
dichloroethane, acetone, ethyl acetate, hexane, and 02M
aqueous hydrochloric acid (Table 1).

Conductivity

The conductivity of the purified samples was measured by the
four-point van der Pauw method on polymers compressed into
pellets with a diameter of 13mm and a thickness of around
1mm. A programmable high-voltage sourcemeter Keithley

Table 1. Extraction solvents used for purification of PANI salt
and their parameters®®": Boiling point, T, relative permittivity
(25°C), &, Hildebrandt parameter, 6, and time required for
solvent decoloration 7

Solvent T[°C] & 0 7 [hr]
0.2 M HCI (water) 100.0 784 23.50 55
Methanol 64.5 32.7 14.28 3.0
Acetone 56.1 20.7 9.77 2.0
1,2-Dichloroethane 83.5 104 9.76 45
Ethyl acetate 77.2 6.2 9.10 35
Hexane 68.7 1.9 7.24 2.0

2410 and electrometer/high resistance meter Keithley 6517B
with a switch Keithley 7002 were employed. Measurements were
carried out at ambient temperature.

Size exclusion chromatography

The analyses were performed on solids collected from extracts
using a PLGPC-200 chromatograph (Polymer Laboratories,
United Kingdom) equipped with a PL differential refractometer
and a set of two PL MIXED D columns (Agilent) at 150 °C with
N-methyl-2-pyrrolidone as the mobile phase. Flow rate of 0.8 ml
min~' and a 100-p! injection loop was used. Data processing
was performed with a Cirrus GPC, Multi Detector Software (Poly-
mer Laboratories Ltd). Dry extracts were accurately weighed and
dissolved for approximately 10hr at 160 °C under continuous
shaking in the mobile phase and filtered through a 0.45-um
syringe filter. The filter was weighed before and after filtering
in order to take in account possible mass loss caused by the
residual, non-dissolved polymer. The contents of impurities
were expressed as the peak areas of low-molecular-weight
impurities (monomer, oligomers, and by-products) and any
high-molecular-weight impurities (polymer) recorded for each
of the samples, normalized with its mass used for analysis.

Cytotoxicity

Prior to in-vitro cytotoxicity testing, the samples were disinfected
by dry heat at 120 °C for 40 min. Purified polymer powders
(PANI-S) were homogenized in a mortar and extracted according
to I1SO 10993-12 in the ratio of 0.2g per 1ml of cultivation
medium. Dulbecco’s Modified Eagle Medium high glucose, 10%
fetal calf serum, and penicillin/streptomycin, 100U ml~" (PAA
Laboratories GmbH, Austria) was used as the medium. Extraction
was performed in chemically inert closed containers using asep-
tic techniques at 37 +1°C under stirring for 24+ 1 hr. The parent
extracts (100%) were then diluted in a culture medium to obtain
a series of dilutions with concentrations of 50, 25, 10, 5, and 1%.
All extracts were used within 24 hr. The ability of cells to respond
to cytotoxic substances was verified by the application of
sodium dodecyl sulfate solution (SDS; Sigma, Czech Republic).

Cytotoxicity testing was conducted in accordance with EN ISO
10993-5, using the mouse embryonic fibroblast cell line NIH/3T3
(American Type Culture Collection, HB-8065), cultivated accord-
ing to the protocol recommended by the supplier. Cells were
pre-cultivated for 24 hr, and the culture medium was subse-
quently replaced with PANI extracts. As a reference giving
100% cell proliferation, cells cultivated in the pure medium were
used. To assess cytotoxic effects, the MTT assay (Invitrogen
Corporation, USA) was performed after one-day cell cultivation
at 37+0.1°C. The absorbance was measured at 570nm by an
Infinite M200 PRO (Tecan, Switzerland). All the tests were
performed in quadruplicates. Dixon'’s Q test was used to remove
outlying values, and means were calculated. Cell viability was
expressed (i) as mean values and standard deviations of
individual absorbances measured with statistical differences
compared to the reference, determined by a t-test; and (ii) as
the percentage of viable cells present in the corresponding
extract relative to cells cultivated in pure growth medium
(100% viability). Values >0.8 were assigned to no cytotoxicity,
0.6-0.8 to mild cytotoxicity, 0.4-0.6 to moderate cytotoxicity,
and <04 to severe cytotoxicity. The morphology of the cells
was observed using an inverted Olympus phase contrast
microscope (Olympus IX81, Japan).
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RESULTS

In previously published papers dealing with the preparation of
PANI for applications in biomedicine, different purification pro-
cedures, such as deprotonation or reprecipitation were
introduced, providing polymers varying in cytotoxicity and
hence in anticipated performance in vivo.*®! In none of these
studies, however, the changes in cytotoxicity after purification
have been related to changes in the conductivity of the purified
polymer or to the impurity profile of the extracts. In the present
study, PANI was treated by another alternative method, a solvent
extraction, and the conductivity and cytotoxicity of the extracted
samples were assessed.

Conductivity

The conductivity of the PANI-S samples after treatment in a
Soxhlet extractor was of the order of Scm™', ranging from
265cm™" to 67Scm™ ! (Table 2). Untreated pristine sample
exhibited conductivity of 1.5Scm™', which was slightly lower
in comparison with the typical value of approximately 45cm ™'
reported by Stejskal and Gilbert™ for non-purified polyaniline,
emeraldine salt. The differences in conductivity determined
among purified samples depended on the extraction medium
used, with hexane and ethylacetate providing the most
notable increases in conductivity. In the contrast, 0.2 M hydro-
chloric acid and methanol yielded less conducting product
compared to the product treated with all other solvents
employed.

It is well known that the conductivity of PANI decreases during
long-term exposure to the elevated temperature and the de-
crease depends on temperature, time of treatment, and
counter-ion present in PANLI' One would expect that the use
of solvents with higher boiling point (Table 1) would lead to
the larger decrease in the conductivity. Such trends, however,
have not been confirmed.

The increase in the conductivity reflects the changes caused
in the PANI by purification. Pristine, standard PANI contains
low-molecular weight fractions and sections of chains with
molecular defects, which both limit the charge transfer along
the polymer backbone, as well as intermolecular transport,
and thus decrease the electrical conductivity of the polymer.

Using the purification procedure, low-molecular weight
fractions are removed, and, in consequence, the conductivity of
the polymer can increase. This situation is evident also in the case
of the samples studied. Compared to untreated samples with a
conductivity of 1.5Scm ™, all purified PANI-S samples exhibited
higher conductivity relative to the original polymer. It seems that
the impurities, whose removal most notably contributed to in-
crease of conductivity are of hydrophobic nature, and are more
efficiently extracted out with non-polar organic solvents. Con-
trary to this observation, removal of low-molecular weight, polar
impurities by using methanol, and aqueous hydrochloride acid
caused only minor increase in polymer conductivity.

Impurity content

The primary insight into the efficiency of each of the solvents to
remove impurities from PANI-S is provided by the evaluation of
the weight of dry matter obtained after evaporation of the
extract. The results, in terms of sample weight in mg contained
in 100 ml of extract, are summarized in Table 3. It is worth noting
that this simple test already divides the solvents used into two
distinct groups, the first including 0.2 M HCl and methanol, i.e.
polar solvents, and the second, comprising the other four, less
polar or non-polar solvents.

The content of impurities presented in Table 3 clearly demon-
strates that only methanol and 0.2 M aqueous HCl have been
able to extract the low-molecular-weight impurities from PANI
powder, such as a monomer or oligomer salts. On the other
hand, ethyl acetate, acetone, and partially also 1,2-
dichloroethane predominantly extract the impurities of higher
molecular weight and non-polar nature.

The solvents listed in Table 3 are all considered incapable of
dissolving PANI of sufficiently high molecular weight. Polyaniline
is generally characterized by very poor solubility and the only
solvent commonly used for its dissolution in base form is
N-methylpyrrolidone. Some papers report that the polymer does
not completely dissolve in this solvent, either,?>?" and the
insoluble fraction in “standard” polyaniline base can be even
higher than 80 wt%.

The data (Table 3) also illustrate the fact that the amounts of
impurities, either of low-molecular-weight or higher molecular

Untreated 0.2 M HCl Methanol

Table 2. Conductivity (S cm™") of PANI-S samples purified in a Soxhlet extractor with various solvents

Acetone

Dichloroethane Ethyl acetate Hexane

15 2.6 2.7

54

6.5 6.7 6.1

Extraction solvent Monomers and oligomers

Table 3. The content of impurities removed from PANI-S treated with different solvents in a Soxhlet extractor (given in normal-
ized peak area) determined by SEC and weighing of matter after evaporation of extract to dryness (mg/100 ml)

Dissolved polymer

Total impurities Extracted matter [mg/100 mi]

0.2 M HCI 1445
Methanol 840
Acetone 50
Dichloroethane 125
Ethyl acetate 80
Hexane 12

15
80
410
195
480
43

1460 113
920 87
460 14
320 17
560 9

55 8

wileyonlinelibrary.com/journal/pat

Copyright © 2015 John Wiley & Sons, Ltd.

Polym. Adv. Technol. 2016, 27 156-161



PROPERTIES AND CYTOTOXICITY OF SOLVENT-EXTRACTED POLYANILINE

olymers
gd\yanced !
technologies

weight, roughly correlate with the Hildebrand solubility parame-
ter dy and solvent relative permittivity, which can be considered
as a measure of its polarity (Table 1). The Hildebrand parameter
is a quantity used to provide an estimate of the interaction
between polymers and solvents and can serve as an indication
of the solubility of polymers. The highest solubility of the
materials may be expected when the values of its Hildebrant
parameter and that of the solvent are close to each other.
Theoretically, dy is the square root of the cohesive energy
density, which was suggested in numerical values as a criterion
of solvency behavior. Strongly polar solvents, such as methanol
or aqueous solution of hydrochloric acid are capable of
extracting polar, low-molecular impurities, namely PANI precur-
sors. By contrast, non-polar hexane removes only a very limited
amount of impurities, as it is incapable of dissolving low-molec-
ular-weight precursors and does not dissolve fractions of PANI of
higher molecular weight, either. The relation between the con-
ductivity and total impurity content is visualized in Fig. 1. It can
be seen that the purification influences conductivity of PANI only
in a minor extent (the order of magnitude is of 10°). Most nota-
ble difference can be observed between performance of polar
and non-polar solvents.

Cytotoxicity

The cytotoxicity of PANI powders after purification in Soxhlet
extractor depended on the solvent used for its purification
(Table 4). The cytotoxic values of polymer purified with
1,2-dichloroethane, acetone, ethyl acetate, and hexane,
extracted into cell-growth medium, were rather similar. For
example, only the 1% polymer extract in cultivation medium
was non-cytotoxic, with a cell viability higher than 80%.
Already 10% polymer extracts showed severe cytotoxicity, simi-
larly to all remaining extracts with higher concentrations. On the
other hand, PANI purification by methanol and 0.2 M HCI was
beneficial, as the 10% extracts were still non-cytotoxic with a cell
viability higher than 80%. Moreover, even 25% extracts were
slightly under the threshold “non-cytotoxic”, providing more
than 70% viable cells, relative to reference.

DISCUSSION

The cytotoxicity of PANI powder prepared by the oxidative
polymerization of aniline hydrochloride according to Stejskal

8
" Ethyl acetate

= 7 Mexane chhloxethane A
é 6 Acetone
a5
2 4
>
£ 3 Methanol 0.2MHd
g A
'g 2
o 1

0 T Ll T T Ll Ll

0 250 500 750 1000 1250 1500

Total impurity content

Figure 1. The relation between the total impurity content (normalized
peak area) and conductivity (S cm™") determined for samples purified
with studied solvents. This figure is available in colour online at
wileyonlinelibrary.com/journal/pat

and Gilbert™ has previously been published by Humpolicek
et al.'® who observed that extracts of PANI, emeraldine salt
and base, possess a significant cytotoxicity. Extracts of PANI salt
with concentrations higher than 25% applied on HaCaT cells ex-
hibited severe cytotoxicity, decreasing cell viability below 40%.
As regards HepG2 cells, concentrations of extract higher than
10% were moderately cytotoxic, and only the 1% extract was
non-cytotoxic when applied on both used cell lines. The
cytotoxicity of PANI base was lower compared with that ob-
served for the salt. Here, the cytotoxic effect on both cell lines
was absent at a concentration of about 25%.

Two purification procedures have already been reported to
decrease cytotoxicity of PANI extracts. Purification by
deprotonation of the emeraldine salt to the base, and its
subsequent reprotonation with acids™ revealed a significant
reduction in cytotoxicity. Its threshold increased from 1% ex-
tract concentrations observed for non-purified PANI to 5%
(HaCaT) and 10% (HepG2) for purified samples, respectively.
The second purification method, a re-precipitation, has also
recently been published.” Here, a reduction in cytotoxicity
was achieved by PANI dissolution in N-methyl-2-pyrrolidone or
concentrated sulfuric acid followed by the precipitation in acid-
ified methanol. The limited solubility of PANI is a serious draw-
back of this method. The cytotoxicity was absent at extract
concentration of 5% in the cultivation medium. In the present
study utilizing Soxhlet extraction with solvents, methanol and
0.2 M HCI were the most effective to purify PANI; their applica-
tion significantly decreased the cytotoxicity of PANI, with a
threshold cytotoxic concentration of extract being 25%. This
suggests that the cytotoxicity is caused mainly by polar com-
pounds, such as salts of primary aromatic amines that are the in-
termediates or by-products of aniline oxidation.’?

It is worth mentioning, that the nanotubular PANI salt
exhibited the lowest cytotoxicity of all ever investigated
polyanilines (72% cell survival even in 100% extract).’” Such
PANI is prepared by oxidative polymerization of aniline in
weakly acidic medium, eg. 04M acetic acid.?®' The
nanotubular form can be therefore considered as the most
promising PANI for biomedical applications, despite its some-
what lower conductivity.

Interesting and comprehensive research related to PANI
purification was published by Laska and Widlarz,>¥ who studied
low-molecular-weight compounds formed during aniline
polymerization. They were mainly interested in changes in the
material properties of PANI caused by purification and
concluded that low-molecular weight fractions influenced
physico-chemical properties of the polymer, such as density
and solubility. These low-molecular-weight products were
removed from the PANI by means of Soxhlet extraction using
methanol, chloroform, tetrahydrofuran (THF), benzyl alcohol,
and N-methylpyrrolidinone as the individual solvents, and it
was found that the solubility of PANI depended on the solvent
used in the order methanol < chloroform < THF < benzyl
alcohol. This corresponds with results from the current study also
showing methanol as the least powerful organic solvent for the
dissolution of PANI, capable of removing only low-molecular-
weight, polar impurities. Another study employing Soxhlet
extraction for purification of PANI was reported by Bari et al.?”
and was conducted with the aim to separate low- and
high-molecular-weight fractions from the crude polymer. Here,
different approach was applied, and one polymer sample was
successively extracted with all solvents (methanol, chloroform,
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Table 4. Cytotoxicity of PANI-S samples determined for various extract concentrations presented as average absorbance =+ stan-
ndard deviation (Abs) and as relative value compared to reference (RV) according to I1SO 10 993-5 standard °
Sample 100% 75% 50% 25% 10% 1%
PANI salt® RV 040 C / 040 C 0.40 C 054 C 0.90 A
Nanotubular PANI salt® RV 0.72 B / 0.76 B 0.79 B 0.67 B 0.85A
0.2 M aqueous HCl Abs  0343+0.028 0.347+0.023 0.349+0.007 0.789+0.095 0.871+0.056 0.884+0.104
RV 032D 032D 032D 0.73 B 0.81 A 0.82 A
Methanol Abs  0.401+0.030 0.383+0.014 0.381+£0.017 0.821+0.145 0.916+0.129 0.957 +£0.055
RV 037D 036 D 035D 0.76 B 0.85 A 0.89 A
Acetone Abs  0378+0.013 0.381+0.031 0.460+0.033 0394+0.011 0365+0.012 1.165+0.061
RV 035D 035D 043 C 037D 034D 1.08 A
1,2-Dichlorethane Abs  0393+0.018 0.400+0.018 0.621+0.068 0.403+0.027 0.365+0.004 0.916+0.137
RV 0.36 D 037D 0.58 C 037D 034D 0.85 A
Ethyl acetate Abs  0376+0.035 0423+0.022 0516+0.113 0414+0.015 0.378+0.017 1.213+£0.063
RV 035D 039D 048 C 038D 035D 112 A
Hexane Abs  0395+0.048 0.448+0.016 0.569+0.063 0.413+0.028 0.379+0.029 1.180+0.107
RV 037D 042C 053C 038D 035D 1.09 A
aCytotoxicity in relative values equal to 1 corresponds to 100% cell survival compared to reference. Values >0.8 are assigned to no
cytotoxicity (A), 0.6-0.8 to mild cytotoxicity (B), 0.4-0.6 to moderate cytotoxicity (C), and <0.4 to severe cytotoxicity (D). Reference
absorbance was 1.0784 +0.0951 = 100%.
PResults published in (Humpolicek et al.').
“Results published in (Stejskal et al.™).

THF, and benzyl alcohol), the same as in the previous work. The
order in which the solvents were employed was based on the
solubility of different polymer weight fractions in each of the sol-
vents, reported by Laska and Widlarz.** As a result of purifica-
tion, PANI with narrow molecular weight was obtained.

Taking into account the correlation between cytotoxicity and
the profile of impurities in the samples tested in the current
work, it can be seen that cytotoxicity is mainly caused by
low-molecular-weight fractions, as demonstrated by behavior
of polymers treated with methanol and 0.2 M aqueous HCI (Table
2), which both decreased in their cytotoxicity. Simultaneously,
only a slight growth in conductivity was observed in PANI
purified in such way. Zhang and Jing,” similarly to earlier study
of Stejskal et al.®® reported that PANI with a higher molecular
weight and greater crystallinity also exhibits a slightly higher
conductivity. This was connected with a more integrated
n-conjugation system and a better mobility of charge carriers
along the polymer chain. In this context it is worth mentioning
that PANI hydrochloride is completely insoluble in any of the
solvents used for the purification.”® For that reason, no changes
in the molecular-weight-distribution could reasonably be
expected after treatment with chosen solvents. Regarding
crystallinity, which is another important characteristic with
impact on conductivity, it can be noted that the used PANI is
virtually amorphous. Based on previously reported work, the
degree of crystallinity is below 10%?”" and no measurable
changes in the degree of crystallinity are anticipated as a result
of purification process.

The increase in conductivity can hardly be related to the
change in content of low-molecular-weight components.
Naturally, absence of conductivity is expected in case of both
precursors, aniline hydrochloride and ammonium peroxydisulfate.
As regards oligomers, their conductivity was determined to be of
12x10785cm " which is notably lower compared to
conducting PANI salt, however one order of magnitude higher
than that of non-conducting PANI base. The increase in

conductivity after extensive purification with solvents can there-
fore be, in general, related to combination of two effects: (i) a
decrease in defects within the chain-space of the purified
polymer and (i) the removal of low-molecular-weight
compounds with low conductivity. In the present study, the
removal of impurities of higher molar mass, using for example
1,2-dichloroethane, also caused increase in the conductivity of
purified samples. It can therefore be speculated that, through
the extraction, poorly organized polymer chains with defects
are removed and chain organization is improved.

CONCLUSIONS

The cytotoxicity of polyaniline purified using six different solvents
in a Soxhlet extractor was determined and correlated with the
content of low- and high-molecular-weight impurities extracted
from pristine polymer. The purification procedure reduced the
cytotoxicity of standard polyaniline and increased the cytotoxicity
threshold from 1% (pristine PANI) to 10% (methanol and 0.2 M HCI
purified PANI), showing in both cases a viability of cells higher than
80% relative to the reference. The contents of respective impurities
in the extracts provided information about the reason for the
cytotoxicity of pristine PANI, which is closely connected to the
presence of low-molecular-weight fractions in the polymer.
Simultaneously, the purification led to a moderate increase in
polymer conductivity, though, unfortunately, this increase was
the smallest for samples with the lowest cytotoxicity. The
obtained results contribute to the understanding of the impact
of polyaniline on eukaryotic cells and should be considered when
designing biocompatible forms of polyaniline.
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Polyaniline colloids rank among promising application forms of this conducting polymer. Cytotoxic-
ity, antibacterial activity, and neutrophil oxidative burst tests were performed on cells treated with
colloidal polyaniline dispersions. The antibacterial effect of colloidal polyaniline against gram-positive
and gram-negative bacteria was most pronounced for Bacillus cereus and Escherichia coli, with a min-
imum inhibitory concentration of 3500 g mL~'. The data recorded on human Keratinocyte (HaCaT)
and a mouse embryonic fibroblast (NIH/3T3) cell lines using an MTT assay and flow cytometry indi-
cated a concentration-dependent cytotoxicity of colloid, with the absence of cytotoxic effect at around
150 pwg mL-1. The neutrophil oxidative burst test then showed that colloidal polyaniline, in concentra-
tions <150 wg mL~!, was not able to stimulate the production of reactive oxygen species in neutrophils
and whole human blood. However, it worked efficiently as a scavenger of those already formed.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Ever increasing numbers of papers dealing with the biocom-
patibility of conducting polymers are evidence of the growing
interest in these materials. Whereas polypyrrole is better described
and more intensively studied in the context of biological prop-
erties, information about polyaniline uses in biosciences is less
frequent. So far, conductivity and electrochemical behavior were
the main focuses of attention. The interesting properties of polyani-
line have recently led to an investigation of its possible uses in
biomedical applications. This concerns especially the objects that
are associated with electrical properties, such as brain, cardiac or
neural tissues and cells. Namely, applications in cardiomyocyte
synchronization [ 1], myoblast differentiation [2], neuronal lineage
differentiation [3], skeletal muscle [4] or cardiac tissue engineer-
ing [5] have been reported. Also, the cytotoxicity, irritation and
sensitization potential [6], cell proliferation [7] and antibacterial
properties [8-10] of polyaniline powder prepared according to a
procedure provided by IUPAC [11] have already been described.

* Corresponding author at: Polymer Centre, Faculty of Technology, Tomas Bata
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Other studies, dealing with biological properties, such as the in-
vivo tissue response of polyaniline, are mostly based on the testing
of polyaniline films cast on various carrier surfaces [12], polyaniline
composites [13] or electrospun blends [14].

Although the biological applications of polyaniline are on the
rise, they are limited to a certain extent by its insolubility in aque-
ous media. It is commonly known that conducting polyaniline is
poorly soluble even in organic solvents, which strongly influences
its processability. Hence, a considerable effort has been devoted
to the preparation of processable forms of this polymer. Possible
solutions to this challenge can be found in copolymerization [15] or
protonation with acids containing relatively long alkyl side chains,
which may enhance the solubility in solvents [16]. The preparation
of conducting polymer colloids is another approach how to cope
with this problem.

Colloidal polyaniline dispersions are prepared when aniline
is oxidized in an aqueous medium containing a suitable water-
soluble polymer acting as a steric stabilizer. Various polymers
have been tested as stabilizers, including poly(vinyl alcohol-co-
vinyl acetate) [17], poly(vinyl alcohol) [18], poly(methyl vinyl
ether) [19], poly(ethylene oxide) [20] or cellulose ethers [21-23].
Also poly(N-vinylpyrrolidone) turned out to be an efficient stabi-
lizer of polyaniline colloidal particles and has been successfully
employed [24-26].Inlight of the numerous applications of colloidal
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polyaniline that have been proposed [27-29], it seems worthwhile
to examine the basic biological properties of this promising mate-
rial.

In the present study, a colloidal polyaniline dispersion, employ-
ing poly(N-vinylpyrrolidone) as the stabilizer, was prepared and
characterized. The main target of the study was to determine the
influence of the colloid on prokaryotic and eukaryotic cells via
assessing the cytotoxicity on two cell lines and determining the
antibacterial properties on representatives of gram-positive and
gram-negative bacteria. In addition, the generation of human reac-
tive oxygen species by neutrophils has also been studied. The
biological properties of colloidal polyaniline are being reported
here for the first time.

2. Materials and methods
2.1. Preparation of colloidal polyaniline dispersion

Aniline hydrochloride (0.2 M) was oxidized with ammonium
peroxydisulfate (0.25 M) [30] in the presence of a stabilizer, 2 wt%
poly (N-vinylpyrrolidone) (PVP; Fluka, type K90, molecular weight
360,000). Aniline hydrochloride (259 mg) was dissolved in an aque-
ous solution of PVP (4 wt%) to 5 mL of solution. The polymerization
of aniline was started at room temperature, close to 20 °C, by adding
5mL of aqueous solution containing 571 mg ammonium peroxy-
disulfate. The mixture was briefly stirred and left at rest for 2 h.
The resulting dark green dispersion of polyaniline hydrochloride
was transferred into a membrane tubing (Spectra/Por 1, Spectrum
Medical Instruments, USA; molecular weight cut-off 7,000) and
exhaustively dialyzed against 0.2 M hydrochloric acid to remove
residual monomers and by-products, such as ammonium sulfate.

2.2. Particle size

The size and distribution of the colloidal particles were deter-
mined by dynamic light scattering using a Zetasizer Nano ZS
instrument (Malvern Instruments, UK). Measurements of the
hydrodynamic radii of colloidal particles, expressed as z-average
particle diameters, were performed at 25 °C. The intensity of scat-
tered light (A =633 nm) was observed at a scattering angle of 173°.
The polydispersity index (PDI) was evaluated by assuming log-
normal distribution of particle sizes. Prior to measurements, the
performance of the instrument was verified by using polystyrene
latex nanoparticles with the nominal size of 92 +3 nm (Thermo
Scientific, Germany).

2.3. Polyaniline concentration

Optical spectra of polyaniline colloids were recorded in
the wavelength range of 200-800nm with a Photo Lab 6600
UV-vis spectrometer (WTW, Germany) after defined dilution
with 1M hydrochloric acid. The concentration of polyaniline in
colloidal dispersion was calculated from the absorbance at wave-
length of 395 nm by using the Lambert-Beer law, A=e&cl, where
£=31,500+1,700cm2 g~ cm~! is absorption coefficient [18], c is
the concentration of polyaniline and /=1 cm is the optical path.

2.4. Antibacterial testing

The testing of antibacterial properties of polyaniline was
conducted with representatives of gram-negative and gram-
positive bacterial strains. Bacillus cereus (CCM 2010), Staphylococcus
aureus (CCM 3953), Escherichia coli (CCM 3954) and Pseudomonas
aeruginosa (CCCM 3955) were employed in the test. All strains
were obtained from the Czech Collection of Microorganisms (CCM,
Czech Republic). Bacteria were grown on nutrient agar (5gL-!

peptone, 3gL-! beef extract, 15gL~! agar; Hi-Media Laboratories,
India) and 5gL~! sodium chloride (Lach-Ner, Czech Republic) at
37 °C.Initial inocula of the microorganisms were prepared from the
24 h cultures, and bacterial suspensions were adjusted to contain
106 CFUmL-! by diluting them with a nutrient broth containing
5gL-! peptone, 3gL~! beef extract and 5 gL~ sodium chloride.

For antibacterial testing, the colloidal polyaniline dispersion
was diluted with a nutrient broth to obtain polyaniline concen-
trations ranging from 2,000 to 8,500 g mL~! and inoculated with
200 L of bacterial suspension. After a 24h incubation, 100 pL
of decimal dilutions were spread over agar plate surfaces and
incubated for 24 h at 37 °C. Colonies were counted and minimum
inhibitory concentration (MIC) was calculated. Each experiment
was repeated four times.

The pH determination of the bacterial suspension in the absence
and the presence of a polyaniline colloid was carried out by using
a Spear pH meter tester (Eutech) before and after cultivation in
order to monitor the pH changes occurring in the suspension during
bacterial growth.

2.5. Test of cytotoxicity

Prior to in-vitro cytotoxicity testing, the samples were dis-
infected by dry heat at 120°C for 40 min. Cytotoxicity testing
was performed with a human immortalized keratinocyte cell line
(HacCaT, Cell Lines Service, Catalog No. 300493, Germany) [31] and
a mouse embryonic fibroblast cell line (ATCC CRL-1658 NIH/3T3,
USA). The HaCaT cells were cultivated using Dulbecco’s Modi-
fied Eagle Medium - high glucose, with added 10% fetal bovine
serum and penicillin/streptomycin, 100 UmL~! (PAA Laboratories
GmbH, Austria). The ATCC-formulated Dulbecco’s Modified Eagle’s
Medium (catalog No. 30-2002), with added bovine calf serum to a
final concentration of 10% and penicillin/streptomycin, 100 UmL"1,
was used as the culture medium in case of NIH/3T3 cells.

The tested samples were diluted to concentrations of 520, 345,
171, 155, 130, 105, 70, 35, and 20 wg mL~! in the culture medium.
Cytotoxicity testing was conducted according to the EN ISO 10993-
5 standard procedure, with modification. Cells were pre-cultivated
for 24 h, and the culture medium was subsequently replaced with
dilutions of polyaniline colloid. As a reference, cultivation in a pure
medium without colloid was used. To assess cytotoxic effect,a MTT
assay (Invitrogen Corporation, USA) was performed after one-day
cell cultivation in the presence of colloidal polyaniline. All the tests
were performed in quadruplicates. The absorption was measured at
570 nm with an Infinite M200 Pro NanoQuant (Tecan, Switzerland).
Dixon’s Q test was used to remove outlying values, and mean values
were calculated. The cell viability is presented in two ways in order
to provide a comprehensive view of the results: (1) as a percentage
of cells present in the respective extract relative to cells cultivated
in a pure extraction medium without colloidal polyaniline (100%
viability), and (2) by using the t-test expressing the statistical dif-
ferences between the averages of individual dilutions compared to
the reference.

The morphology of the cells was assessed after 24 h of cultiva-
tion in the presence of a colloid. The changes in the cell morphology
were observed with an Olympus inverted fluorescent microscope
(Olympus, CKX 41, Japan). The fluorescent staining of DNA was
performed using the Hoechst 33258 dye (Invitrogen Corporation,
USA).

2.6. Apoptosis versus necrosis rate

To distinguish healthy, apoptotic and necrotic cells after the
contact of the cell cultures with colloidal polyaniline, staining
with annexin V/propidium iodide (BD Biosciences, Canada) was
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used. The method of cell cultivation, sample preparation and pre-
cultivation was the same as in the cytotoxicity test. After that,
the colloidal dispersion was removed, and the remaining adherent
cells were rinsed with a phosphate buffered saline (PBS), treated
with trypsin and added to a previously removed, non-adherent
cell population from the same treatment. Cells were re-suspended
in a buffer and stained by annexin V-FITC in a concentration
of 2.5ugmL-! and by propidium iodide in a concentration of
5ugmL-1. After 15min in the dark, cells were analyzed by a BD
FACSCanto flow cytometer (BD Biosciences, Canada).

2.7. Oxidative burst in human neutrophils and whole blood

The effect of polyaniline on (1) the activation of neutrophils,
determined by a generation of reactive oxygen species (ROS) and
(2) the scavenging of already formed ROS, where neutrophil ROS
production was initiated by the addition of phorbol 12-myristate
13-acetate (PMA), was tested. The following tests were, there-
fore, performed: (a) measurements of chemiluminescence in whole
human blood; (b) measurements of chemiluminescence in isolated
neutrophils with discrimination of the effects on extra- and intra-
cellular ROS production; and (c) cell-free assay as a reference.

The neutrophils were isolated from the human blood of healthy
donors with written informed consent. Blood was collected by
venous puncture. The study was performed in accordance with
the Declaration of Helsinki. The blood was gently mixed with dex-
tran from Leuconostoc mesenteroides, My 425,000-575,000 (Sigma
Aldrich, D1037,USA) (2:1) and left at room temperature for 20 min.
A buffy coat was collected and centrifuged at 190 g for 10 min at
4°C.Red blood cells were lysed with hypotonic cold hemolysis and
overlaid on Ficoll (GE Healthcare, Sweden). After centrifugation at
390 ¢ for 30 min at 4°C, the neutrophils were washed in cold PBS
and used for the experiment. The neutrophil viability was over 95%,
as verified with a CASY cytometer (Roche, Switzerland). The statis-
tical differences between reference and individual studied samples
were evaluated using a t-test.

2.8. Chemiluminescence

The chemiluminescence of human neutrophils in the whole
blood was measured in a 96-well microplate luminometer (Lumi-
nometer LM-01T, Immunotech, Czech Republic) at 37 °C. Aliquots
of polyaniline and Iuminol (250 wmol L-1) were mixed. To ensure
a sufficient concentration of extracellular peroxidase in PMA-
stimulated cells, the mixture was supplemented with horseradish
peroxidase (HRP; Sigma Aldrich, USA) with the final concentration
of 8UL-1. Finally, 50-times diluted blood was added and the reac-
tion started via the addition of PMA (0.05 wmol L~1, Sigma Aldrich,
USA). The chemiluminescence of the samples was recorded for 1h,
and a quantitative determination of the signals was performed by
integrating the chemiluminescence signal over the entire measur-
ing period [32]. Activated samples without polyaniline served as a
positive reference. Spontaneous chemiluminescence (without acti-
vators) was also measured. The colloidal polyaniline dispersions
with concentrations of 171,17,1.7,0.17,0.017,and 0.0017 g mL~!
were tested.

The extracellular chemiluminescence in isolated neutrophils
was determined by using isoluminol (Sigma Aldrich) and HRP; in
the case of intracellular chemiluminescence, luminol was applied.
For elimination of extracellular ROS, catalase (2000UL-1) (Sigma
Aldrich, USA) and superoxide dismutase (100UL-') (Worthing-
ton Biochemical Corporation, USA) were added. The samples were
measured for 30 min in a 96-well microplate luminometer (Lumi-
nometer LM-01T, Immunotech, Czech Republic) at 37°C [32].

In a cell-free assay, the chemiluminescence was initiated in
a culture medium containing polyaniline with the addition of

hydrogen peroxide (100 wgmL-1) in the presence of horse radish
peroxidase (2UmL~!) and luminol (10 wgmL~'). The experiment
was conducted in triplicates and each of the samples was measured
for 30 min [33]. Correspondingly, as in the previous test dealing
with ROS formation, the statistical differences between the refer-
ence and individual samples were determined using a t-test.

3. Results and discussion
3.1. Characterization of colloidal dispersion

The size of the dispersion particles is one of the crucial
parameters influencing the performance of colloids in biological
applications. As reported earlier [30], polyaniline particles in dis-
persion have a typical average size of hundreds of nanometers
and are therefore rated as colloids. Dynamic light scattering mea-
surements showed that the particle size of the tested dispersion,
expressed as a z-average diameter, was of 226.5+ 0.5 nm, with
an average polydispersity index of 0.145 4+ 0.004. These data indi-
cate that colloidal polyaniline is a homogeneous dispersion with a
nearly uniform, single population of particles in the expected size
range. However, it must be remembered that the size of particles,
determined by dynamic light scattering, is z-averaged according to
the scattering intensity of each particle fraction. In practice rele-
vant to biological applications, volume and even number averages
are more appropriate, and they are smaller than z-averages.

The UV-vis spectra of the dispersion diluted with 1M
hydrochloric acid showed a pattern slightly different from that
reported by Stejskal and Sapurina [30], with a broad absorption
maxima at about 310-395 nm and increasing absorbance toward
the measuring limit of the instrument, 800 nm. Stejskal and Sapu-
rina reported an additional local maximum at the wavelength of
854 nm [30]. The above characteristics confirm that the tested sam-
ple can be considered as a representative of the standard colloid
prepared using procedure recommended by IUPAC, with a poly-
(N-vinylpyrrolidone) as a stabilizer.

3.2. Antibacterial properties

The susceptibility of bacteria against colloidal polyaniline seems
to be species dependent (Table 1). The results showed that the
growth of gram-negative E. coli was insignificantly reduced from 8.6
to 8.4 log CFUmL~! by 2,000 wg mL~! of colloidal polyaniline, and
full inhibition was observed at a concentration of 3,500 pg mL~!. P.
aeruginosa was the most resistant bacteria, and colloidal polyani-
line with a concentration of 3,500 wg mL~! only caused a decrease
by two orders of magnitude (from 8.9 to 6.9logCFUmL™'). An
antibacterial effect was first observed at the highest tested concen-
tration of 8,500 wgmL-!. The behavior of gram-positive S. aureus
was analogous to P. aeruginosa, with MIC detected at 8,500 g mL~1.
However, a lower colloid concentration of 3,500 wg mL~! inhibited
the growth of S. aureus slightly better compared to P. aeruginosa,
with a reduction of three orders of magnitude (from 8.6 to
5.7 log CFUmL1)(Table 1). The second tested gram-positive bacte-
ria, B. cereus, was completely eliminated after a colloidal polyaniline
concentration of 3,500 g mL~! was applied, as similarly observed
for E. coli.

The antibacterial activity observed in the current study can be
compared with that determined on polyaniline powder published
by Gizdavic-Nikolaidis et al. [34]. Although their paper is primarily
devoted to antibacterial properties of functionalized polyanilines
and polyaniline copolymers with aminobenzoic acids, standard
polyaniline (emeraldine) salt was used as a reference. This com-
parison can be also performed, thanks to the similarity of the
methods used for antibacterial testing. Correspondingly to current
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Table 1
Values of minimum inhibitory concentration (MIC) and log CFU for tested bacteria.

Polyaniline [png mL~'] Staphylococcus aureus

Bacillus cereus

Escherichia coli Pseudomonas aeruginosa

0 8.6 72
2000 76 72

3500 5.7 MIC
8500 MIC NJA

8.6 8.9
8.4 8.7
MIC 6.9
N/A MIC

N/A, not applicable.

work employing a polyaniline colloid, Gizdavic-Nikolaidis et al.
[34] prepared suspensions of standard polyaniline powder in a
nutrient broth. A comparison of results on polyaniline colloid with
those recovered from re-suspended polyaniline powder revealed
that colloid seems to possess higher antibacterial activity. Tests
performed on powdered polyaniline showed that concentrations
higher than 10,000 g mL~!are efficient against P. aeruginosa and
S. aureus. E. coli was inhibited exactly by 10,000 wg mL~1. Hence, all
the concentrations here were higher compared with those deter-
mined for a colloidal form.

An interesting observation was made on bacterial suspension-
added polyaniline at low concentrations, where bacterial growth
was observed. Here, the suspension changed its color from orig-
inally being green to gray/colorless, except for the suspension
containing P. aeruginosa, which turned out to be red due to nat-
urally red color of these bacteria. The reason for the bleaching was
found in the change of the pH which, thanks to the bacterial growth,
increased, thus causing a gradual de-protonation of the polyani-
line and resulting in the change of color. As an example, for E. coli
and S. aureus, the pH increased from 6.9 to 8.3 and from 6.6 to 7.5,
respectively.

3.3. Cytotoxicity

The results of in-vitro cytotoxicity testing are reported in two
ways: (1) as mean values and standard deviations of individual
measurements with the statistical differences compared to the
reference, determined by a t-test; and (2) according to the pro-
cedure given in the international standard ISO 10993-5, where
a cytotoxicity equal to 1 corresponds to 100% cell survival, val-
ues of >0.8 are assigned to the absence of cytotoxicity, 0.6-0.8 to
mild, 0.4-0.6 to moderate and <0.4 to severe cytotoxicity (Table 2).
The results show that with an increasing concentration of col-
loidal polyaniline in the cultivation media, the viability of cells
decreased. The threshold polyaniline concentration for cytotox-
icity is about 345 and 105ugmL-! in the case of HaCaT and
NIH/3T3 cells, respectively. Below these concentrations, the col-
loidal polyaniline does not negatively influence the cells viability.
Analogous results were published in the work of Oh et al. [35], who

Table 2

tested the cytotoxicity of polyaniline in the form of nanoparticles
with poly(N-vinylpyrrolidone) as a stabilizer, and a non-spherical
shape differing in aspect ratio. The authors did not observe any
notable impact on cell viability below the polyaniline concentra-
tion of 25 pgmL~1, and significant decreasing in cell viability was
first detected above the concentration of 100 wgmL~!. From the
current results recorded on both cell lines, it can be concluded
that the HaCaT cell line is more resistant toward the cytotoxic
action of colloidal polyaniline and even above the threshold con-
centration, the cytotoxic effect is only mild in regard to the ISO
standard scale. More sensitive NIH/3T3 cells, which are widely used
for cytotoxicity evaluation, were damaged to a greater extent at
higher concentrations of colloidal polyaniline in the cultivation
medium, and the cytotoxic effect, at the two highest concentra-
tions of 345 and 520 g mL~! upon this cell line, can be described
as severe.

Microscopic observations of HaCaT cells (Fig. 1) support the
previously discussed results demonstrating the changes in cell
quantity and morphology induced by polyaniline dispersion. At the
concentration of 70 wg mL~!, only rare and negligible cell damage
can be observed, which is visualized in red circles. An increase
of polyaniline concentration to 345 pgmL~! undoubtedly influ-
enced cell viability via decreasing cell numbers and simultaneous
changes to their morphology. This is especially notable after DNA
staining.

Interesting conclusions can be drawn from a comparison of
the current results with the report of Vaitkuviene et al. [36], who
studied the effect of polypyrrole nanoparticles on cell viability.
Primarily mouse embryonic fibroblasts (MEF), mouse hepatoma
(MH-22A) cells, and human Jurkat T lymphocytes were used in their
work. Although polypyrrole is generally considered to be a bio-
compatible polymer, the level of cytotoxicity was of 77.6 pg mL~1,
and in the case of one of the studied cell lines, Jurkat cells, even
of 19.4pugmL-1. The authors also described the dose- and cell
line-dependent cytotoxic effects. The average diameter of polypyr-
role particles was of 28 nm. This might explain these surprising
differences because the size of the particles, considered as one
of the most important factors influencing the biological proper-
ties of materials, lies well below the limit of 100 nm, which is

Cytotoxicity and apoptotic/necrotic rates of various concentrations of colloidal polyaniline reported as means + standard deviations (SD) (n=4) according to requirements

of ISO 10993-5.

Polyaniline [pug mL '] HaCaT NIH/3T3 Apoptotic/necrotic rate on NIH/3T3
Mean +SD ISO Mean +SD ISO Necrotic (%) Apoptotic (%) Healthy (%)

520 0.409 + 0.032° 0.61 0.227 £ 0.008 0.36 24 54 22
345 0.446 + 0.045" 0.67 0.220 + 0.005° 0.34 19 57 24
170 0.579 + 0.056 0.86 0.428 + 0.012° 0.67 12 36 52
155 0.632 + 0.043 0.94 0.374 £ 0.022 0.58 11 16 73
130 0.651 + 0.037 0.97 0.413 + 0.012° 0.65 13 19 68
105 0.663 + 0.029 0.99 0.499 + 0.006 0.78 12 8 80
35 0.660 + 0.049 0.99 0.529 + 0.008 0.83 12 21 67
20 0.672 + 0.015 1.00 0.528 + 0.006' 0.83 16 14 70
Reference 0.666 + 0.061 1.00 0.639 + 0.025 1.00 9 16 75

According to requirements of [ISO 10993-5: cytotoxicity equal to 1 corresponds to 100% cell survival, values of >0.8 are assigned to no cytotoxicity, 0.6-0.8 mild cytotoxicity,

0.4-0.6 moderate toxicity, and <0.4 severe cytotoxicity.

" P<0.05, statistical difference between the reference and individual concentration of polyaniline.
" P<0.01, statistical difference between the reference and individual concentration of polyaniline.
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Fig. 1. Microphotographs of HaCaT cell line after the cytotoxicity test: (A) reference; (B) reference - DNA stained by Hoechst; cells treated with (C) 70 wgmL-! colloidal
polyaniline; (D) 130 wgmL-! colloidal polyaniline; (E) 345 ug mL~" colloidal polyaniline; (F) 345 ugmL~" colloidal polyaniline — DNA stained by Hoechst. Magnification —

100x.

considered critical for entering the particular material into the
cells.

Unfortunately, the cytotoxicity data recorded on colloidal
polyaniline are incomparable to the cytotoxicity of standard
polyaniline powder, as the testing methodologies are completely
different. The cytotoxicity testing of polyaniline in powder form
was performed only by Humpolicek et al. [6], who tested an extract
(0.2 g of polyaniline in 1 mL of cultivation medium) according to ISO
10993-5. Here, the polyaniline polymer was absent, and the cyto-
toxicity was mainly assigned to the presence of residual monomers
and low-molar mass oligomers present in the extract. Thanks to
purification through dialysis, the colloidal dispersion should be free
of these impurities, and its cytotoxicity should likely be a result of
the polyaniline polymer as such, and not the low-molecular-weight
substances.

3.4. Apoptosis versus necrosis rate

The cytotoxicity determined by MTT assay represents the
total number of viable cells surviving contact with the cytotoxic
substance. It does not reveal, however, the reason why the via-
bility is decreasing. Moreover, as the MTT assay is based on the
mitochondrial metabolism, which is also expressed by early apop-
totic cells, the test does not distinguish between early apoptotic
and healthy cells. Thus, the combination of MTT assay with the
annexin/propidium iodide assay can provide a more informative
view on the impact of tested materials on the cells. In the case of
colloidal polyaniline, the number of healthy, necrotic and apop-
totic cells was observed to be dose dependent, and the impact
of colloidal polyaniline on each of the groups can be clearly seen
(Table 2). According to the annexin/propidium iodide assay, the
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Table 3

Neutrophils activation measured as ROS production.
Polyaniline [png mL~'] 0.00171 0.0171 0.171 1.71 171 171
Blood 99.97 + 3.16 100.71 + 0.01 98.93 + 0.94 98.17 + 1.04 96.10 + 0.27 98.05 + 3.58
Neutrophils extracellular 89.14 + 6.12 89.38 + 8.52 82.29 + 11.56 65.02 + 9.06 62.22 + 10.50 61.07 + 9.09°
Neutrophils intracellular 101.84 + 1.10 101.90 + 0.49 100.37 + 3.22 97.13 + 0.44 95.99 + 4.46 95.66 + 2.23

The results are shown as % of spontaneously formed ROS = 100% (reference). The values are expressed as mean value + standard deviation, n=3.

" P<0.05.

Table 4

Polyaniline scavenging of ROS (where neutrophils ROS production was initiated by PMA).
Polyaniline [pg mL '] 0.00171 0.0171 0.171 1.71 171 171
Cell-free assay 96.0 + 3.4 941 +54 95.6 +£ 2.5 759 + 1.5 64 + 1.6 0.0 £+ 0.00°
Blood 1044 + 4.1 1055+ 1.3 95.6 £ 6.2 66.7 +£ 4.2° 2.8+ 1.0 0.0 £ 0.0
Neutrophils extracellular 108.2 £ 5.1 107.8 + 4.5 994 + 6.3 52.1 £ 4.2 0.0 + 0.0' 0.0 +£ 0.0
Neutrophils intracellular 1143 £ 12.7 117.7 £ 103 113.0 £ 13.1 96.6 + 3.8 232 +£53 0.0 + 0.0

The effects of colloid on ROS production in a cell-free assay as well as in blood and isolated neutrophils. The results are shown as a % of stimulated control where H,0, and
PMA stimulated samples = 100% (reference). The values are expressed as mean value + standard deviation, n=3.

* P<0.01.

cytotoxicity threshold is of around 150 pg mL~! and is higher than
the limit of 105ugmL-! determined according to MTT. Below
this concentration, the number of healthy cells increases and the
number of apoptotic cells dramatically decreases. Due to the afore-
mentioned differences between the MTT and annexin/propidium
assays, the concentration of 150 g mL~! seems to be more relevant
for potential applications of colloidal polyaniline in biomedicine.

3.5. Suppression of oxidative burst in human neutrophils

Neutrophil leucocytes represent professional phagocytic cells.
When appropriately stimulated, they undergo dramatic physiolog-
ical and biochemical changes resulting in phagocytosis, chemotaxis
and degranulation with the activation of ROS production, known as
the respiratory burst [37]. Neutrophils work as professional killers
and instructors of the immune system in the context of infection
and inflammatory diseases. Thus, the investigation of their reac-
tions is an important part of biocompatibility studies.

At first, the effect of colloidal polyaniline on the activation
of neutrophils was measured by monitoring ROS generation. The
amount of formed ROS was then compared with the sponta-
neous (not induced) chemiluminescence of neutrophils. The results
revealed that ROS were absent, and therefore colloidal polyani-
line alone did not cause the neutrophil activation (Table 3).
However, the measurements of extracellular chemiluminescence
indicated that colloidal polyaniline, at concentrations of 171,17 and
1.71 wgmL-1, was able to work as an ROS scavenger. The cell-free
assay also showed that the scavenging effect of polyaniline colloid
toward ROS, generated in a cell-free system of luminol-hydrogen
peroxide-peroxidase, is concentration dependent. Namely, the
concentrations of 171, 17 and 1.7 wgmL~! significantly decreased
the ROS content, while the lower tested concentrations were inef-
ficient. Based on these results, a second test was performed on
whole blood and isolated neutrophils, in which ROS formation
was stimulated with PMA prior to colloidal polyaniline addition
(Table 4). Correspondingly to the cell-free assay, the significant
scavenging effect of polyaniline colloid toward ROS generated by
PMA-stimulated neutrophils was observed in concentrations of 171
and 17 pgmL-1,

To disclose whether the polyaniline colloid can influence
intra or extracellular ROS production, an additional experiment
was conducted resulting in the conclusion that in isolated neu-
trophils stimulated with PMA, colloidal polyaniline inhibited both
extracellular and intracellular ROS production. Polyaniline was,
however, more efficient in the inhibition of extracellular ROS. The

inhibition of both extra- and intracellular ROS production initiated
with polyaniline correlated with its effects on ROS, determined in
the cell-free assay. It can be therefore suggested that the influ-
ence of colloidal polyaniline on ROS occurrence in whole blood
or isolated neutrophils arise due to the ROS scavenging prop-
erties. In the context of the cytotoxicity results recorded on an
annexin/propidium assay, the critical concentration of colloidal
polyaniline for biologically safe application is 150 wg mL~1, which
is also an un-provoking concentration for the neutrophil activity.

4. Conclusions

Aqueous dispersions of colloidal polyaniline can be included
among the promising conducting and electroactive systems, pos-
sessing advantageous properties for biomedical applications. The
information on its fundamental biological characteristics is pre-
sented here for the first time. The summary results from the study
show that polyaniline colloid demonstrates a low antibacterial
activity with the most susceptible bacterial species being B. cereus
and E. coli, which were both inhibited with a colloid concentra-
tion of 3500 wgmL-1. In the context of the cytotoxicity results
recorded on an MTT assay, the toxic effect of this system was found
to be dose- and cell-line dependent; more sensitive NIH/3T3 cells
were damaged to a higher extent compared with HaCaT cells. Flow-
cytometry data recorded on an annexin/propidium assay, capable
of distinguishing healthy, apoptotic and necrotic cells after polyani-
line treatment, indicated that the critical colloid concentration for
biologically safe applications is of 150 wgmL~1. This is also an un-
provoking concentration limit for neutrophil activity, measured
through the detection of reactive oxygen species. The combina-
tion and mutual assessment of obtained results suggests that the
conducting polyaniline colloid possesses low cytotoxicity and the
absence of an oxidative burst, however a weak antibacterial per-
formance should be considered a known limitation.
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ARTICLE INFO ABSTRACT

Keywords: Colloidal polyaniline dispersions stabilized with biocompatible polysaccharides, sodium hyaluronate and chit-
Sodium hyaluronate osan (both with two different molecular weights), were successfully formulated. The colloids were characterized
Chito.san by UV-vis spectra, particle-size distributions and morphology, as well as by their biological properties in terms of
Colloid cytotoxicity and antibacterial activity. Colloids containing both chitosan and hyaluronate showed only mild
Polyaniline s . . . . s .

! X cytotoxicities, which were mainly governed by the concentration of conducting polyaniline in the colloid.
Antibacterial effect R Rk .. . .
Cytotoxicity Antibacterial activity of the samples, however, depended both on the type of polysaccharide and the ratio be-

tween the stabilizer and polyaniline mass. The colloid synthetized using 0.2M aniline hydrochloride, 0.1 M
ammonium persulfate, and 1wt.% sodium hyaluronate of molecular weight of 1.8-2.1 x 10° exhibited the
highest antibacterial activity against both gram positive and gram negative bacteria. This formulation, therefore,
allowed for the formation of potentially stimuli-responsive antibacterial colloidal particles with low cytotoxicity.

1. Introduction

Polyaniline (PANI) belongs to the family of conducting polymers ad-
vantageously combining the properties of classical polymer materials with
those of organic semiconductors. This polymer is well known for its at-
tractive properties, including simple straightforward synthesis, mixed
electron and ionic conductivity, environmental stability, and the ability to
undergo salt-base transition resulting to redox switching (Stejskal et al.,
2015). These properties make PANI advantageous for various biological
applications, mainly for tissue engineering directed towards cells and tis-
sues responding to electric stimuli, and for biosensors (Jiang et al., 2015;
Jun et al., 2015; Mazrad et al., 2017; Park et al., 2016; Zhang & Choi,
2014). Standard PANI is prepared by the oxidation of aniline with am-
monium persulfate in acidic aqueous medium. With no stabilizer added to
the reaction mixture used for the polymerization, PANI precipitates as an
insoluble powder, which is difficult to process (Stejskal & Gilbert, 2002).
To avoid this shortcoming, aniline polymerization can be carried out in the
presence of a suitable stabilizer, such as water-soluble polymer, which
produces colloidal PANI particles in the form of aqueous dispersion
(Stejskal & Sapurina, 2005). Several synthetic water-soluble polymers,
such as poly(vinyl alcohol) (PVAL) (Chakraborty et al., 2000; Stejskal
et al., 1996), poly(N-vinylpyrrolidone) (PVP) (Ghosh et al., 1999), and

* Corresponding author.
E-mail address: humpolicek@utb.cz (P. Humpolic¢ek).

https://doi.org/10.1016/j.carbpol.2019.05.038

poly(ethylene oxide) (Eisazadeh et al., 1995), have been used as steric
stabilizers. So far, however, only a few biomacromolecules, such as cel-
lulose derivatives (Chattopadhyay et al., 1998; Stejskal et al., 1999),
proteins (Eisazadeh et al., 1995), or gelatin (Bober et al., 2017), have been
exploited for the synthesis of colloidal PANI. With respect to biological
applications, polysaccharides, particularly sodium hyaluronate and chit-
osan, are promising candidates as colloid stabilizers, as they are both
biodegradable and exhibit certain types of biological activity.

Sodium hyaluronate (HA) is one of the most remarkable bioma-
cromolecules. It is formed by linear polysaccharide chains consisting of
repeating units of N-acetyl-D-glucosamine and D-glucuronic acid linked
by 3-(1,4) and $-(1,3) glycosidic bonds. As an endogeneous substance, it
is present in different tissues of living organism and plays a key role in
numerous biochemical and cellular processes involving, among others,
the attachment, migration, and proliferation of cells. HA has therefore
became an attractive component of biocompatible and biodegradable
systems with potential applications in tissue engineering (Collins &
Birkinshaw, 2013; Prestwich, 2011). Recently, the following interesting
formulation involving nanoparticles composed of hyaluronic acid and
PANI have emerged. Jiang et al. (2015) prepared water-soluble hya-
luronic acid-hybridized nanoparticles for phototherapy, these showing
targeted specificity against CD44 mediated cancer cells. The prepared
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nanoparticles exhibited low cytotoxicity in vitro, and were able to se-
lectively kill cancer cells of HeLa and HCT-116 cells rather than normal
HFF cells upon exposure to a NIR 808 nm laser.

A second polysaccharide with a broad potential for application in bio-
medicine is chitosan, a copolymer of D-glucosamine and N-acetyl-D-gluco-
samine (Foster et al., 2015; Wang et al., 2016). Chitosan is a cationic
polyelectrolyte with a number of advantageous properties, including anti-
bacterial activity (Ozkan & Sasmazel, 2018), haemostatic properties
(Jayakumar et al. 2011; Muzzarelli, 2009), and the ability to stimulate
wound healing in tissues (Berce et al., 2018; Lu et al., 2017). Currently, a
broad range of devices and products based on chitosan are available, in-
cluding those based on particles and nanoparticles (Chaudhury & Das, 2011;
Ali & Ahmed, 2018; Hussein-Al-Ali et al., 2018). Previously, Cruz-Silva et al.
(2007) reported the use of chitosan as a steric stabilizer for the synthesis of
PANI colloids. In that work, the authors prepared PANI colloids using the
enzymatic polymerization of aniline with soybean peroxidase and p-tolue-
nesulfonic or camphorsulfonic acids as dopants. Interestingly, the prepared
colloidal particles had strong pH-dependent colloidal stability and under-
went rapid flocculation in near-neutral or alkaline media.

Though certain applications of PANI/polysaccharide colloids can be
found in the literature, their fundamental properties have yet to be fully
clarified. Therefore, the objective of this study was to contribute to a more
detailed investigation of these promising systems and to formulate col-
loidal PANI dispersions with enhanced bioavailability based on each of the
two above-mentioned polysaccharides. This approach offers the possibility
to advantageously combine biodegradable and biocompatible polymers
with PANI, the latter possessing both ionic and electronic conductivity,
which is advantageous in biomedical applications. In present study, the
colloids were prepared by means of the oxidative polymerization of aniline
hydrochloride with ammonium persulfate in the presence of each stabi-
lizer, with various ratios of reactants in the reaction mixture. The resulting
colloidal dispersions were characterized with respect to their physico-
chemical properties (UV-vis spectra, size distribution, and the stability of
colloidal particles) and biocompatibility. The biological properties in terms
of cytotoxicity to mouse embryonic fibroblast cells were determined to-
gether with the antimicrobial efficacy of the formulated colloids against
the most common spoilage pathogens S. aureus and E. coli.

2. Materials and methods
2.1. Materials

Reagent-grade aniline hydrochloride (=98%) and ammonium per-
sulfate (98%) were purchased from Sigma Aldrich (Germany). Sodium

OH

i O HOA/O

NH
H3C/<\
O

cr
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hyaluronate (HA-A; molecular weight 1.8-2.1 X 10° and HA-B; mole-
cular weight 50,000) was purchased from Contipro a.s. (Czech
Republic). Chitosan, labelled by the supplier as “average molecular
weight” (CH-A; molecular weight ™ 400,000, deacetylation degree of
75-85%) or “low molecular weight” (CH-B; molecular weigh
50-190,000, deacetylation degree =75%) was purchased from Sigma
Aldrich (Germany).

2.2. Preparation of colloidal polyaniline dispersions

Colloidal PANI was prepared via the oxidation of aniline hydro-
chloride with ammonium persulfate (APS) in the presence of each of the
above-mentioned polymer stabilizers (Scheme 1). The solution of the
stabilizing sodium hyaluronate was prepared by the dissolution of
polymer in demineralized water; corresponding chitosan was dissolved
in 1M aqueous hydrochloric acid. In both cases, the dissolution was
carried out under stirring at 55 °C overnight. Chitosan solutions were
then filtered to remove any non-dissolved polymer residue.

For dispersion polymerization, aniline hydrochloride was dissolved
in 5mL of the respective polymer solution. Polymerization was started
at temperature of 23 * 2 °C by adding 5 mL of aqueous solution APS to
the reaction mixture (Table 1). The mixture was stirred for 10 min and
then left at rest to polymerize. Polymerization was completed within
24 h. In order to remove residual monomers and low-molecular-weight
impurities, colloidal dispersions were purified through exhaustive dia-
lysis using Spectra Por 2 dialysis tubing (molecular weight cut-off
12,000-14,000; Spectrum Laboratories Inc., USA). Prior to dialysis, the
membrane was soaked in demineralized water for 30 min to remove
membrane preservatives and then thoroughly rinsed in water. PANI
colloid (10 mL) was pipetted into the tubing and transferred into beaker
containing 800 mL of 0.2 M hydrochloric acid solution, which was daily
exchanged for period of 14 days.

2.3. Physico-chemical characterization

The course of aniline polymerization was monitored by absorption
spectra recorded on the respective reaction mixture in the wavelength
range 200-800 nm using a Photo Lab 6600 UV-vis spectrometer (WTW,
Germany). Initially, spectra were taken at ten minute intervals; later,
the intervals were prolonged, and spectra were recorded after 1, 2, 4, 8,
and 24 h from the start of the reaction. For the analysis, 60 uL aliquots
were sampled from the reaction mixture and added to 3mL of 1M
hydrochloric acid in a quartz cuvette.

After dialysis, UV-vis spectra of PANI dispersions were also

OH

HO OM/ . O o

HO
B NH,

NH NH
ISASYY]
NH \NH*
” n
cl

Scheme 1. Structural formulae of A) sodium hyaluronate, B) chitosan, and C) polyaniline.
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Table 1

Compositions of the reaction mixtures used for the preparation of colloids
stabilized with sodium hyaluronate and chitosan via the oxidation of aniline
hydrochloride with ammonium persulfate”.

Sample Stabilizer [wt.%] Aniline hydrochloride APS
[M] [M]
HA-A1* 1.0 0.2 0.1
HA-A2* 1.0 0.2 0.05
HA-A3 1.0 0.2 0.01
HA-B1 2.0 0.2 0.1
HA-B2* 2.0 0.2 0.05
HA-B3 2.0 0.2 0.01
CH-A1 2.0 0.2 0.05
CH-A2* 2.0 0.2 0.01
CH-A3 2.0 0.1 0.05
CH-A4* 2.0 0.1 0.01
CH-B1 2.0 0.2 0.05
CH-B2 2.0 0.2 0.01
CH-B3 2.0 0.1 0.05
CH-B4 2.0 0.1 0.01

2 Only the colloids marked with an asterisk have been subsequently physico-
chemically characterized.

recorded with the aim of determining the concentration of PANI in the
colloidal dispersion. This data was required for testing the biological
properties of samples. The concentration of PANI in each of the dis-
persions was calculated from the local maximum of absorbance at
wavelength of 395nm using the Lambert-Beer law, A = ecl, where
e =31,500 + 1700 cm?>g~! is the absorption coefficient (Stejskal
et al., 1993), c is the concentration of PANI, and [ =1 cm is the optical
path.

The particle sizes were determined on freshly prepared samples by
dynamic light scattering (DLS) using a Zetasizer Nano ZS instrument
(Malvern Instrument, UK). Measurements of the hydrodynamic radii of
colloidal particles, expressed as z-average particle diameters (D,), were
performed at 25 °C. The intensity of scattered light was observed at a
scattering angle of 173°. The polydispersity index (PDI) describing the
width of the particle-size distribution was also determined. Samples
were prepared for measurement by diluting 10 uL of freshly prepared
dispersion in 1 mL of 0.1 M hydrochloric acid. The particle size and
distribution were verified on dialysed samples using the same proce-
dure.

The morphology of colloidal particles was assessed with a trans-
mission electron microscope (TEM) JEOL JEM 2000 FX (Japan).

2.4. Antibacterial properties

The antibacterial properties of colloidal PANI with biopolymers
were determined using the gram-positive and gram-negative bacterial
strains, Staphylococcus aureus CCM 4516 and Escherichia coli CCM 4517
(Czech Collection of Microorganisms). Bacterial suspensions were pre-
pared by diluting bacterial strains with Mueller-Hinton broth (MHB).
The density of bacterial suspensions was adjusted to 0.5 ° of McFarland
standard (1-2 x 10® CFU mL~'). Bacteria were grown on Trypton Soya
Agar (HiMedia, India) at 37 °C for 24 h. The assessment of antibacterial
activity was based on the determination of the minimum inhibitory
concentration (MIC). The colloidal PANI dispersion was diluted with
distilled water to the required concentrations and inoculated with 2 mL
of bacterial suspension. The samples were incubated at 37 °C for 24 h
and then 100 uL of sample was spread over agar plate surfaces and
incubated at 37 °C. After 24 h of incubation, the MIC was determined.
Each experiment was conducted twice.

2.5. Cytotoxicity

Cytotoxicity testing was performed with a mouse embryonic fibro-
blast cell line (ATCC CRL-1658 NIH/3T3, USA). The NIH/3T3 cells
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were cultivated using ATCC-formulated Dulbecco's Modified Eagle's
Medium (catalog No. 30-2002) with added bovine calf serum to a final
concentration of 10% and penicillin/streptomycin with a concentration
of 100 U mL ™. Cells were pre-cultivated for 24 h at 37 °C under a 5%
CO, atmosphere in a HERAcell 150i incubator (Thermo Scientific,
USA), and the culture medium was subsequently replaced with dilu-
tions of PANI colloid. Cells cultivated in pure medium without colloid
were used as a reference. The effect of the tested colloidal dispersion on
the growth and viability of NIH/3T3 cells was examined after one day
of cell cultivation in the presence of colloid. The assessment of cytotoxic
effects was performed using the MTT assay (Invitrogen Corporation,
USA). All tests were performed in quadruplicates. Absorption was
measured at 570 nm with an Infinite M200 Pro NanoQuant (Tecan,
Switzerland). Dixon’s Q test was used to remove outlying values, and
mean values were calculated. The cytotoxic effect was evaluated ac-
cording to the procedure provided by international standard EN ISO
10993-5 via the scaling of cell viability after the application of test
substances for 24 h. Assuming that the cell viability of the reference
sample was 100%, a viability higher than 80% was rated as the absence
of cytotoxicity, a viability of between 80% and 60% to mild cytotoxi-
city, a viability of between 60 and 40% to moderate cytotoxicity, and a
viability of below 40% to severe cytotoxicity.

3. Results and discussion
3.1. Particle sizes

The preparation of polysaccharide-based PANI colloids was carried
out using a modified protocol for the synthesis of colloidal PANI sta-
bilized with PVP (Stejskal & Sapurina, 2005). Commonly, a 2wt.%
concentration of stabilizing polymer was used during synthesis; how-
ever, in the case of HA with a molecular weight of between 1.8 and
2.1 x 105, only a 1% solution was employed, as HA is known to form
highly viscous gel-like solutions at concentrations above 1 wt.%. Con-
centrations of chitosan in the reaction mixture were kept at the usual
level of 2wt.% during synthesis. Two different concentrations of HA
and three different concentrations of APS were employed (Table 1).

DLS analyses as well as visual inspection revealed that HA-based
samples synthetized with 0.1 and 0.05M APS were of colloidal char-
acter, irrespective of the molecular weight of polymer used. The col-
loidal particles, however, had different sizes (Table 2) and, not sur-
prisingly, the lower-molecular-weight HA afforded colloidal particles
with smaller diameters. In samples stabilized with lower-molecular-
weight polymer (HA-B3) polymerized with 0.01 M APS, typical col-
loidal particles did not arise, and PANI precipitated. The sample HA-A3
then formed a thick gel structure, which can be explained by the
combination of the high molecular weight of the polymer and the low
concentration of the oxidant.

Depending on the composition of the reaction mixture, PANI col-
loids prepared in the presence of chitosan of “average” molecular
weight (CH-A) contained particles with sizes ranging from 376 to

Table 2

Size (z-average particle diameter D, + SD) and polydispersity index
(PDI + SD) of colloidal particles prepared by the oxidation of aniline hydro-
chloride (AH) with ammonium persulfate (APS) in the presence of HA.

After preparation After six months

Sample D, [nm] PDI D, [nm] PDI

HA-A1 1,100 = 15 0.45 = 0.011 1,393 = 14 0.47 + 0.008
HA-A2 655 * 2 0.35 + 0.014 741 £ 5 0.30 + 0.007
HA-A3 The highly viscous gel-like product was formed

HA-B1 485 = 1 0.20 = 0.003 638 + 2 0.25 = 0.003
HA-B2 574 £ 5 0.28 + 0.001 489 * 2 0.16 + 0.006
HA-B3 PANI powder was formed 4,300 + 81 0.35 = 0.034
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Table 3

Size (z-average particle diameter D, + SD) and polydispersity index
(PDI + SD) of colloidal particles prepared by the oxidation of aniline hydro-
chloride (AH) with ammonium persulfate (APS) in the presence of chitosan
(CH-A average molecular weight, CH-B low molecular weight).

After preparation After six months

Sample D, [nm] PDI D, [nm] PDI

CH-A1 1,332 = 2 0.44 + 0.020 920 * 2 0.55 + 0.011
CH-A2 512 + 2 0.39 + 0.001 356 * 2 0.22 + 0.004
CH-A3 753 £ 9 0.36 + 0.004 530 * 4 0.33 + 0.008
CH-A4 376 £ 0 0.26 = 0.004 481 + 2 0.36 = 0.013
CH-B1 N/M 1,102 = 8 0.36 + 0.011
CH-B2 662 * 1 0.45 + 0.007
CH-B3 N/M

CH-B4 819 * 13 0.47 + 0.005

N/M: Not-measurable. The size of particles was out of measuring range of in-
strument (=5 pm).

1330 nm and PDI ranging from 0.20 to 0.45 (Table 3). Colloids with the
smallest particles were prepared with 0.01 M APS with both 0.2 and
0.1 M AH. Under these reaction conditions, the particles were of
376 = 1 and 512 = 2nm in diameter for samples CH-A2 (0.2 M AH)
and CH-A4 (0.1 M AH), respectively. Particle sizing analyses therefore
lead to the conclusion that the size of colloidal particles is directly in-
fluenced by the ratio of AH to APS in the reaction mixture. In the
contrast to these colloids, freshly prepared samples stabilized with low-
molecular-weight chitosan (CH-B) were not of colloidal character and
reactions resulted in the formation of unstable coarse particle disper-
sions with sedimentation occurring almost immediately after prepara-
tion.

The inability of polymers with low molecular weights to perform as
stabilizers for the growth of colloidal PANI was previously observed by
Cooper & Vincent (1989), who prepared and studied PANI colloid sta-
bilized with poly(ethylene oxide). By using this polymer with a mole-
cular weight above 10° g mol ™!, the polymerization reaction afforded

HAA1 (0.2 M AH, 0.1 M APS) stabilized with 1wt.% HA
35 \

3
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colloidal particles; however, when the molecular weight was below 10°
g mol ™, the polymer lost its stabilizing function and PANI powder was
prepared instead.

In the comparison with PVP-stabilized PANI colloid (average par-
ticle size 240 + 50 nm, PDI 0.264 + 0.116), which is the most studied
and described conducting colloid (Stejskal and Sapurina, 2005), parti-
cles stabilized with both polysaccharides were bigger and also their size
distributions were broader. However, for all prepared samples, the re-
corded distribution curves were monomodal, thus illustrating the for-
mation of only one main population of particles in the sample.

The long-term stability of the prepared colloids was determined
after 6 months storage at room temperature via the measurement of
their particle sizes (Tables 2 and 3) and the obtained data evidenced
that changes in particle sizes clearly depended on the composition of
the reaction mixture and the used stabilizing polymer. However, a
noteworthy variation in the colloidal behavior of samples was observed
mainly for samples stabilized with chitosan of lower molecular weight
(CH-B). Whilst immediately after preparation the sizes of colloidal
particles were outside the measuring range of the Zeta sizer, the six
months of storage at room temperature reduced these particle sizes, the
measurement was possible and colloids with particles ranging from 660
to 1100 nm in size were obtained. Similar effect was also observed by Li
et al. (2016) for polypyrrole colloid stabilized with PVP. In that case,
colloidal particles decreased their sizes after 3 months of storage, and
the effect was attributed to the disentanglement of some colloidal ag-
gregates formed immediately after polymerization. This expectation
could be supported by our own observations concerning chitosan-sta-
bilized colloidal particles, whose sizes obviously decreased during the
storage.

3.2. UV-vis spectroscopy

The course of colloid formation was monitored by UV-vis spectro-
scopy; corresponding spectra are compared in Fig. 1A and B (stabili-
zation with HA) and Fig. 1C and D (stabilization with CH). From the
spectra, it is obvious that the course of the reaction and the formation of

HA-B2 (0.2 M AH, 0.05 M APS) stabilized with 2% HA
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Fig. 1. The course of formation of colloidal PANI followed by the changes in UV-vis spectra.
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Fig. 2. Transmission electron micrographs of PANI colloids stabilized with sodium hyaluronate of A) lower molecular weight (HA-B), B) higher molecular weight

(HA-A), and C) chitosan (CH-A).

the final product are controlled both by the type of stabilizing polymer
and by the composition of the reaction mixture. The formation of a
colloid stabilized with chitosan containing the higher concentration of
aniline hydrochloride (0.2 M) proceeded uniformly with a gradual in-
crease in absorbance over time. The lower concentration of AH in the
reaction mixture (0.1 M) led to lower absorbance at the reaction end
when compared with the previously described sample; however, almost
identical spectra were recorded for reaction times of 240 min, 480 min,
and 24 h. This may indicate the termination of the reaction occurring
after 240 min, due to the depletion of reactants in the reaction mixture
as lower than stechiometric amount of APS was used. In the case of HA
stabilized colloids, in addition to the concentrations of AH and APS, the
reaction course could also be influenced by the molecular weight of the
polymer; however, the resulting colloids were, as for UV-vis spectra,
identical.

In this context, the comparison of recorded spectra with spectra
published for the most studied colloids stabilized with PVP and PVAL
can be useful. The spectra of PVP-containing colloid are characterized
by two maxima located at A = 356 and 852 nm, when determined in
1 M HCI (Stejskal and Sapurina, 2005). Whilst the first absorption band
arises from the m—st* electron transition within the aromatic ring, the
second is typical for presence of polaron states (charged cation radicals)
and is assigned to ;wt—polaron and polaron—m* transitions (Stejskal
et al., 2015). With respect to the absorption spectra of colloidal PANI
stabilized with PVAL, Stejskal et al. (1993) also reported on an ab-
sorption band at 430 nm which is often merged with the above-men-
tioned peak located at around 356 nm into a flat or distorted single peak
and represents s—it* transition. In comparison with these data, the re-
corded spectra from HA colloids (Fig. 1A and B) are more similar to
those recorded for the mentioned PVAL-based colloid, exhibiting
maxima at 430 and 800 nm. The maximum at about 356 nm is absent
and a plateau is observed in the wavelength region from about
300-400 nm. Also, the maximum in the red region is less notable in
comparison with PVP based samples. On the other hand, the spectrum
recorded for CH colloids includes distinct maxima at 390 nm and
800 nm and is, therefore, more similar to spectra from samples con-
taining PVP.

3.3. Morphology

The visualization of colloidal particles by transmission electron
microscopy revealed their different morphologies (Fig. 2), and un-
doubtedly confirmed the influence of the polysaccharides on the shape
and size of colloidal particles.

A typical image of colloids stabilized with low-molecular-weight HA
shows particles with average sizes ranging from 100-400 nm in
diameter, which roughly correspond to the results obtained by DLS. The
fact that sizes of particles determined by DLS are expressed as intensity-
weighted z-average diameters and that TEM provides number-averaged

particle sizes has to be considered in this respect. By visual assessment,
the particles are regular and globular in shape. The morphology of
samples stabilized with high-molecular-weight HA is more complicated
and the figure depicts round particles (darker) connected by oblong
rods/tubes (brighter part), which are distributed around them. The
appearance of chitosan stabilized colloids is even more different,
showing rod-like structures with a higher aspect ratio (Fig. 2). Inter-
estingly, the morphology of colloids stabilized with two synthetic
polymers, PVAL (Stejskal et al., 1996; Stejskal & Sapurina, 2005) and
poly(N-vinylpyrrolidone) (Stejskal et al., 1996) was different. These
samples formed irregular rice-grain particles and were noticeably
polydisperse in their sizes. On the other side, the PANI colloids pre-
pared in the presence of biodegradable and biocompatible gelatin
yielded particles with spindle-like morphology and the authors reported
on their non-uniformity in size, which decreased with increasing con-
centration of gelatin (Bober et al., 2017). Influence of the type and
molecular weight of stabilizing polymer on the shape, size and size
distribution of colloidal particles is, therefore, obvious.

3.4. Biological properties

Cytotoxicity and antibacterial activity were studied using samples
with the best physico-chemical properties and stability; all prepared
sample types were tested, except for CH-B. The testing of CH-B samples
was omitted, as polymerization in the presence of this polymer did not
provide colloidal particles. Prior to the determination of biological
properties, PANI dispersions were thoroughly dialyzed against 0.1 M
hydrochloric acid to remove residual monomer and other low-mole-
cular-weight impurities or by-products. According to DLS measure-
ments, the sizes of colloidal particles were shown to be unchanged in

Table 4
Concentration of PANI in colloids (ug mL™?) related to dilution (%) of the
parent colloidal dispersion.

% of parent colloidal dispersion Concentration of PANI in colloid

(ug mL™")

HA-A1 HA-B2 CH-A2
100.0 6,200 8,400 1,200
50.0 3,100 4,200 600
25.0 1,550 2,100 300
12.5 775 1,050 150
10.0 620 840 120
7.5 465 630 90
6.25 387 525 75
5.0 310 420 60
2.5 155 210 30
1.0 62 84 12
0.5 31 42
Ref 0 0 0
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Table 5

Antibacterial activity of PANI colloidal dispersions stabilized with HA-A1, HA-
B2, and CH-A2 recorded for different dilutions (%) of parent colloidal disper-
sions.

% HA-A1 HA-B2 CH-A2

S. aureus E. coli S. aureus E. coli S. aureus E. coli
50 0 0 10 MIC 177 MIC
25 MIC MIC 69 3 # 2
12.5 # # # 2 # 5
6.25 # # # # # #
Ref # # # # # #

#: Number of colonies was uncountable as the bacteria covered entire surface of
the agar.

comparison with non-dialyzed samples.

Because of the variation in starting reaction mixtures used for the
synthesis of colloids, and in order to compare their biological proper-
ties, concentrations of PANI in each of the colloids were determined by
UV-vis spectrophotometry (Table 4). Descending concentrations of
tested colloidal dispersions, obtained after dilution in cultivation
media, were used for biological testing.

As already mentioned above, the ratios between the contents of
PANI and the contents of stabilizer were different in the prepared col-
loids and were notably lower for CH used as a stabilizer in comparison
with colloids stabilized with HA. As both PANI alone and the stabilizing
polysaccharides are biologically active, their ratio can be crucial for
understanding the biological properties of colloids described below.

3.4.1. Antibacterial properties

The antibacterial activity of colloids was tested using the two most
common representatives of bacterial species, gram negative E. coli and
gram positive S. aureus. The studied colloidal dispersions comprise
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particles of small sizes, stable in aqueous environment, and are there-
fore advantageous for a number applications where antibacterial ac-
tivity is required. Moreover, chitosan is known for its inherent anti-
bacterial activity, and the efficacy of PANI against bacteria has also
been proven (Kucekova et al., 2014; Marakova et al., 2017; Mikusova
et al., 2017). Therefore, the combination of these two components in
colloidal particles might be of particular advantage with respect to their
antibacterial activity.

On the basis of the determined MIC (Table 5), it can be concluded
that the antibacterial activity of colloids depends both on the type of
stabilizer used and on the ratio between the stabilizer and PANI. If the
concentrations of colloidal particles in a medium are considered,
sample HA-A1 demonstrated the highest antibacterial activity against S.
aureus and E. coli, showing an MIC at about 25% dilution of the parent
dispersion. This effect might be because of the presence of PANI, whose
concentration is notably higher in comparison with colloids stabilized
with chitosan. Remarkably, the HA-B2 sample, containing an even
higher concentration of PANI, first showed an MIC at 50% and only
with respect to the growth suppression of E. coli. This suggests that the
molecular weight of HA and the size of colloidal particles might have
influenced the antibacterial activity of the samples. Chitosan-stabilized
colloids showed the lowest antibacterial activity, which, moreover, can
be mainly assigned to the antibacterial effect of chitosan itself. As the
concentration of PANI in this sample was low, its contribution to the
overall efficacy of the sample was only minor.

3.4.2. Cytotoxicity

Correspondingly to antibacterial tests, cytotoxicity was also in-
vestigated using samples with the best properties and stability. The
testing was conducted according to the protocol of ISO standard 10993-
5.

The relative viabilities of cells in the presence of the tested colloids
are depicted in Fig. 3. The absence of cytotoxicity (viability of cells

HA-B2

Relative cell viability

Fig. 3. Cytotoxicityof PANI colloids. The dashed lines highlight the limits of cell viability according to EN ISO 10993-5: viability > 0.8 corresponds to absence of
cytotoxicity, > 0.6 — 0.8 mild cytotoxicity, > 0.4-0.6 moderate cytotoxicity, and < 0.4 severe cytotoxicity.
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higher than 80%) was observed for sample HA-A1, prepared with the
higher molecular weight of stabilizing polymer at colloid dilutions
lower than 10% (less than 620 jig mL ™! PANI). Corresponding behavior
was observed for the colloid stabilized with CH. In this case, the con-
centration of PANI at 10% dilution of the colloidal dispersion was no-
tably lower at 120 ug mL ™. In both cases, however, the cell viabilities
were still lower than those determined for reference cells. Higher cy-
totoxicity was then determined for colloid stabilized with HA-B2 of
lower molecular weight, which contained, at the corresponding dilution
of 10%, the highest amount of PANI, or 840 ug mL~'. Within dilutions
ranging from 7.5 to 0.5%, HA-B2 then showed mild cytotoxicity cor-
responding to a cell viability ranging from 60 to 80%. The testing of
HA-stabilized colloids at dilutions higher than 10% was impossible, as
they formed a gel when added to the cultivation medium.

In the corresponding dilution range, CH-stabilized samples ex-
hibited the lowest cytotoxicity, which undoubtedly resulted from the
low amount of PANI present in this sample. On the basis of these ob-
servations, it can be concluded that cytotoxicity is more likely con-
nected with the presence of PANI, the concentration of which was
highest in the HA-B2 sample, than with the presence of polymeric
stabilizer. It can also be speculated that different molecular weights of
HA can play a certain role.

A pioneering study exploring the biological properties of colloidal
PANI was published by Kucekova et al. (2014). In that study, the
properties of PANI stabilized with PVP were investigated and cyto-
toxicity, antibacterial activity, and the impact of colloid on neutrophile
oxidative burst were studied. The results of this research are therefore
worth comparing with the current work, mainly with respect to the
influence of PANI concentration and type of stabilizer on the studied
biological properties. In this context, it can be concluded that the use of
both types of HA as colloid stabilizers afforded dispersions with lower
cytotoxicity.

As regards the comparison of antibacterial properties, PANI colloids
stabilized with HA of higher molecular weight demonstrated higher
antibacterial activity against S. aureus, similarly to colloids stabilized
with PVAL containing a comparable amount of PANI. Thus, the effect of
stabilizer must also be taken into consideration. Interestingly, gram
negative E. coli was more sensitive to colloidal PANI no matter whether
it was stabilized with HA, CH or PVP.

4. Conclusions

Aqueous colloidal polyaniline dispersions stabilized with bioactive
polysaccharides, sodium hyaluronate and chitosan have been success-
fully synthesized. They can be considered as promising materials ap-
plicable in their original colloidal form as well as precursors for pre-
paration of conducting layers mediating contact with cells and tissues
capable to respond to electrical stimuli (e.g., cardiac or nervous cells).
Physico-chemical characteristics of prepared colloids, namely their
UV-vis spectra, morphology, and particle sizes, proved that all these
parameters depend upon composition of reaction mixture in terms of
concentrations of reactants and molecular weight and type of the sta-
bilizer. The tests on cytotoxicity performed on mouse embryonic fi-
broblasts (NIH/3T3) demonstrated that both hyaluronate- and chit-
osanstabilized colloids have low toxicity, which mainly depends on the
concentration of polyaniline in the respective sample. The threshold for
the absence of cytotoxicity (cell viability higher than 80%) appeared at
PANI concentration of 465ug mL~!. The antibacterial testing evi-
denced activity of colloids both against gram positive S. aureus and
gram negative E. coli strains. Surprisingly, the best-performing sample
was the polyaniline stabilized with sodium hyaluronate (molecular
weight 1.8-2.1 x 10°), which had minimum inhibitory concentration
of 1550 uyg mL ™ ?.
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Conducting polyaniline can be prepared and modified using several procedures, all of which can signif-
icantly influence its applicability in different fields of biomedicine or biotechnology. The modifications
of surface properties are crucial with respect to the possible applications of this polymer in tissue engi-
neering or as biosensors. Innovative technique for preparing polyaniline films via in-situ polymerization
in colloidal dispersion mode using four stabilizers (poly-N-vinylpyrrolidone; sodium dodecylsulfate;
Tween 20 and Pluronic F108) was developed. The surface energy, conductivity, spectroscopic features,
and cell compatibility of thin polyaniline films were determined using contact-angle measurement, the
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lasts, respectively. The stabilizers significantly influenced not only the surface and electrical properties
of the films but also their cell compatibility. Sodium dodecylsulfate seems preferentially to combine both
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non-irritant for skin, which was confirmed by their in-vitro exposure to the 3D-reconstructed human
tissue model.
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1. Introduction

The combination of intrinsic electrical conductivity with easy
preparation and modification procedures opens the door for the
promising application of conducting polymers in engineering of
excitable tissues. Among conducting polymers, polyaniline (PANI)
receives particular and still increasing attention, mainly because it
can be prepared by various methods [1-3] and it is subsequently
easily modified in order to change its surface properties [4]. There-
fore, this polymer seems to be well suited for application in tissue
engineering and biosensors. PANI prepared in powder form, how-
ever, possesses notable cytotoxicity [5], which is believed to be
mainly connected to the presence of low-molecular-weight impu-
rities [6]. The purification of PANI powder after preparation [7],
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Zlin, Trida Tomase Bati 5678, 76001 Zlin, Czech Republic.
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http://dx.doi.org/10.1016/j.colsurfb.2017.05.066
0927-7765/© 2017 Elsevier B.V. All rights reserved.

as well as methods of its green synthesis [8], are alternatives to
the standard route of preparation [2]. Compared to powders, thin
PANI films grown on the supporting surfaces seem to be purified
more easily. Thanks to this fact, pristine PANI films [9,10] as well
as films combined with other polymers [11] enable cell growth
on their surfaces. PANI films coated with poly(2-acrylamido-2-
methyl-1-propanesulfonic acid) were compatible with blood cells
and allowed for platelet adhesion [12]. Another way how cell
compatibility, or more generally the biocompatibility of PANI,
can be controlled is the combination with various stabilizers,
whether they are standard surfactants or water-soluble polymers.
Some of these stabilizers have been used to prepare colloidal
PANI [13]; some were even tested for their biological properties
[14]. In comparison with standard PANI films, they have reduced
surface roughness, as the stabilizer prevents the macroscopic pre-
cipitation of PANI from the reaction mixture. Moreover, films
grown on surfaces immersed in mixtures containing stabilizers are
thinner compared to those prepared from a reaction mixture with-
out stabilizer [15]. The present study therefore focuses on PANI
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modification using various surfactants or colloidal stabilizers with
the aim to control the surface and electrical properties and also the
cell compatibility.

2. Materials and methods
2.1. Preparation of polyaniline films

PANI films were prepared in situ on a suitable substrate via
the oxidation of aniline hydrochloride (0.2 mol L-!, Lach-Ner) with
ammonium peroxydisulfate (0.25molL~!, Sigma-Aldrich) in the
presence of a stabilizer (2 wt%). Four different substrates were used
as supports: tissue polystyrene culture dishes (TPP; Switzerland)
for the determination of cell compatibility, a glass support for
conductivity measurements, polypropylene foil for the measure-
ment of surface properties, and silicon wafer for spectroscopic
analysis. To produce PANI films, aniline hydrochloride (2.59 g) was
dissolved in 50 mL of an aqueous solution of the respective sta-
bilizer (40 gL-1), namely poly(N-vinylpyrrolidone) (PVP), sodium
dodecylsulfate (SDS), Tween 20 (T20), or Pluronic F108 (F108) (all
Sigma-Aldrich). An aqueous solution (50 mL) containing 5.71¢g of
ammonium peroxydisulfate was added, and the reaction mixture
was stirred and poured over the substrate. The oxidation of aniline
was left to proceed for 1h. PANI films formed on supports were
then rinsed with 0.2 mol L-1 HCl and left to dry in air. The samples
were designated PANI-PVP-H,0, PANI-SDS-H,0, PANI-T20-H,0,
and PANI-F108-H,O. Similar films were also prepared with aniline
hydrochloride and stabilizer dissolved in 1molL~! hydrochlo-
ric acid instead of water (samples PANI-PVP-HCI, PANI-SDS-HCI,
PANI-T20-HCl, and PANI-F108-HCl), i.e. under higher acidity of the
reaction medium. The films prepared in the absence of stabilizer
are referred to as standard films.

2.2. Conductivity

The conductivity of the samples was measured by the four-point
van der Pauw method. A programmable electrometer with an SMU
Keithley 237 current source and a Multimeter Keithley 2010 volt-
meter with a 2000 SCAN 10-channel scanner card were employed.
Measurements were carried out at ambient temperature.

2.3. Surface energy

Contact angle measurements and the determination of surface
energy were conducted with the aid of the “SEE system” (surface
energy evaluation system) (Advex Instruments, Czech Republic).
For polyaniline samples, deionized water, ethylene glycol, and
diiodomethane (Sigma-Aldrich) have been used as test liquids. The
droplet volume of the test liquids was set to 2 L in all experiments.
Ten separate readings were averaged to obtain one representative
contact-angle value. By using these data, the substrate surface free
energy was determined by the “acid-base” method.

In order to evaluate the interaction of fibroblasts cells with PANI
films, the surface free energy of the cells was also determined. The
cell suspension was thoroughly filtered through a filtration paper to
obtain a homogeneous cell layer on the paper, and this sample was
immediately subjected to contact-angle measurement. For cells,
glycerol (Sigma-Aldrich) and diiodomethane were used as the test
liquids, and the droplet volume of these liquids was also set to 2 L
for all experiments. Correspondingly to PANI films, ten separate
readings were taken to obtain one representative average contact
angle value. Using these data, the cell surface free energy was cal-
culated by the Owens-Wendt-Rabel-Kaelble (OWRK) method, and
the total surface energy ('), including its components, the dis-
perse part (y*W) and the polar part (yAB), were obtained. Finally,
the cell-film interaction was determined and ydif, denoting the

absolute value of the difference between the surface energy of

cells and that of the film, was calculated according to the equation
ydif = |ytot,cell _ ytot,sample |

2.4. Spectroscopic analysis

Fourier-transform infrared (FTIR) spectra of the films deposited
on silicon windows were recorded in the range of 650-4000 cm™!
at 256 scans per spectrum at a 4cm~! resolution by means of a
fully computerized Thermo Nicolet NEXUS 870 FTIR Spectrometer
using a DTGS detector. After measurements, spectra were corrected
for moisture and carbon dioxide in the optical path. An absorption
subtraction technique was used to remove the spectral features
of silicon wafers. Golden GateTM Heated Diamond ATR Top-Plate
(MKII Golden Gate single reaction ATR system) was applied for the
supporting measurements of pure surfactants.

Raman spectra excited with an HeNe 633 nm laser were col-
lected on a Renishaw inVia Reflex Raman microspectrometer. A
research-grade Leica DM LM microscope with x50 objective mag-
nification was used to focus the laser beam on the sample placed on
an X-Y motorized sample stage. The scattered light was analyzed by
a spectroscope with holographic gratings with 1800 linesmm~1. A
Peltier-cooled CCD detector (576 x 384 pixels) was used to register
the dispersed light.

2.5. Cell compatibility

Prior to in-vitro testing, the samples were disinfected by
30 min exposure to a UV-radiation source operating at a wave-
length of 258 nm emitted from a low-pressure mercury lamp.
The compatibility of polyaniline films with the mouse embry-
onic fibroblast NIH/3T3 cell line (ATCC; US) was investigated.
Cell adhesion, proliferation, and migration were studied. The
ATCC-formulated Dulbecco’s Modified Eagle’s Medium (PAA;
Switzerland) containing 10% calf serum (PAA; Switzerland) and
100U mL~! Penicillin/Streptomycin (PAA; Switzerland) was used
as the culture medium.

Tests were conducted as follows: (1) To reveal the ability of cells
to adhere to surfaces, the cells were seeded on reference culture
dishes (TPP; Switzerland) and the studied polymer films in a con-
centration of 1 x 107 cellsmL~!. After one or six hours, the cells
were gently rinsed and micrographs were taken. (2) Cell prolifer-
ation was evaluated with cells seeded in an initial concentration
of 1x10°cellsmL~! and cultivated for 72h. Micrographs were
also taken. (3) To show the changes in cytoskeleton, the actin fil-
aments staining with ActinRed™ 555 (Thermo Fisher Scientific,
USA) was used. Cells were seeded in an initial concentration of
1 x 10° cellsmL~! and cultivated for 24 h. Subsequently, cells were
fixed and permeabilized using the following procedure. Cells were
fixed using 4% formaldehyde (Penta, Czech Republic) for 15 min,
rinsed with PBS and subsequently poured with 0.5% Triton X-100
(Sigma-Aldrich,USA) for 5 min for permeabilization. After this time,
cells were rinsed 3 times with PBS (Invitrogen, USA). PBS (1 mL)
containing 10 pL of ActinRed™ 555 was added and cells were left
toincubate for 30 min in the dark. Morphology of cells was observed
and micrographs were taken using an inverted fluorescence phase
contrast microscope (Olympus IX 81, Japan). (4) Cell migration was
determined by scratch assay according to Liang etal. [ 16] with mod-
ification. A scratch was created in a confluent cell monolayer and
after 24 h micrographs were captured with an Olympus inverted
fluorescent microscope (Olympus, IX 51; Japan) equipped with a
digital colour camera (Leica DFC480; Germany).
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Table 1

The conductivity (Scm~" + SD) and surface energy (mN m~! 4+ SD) of polyaniline films prepared in situ in the presence of various stabilizers in water and in 1 M HCL*

Stabilizer PVP SDS Tween 20 Pluronic F-108
Dispersion medium H,0 1M HCl H,0 1M HCI H,0 1M HCl H,0 1M HCI
Conductivity 1.96 £0.01 18.4+0.02 3.60+0.01 30.40+£0.08 6.07 +£0.03 8.39+0.04 1.74+0.01 25.9+0.01
yToT 4945 55+4 4343 4642 69+2 61+2 59+4 56+4
Surface ener yw 46+1 46+ 1 41+2 41+1 50+1 50 +1 51+1 50 +£1
24 yhB 344 9+3 243 542 19+1 11+2 8+4 6+4
ydif 0.21 5.79 6.21 3.21 19.79 11.79 9.79 6.79

2Surface energy of NIH/3T3 cells alone: y™T=49.21, y'W =23.21, A8 =26.00.

2.6. Skin irritation test

The skin irritation potential of PANI-SDS-HCl was tested in vitro
after application onto a 3D reconstructed human tissue model
(RHT) EpiDerm (MatTek, Slovakia). The exposure time was adjusted
to 1h. After exposure, RHT was carefully rinsed and incubated in
fresh medium for 42 h. After the incubation period, skin irritation
was evaluated using MTT assay. The test was performed according
to OECD Guideline for the Testing of Chemicals, No. 439: In Vitro
Skin Irritation: Reconstructed Human Epidermis Test Method [17].

3. Results and discussion

Virtually any substrate, which is immersed in the reaction mix-
ture used for the oxidation of aniline hydrochloride becomes coated
with a thin polyaniline film [3] of the typical thickness 100-150 nm
and fused globular morphology. The films are thinner and more
conducting if the polymerization is carried out in 1M hydrochlo-
ric acid instead of water, i.e. under higher acidity of the reaction
medium. Polyaniline is obtained in both cases as an accompanying
precipitate and collected as a powder.

If the synthesis takes place in the presence of a stabilizer, such
as water-soluble polymer, poly(N-vinylpyrrolidone), the colloidal
dispersions with the particle size is of 200-400 nm are produced
instead of the precipitate. Also in this case the thin films are also
produced on immersed interfaces during the oxidation [15] and we
refer to them as being in-situ prepared in colloidal dispersion mode.
They are thinner and smoother compared with the films prepared

in the absence of stabilizer [18]. Please note that such films qual-
itatively differ in morphology from the films cast from colloidal
dispersions that are produced by printing techniques [19,20].

Surfactants may play a similar role in the stabilization of
polyaniline colloids like PVP and they similarly affect the growth of
polyaniline films. In this case, the incorporation of surfactants into
or onto the films is likely due to hydrophobic or ionic interactions
with polyaniline. Anionic surfactant SDS, and non-ionic surfactants
T20 and F108 were employed for obtaining films with different sur-
face properties. SDS[21,22] and T20 [23] have previously been used
as stabilizers for the synthesis of colloidal polyaniline, however,
the properties of thin films obtained simultaneously have not been
addressed.

3.1. Conductivity

Higher conductivity is achieved for PANI films formed dur-
ing the synthesis in 1M hydrochloric acid in comparison with
samples prepared via reaction using water as a reaction medium
(Table 1). These results correspond to the findings presented in
the IUPAC technical report [3], in which the conductivity of the
standard PANI film prepared in aqueous medium and in 1 mol L~!
HCl reached 2.6+0.7Scm~! and 18.8+7.1Scm™!, respectively.
In the present study, the conductivities ranged from 1.74 +0.01
(PANI-F108-H,0) to 30.40 + 0.08 Scm~! (PANI-SDS-HCI). The films
prepared from stabilizer-containing reaction mixtures had gener-
ally higher conductivities (Table 1) than commonly prepared PANI
films as reported in the literature [18]. The explanation of this
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Fig. 1. FTIR spectra of standard PANI film (PANI-S), corresponding film of PANI base (PANI-B), and the films prepared in water in the presence surfactants (PANI-T20, PANI-SDS,
PANI-F108, and PANI-PVP) deposited in-situ on Si wafer, and the spectra of corresponding stabilizers alone. The peaks of surfactants are marked with asterisks.
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Fig. 2. Raman spectra of standard PANI film (PANI-S), corresponding film of PANI base (PANI-B), and the films prepared in water in the presence surfactants (PANI-T20,
PANI-SDS, PANI-F108, and PANI-PVP) deposited in-situ on Si wafer, and the spectra of corresponding stabilizers alone. The excitation wavelength was 633 nm.

Fig. 3. Adhesion of NIH/3T3 cells on the surfaces of PANI films prepared in the presence of different stabilizers evaluated after 1 h incubation. A) reference; B) PANI-SDS-H;0;
C) PANI-SDS-HCI; D) PANI-PVP-H,0; E) PANI-PVP-HCI; F) PANI-F108-H,0; G) PANI-F108-HCl; H) PANI-T20-H,O; I) PANI-T20-HCI. Scale bars correspond to 500 pm.

difference is based on the brush-like chain morphology of the film 3.2. Surface energy

prepared in the presence of a stabilizer and its gradual disorgani-

zation during the polymer chain growth in its absence. The surface energies of pristine PANI films prepared in the
absence of stabilizers were determined earlier [9]: yT0T=52.54,
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Fig. 4. Proliferation of NIH/3T3 cells on surfaces of PANI films prepared in the presence of different stabilizers evaluated after 72 h incubation. A) reference; B) PANI-SDS-H, 0;

C) PANI-SDS-HCI; D) PANI-PVP-H,0O; E) PANI-PVP-HCL. Scale bars correspond to 500 pm.

y'W =46.05 and *B=6.49mNm~'. The values of T from the
current study show that the films prepared in the presence of both
non-ionic surfactants Tween 20 and Pluronic F108 were the most
different in comparison with the pristine films (Table 1). This differ-
ence was not so notable for remaining samples. The surface energy
mainly depended on the type of stabilizer and it was not signifi-
cantly influenced by the particular reaction medium. Interestingly,
the disperse part y'W of the surface energy was equal for all films
prepared in water and in 1M HCI. The surface energies YT of the
samples containing the stabilizers increased in the following order:
PANI-SDS < PANI-PVP < PANI-F-108 < PANI-T20.

3.3. Spectroscopic analysis

Infrared spectra of standard PANI, PANI prepared in the pres-
ence of Tween, SDS, Pluronic F108, and PVP deposited in-situ on
silicon wafer, and the corresponding stabilizers are shown in Fig. 1.
The spectra of PANI prepared in the presence of stabilizers exhibit
main bands of standard PANI salt [24]. The broad band observed
above 2000cm~! in the spectra corresponds to the polaron band
of protonated PANI. The presence of SDS, Pluronic F108, and PVP
manifests itself by the peaks of surfactants in corresponding spec-
tra of the oxidation products (marked with asterisk in Fig. 1). In the
case of PANI-T20-H,O0, the spectrum is practically identical with
the spectrum of standard PANI salt and the bands of the surfactant
are not identified.
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Fig. 5. The differences in cytoskeleton organization of NIH/3T3 cells on surfaces of PANI films prepared in the presence of different stabilizers evaluated after 24 h. A)

PANI-SDS-H,0; B) PANI-PVP-HCL. Scale bars correspond to 200 pm.

Raman spectra (Fig. 2) strongly support the results of the
infrared analysis, i.e. that the oxidation in the presence of stabiliz-
ers leads to the protonated form of PANI [25]. In the case of Raman
spectra, the peaks of stabilizers have not been detected. Some small
changes in the spectra correspond to the fact that the degree of
protonation is lower than in standard PANI salt.

3.4. Cell compatibility

Cell compatibility is a complex of various cell characteristics
covering, for example, cell adhesion, growth, and proliferation. The
compatibility of cells with a given substrate is mainly connected
withits surface chemistry and topography and the presence of func-
tional groups, which can interact with cell receptors and membrane
proteins.

Cell adhesion to the tested PANI films after 1h is visualised in
Fig. 3. Though significant differences were detected in the values of
y4¥ which expresses the ability of a cell to adhere to a given surface,
cell behaviour was similar and unaffected by small differences in
the numbers of cells or their morphology. After 6 h after seeding,
cells quantity was still unaltered. The differences was observable
no soon than after 24 h. It can be concluded that the cells were able
to adhere equally to all tested surfaces.

Significant differences were observed, however, in the subse-
quent behaviour of cells. These were able to grow and proliferate
only on PANI-SDS-H,0 and PANI-SDS-HCI films (Fig. 4), but not
on the remaining surfaces. On PANI-PVP-H,0 and PANI-PVP-HCIl
films, the cell growth was rare and only a few cell enclaves were
present (Fig. 4D, E). The situation was even worse on PANI films
containing F108 or T20 surfactants, where the cells were not able
to proliferate at all. Proliferation was, however, slightly improved
after serum albumin solution was poured onto the films; however,
even after 7 days, the cells did not create a semi-confluence layer
(data not presented). The positive effect of serum albumin on pro-
liferation is not surprising, as this protein is well known to improve
the compatibility of surfaces with cells.

As previously described, the cells were able to adhere on PANI-
PVP films but they did not behave in physiological manner after
72 h. To reveal the differences in cell behaviour on films with SDS
or PVP, the cytoskeleton of cells was visualised using ActinRed (see
Fig. 5). It is clearly seen that there are differences not only in the
amount of the cells but also in the cytoskeleton organization. In
Fig. 5A, the cells cultivated on SDS displayed normal cytoskeleton
organization while on PVP (Fig. 5B) the cytoskeleton does not form
much filopodia and cells do not spread out.

As cells proliferated well only on PANI-SDS-H,0 and PANI-SDS-
HCl, scratch assays were performed only on these surfaces. The
respective micrographs (Fig. 6) demonstrate that cells were able
to migrate into the scratches on these films in a comparable man-
ner to cells on the reference. It can therefore be concluded that both
PANI films containing SDS offer good cell compatibility.

Considering the above-described behaviour of cells, it can be
summarized that cells were able to adhere on all surfaces but,
except in the case of PANI-SDS-H,0 and PANI-SDS-HCI, were inca-
pable of proliferation. This is likely due to a non-receptor mediated
cell/surface binding, which allows cells to adhere but is not suf-
ficient for the survival of anchorage-dependent cells (NIH/3T3),
which therefore undergo apoptosis. This is also supported by the
fact that the pouring of serum albumin over film surfaces improved
the adhesion and proliferation of cells on these surfaces. This effect
was, however, expectable thanks to the ability of albumin to mimic
the extracellular matrix. The growth of cells in enclaves, which was
observed on the PANI-PVP-H,0 and PANI-PVP-HCI films, can be
explained by the fact that some of the adhered cells can start to
synthesize their own extracellular matrix and deposit it on the film
surface. On the other hand, the surfaces of PANI-SDS-H, 0 and PANI-
SDS-HCI must also allow for receptor-mediated adhesion which
facilitates not only the adhesion of cells on these films, but also their
growth and proliferation. Explanation of the exceptional behaviour
of PANI films incorporating SDS can be connected to the fact that
SDS contains sulfate groups, which were reported to stimulate cell
adhesion, activate the spread of cells, and influence cytoskeleton
reorganization [26]. In this respect, it is interesting that PANI films
in their native form, i.e. without stabilizes, allow not only for cell
adhesion and proliferation [5] but also for cardiomyogenesis and
neurogenesis [9].

3.5. Skin irritation test

Interesting results were also gathered from the skin irritation
test conducted on the RHT model. The best performing film with
respect to cell compatibility, PANI-SDS-HCI, was tested for the pro-
duction of reversible damage to skin. After skin irritation testing
was performed, this film was classified as a non-irritating mate-
rial, as the viability of cells in the RHT model treated with the
tested sample reached 112 + 6%, which indicated even less irritat-
ing potential than that of the reference. The skin irritation potential
of standard PANI films without stabilizers was determined in vivo
on a number of volunteers in study by Humpolicek et al. [5], who
reported that this material also induced significantly less irritation
than the positive control. Comparison of both studies demonstrates
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Fig. 6. Scratch assay — cell migration of NIH/3T3 cells on surfaces of PANI films prepared in the presence of different stabilizers evaluated after 24 h incubation. A) reference;
B) PANI-SDS-H,0; C) PANI-SDS-HCI. PANI-PVP, PANI-F108 and PANI-T20 were not tested. Scale bars correspond to 500 pm.

that the incorporation of SDS into PANI films didn’t influence their
irritation potential.

4. Conclusions

PANI films with advanced biological properties can be efficiently
prepared using colloidal dispersion mode, i.e. during the synthe-
sis of conducting polymer in the presence of different stabilizers.
The type and character of stabilizer incorporated into the PANI film
significantly influenced not only conductivity and surface proper-
ties, but also primarily the cell compatibility. Among the stabilizers
used, SDS had the most positive impact as the best properties
in terms of conductivity and cell compatibility were recorded for
films incorporating this surfactant. Moreover, these films were non-
irritating and displayed no harmful effects on human skin. It can
be concluded, therefore, that the preparation of PANI films using
a colloidal dispersion mode can lead to a significant improvement
in the biological properties of PANI. This significantly enhances the
applicability of PANI in tissue engineering and, more generally, in
biomedicine. In particular, its use in biosensors capable of conduc-
tometric monitoring of ongoing changes on the skin surface should
be of particular interest.
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ARTICLE INFO ABSTRACT

Keywords: Conducting polymers (CP), namely polyaniline (PANI) and polypyrrole (PPy), are promising materials applicable
Polyaniline for the use as biointerfaces as they intrinsically combine electronic and ionic conductivity. Although a number of
Polypyrrole works have employed PANI or PPy in the preparation of copolymers, composites, and blends with other poly-
Biocompatibility

mers, there is no systematic study dealing with the comparison of their fundamental biological properties. The
present study, therefore, compares the biocompatibility of PANI and PPy in terms of cytotoxicity (using NIH/3T3
fibroblasts and embryonic stem cells) and embryotoxicity (their impact on erythropoiesis and cardiomyogenesis
within embryonic bodies). The novelty of the study lies not only in the fact that embryotoxicity is presented for
the first time for both studied polymers, but also in the elimination of inter-laboratory variations within the
testing, such variation making the comparison of previously published works difficult. The results clearly show
that there is a bigger difference between the biocompatibility of the respective polymers in their salt and base
forms than between PANI and PPy as such. PANI and PPy can, therefore, be similarly applied in biomedicine
when solely their biological properties are considered. Impurity content detected by mass spectroscopy is pre-
sented. These results can change the generally accepted opinion of the scientific community on better bio-

compatibility of PPy in comparison with PANI.

1. Introduction

The impact of bioelectricity on physiological processes can be ob-
served either on the level of individual cells, e.g, the stem cell differ-
entiation [1] and cell movement [2], or on the level of tissues, e.g., the
physiology of electro-sensitive tissues or wound healing [3]. In the
preparation of a biocompatible biointerface, the combination of elec-
tronic and ionic conductivity is one of the key parameters; in this re-
spect, conducting polymers (CP) are considered to be an excellent so-
lution as they inherently combine both of these types of conductivities
[4]. Though polyaniline (PANI) and polypyrrole (PPy) are the most
studied conducting polymers, and there are a number of studies dealing
with their preparation, characterization, and physico-chemical prop-
erties, the works which focus on their comparison are scarce as regards
their chemistry [5,6] and especially their biological properties [7,8].

Both PANI and PPy have been used extensively for the preparation
of composites with other materials and subsequently tested in terms of
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E-mail address: humpolicek@utb.cz (P. Humpolic¢ek).
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their biological properties, such as their in vivo capacities to cause re-
actions in tissues [9,10]. In spite of this, however, there are few studies
describing the biological properties of pure PANI (e.g in the form of
powder [11]; colloids [12] or films [13,14]) or PPy [15]. This lack of
knowledge is critical if biologically-oriented applications are to be
considered.

The crucial characteristic of any material used in tissue engineering
is its biocompatibility. It is very well known that biocompatibility is a
complex characteristic combining a range of individual biological
properties which are preferably tested using alternative invitro methods.
Although invitro experiments can provide valuable information, its in-
terpretation still presents a challenge, as any model (such as different
cell lines) can behave differently and different conclusions can there-
fore be drawn. When comparing results published in literature, inter-
laboratory variations in assay performance must also be considered, as
the number of tests is not validated and each laboratory can apply a
slightly different experimental set-up. For example, such variation and
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inconsistency can occur as a result of the procedures for handling em-
bryonic stem cells in individual laboratories. The presented work is,
therefore, aimed at performing and discussing a complex comparative
study of the fundamental biological impacts of PANI and PPy on NIH/
3T3 fibroblasts, embryonic stem cells (ESc), and embryoid bodies (EBs)
observed under the same conditions. Fibroblasts were chosen as they
are the most frequently used line for the determination of cytotoxicity;
ESc are a lineage with considerable potential for application in bio-
medicine and tissue engineering thanks to their naive phenotype and
ability to differentiate into a variety of cell lineages; and the choice of
EBs was motivated by the fact that their interaction with materials can
be used as a marker of embryotoxicity.

The motivation for this study emerged from long term experience
with CP and because PPy is understood by the scientific community to
be more biocompatible than PANI even though the supposed super-
iority of PPy is not based on any experimental data.

2. Material and methods
2.1. Preparation and characterization of polymers

Polyaniline salt (PANI-S) was prepared using a standard procedure
[16]. Specifically, a 0.2 M aqueous solution of aniline hydrochloride
(Penta, Czech Republic) was oxidized with 0.25M ammonium perox-
ydisulfate (APS; Penta, Czech Republic). Polymerization was carried
out at room temperature for 12 h. The resulting green solids of poly-
aniline salt were collected on a filter, rinsed with 0.2 M hydrochloric
acid, and similarly with acetone, and dried at room temperature over
silica gel.

Polypyrrole salt (PPy-S) was synthetized by oxidizing 0.2 M pyrrole
(Sigma-Aldrich) with 0.5M iron (III) chloride hexahydrate (Sigma-
Aldrich) in an aqueous environment. The oxidant to pyrrole mole ratio
was 2.5. The mixture was left to polymerize at room temperature for
12 h. The black solids were collected on a filter and, similarly to PANI-S,
rinsed with 0.2 M hydrochloric acid followed by acetone, and dried at
room temperature over silica gel.

A part of both, PANI-S and PPy-S were deprotonated to polyaniline
base (PANI-B) and polypyrrole base (PPy-B) by immersing the solids in
an excess of 1M aqueous ammonium hydroxide. SEM photo-
micrographs were captured using a JEOL 6400 microscope.

2.2. Preparation of polymer extracts

Samples were extracted according to a modification of protocol ISO
10993-12. The modification of the standard procedure involved the
ratio between the mass of the extracted samples and the volume of the
extraction medium. The standard procedure employs 0.2 g polymer per
1mL cultivation medium. As the PPy samples were very fluffy and
extremely difficult to separate from the medium after extraction, the
ratio of 0.05 g of powder per 1 mL of cultivation medium was used for
all tested samples. In this way a sufficient volume of each polymer
extract was obtained for testing. Extraction was performed in chemi-
cally inert closed containers using an aseptic technique at 37 = 1°C
under stirring for 24 h. The extracts were separated from the powders
by double centrifugation at 1000 g for 15min. The parent extracts
(100%) were then diluted in a complete medium to obtain a series of
dilutions with concentrations of 1, 5, 10, 25, and 50%. All extracts were
used within 24 h. Prior to in-vitro testing, the samples were disinfected
by means of sterile filtration through a 0.22pum syringe filter
(Millipore). Each of the concentrations was tested in quadruplicates, in
four separate sets of experiment.

For mass spectroscopy analyses, the polymers were extracted using
the procedure described above, but with deionized water as the ex-
traction medium.
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2.3. Characterization of polymer extracts

Aqueous polymer extracts were analysed using a 1260 Series liquid
chromatography system (Agilent Technologies, Santa Clara, CA) cou-
pled to a 6520 Accurate-Mass Q-TOF mass spectrometer (Agilent
Technologies, Santa Clara, CA) equipped with a dual-spray electrospray
ionization source. Aliquots of 5 pL were injected as an infusion into the
system with no column installed. Compounds were eluted at 30 °C with
an isocratic flow rate of 0.3 mL min ™! of 1% (v/v) formic acid in water.
The positive ion mode mass spectrometry conditions were as follows:
gas temperature, 300 °C; fragmentor voltage, 75V; capillary voltage,
3.000 V; nozzle voltage, 2000 V; scan range m/z 50 to 1700; 1 scan/s.
The internal mass reference ions m/z 121.050873 and m/z 922.009798
were used to keep the mass axis calibration stable during the analysis.

2.4. Cell lines and media

2.4.1. Mouse embryonic fibroblast cell line NIH/3T3 (ATCC CRL-
1658TM)

ATCC-formulated Dulbecco's Modified Eagle's Medium, catalogue
no. 30-2002, with added calf serum (BioSera, France) to a final con-
centration of 10% and penicillin/streptomycin, 100UmL™' (GE
Healthcare HyClone, UK) was used as the culture medium.

The embryonic stem cell ES R1 line (ESc) [17] was propagated in an
undifferentiated state by culturing on gelatinized tissue culture dishes
in complete media. The gelatinization was performed using 0.1% por-
cine gelatine. Complete media containing Dulbecco's Modified Eagle's
Medium (DMEM), 15% fetal calf serum, 100UmL™! penicillin,
0.1 mgmL ™" streptomycin, 1 X non-essential amino acids solution (all
from Gibco-Invitrogen; USA), 0.05 mM 2-mercaptoethanol (Sigma-Al-
drich; USA), and 1000 UmL ™! leukemia inhibitory factor (Chemicon;
USA) were used for the cultivation [13].

2.4.2. Cytotoxicity on ES R1 and NIH/3T3 cell lines

Cytotoxicity testing was performed according to ISO protocol 10
993-5. Cells were pre-cultivated for 24h and seeded at a density of
5000 cells per cm? in the case of ESc or 12,000 per cm? in the case of
NIH/3T3. The extracts were applied onto cells for 48 h (ESc) or 24 h
(NIH/3T3). To assess the cytotoxic effects of PANI and PPy extracts on
ESs, the mass of viable cells was determined as the level of ATP using
Cellular ATP Kit HTS (Biothema, Sweden). Samples were prepared and
analysed as published [18]. Before lyses, the morphology of the cells
was observed and documented using an inverted Olympus phase con-
trast microscope (Olympus IX51, Japan) fitted up with a digital camera
(Olympus E-450, Japan). To assess the viability of NIH/3T3 cells, MTT
assay was used [19]. As a reference giving 100% cell viability, cells
cultivated in pure complete media were used. The results are presented
in two different ways. In addition to the strict processing of data ac-
cording to the requirements of ISO 10 993-5 standard, statistical eva-
luation was also conducted using one-way analysis of variance ANOVA.
ATP and MTT assays were evaluated using a Luminometer Infinite
m200pro (Tecan, Switzerland).

2.4.3. Embryotoxicity

Embryotoxicity was determined as the likelihood of the formation of
beating foci (the impact on cardiomyogenesis) and erythroid (red)
clusters/colonies (the impact on erythropoiesis) within spontaneous
differentiating ESc after exposure to the studied extracts. ESc differ-
entiation was induced through the formation of embryoid bodies (EBs)
by hanging drop techniques (400 cells per one 35 L drop) in leukemia-
inhibitory-free complete media described in ([20]. After 5days, EBs
were transferred to a gelatinized 24-well plate (one EB per well) in
serum-free medium for the next 15 days and the medium was replaced
with fresh medium every three days. Serum-free medium contained
DMEM-F12 medium (1:1), 100 UmL ™" penicillin, 0.1 gmL ™" strepto-
mycin, and 1x insulin-transferrin-selen (ITS) supplement (all from
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Fig. 1. The morphology of PANI-S and PPy-S visualized by SEM.
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Fig. 2. Cytotoxicity of extracts of PANI and PPy towards NIH/3T3 cells determined by MTT assay. The different superscripts correspond to significant differences
(P < 0.05) compared to the reference. The dashed lines highlight the limits of viability according to EN ISO 10993-5: viability > 0.8 corresponds to no cytotoxi-
city, > 0.6-0.8 mild cytotoxicity, > 0.4-0.6 moderate cytotoxicity and < 0.4 severe cytotoxicity.

Gibco-Invitrogen; USA). Differentiating cells were observed and docu-
mented using an inverted Olympus phase contrast microscope
(Olympus IX51, Japan) equipped with digital camera (Olympus E-450,
Japan) [13].

3. Results and discussion

Each of the studied polymers was synthesized using the most
common preparation procedure employed within the chemical

oxidation routes. Therefore, PANI was synthetized using the oxidation
of aniline hydrochloride with ammonium persulfate according to the
respective IUPAC protocol [16], and PPy was prepared via the oxidation
of pyrrole with iron(III) chloride, which is the oxidant of first choice in
the preparation of this polymer (Fig. 1) [21,22].

There is a common opinion in the scientific community and litera-
ture that PPy is more biocompatible than PANI. This generally accepted
opinion is, however, based on indirect comparisons of studies con-
ducted on these polymers [23]. The present study is the first to compare
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Fig. 3. Cytotoxicity of extracts of PANI and PPy on ESc determined by the relative level of ATP compared to the reference. The different superscripts correspond to
significant differences (P < 0.05) compared to the reference. The dashed lines highlight the limits of viability according to EN ISO 10993-5: viability > 0.8 cor-
responds to no cytotoxicity, > 0.6-0.8 mild cytotoxicity, > 0.4-0.6 moderate cytotoxicity and < 0.4 severe cytotoxicity.

Fig. 4. The cytotoxicity of a tested sample towards ESc. A) reference, B) cytotoxic effect observed after the application of the 5% extract of PPy-S. Cell destruction

after the application of PPy extract is obvious. Magnification: 100 x.

the biological properties of these two most important CP determined
under the same conditions, using the same cell lineages and metho-
dology, and performed in the same laboratory. The results are therefore
unique and difficult to compare meaningfully with those published in
any previous works. Previous studies mainly investigated these poly-
mers separately, using different methodologies, test protocols, and ways
of processing the results obtained. Moreover, most of these works do
not examine these CP alone, but their composites or blends with other
thermoplastic polymers [24,25].

Therefore, the motivation of this study was to provide a
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comprehensive view of the biological properties of PANI and PPy as a
base line for additional advanced studies dealing with the exploitation
of these promising CP in biomedicine, regenerative medicine, and
biosensors in electro-sensitive tissues.

Cytotoxicity tests are the test of first choice when the biocompat-
ibility of materials, including polymers, is evaluated. According to the
EN ISO 10993 protocol, mouse fibroblasts are the cells most commonly
used to determine the cytotoxicity of polymers after the application of
their extracts. Due to advances in the biomaterial sciences, ESc are also
frequently used to determine and evaluate the biocompatibility of



P. Humpolicek et al.

Table 1

Cardiomyogenesis or erythropoiesis observed after contact of ES R1 ECs with
PANI and PPy extracts. Results are expressed as a number of beating foci or
erythroid clusters relative to the reference.

Formed beating foci [%]

Extract concentration [%)] PANI-S PANI-B PPy-S PPy-B
Reference 100 100 100 100

1 100 100 100 100

5 50 100 75 100
25 0 100 0 100

Formed erythroid clusters [%]

Reference 100 100 100 100

1 100 100 75 100

5 13 100 50 100
25 0 100 0 100

materials and products. Thus, the cytotoxicities of PANI and PPy were
determined not only using NIH/3T3 fibroblasts but also ESc. The results
regarding NIH/3T3 cells are presented in Fig. 2 and illustrate that the
extracts of both salts, PANI-S and PPy-S, lost their cytotoxicity at con-
centrations of 5% and below. In contrast, PPy-B did not induce any
cytotoxicity, even when NIH/3T3 cells were cultivated in the presence
of 50% extract; in the case of PANI-B the corresponding effect was
observed at an extract concentration of 25%. The results un-
ambiguously illustrate that PANI and PPy in their base form are notably
less cytotoxic than both polymers in the form of salts. With respect to
ECs (Figs. 3 and 4), the results were very similar to those for NIH/3T3
cells. That is, both bases exhibited notably lower cytotoxicity in com-
parison with the corresponding salts.

The embryotoxicity of PANI and PPy was studied with respect to the
spontaneous differentiation of ES R1 cells using two parameters,
namely the formation of beating foci, which is a marker of cardio-
myogenesis, and the formation of erythroid clusters as a marker of er-
ythropoiesis.

The results of the embryotoxicity test summarised in Table 1 show
only minor differences within the two sets of samples, namely when the
PANI-S with PPy-S and PANI-B with PPy-B are compared. Both PANI-B
and PPy-B performed equally and the levels of formation of beating foci
and erythroid clusters even corresponded to the reference. Therefore, it
was not possible to determine the threshold concentration of extract at
which cardiomyogenesis or erythropoiesis were influenced by these
polymer extracts. The impacts of the PANI-S and PPy-S were, however,
different, and their extracts terminated cardiomyogenesis and ery-
thropoiesis in all EBs at a concentration of 25% in cultivation medium.
The example of erythroid clusters formation is shown on the Fig. 5. The
most adverse effect on erythropoiesis was exhibited by the PPy-S, which
was capable of terminating 25% EB at an extract concentration of 1%.
Similarly to cytotoxicity, bigger differences were observed between the
behaviours of the respective salts and bases than between the pure
forms of PANI and PPy.

Materials Science & Engineering C 91 (2018) 303-310

To the best the authors' knowledge, there is only one previously
published comprehensive study focused on the cytotoxicity of PANI in
its native globular form [11] and one study dealing with the cytotoxi-
city of PPy prepared by the standard oxidation method [10] including
both in-vitro and in-vivo investigations. In both of these studies, bio-
compatibility was assessed using extracts of polymers in culture
medium or saline. There are also other studies concerning the cyto-
toxicity of PPy, but focused on their nanoparticle form [26,27], which
make their results non-comparable to ours as the methodology of pre-
paration is different. It is also well known that cytotoxicity of nano-
particles is different from that of the polymer in globular form and, in
addition to chemical composition, it depends also on size and shape of
the nanoparticles.

As mentioned above when describing the methods used for in-
vestigating the biological properties of PANI and PPy, a ratio of 0.05 g
to 1mL~" of cultivation medium instead of the ISO-defined ratio of
0.2¢g to 1 mL~! was used to prepare the extracts of all samples in the
test. The reason for this modification was the difficulty of separating
PPy from the supernatant (medium) after polymer extraction. For the
sake of comparison, PANI extracts were prepared in the same manner.
The different starting concentrations of extracts obtained in this work
make meaningful comparison of our results with those in literature
somewhat complicated. Nevertheless, the comparison was performed
and the current results were correlated with those reported by
Humpolicek et al. [11] who investigated cytotoxicity of standard ex-
tracts (0.2g to mL™Y) of PANI salt and PANI base. For comparison
purposes, it can be considered that concentrations of extracts from
current work are one-fourth of the concentrations prepared by standard
procedure. In the work of Humpolicek, the cytotoxicity towards HaCaT
and HepG2 cells was determined, revealing non-cytotoxic threshold
concentrations of 1% for PANI-salt and 10% for PANI-base. These re-
sults are in accord with those observed for NIH/3T3 and ESc in the
current study, which showed an absence of cytotoxicity at extract
concentrations of 5% for PANI-S and 25% for PANI-B. When con-
sidering the use of different cell lines in both studies and fact that
correlation of cytotoxicity with concentrations of impurities in an ex-
tract may not always be strictly linear, it can be concluded that the
cytotoxicities of PANI-S and PANI-B, as determined in the current study,
are similar.

The biocompatibility of PPy was determined by Wang et al. [10]
using PPy-salt extracted at a ratio of 1 g to 10 mL saline, according to
ISO protocol 10,993. Their work demonstrated that the viability and
proliferation rates of Schwann cells in the presence of PPy extract in
culture medium at a concentration of 25% (in the original article, re-
ferred to as 100 pL of 50% extract and 100 uL of cultivation medium)
even improved in comparison with the control sample containing a
corresponding amount of saline solution in medium, and equalled the
cell behaviour in plain medium. The authors hence concluded that the
polymer extract exhibited the absence of cytotoxicity. The current
study, however, showed that PPy-S samples were cytotoxic down to a
concentration of 5% and that cytotoxicity was reduced by transferring
PPy-S to its base form (PPy-B), which was non-cytotoxic in the presence

Fig. 5. The formation of erythroid clusters (red
cluster marked with arrow) within the embryoid
body. A) positive reference; B) absence of the red
erythroid cluster after cultivation in the presence of
25% extracts of PANI-S. Magnification 100 X. (For
interpretation of the references to color in this figure
legend, the reader is referred to the web version of
this article.)
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of 50% extract. Though the polymers from these two studies were
prepared by the oxidation of pyrrole with FeCls, different concentra-
tions and ratios of individual monomers were used during syntheses;
moreover, Wang et al. provided no information on the purification of
the polymer used.

It is, however, much more important that, according to the results in
Figs. 2 and 3, the cytotoxicities of PANI and PPy in their respective
forms are comparable. To be more specific, the cytotoxicity depends
more on the form of PANI or PPy (salt vs base) than on the type of
polymer (PANI vs PPy). It should, however, be stressed that the current
work covers only the most commonly used ways of synthesizing these
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conducting polymers. Considering other possible oxidation agents,
whether of chemical or biological origin, the situation with respect to
cytotoxicity might be different.

The impact of PANI and PPy on erythropoiesis and cardiomyogen-
esis has never been studied before. Nevertheless, it can be concluded
that the threshold concentrations at which embryogenesis processes are
influenced correlate with the cytotoxicities of individual polymer ex-
tracts. Similarly to cytotoxicity, embryogenesis and cardiomyogenesis
depends more on the form of polymer (salt vs base) than on its type
(PANI vs PPy).

As already mentioned, systematic work was previously undertaken
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to determine the reasons for the cytotoxicity of PANI. Based on the
work of Stejskal et al. [28] and KaSparkova et al. [29] it can be assumed
that such cytotoxic effects are mainly connected with the presence of
low-molecular-weight impurities. In order to improve our view of the
correlation between biocompatibility and the contents of impurities,
mass spectroscopy analyses of the studied samples were conducted with
the aim of obtaining an insight into the structures of impurities ex-
tracted from polymers that might be responsible for their cytotoxic
effects. The mass spectra of PANI-S and PANI-B are presented in Fig. 6.
As can be seen, the samples contain a relatively rich mass profile with
several major molecular ions (M*H)*. By comparison, it can be noticed
that the PANI-S sample comprises slightly more fractions with mole-
cular weights higher than 700 g mol ~! than the PANI-B sample. On the
other hand, PANI-B exhibits a more complicated mass profile especially
in the region 300-550 m/z. Although many signals of various intensities
are present in both samples, it is obvious that PANI-B contains masses
not found in PANI-S, such as those in the low m/z region - for example,
199.1101 and 233.0700. Of all the masses present, only the following
were identified in PANI-S: aniline (m/z = 94.0645), p-benzoquinone
imine (m/z = 108.0682), and p-aminophenol (m/z = 110.0599). Also
tetramer (m/z = 290.1297, [30]) and quinoneiminoid structure (m/
z = 290.1297) proposed by K#iZ et al. [31], and Stejskal and Trchova
[32] were assigned as possible impurities present in the extract.

As shown in Fig. 7, both PPy extracts exhibited much simpler mass
spectra than extracts of PANI In PPy-S and PPy-B, one dominant ion,
m/z = 325.2275, was found, while higher masses were detected only
with low intensities, in particular in PPy-S extracts. The substance
corresponding to this mass, however, is probably non-cytotoxic as it is
present in both samples. An interesting question therefore arises as to
which of the substances present in PPy-S are involved in cytotoxic ef-
fects.

After careful inspection of MS data, it can be concluded that it was
not possible to detect linear oligomers as possible impurities, as they
were probably absent from the samples. The exact masses calculated,
however, indicate that the impurities extracted from the samples
comprise oxygen and that, therefore, oxygen containing by-products
are probably the most frequent impurities in the samples.

In spite of the limited success of MS in identifying impurities in
PANI and PPy, these spectroscopic analyses showed that both PANI-B
and PPy-B contain lower numbers and amounts of impurities and have
relatively simple impurity profiles. The reduced contents of impurities
logically reflect the process to which both polymers are subjected
during the transformation from salt to base. The process of re-proto-
nation can, therefore, be considered as an additional purification step
removing substances with potentially cytotoxic effects.

4. Conclusion

It is generally accepted in the scientific community that polypyrrole
shows more favourable biological properties than polyaniline, which is
reflected by prevalence of publications dealing with the first mentioned
polymer. Until now, however, no study provided direct comparison of
these two polymers in terms of their biological properties recorded
under the same conditions. Therefore, both polypyrrole and polyaniline
were synthetized by the most common procedures and studied within
one laboratory to eliminate the inter-laboratory differences. Two
parameters of biocompatibility were studied; the first, basic one - cy-
totoxicity was investigated using common fibroblasts NIH/3T3 cell line
and embryonic stem cells. The second, advanced parameter - embry-
otoxicity was studied in terms of the impact of each of the polymers on
the erythropoiesis and cardiomyogenesis within the embryonic bodies.
The direct comparison of both polymers using the same methodology
showed that the form of the polymer (salt vs base) is more important
than its type (polypyrrole vs polyaniline) when cytotoxicity and em-
bryotoxicity are taken into consideration. Especially the polymers in the
form of bases proved low cytotoxicity and embryotoxicity. To clarify
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the reasons for determined differences in biological properties of
polyaniline and polypyrrole, the mass spectroscopy was used to de-
termine their impurity profiles. The detected impurities can't, however,
fully explain observed differences. For example, with respect to pre-
sence of major molecular ions, the extract of polypyrrole base exhibited
simpler mass spectra in comparison with extract of polyaniline base.
However, as it was already mentioned their biological properties were
similar. Therefore, the presented results should mainly provoke the
scientific community to compare also other biological properties of
both conducting polymers as, according to currently presented results,
they are more similar than previously assumed and their application
potential can be, at least, comparable.

Acknowledgments

This work was supported by the Czech Science Foundation (17-
05095S) and by the Ministry of Education, Youth and Sports of the
Czech Republic — Program NPU I (LO1504). Authors thank to Pavel
Kucharczyk for help with LC-MS analysis.

References

[1] J.A. Genovese, C. Spadaccio, J. Langer, J. Habe, J. Jackson, A.N. Patel,
Electrostimulation induces cardiomyocyte predifferentiation of fibroblasts,
Biochem. Biophys. Res. Commun. 370 (2008) 450-455.

C.D. McCaig, A.M. Rajnicek, B. Song, M. Zhao, Controlling cell behavior elec-
trically: current views and future potential, Physiol. Rev. 85 (2005) 943-978.
L.C. Kloth, Electrical stimulation for wound healing: a review of evidence from in
vitro studies, animal experiments, and clinical trials, Int. J. Low. Extrem. Wounds 4
(2005) 23-44.

B. Weng, J. Diao, Q. Xu, Y. Liu, C. Li, A. Ding, J. Chen, Bio-interface of conducting
polymer-based materials for neuroregeneration, Adv. Mater. Interfaces 2 (2015)
(1500059).

J. Stejskal, M. Omastovd, S. Fedorova, J. Prokes, M. Trchova, Polyaniline and
polypyrrole prepared in the presence of surfactants: a comparative conductivity
study, Polymer 44 (2003) 1353-1358.

J. Kim, S.D. Deshpande, S. Yun, Q. Li, A comparative study of conductive poly-
pyrrole and polyaniline coatings on electro-active papers, Polym. J. 38 (2006)
659-668.

N.K. Guimard, N. Gomez, C.E. Schmidt, Conducting polymers in biomedical en-
gineering, Prog. Polym. Sci. 32 (2007) 876-921.

A. Bendrea, L. Cianga, I. Cianga, Progress in the field of conducting polymers for
tissue engineering applications, J. Biomater. Appl. 26 (2011) 3-84.

T.H. Qazi, R. Rai, A.R. Boccaccini, Tissue engineering of electrically responsive
tissues using polyaniline based polymers: a review, Biomaterials 35 (2014)
9068-9086.

X. Wang, X. Gu, C. Yuan, S. Chen, P. Zhang, T. Zhang, J. Yao, F. Chen, G. Chen,
Evaluation of biocompatibility of polypyrrole in vitro and in vivo, J. Biomed. Mater.
Res. A 68 (2004) 411-422.

P. Humpolicek, V. Kasparkova, P. Sdha, J. Stejskal, Biocompatibility of polyaniline,
Synth. Met. 162 (2012) 722-727.

Z. Kucekovd, P. Humpolicek, V. Kasparkova, T. Perecko, M. Lehocky,

I. Hauerlandova, P. Saha, J. Stejskal, Colloidal polyaniline dispersions: antibacterial
activity, cytotoxicity and neutrophil oxidative burst, Colloids Surf. B Biointerfaces
116 (2014) 411-417.

P. Humpolicek, K.A. Radaszkiewicz, V. Kasparkova, J. Stejskal, M. Trchové,

Z. Kucekovd, H. Vicarova, J. Pachernik, M. Lehocky, A. Minatik, Stem cell differ-
entiation on conducting polyaniline, RSC Adv. 5 (2015) 68796-68805.

P. Humpoli¢ek, Z. Kucekova, V. Kasparkov4, J. Pelkova, M. Modic, 1. Junkar,

M. Trchova, P. Bober, J. Stejskal, M. Lehocky, Blood coagulation and platelet ad-
hesion on polyaniline films, Colloids Surf. B Biointerfaces 133 (2015) 278-285.
A. Ramanaviciene, A. Kausaite, S. Tautkus, A. Ramanavicius, Biocompatibility of
polypyrrole particles: an in-vivo study in mice, J. Pharm. Pharmacol. 59 (2007)
311-315.

J. Stejskal, R.G. Gilbert, Polyaniline. Preparation of a conducting polymer (IUPAC
technical report), Pure Appl. Chem. 74 (2002) 857-867.

A. Nagy, J. Rossant, R. Nagy, W. Abramow-Newerly, J.C. Roder, Derivation of
completely cell culture-derived mice from early-passage embryonic stem cells, Proc.
Natl. Acad. Sci. U. S. A. 90 (1993) 8424-8428.

R. Konopka, M. Hyzdalova, L. Kubala, J. Pachernik, New luminescence-based ap-
proach to measurement of luciferase gene expression reporter activity and adeno-
sine triphosphate-based determination of cell viability, Folia Biol. 56 (2010) 66-71.
C. Della Pina, Z. Capédkova, A. Sironi, P. Humpolicek, P. Sdha, E. Falletta, On the
cytotoxicity of poly(4-aminodiphenylaniline) powders: effect of acid dopant type
and sample posttreatment, Int. J. Polym. Mater. Polym. Biomater. 66 (2017)
132-138.

K.A. Radaszkiewicz, D. Sykorova, L. Bind, J. Kudova, M. Bébarova, J. Prochazkova,
H. Kotasov4, L. Kubala, J. Pachernik, The acceleration of cardiomyogenesis in
embryonic stem cells in vitro by serum depletion does not increase the number of

[2]

[3]

[4]

[5]

[6]

[71
[8]

[91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]


http://refhub.elsevier.com/S0928-4931(17)34462-4/rf0005
http://refhub.elsevier.com/S0928-4931(17)34462-4/rf0005
http://refhub.elsevier.com/S0928-4931(17)34462-4/rf0005
http://refhub.elsevier.com/S0928-4931(17)34462-4/rf0010
http://refhub.elsevier.com/S0928-4931(17)34462-4/rf0010
http://refhub.elsevier.com/S0928-4931(17)34462-4/rf0015
http://refhub.elsevier.com/S0928-4931(17)34462-4/rf0015
http://refhub.elsevier.com/S0928-4931(17)34462-4/rf0015
http://refhub.elsevier.com/S0928-4931(17)34462-4/rf0020
http://refhub.elsevier.com/S0928-4931(17)34462-4/rf0020
http://refhub.elsevier.com/S0928-4931(17)34462-4/rf0020
http://refhub.elsevier.com/S0928-4931(17)34462-4/rf0025
http://refhub.elsevier.com/S0928-4931(17)34462-4/rf0025
http://refhub.elsevier.com/S0928-4931(17)34462-4/rf0025
http://refhub.elsevier.com/S0928-4931(17)34462-4/rf0030
http://refhub.elsevier.com/S0928-4931(17)34462-4/rf0030
http://refhub.elsevier.com/S0928-4931(17)34462-4/rf0030
http://refhub.elsevier.com/S0928-4931(17)34462-4/rf0035
http://refhub.elsevier.com/S0928-4931(17)34462-4/rf0035
http://refhub.elsevier.com/S0928-4931(17)34462-4/rf0040
http://refhub.elsevier.com/S0928-4931(17)34462-4/rf0040
http://refhub.elsevier.com/S0928-4931(17)34462-4/rf0045
http://refhub.elsevier.com/S0928-4931(17)34462-4/rf0045
http://refhub.elsevier.com/S0928-4931(17)34462-4/rf0045
http://refhub.elsevier.com/S0928-4931(17)34462-4/rf0050
http://refhub.elsevier.com/S0928-4931(17)34462-4/rf0050
http://refhub.elsevier.com/S0928-4931(17)34462-4/rf0050
http://refhub.elsevier.com/S0928-4931(17)34462-4/rf0055
http://refhub.elsevier.com/S0928-4931(17)34462-4/rf0055
http://refhub.elsevier.com/S0928-4931(17)34462-4/rf0060
http://refhub.elsevier.com/S0928-4931(17)34462-4/rf0060
http://refhub.elsevier.com/S0928-4931(17)34462-4/rf0060
http://refhub.elsevier.com/S0928-4931(17)34462-4/rf0060
http://refhub.elsevier.com/S0928-4931(17)34462-4/rf0065
http://refhub.elsevier.com/S0928-4931(17)34462-4/rf0065
http://refhub.elsevier.com/S0928-4931(17)34462-4/rf0065
http://refhub.elsevier.com/S0928-4931(17)34462-4/rf0070
http://refhub.elsevier.com/S0928-4931(17)34462-4/rf0070
http://refhub.elsevier.com/S0928-4931(17)34462-4/rf0070
http://refhub.elsevier.com/S0928-4931(17)34462-4/rf0075
http://refhub.elsevier.com/S0928-4931(17)34462-4/rf0075
http://refhub.elsevier.com/S0928-4931(17)34462-4/rf0075
http://refhub.elsevier.com/S0928-4931(17)34462-4/rf0080
http://refhub.elsevier.com/S0928-4931(17)34462-4/rf0080
http://refhub.elsevier.com/S0928-4931(17)34462-4/rf0085
http://refhub.elsevier.com/S0928-4931(17)34462-4/rf0085
http://refhub.elsevier.com/S0928-4931(17)34462-4/rf0085
http://refhub.elsevier.com/S0928-4931(17)34462-4/rf0090
http://refhub.elsevier.com/S0928-4931(17)34462-4/rf0090
http://refhub.elsevier.com/S0928-4931(17)34462-4/rf0090
http://refhub.elsevier.com/S0928-4931(17)34462-4/rf0095
http://refhub.elsevier.com/S0928-4931(17)34462-4/rf0095
http://refhub.elsevier.com/S0928-4931(17)34462-4/rf0095
http://refhub.elsevier.com/S0928-4931(17)34462-4/rf0095
http://refhub.elsevier.com/S0928-4931(17)34462-4/rf0100
http://refhub.elsevier.com/S0928-4931(17)34462-4/rf0100
http://refhub.elsevier.com/S0928-4931(17)34462-4/rf0100

P. Humpolicek et al.

[21]
[22]

[23]

[24]

[25]

[26]

[27]

developed cardiomyocytes, PLoS One 12 (2017) e0173140.

S.P. Armes, Optimum reaction conditions for the polymerization of pyrrole by iron
(II1) chloride in aqueous solution, Synth. Met. 20 (1987) 365-371.

S. Machida, S. Miyata, A. Techagumpuch, Chemical synthesis of highly electrically
conductive polypyrrole, Synth. Met. 31 (1989) 311-318.

E. Jabbari, D. Kim, L.P. Lee, Handbook of Biomimetics and Bioinspiration:
Biologically-Driven Engineering of Materials, Processes, Devices, and Systems,
World Scientific, 2014.

J. Jang, H. Yoon, Multigram-scale fabrication of monodisperse conducting polymer
and magnetic carbon nanoparticles, Small 1 (2005) 1195-1199.

J. Hong, H. Yoon, J. Jang, Kinetic study of the formation of polypyrrole nano-
particles in water-soluble polymer/metal cation systems: a light-scattering analysis,
Small 6 (2010) 679-686.

S. Kim, W. Oh, Y.S. Jeong, J. Hong, B. Cho, J. Hahn, J. Jang, Cytotoxicity of, and
innate immune response to, size-controlled polypyrrole nanoparticles in mamma-
lian cells, Biomaterials 32 (2011) 2342-2350.

A. Ramtin, A. Seyfoddin, F. Coutinho, G. Waterhouse, I. Rupenthal, D. Svirskis,

310

[28]

[29]

[30]

[31]

[32]

Materials Science & Engineering C 91 (2018) 303-310

Cytotoxicity considerations and electrically tunable release of dexamethasone from
polypyrrole for the treatment of back-of-the-eye conditions, Drug Deliv. Transl. Res.
6 (2016) 793-799.

J. Stejskal, M. Hajnd, V. Kaspéarkova, P. Humpoli¢ek, A. Zhigunov, M. Trchova,
Purification of a conducting polymer, polyaniline, for biomedical applications,
Synth. Met. 195 (2014) 286-293.

V. Kasparkova, P. Humpolicek, J. Stejskal, J. Kopecka, Z. Kucekova, R. Moucka,
Conductivity, impurity profile, and cytotoxicity of solvent-extracted polyaniline,
Polym. Adv. Technol. 27 (2016) 156-161.

Z. Ding, T. Sanchez, A. Labouriau, S. Iyer, T. Larson, R. Currier, Y. Zhao, D. Yang,
Characterization of reaction intermediate aggregates in aniline oxidative poly-
merization at low proton concentration, J. Phys. Chem. B 114 (2010) 10337-10346.
J. Kfiz, L. Starovoytova, M. Trchov4, E.N. Konyushenko, J. Stejskal, NMR in-
vestigation of aniline oligomers produced in the early stages of oxidative poly-
merization of aniline, J. Phys. Chem. B 113 (2009) 6666-6673.

J. Stejskal, M. Trchov4, Aniline oligomers versus polyaniline, Polym. Int. 61 (2012)
240-251.


http://refhub.elsevier.com/S0928-4931(17)34462-4/rf0100
http://refhub.elsevier.com/S0928-4931(17)34462-4/rf0105
http://refhub.elsevier.com/S0928-4931(17)34462-4/rf0105
http://refhub.elsevier.com/S0928-4931(17)34462-4/rf0110
http://refhub.elsevier.com/S0928-4931(17)34462-4/rf0110
http://refhub.elsevier.com/S0928-4931(17)34462-4/rf0115
http://refhub.elsevier.com/S0928-4931(17)34462-4/rf0115
http://refhub.elsevier.com/S0928-4931(17)34462-4/rf0115
http://refhub.elsevier.com/S0928-4931(17)34462-4/rf0120
http://refhub.elsevier.com/S0928-4931(17)34462-4/rf0120
http://refhub.elsevier.com/S0928-4931(17)34462-4/rf0125
http://refhub.elsevier.com/S0928-4931(17)34462-4/rf0125
http://refhub.elsevier.com/S0928-4931(17)34462-4/rf0125
http://refhub.elsevier.com/S0928-4931(17)34462-4/rf0130
http://refhub.elsevier.com/S0928-4931(17)34462-4/rf0130
http://refhub.elsevier.com/S0928-4931(17)34462-4/rf0130
http://refhub.elsevier.com/S0928-4931(17)34462-4/rf0135
http://refhub.elsevier.com/S0928-4931(17)34462-4/rf0135
http://refhub.elsevier.com/S0928-4931(17)34462-4/rf0135
http://refhub.elsevier.com/S0928-4931(17)34462-4/rf0135
http://refhub.elsevier.com/S0928-4931(17)34462-4/rf0140
http://refhub.elsevier.com/S0928-4931(17)34462-4/rf0140
http://refhub.elsevier.com/S0928-4931(17)34462-4/rf0140
http://refhub.elsevier.com/S0928-4931(17)34462-4/rf0145
http://refhub.elsevier.com/S0928-4931(17)34462-4/rf0145
http://refhub.elsevier.com/S0928-4931(17)34462-4/rf0145
http://refhub.elsevier.com/S0928-4931(17)34462-4/rf0150
http://refhub.elsevier.com/S0928-4931(17)34462-4/rf0150
http://refhub.elsevier.com/S0928-4931(17)34462-4/rf0150
http://refhub.elsevier.com/S0928-4931(17)34462-4/rf0155
http://refhub.elsevier.com/S0928-4931(17)34462-4/rf0155
http://refhub.elsevier.com/S0928-4931(17)34462-4/rf0155
http://refhub.elsevier.com/S0928-4931(17)34462-4/rf0160
http://refhub.elsevier.com/S0928-4931(17)34462-4/rf0160

Article IX.

Capakova, Z.; Radaszkiewicz, K. A.; Acharya, U.; Truong, T. H.; Pachernik, J.;
Bober, P.; Kasparkova, V.; Stejskal, J.; Pfleger, J.; Lehocky, M.; Humpolicek, P.
The Biocompatibility of Polyaniline and Polypyrrole 2(1): Doping with Organic
Phosphonates. Mater. Sci. Eng. C-Mater. Biol. Appl. 2020, 113, 110986.
https://doi.org/10.1016/j.msec.2020.110986.



Materials Science & Engineering C 113 (2020) 110986

journal homepage: www.elsevier.com/locate/msec

Contents lists available at ScienceDirect

Materials Science & Engineering C

The biocompatibility of polyaniline and polypyrrole 2': Doping with organic

phosphonates

Check for
updates

Zdenka Capakova”, Katarzyna Anna Radaszkiewicz”, Udit Acharya®, Thanh Huong Truong®,
Jifi Pachernik®, Patrycja Bober®, Véra Kasparkova™‘, Jaroslav Stejskal®, Ji¥i Pfleger®,

a,d,;;;

Marian Lehocky™“, Petr Humpoli¢ek

& Centre of Polymer Systems, Tomas Bata University in Zlin, 760 01 Zlin, Czech Republic

Y Department of Experimental Biology, Faculty of Science, Masaryk University, 625 00 Brno, Czech Republic
¢ Institute of Macromolecular Chemistry, Academy of Sciences of the Czech Republic, 162 06 Prague 6, Czech Republic

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

ARTICLE INFO ABSTRACT

Keywords: Conducting polymers (CP) can be used as pH- and/or electro-responsive components in various bioapplications,
Polyaniline for example, in 4D smart scaffolds. The ability of CP to maintain conductivity under physiological conditions is,
Polypyrrole therefore, their crucial property. Unfortunately, the conductivity of the CP rapidly decreases in physiological
Eﬁzj;lfé:ft ei"lymers biocompatibility environment, as their conducting salts convert to non-conducting bases. One of the promising solutions how to

cope with this shortcoming is the use of alternative “doping” process that is not based on the protonation of CP
with acids but on interactions relying in acidic hydrogen bonding. Therefore, the phosphonates (dimethyl
phosphonate, diethyl phosphonate, dibutyl phosphonate, or diphenyl phosphonate) were used to re-dope two
most common representatives of CP, polyaniline (PANI) and polypyrrole (PPy) bases. As a result, PANI doped
with organic phosphonates proved to have significantly better stability of conductivity under different pH. It has
also been shown that cytotoxicity of studied materials determined on embryonic stem cells and their embry-
otoxicity, determined as the impact on cardiomyogenesis and erythropoiesis, depend both on the polymer and
phosphonate types used. With the exception of PANI doped with dibutyl phosphonate, all PPy-based phos-
phonates showed better biocompatibility than the phosphonates based on PANI.

Embryonic stem cells

1. Introduction

Compared with metals that exhibit solely electronic conductivity,
the combined electronic and ionic conductivity of CP is one of their
most attractive properties when the applications in regenerative med-
icine, tissue engineering or bio-sensing are considered [1,2]. Ionic
conductivity of CP is fundamental for the communication with biolo-
gical objects, as it relies on ionic fluxes. PANI and PPy are two members
of CP family, which are intensively studied for biological applications,
[3,4]; however, their conductivity depends strongly on environmental
conditions. Besides the impact of pH, which will be discussed below,
the conductivity of PANI is notably influenced by temperature during
polymerization [5,6]. The study of Bldha et al. [6] showed that the
increase of temperature from —20 to 40°C during PANI synthesis
played the key role in controlling its molecular structure, morphology
and crystallinity, and it strongly affects the conductivity. Similarly as in

PANI, conductivity of PPy is also influenced by preparation tempera-
ture. Ready-synthetized PPy changes its conductivity with temperature
variation [7] and different temperatures applied during PPy synthesis
have impact on its resulting conductivity as well [8]. Influence of
various doping agents, e.g., chlorine or dodecylsulfate anions [9] or p-
toluenesulfonic, itaconic and fumaric acids on PPy conductivity cannot
be ignored, either [10].

As mentioned above, the critical factor limiting the use of CP in a
number of biomedical applications is the decrease of their conductivity
under physiological pH, as the conducting salts are converted to non-
conducting bases already below this pH region [11]. There have been
outlined, and even tested, several approaches how to improve the pH
stability of CPs including, for example, electrochemical polymerization
or re-protonation with perfluorooctanesulfonic [11] or poly(2-acryla-
mido-2-methyl-1-propanesulfonic acids) [12]. The perspective ap-
proach to solve this limitation can be the use of alternative “doping”

* Corresponding author at: Centre of Polymer Systems, Tomas Bata University in Zlin, 760 01 Zlin, Czech Republic.
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Fig. 1. Formulae of A) polyaniline salt (PANI-S); B) polyaniline base (PANI-B); C) polypyrrole salt (PPy-S); D) polypyrrole base (PPy-B); E) dimethyl phosphonate
(DMPH); F) diethyl phosphonate (DEPH); G) dibutyl phosphonate (DBPH); H) diphenyl phosphonate (DPPH), the precursors of studied samples.

methods, which are not based on the classical protonation but on the
application of acidic hydrogen atoms [13]. Several papers recently
published show the possibility of this alternative doping to prepare the
PANI with the organic phosphonates, which demonstrate interesting
properties depending on the type of phosphonate used [13-15]. The
present study extends the previous work to PPy and uses these organic
phosphonates as a novel approach how to improve the stability of
conductivity of PANI and PPy at various pH, mainly at the physiological
pH. The work also discusses the biological properties of these new
promising CP, primarily with respect to influence of phosphonate type
used for CP modification.

2. Materials and methods
2.1. Sample preparation

Polyaniline, emeraldine salt (Fig. 1A), was prepared by standard
oxidation of 0.2 M aniline hydrochloride (Penta, Czech Republic) with
0.25M ammonium peroxydisulfate (Lach-Ner, Czech Republic) in
aqueous medium at room temperature [16]. Globular polypyrrole
(Fig. 1C) was synthetized by the oxidation of 0.2M pyrrole (Sigma-
Aldrich) with 0.5M iron(IIl) chloride hexahydrate (Sigma-Aldrich) in
water. The respective mixtures were left to react at room temperature
for 24 h. Then the solids were collected on a filter, rinsed with 0.2 M
hydrochloric acid and ethanol and dried in air and over silica gel.

Both solids were subsequently converted to PANI and PPy bases in
1 M ammonium hydroxide (Fig. 1B, D), rinsed with ethanol and dried as
above. PANI and PPy bases were suspended in dimethyl phosphonate
(DMPH, Fig. 1E), diethyl phosphonate (DEPH; Fig. 1F), dibutyl phos-
phonate (DBPH; Fig. 1G), or diphenyl phosphonate (DPPH; Fig. 1H) (all
from Sigma Aldrich) without using any diluent. After 3 days, the solids
were collected on a filter, rinsed with ethanol, and dried in air and then
over silica gel. The samples were denoted according to their

composition, with CP and phosphonate components as follows: PANI-
DMPH, PANI-DEPH, PANI-DBPH, PANI-DPBH, PPy-DMPH, PPy-DEPH,
PPy-DBPH and PPy-DPBH.

2.2. Cell lines

The embryonic stem cell ES R1 line (ESC) [17] was propagated in an
undifferentiated state by culturing on gelatinized tissue culture dishes
in complete media. The gelatinization was performed using 0.1% por-
cine gelatin solution in water. Complete media containing Dulbecco's
Modified Eagle's Medium (DMEM), 15% fetal calf serum, 100 UmL™!
penicillin, 0.1 mgmL~" streptomycin, 1 X non-essential amino acids
solution (all from Gibco-Invitrogen; USA), 0.05 mM 2-mercaptoethanol
(Sigma-Aldrich; USA) and 1000 UmL ™" of leukemia inhibitory factor
(Chemicon; USA) were used for the cultivation [18].

2.3. Preparation of extracts of PANI, PPy and their respective phosphonates

The testing of cytotoxicity was performed on polymer extracts ob-
tained according to ISO 10993-5 protocol. Samples were extracted ac-
cording to ISO 10993-12 with the following modification: the ratio
0.05 g polymer per 1 mL of cultivation medium was used instead of ISO
defined 0.2 g polymer per 1 mL. Extraction was conducted in chemi-
cally 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
second centrifugation of supernatant liquid under the same conditions.
The parent extracts (100%) were then diluted in a complete medium to
obtain a series of dilutions. All extracts were used within 24 h. Prior to
in-vitro testing, the extracts were sterilized by filtration through the
0.22um filter (Millipore, USA). All tests were performed in quad-
ruplicates, in four separates sets.
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Fig. 2. The formation of erythroid clusters (red cluster marked with arrow) within the embryoid bodies. A) Positive reference, B) in the presence of 25% extracts of
PPy-DBPH. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

2.4. Cytotoxicity on ESC

The cells have been seeded at density of 5000 cells per cm?® 24 h
before treatment. As a reference giving 100% cell viability, the cells
cultivated in the pure complete medium were used. The cells were
treated by extracts for 48 h. To assess cytotoxic effects, mass of viable
ESC was determined as a level of adenosine triphosphate (ATP) using
Cellular ATP Kit HTS (BioThema, Sweden). Samples were prepared and
analysed as published previously [19]. Before lyses, the morphology of
the cells was observed and documented using an inverted Olympus
phase contrast microscope (Olympus IX51, Japan) supplemented with
digital camera (Olympus E-450, Japan).

2.5. Embryotoxicity

The embryotoxicity was determined as the ratio of the formation of
embryoid bodies (EBs) with beating foci (impact on cardiomyogenesis)
and erythroid (in Fig. 2 shown in red) clusters/colonies (impact on
erythropoiesis) within spontaneously differentiating ES R1 cells com-
pared to reference. The ESC differentiation was induced through the
formation of EBs by hanging drop techniques (400 cells per 35 pL drop)
in leukemia inhibitory factor-free complete medium mentioned above,
which was also used for sample extraction. After 5days, EBs were
transfer to gelatinized 24-wells plate (one EB per well) to serum-free
media for next 15 days. Medium was replaced by fresh one each three
days of cell culturing. Serum-free media contained DMEM-F12 media
(1:1), 100 UmL ™! penicillin, 0.1 mgmL~! streptomycin and 1X in-
sulin-transferrin-selen (ITS) supplement (all from Gibco-Invitrogen;
USA). Differentiating cells were observed as above.

2.6. Conductivity measurements

The DC conductivity was measured employing van der Pauw
method on compressed polymer pellets having 13 mm diameter and
thickness of 1.0 + 0.2mm. A Keithley 230 Programmable Voltage
Source in serial connection with a Keithley 196 System DMM was used
as current source and a Keithley 617 Programmable electrometer was
used for the potential difference measurement. Measurements were
carried out at stable ambient conditions at temperature 24 = 1°C and
relative humidity 35 *+ 5%. The conductivity was calculated from the
linear part of the current-voltage characteristics, and is reported as an
average value from measurements performed in two perpendicular di-
rections conducted with the aim to reduce influence of the sample in-
homogeneity.

3. Results and discussion
Recently, CP have received considerable attention due to their

possible applications in regenerative medicine or tissue engineering of
electro-sensitive tissues [2,20-22]. One of the studies conducted by

Humpolicek et al. [20] compared the biocompatibility of PANI and PPy.
The results demonstrated significant differences between biocompat-
ibilities of the polymers in salt and base forms (Fig. 1). However, the
differences between PANI and PPy in their respective forms (PPy-S vs
PANI-S, PPy-B vs PANI-B) were negligible. In the present study, the
PANI and PPy were prepared according to the procedure used in that
study with a modification consisting in using phosphonates as dopants.
The results obtained on the here-tested materials can be therefore
compared and discussed with the results obtained on non-modified
PANI and PPy in the mentioned study [20].

Here, the cytotoxicity was determined in accordance to ISO 10993-5
with the modification consisting in the use of different cell type, namely
ESC. In addition to the cytotoxicity, embryotoxicity was also de-
termined. Commonly, the embryotoxicity can be tested by using two
main groups of methods: in vivo and in vitro. Here, the in-vitro testing of
ESC differentiation processes of cardiomyogenesis and erythropoiesis
were performed. The in-vitro cardiomyogenesis from ESC illustrates
processes in the developing of embryo and helps to elucidate the me-
chanisms of differentiation of the cardiac cells. In-vitro erythropoiesis is
observed by the formation of EBs with erythroid clusters (Fig. 2). These
two processes are among the first steps of determining embryonic de-
velopment [23].

One of the early studies dealing with cytotoxicity of PANI was
published in 2012 by Humpolicek et al. [24] who used a standard
protocol of ISO 10993-5 and NIH/3 T3 cells. However, in the already-
mentioned work of the same authors from 2018 [20], cytotoxicities of
PANI and PPy were determined using ESC (Fig. 4B) and are, therefore,
comparable with a current study conducted on PANI-phosphonates
(Figs. 3 and 4A). The cell morphology after exposition to the extracts is
shown in the Fig. 3. It can be concluded that neither of the extracts
influence the morphology of ESC. In the comparison with pristine PANI,
the PANI-DPPH and PANI-DEPH show similar cytotoxicity towards ESC
as polyaniline salt (PANI-S), while cytotoxicity of PANI-DBPH and
PANI-DMPH are close to that of polyaniline base (PANI-B). Closer in-
spection of data revealed that the PANI-DPPH and PANI-DEPH were
strongly cytotoxic even at very low extract concentrations (1%) in the
cultivation medium. The embryotoxicity data expressed in percentage
of formation of EBs with beating foci or erythroid clusters are presented
in Table 1. The PANI-DPPH and PANI-DEPH exhibit embryotoxic effect
in all tested concentrations and their embryotoxicities are even higher
than that of PANI-S. On the other hand, PANI-DBPH and PANI-DMPH
do not induce any embryotoxicity in any of the tested concentrations
and induce the same, zero level, of cytotoxicity as PANI-B.

The cytotoxicity of all tested PPy phosphonates was low and, sur-
prisingly, it was even lower than that of pristine polypyrrole salt (PPy-
S) [20]. As in the case of PANI phosphonates, extracts of PPy phos-
phonates have no influence on cell morphology (Fig. 5). The lowest
cytotoxicity exhibited PPy-DBPH and especially PPy-DEPH. It is thus
evident that the biological properties of PPy-S improved by the treat-
ment with phosphonates (Fig. 6). The embryotoxicity of PPy modified
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Fig. 3. The morphology of ESC after exposition to the extracts. A) Reference; B) PANI-DPPH 10%; C) PANI-DBPH 50%; D) PANI-DEPH 1%; E) PANI-DMPH 25%.

Magnification 40 x.

with phosphonates were even lower than their cytotoxicities. In fact,
mild decrease (to 88%) of formation of EBs with erythroid clusters was
observed only for PPy-DMPH and only in case of the highest tested
extract concentration (50%). Formation of EBs with beating foci was
not affected by the studied extracts at all, and no decrease in the per-
centage of EBs with clusters was detected (Table 2).

Cytotoxicity data obtained on ESC in current study obviously de-
monstrated that PPy-phosphonates exhibit much lower cytotoxicity
than their corresponding PANI analogues. Interestingly, in the contrast
to PPy where doping with DPPH and DEPH produced only negligible
cytotoxic effect, the same phosphonates were significantly cytotoxic
when combined with PANI. However, with exception of the PANI-DPPH
and PANI-DEPH, all samples exhibited lower cytotoxicity than pristine
polymer salts, PANI-S and PPy-S, and were comparable with cytotoxi-
city of both bases, PANI-B and PPy-B [20].

Based on the results from embryotoxicity testing, it can be con-
cluded that all tested PPy-phosphonates and PANI-DBPH and PANI-
DMPH do not show any harmful effect in terms of cardiomyogenesis
and erythropoiesis. On the other hand, PANI-DPPH and PANI-DEPH
significantly decreased the formation of EBs with beating foci or ery-
throid clusters in comparison with the reference. In fact, only 50% of
EBs with beating foci and clusters were formed after treatment with
only 1% extract of PANI-DPPH, and no EBs with beating foci or clusters
formed in contact with higher concentrations of the PANI-DPPH ex-
tracts, as well as with the whole range of extract concentrations

prepared of PANI-DEPH. Here, similarly as for cytotoxicity, all phos-
phonate-doped samples, except the PANI-DPPH and PANI-DEPH,
showed lower embryotoxicity than pristine PANI-S and PPy-S, and were
absent of embryotoxic effect as the PANI-B and PPy-B samples [20].

The most varying performance after being used as a dopant was
observed in the case of DEPH. This phosphonate showed the highest
cytotoxicity among all samples when used together with PANI; on the
contrary, PPy with the same phosphonate had no cytotoxic effect in the
whole range of extract concentrations tested. The corresponding effect
was confirmed also by embryotoxicity testing, where PANI-DEPH ex-
hibited the severe embryotoxicity whilst for PPy-DEPH the embryotoxic
effect was absent.

The Fig. 7 summarizes the results of the conductivity measurements
of CP doped with organic phosphonates under study at various pH.
These results provide further insight into relation of conductivity and
pH in the interval of pH3-9. It can be clearly seen that there was a
decrease in the conductivity with the increasing pH value from 3 to 9 in
both of the examined samples of PANI-S and PPy-S. While the con-
ductivity decrease in PANI is dramatic and limits the use of this polymer
under physiological conditions, the reduction of the conductivity of PPy
is marginal. Several differences can be found between polymers doped
with different phosphonates: (1) At low pH values, both polymers show
the highest conductivity when doped with DPPH. Based on the com-
bination of Raman and EPR spectroscopy the higher conductivity of
PANI-DPPH compared to other samples has been explained by a higher
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Fig. 4. Cytotoxicity of extracts of PANI on ESC. (A) PANI doped with phosphonates, (B) pristine PANI salt (PANI-S) and base (PANI-B) prepared according to IUPAC
technical report [16]. Reproduced from [20]. The different superscripts correspond to significant differences (P < 0.05) compared to the reference. The dashed lines
highlight the limits of viability according to EN ISO 10993-5 with modification: viability > 0.8 corresponds to no cytotoxicity, > 0.6-0.8 mild cytotoxicity, >

0.4-0.6 moderate cytotoxicity and < 0.4 severe cytotoxicity.

polaron delocalization and mobility [13]. Particularly large increase of
conductivity (4 orders of magnitude higher than other systems under
study) was found for PANI-DPPH. PPy-DPPH had also higher con-
ductivity compared to other systems at pH3 but the difference was
much smaller, less than one order of magnitude. (2) With increasing
pH, the conductivity was found to decrease in all systems but for PANI-
DPPH and PANI-DEPH the decrease was smaller for pH < 5. On the
other hand, the behaviour of PPy-DPPH is different: there is a steep
decrease of conductivity when going from pH 3 to 4.

The trends in conductivity development with pH agree well with
data reported in previous study dealing with PANI doped with the same

Table 1

organophosphonate dopants [13]. However, with the exception of
PANI-DPPH the conductivities determined in current work are mark-
edly lower in comparison with those reported in [25]. The reason could
be fact that the measurements in our work started first at pH 3, com-
pared to lower starting pH value used in the study of Bldha et al. [13]
where the measurements were performed at more acidic state after
doping with phosphonates. The increase in the conductivity of PANI
with the doping using various phosphonates correlates well with their
expected increasing acidity from DMPH through DEPH, DBPH and
DPPH, as evaluated from the chemical shift in the >'P NMR spectra
[26]. The higher values of conductivity found for PANI-DPPH and

The impact of extracts of PANI-phosphonates on cardiomyogenesis (expressed as percentage of EBs with beating foci) and erythropoiesis (expressed as percentage of

EBs with erythroid clusters). Comparison with pristine PANI-S and PANI-B.

EBs with formed foci or clusters [%]
Extract dilution DPPH DBPH DEPH DMPH PANI-S ? PANI-B *
[%]
EBs with beating foci Reference 100 100 100 100 100 100
1 50 100 0 100 100 100
5 0 100 0 100 50 100
25 0 100 0 100 0 100
EBs with erythroid clusters Reference 100 100 100 100 100 100
1 50 100 0 100 100 100
5 0 100 0 100 13 100
25 0 100 0 100 0 100

2 Reproduced from Humpoli¢ek et al. [20].
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Fig. 5. The morphology of ESC after exposition to the extracts. A) Reference; B) PPy-DPPH 50%; C) PPy-DBPH 50%; D) PPy-DEPH 50%; E) PANI-DMPH 50%.

Magnification 40 X .

PANI-DEPH correlate also well with the increased level of their cyto-
toxicity. Since the conductivity depends on the type and dopant con-
tent, both the higher cytotoxicity and higher conductivity might be
explained by higher content of the phosphonate dopants [8]. It is,
however important, that in case of PANI the doping by phosphonates,
especially by DPPH improves the pH stability of PANI, including the
stability in physiological pH region. In the case of PPy, both the PPy-S
and phosphonate doped PPy systems shoved better stability in in-
creased pH compared to the respective systems with PANI but no fur-
ther improvement of the stability with the phosphonate dopants was
observed.

Humpolicek et al. [20] proved in their work similar cytotoxicity for
PANI-S and PPy-S extracts. It is, therefore worth recording that these
polymers when re-doped with phosphonates exhibit notably lower cy-
totoxicities. In this respect it can be mentioned that pyrrole, a monomer
used for polypyrrole synthesis, is an interesting bioactive molecule and
has numerous applications in therapeutically active compounds in-
cluding fungicides, antibiotics, anti-inflammatory drugs [27], choles-
terol reducing drugs [28] or antitumor agents. Therefore, the combi-
nation of this active molecule with phosphonates might be the reason
for better biological activity of PPy samples in the comparison with
polymers where the precursor of PANI, aniline, is employed, as it is
known for its cytotoxicity.

4. Conclusions

The results demonstrate that the major barrier of practical use of CP
and mainly of PANI, the limited conductivity under physiological
conditions, can be overcome by their doping with organic phospho-
nates. Though published studies report on several ways of improving
pH stability of conductivity, none of the studies provided an insight into
the biocompatibility of these polymers. The findings from this study
suggest that PPy in combination of DPPH, DEPH, DBPH, DPPH and
PANI in combination of DBPH, and partially with DMPH provide at-
tractive properties for applications in biomedicine thanks to their low
cytotoxicity and reasonable high level of conductivity at physiological
pH. Regrettably, PANI-DPPH and PANI-DEPH exhibit rather high cy-
totoxicity but their conductivities were reported to be higher than those
of other tested samples. There was a significant correlation between
high cytotoxicity and high values of conductivity of PANI doped with
DPPH and DEPH. An extended study with more focus on investigation
of interactions between phosphonates and CP can be, therefore, of high
interest. We conclude that especially PPy doped with phosphonates
with improved properties could be considered as a novel biomaterial
with added conductivity value.
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Fig. 6. Cytotoxicity of extracts of PPy determined on ESC. (A) PPy doped with phosphonates, (B) pristine polypyrrole salt (PPy-S) and base (PPy-B) prepared
according to [20] and reproduced from the same study. The different superscripts correspond to significant differences (P < 0.05) compared to the reference. The
dashed lines highlight the limits of viability according to EN ISO 10993-5 with modification: viability > 0.8 corresponds to no cytotoxicity, > 0.6-0.8 mild cyto-

toxicity, > 0.4-0.6 moderate cytotoxicity and < 0.4 severe cytotoxicity.

Table 2

The impact of extracts of PPy-phosphonates on cardiomyogenesis (percentage of EBs with beating foci) and erythropoiesis (percentage of EBs with erythroid clusters).

Comparison with pristine PPy-S and PPy-B.

EBs with formed foci or clusters [%]

Extract dilution DPPH DBPH DEPH DMPH PPy-S * PPy-B *

[%]
EBs with beating foci Reference 100 100 100 100 100 100

1 100 100 100 100 100 100

5 100 100 100 100 75 100

25 100 100 100 100 0 100
EBs with erythroid clusters Reference 100 100 100 100 100 100

1 100 100 100 100 75 100

5 100 100 100 100 50 100

25 100 100 100 88 0 100

2 Reproduced from Humpoliéek et al. [20].
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The use of fractionated Kraft lignin to improve the
mechanical and biological properties of PVA-based
scaffolds

Petra Rejmontova,®® Adriana Kovalcik,*“ Petr Humpoli¢ek, (2 *3° Zdenka Capakova,®
Erik Wrzecionko®® and Petr Sdha®®

The mechanical properties of poly(vinyl alcohol) (PVA)-based scaffolds were successfully improved. The
improvements in mechanical properties correlated with the amount of Kraft lignin in PVA matrices. The
critical property for any scaffold is its capacity to allow cells to ingrow and survive within its internal
structure. The ingrowth of cells was tested using bioreactors creating simulated in vivo conditions. In the
context of all the mentioned parameters, the most advantageous properties were exhibited by the
scaffold containing 99 wt% PVA and 1 wt% Kraft lignin. The composites with 1 wt% Kraft lignin exhibited
sufficient mechanical stability, a lack of cytotoxicity, and mainly the ability to allow the ingrowth of cells

rsc.li/rsc-advances

1. Introduction

The rapidly evolving field of regenerative medicine has created
a constant demand for the development of new three-
dimensional scaffolds with mandatory biological properties
(e.g., biocompatibility or a bio-interface) and material proper-
ties (e.g., elasticity or porosity). For this purpose, many poly-
mers, natural as well as synthetic, have proven to be suitable
matrix materials. Various polymer-based scaffolds have been
used for bone,"” heart,>* and cartilage”® regeneration. Partic-
ular attention is devoted to, among others, poly(vinyl alcohol)
(PVA). This synthetic polymer is already widely utilized in
biomedicine.® A wide variety of PVA-based biomaterials have
been used for cartilage,'®'* vascular,*” cardiovascular,”** and
also bone™ tissue replacement. The use of PVA hydrogel as
a dermal filler has also been proposed.'® The mechanical
properties of PVA, however, are not entirely satisfactory."”

In contrast to PVA, the biological properties of Kraft lignin
(KL) have not yet been satisfactorily described. It is a renewable
industrial biopolymer, which has already been tested as an
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into the scaffold in a rotation bioreactor.

additive and filler for various polymers."®** The purpose of
using KL as an additive to polymers is mainly to exploit its
stiffening effect® and antioxidant efficiency.*® Both properties
are beneficial for tissue engineering and can be especially
advantageous for PVA-based devices. As both inflammatory
responses and correlated oxidative stress are typical side effects
of implantation, the latter mentioned property of KL is more
than desirable for materials utilized as scaffolds in regenerative
medicine. Another favourable feature which KL can bring to the
final product is antibacterial activity. However, the antibacterial
activity of industrial lignins within polymer composites is
questionable.” The antibacterial properties of isolated lignins
have been discussed in some recent papers. For example,
Medina et al. reported the antibacterial efficiency of hydrolyzed
lignin (derived from oil palm empty fruit bunches) against E.
coli, S. typhimurium, B. subtilis, and S. aureus.”® Guo et al. re-
ported the antibacterial activity of lignin extracts obtained from
anhydrous ammonia-pretreated corn stover after enzymatic
hydrolysis.** As KL is a polydisperse compound, its utilization in
biomedicine is challenging. However, the fractionation of KL
(e.g., using selective precipitation based on pH or organic
solvent extraction) can improve its polydispersity index and lead
to the derivation of specific lignin samples.>

In the light of the facts mentioned above, this work aimed to
determine the improvement in the function of PVA scaffolds
resulting from the incorporation of KL and the potential of
these innovative scaffolds for use in regenerative medicine.
Optimally, the novel material should exploit the advantages of
lignin, especially its antibacterial activity, excellent mechanical
properties, and biocompatibility with PVA. The methanol frac-
tion of Kraft lignin (KL"), obtained according to Gregorova and
Sedlarik,*® was used to prepare scaffolds. This fraction should

This journal is © The Royal Society of Chemistry 2019
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be more suitable for biomedical applications, as it exhibits
lower polydispersity.>®

2. Material and methods

2.1. Preparation of hydrogels

Mowiflex TC 232 (Kuraray Europe GmbH), a polyvinyl alcohol
compound with an aliphatic polyol and calcium distearate, was
used as the polymer matrix for hydrogels and is henceforth
designated as PVA. Powdered lignin (KL) of the weight average
molecular weight 2790 g mol " and polydispersity of 2.0 was
obtained by methanol fractionation of Kraft lignin, which was
isolated from black liquor (Zellstoff POls AG, Austria) by
precipitation with 37% hydrochloric acid.*®* The methanol
fraction KL' was prepared as described by Gregorova and
Sedlarik.*

1 g of PVA was fully dissolved in 20 mL of Mili-Q water at
80 °C by stirring in glass vials. Different concentrations of the
methanol fraction of KL were uniformly dispersed in PVA
solution. The pH was adjusted to 2.00 with 2.0 M HCI, and 200
uL of glutaraldehyde was added to the solution and stirred for
30 min. Subsequently, prepared solutions were densified by the
repetition of six freeze-thawing cycles (freezing at —18 °C for 12
hours followed by thawing (gradual warming) at room temper-
ature for 4 hours). Hydrogels were designated as PVA_X-KL',
where X indicates the concentration of lignin (1, 5, 10, 15 and
20 wt%).

2.2. Mechanical and thermal stability of hydrogels

The mechanical stability of fully swollen hydrogels (15 mm in
diameter and 10 mm in height) in water was tested by
employing creep/creep recovery testing at 25 °C in air, using
a DMA Q800 RH equipped with a submersion compression
clamp (TA Instruments, USA). A force of 0.001 N, 5 minutes of
isotherm, constant stress of 1 kPa for 5 minutes, and a relaxa-
tion time of 5 minutes were applied. Three parallel measure-
ments were performed for each hydrogel.

Thermogravimetric analysis (TG) was performed using STA-
449C Netzsch equipment. 5 mg of PVA hydrogels were spread
in perforated alumina crucibles. Thermal behaviour was
recorded from 25 °C to 550 °C at a heating rate of 10 °C min ™"
under a nitrogen atmosphere (50 mL min~" of nitrogen flow
rate).

2.3. Internal structure of hydrogels and swelling ratio

The inner structures of the prepared scaffolds were observed
using a Phenom Pro scanning electron microscope (SEM)
(Phenom-World BV). The samples were studied at an accelera-
tion voltage of 10 kV in the backscattered electron. Measure-
ments were carried out on samples without prior metallization
using a unique sample holder that allows the reduction of
charges on nonconductive materials.

The internal structure of hydrogels was determined gravi-
metrically by estimation of the swelling behaviour in distilled
water. The swelling ratio (Q) was calculated by the following
equation:

This journal is © The Royal Society of Chemistry 2019
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0= (W, — WlWy,

where W4 and Wy are weights of dried hydrogel and swelled
hydrogel after 24 hours in water, respectively.

2.4. Cytotoxicity and cytocompatibility

The cytotoxicity of scaffolds in direct contact with cells and the
cytotoxicity of extracts from scaffolds were tested to reveal the
fundamental biological properties of the scaffolds. Accordingly,
the materials found to be most cytocompatible were tested for
cytocompatibility using bioreactors creating simulated in vivo
conditions. This testing allowed the ability of cells to grow into
the scaffold's internal pores to be studied. Taken together, the
results of the abovementioned tests provided a sophisticated
view of the biological properties of the prepared scaffolds based
on PVA and KL. All tests were performed using a mouse
embryonic fibroblast cell line (ATCC CRL-1658 NIH/3T3, USA).
ATCC-formulated Dulbecco's Modified Eagle's Medium (PAA
Laboratories GmbH, Austria) containing 10% bovine calf serum
(BioSera, France) and 100 U mL ™" of Penicillin/Streptomycin
(GE Healthcare HyClone, United Kingdom) was used as the
cultivation medium. The set-ups for individual tests were as
follows:

Cytotoxicity in direct contact. Before testing the cytotoxicity
of scaffolds in direct contact with cells, samples were dis-
infected by being submersed in 70% ethanol. The samples were
left in 70% ethanol overnight; then the ethanol was removed
with ultrapure water Milli-Q, which was further changed after 2
hours. The cytotoxicity test in direct contact was performed
according to ISO 10993-5 with modifications. The cells were
seeded in the presence of samples at a concentration of 10° cells
per mL. Cell proliferation around the tested samples was eval-
uated after three days using an inverted Olympus phase
contrast microscope (Olympus IX81, Japan). Cells seeded on
tissue plastic were used as a reference.

The cytotoxicity of extracts. The test was performed accord-
ing to ISO 10993-5 and samples were extracted according to ISO
10993-12 (0.2 g of sample per mL of cultivation medium). The
extraction proceeded at 37 + 1 °C with continuous stirring for
24 + 1 h. The individual prepared extracts were then filtered
through a 0.22 um syringe filter and utilized within 24 hours.
The parent extracts (100%) were diluted in the culture medium
to obtain a series of dilutions with concentrations of 75, 50, 25,
10 and 5%. Cells were pre-cultivated for 24 h and the medium
was then replaced with diluted extracts. Cells cultivated in the
presence of the pure medium were used as a reference (giving
100% cell proliferation). Viable cells were counted after one day
of cell cultivation (37 + 0.1 °C) in the presence of sample
extracts using a BD FACSCanto flow cytometer (BD Biosciences,
Canada) employing SYTO" 61 red fluorescent nucleic acid stain
(Life Technologies, USA) to assess cytotoxic effects. First, the
diluted extracts were sucked up, and the layer of cells was
washed with phosphate buffered saline (PBS, BioSera, France).
The adhered cells were released using trypsin and stained with
SYTO at a final concentration of 30 nM. After 30 minutes, the
viable cells were analyzed in the dark. All tests were performed

RSC Adv., 2019, 9, 12346-12353 | 12347
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in quadruplicates, and Dixon's Q test was used to remove
outlying values. The morphology of the cells was also observed
using an inverted Olympus phase contrast microscope
(Olympus IX81, Japan).

The ingrowth of cells through the scaffolds. Before testing,
samples were disinfected with 70% ethanol as described earlier.
One mL of cell suspension at a concentration of 1 x 10° cells
per mL was gently injected by syringe into each scaffold [and
0.2 mL also onto the surface of the material], and the scaffolds
were placed in a 24-well plate. After 2 hours, two mL of culti-
vation medium was added. The cells were cultivated in an
incubator to allow them to adhere and subsequently began to
proliferate inside the structure of the tested samples. After three
days, the samples were placed into a bioreactor, where they were
cultivated for the next 14 days. For this purpose, a Rotary Cell
Culture systems™ RCCS-4 (Synthecon Incorporated, Texas) was
used. Each sample was inserted separately inside the high
aspect ratio vessel, and 50 mL of cultivation medium was added.
The forward rotation was adjusted to 15.5 rpm. The medium
was changed after seven days. After the cultivation period, the
samples were fixed with 4% paraformaldehyde overnight and
subsequently washed with PBS, permeabilized with 0.5% Triton
X-100, and again washed with PBS three times. The fixed and
permeabilized cells were stained using ActinRed™ 555 (Thermo
Fisher Scientific, USA). The tested samples were sliced, and the
cell morphology was observed using fluorescent microscopy.

2.5. Antibacterial properties

For antibacterial testing, two bacterial strains were utilized -
Staphylococcus aureus CCM 4516 (ATCC; American Type Culture
Collection 6538) and Escherichia coli CCM 4517 (ATCC; Amer-
ican Type Culture Collection 8739). Soybean Casein Digest Agar
(Tryptone Soya Agar, HiMedia Laboratories, India) was used as
nutrient agar.

To determine whether the amount of KL’ was sufficient to
induce antibacterial properties in the selected scaffolds, the
agar diffusion test with modifications was conducted. The
amendment lay in the pouring of samples into agar instead of
the placing of flat samples onto the surface of the agar. Samples
were poured into the agar containing a bacterial suspension at
a concentration of 5 x 10° CFU per mL of agar. The agar plates
with inoculated bacteria were incubated at 35 °C for 24 hours.
After this incubation period, inhibition zones were measured.

3. Results and discussion

All biomaterials must exhibit certain required properties and
mainly low cytotoxicity. In the case of scaffolds, these include
appropriate mechanical properties and advanced properties
such as the capacity to allow cells to grow into the structure.
Intrinsic antibacterial activity is another advanced and highly
desired property which can decrease the risk of nosocomial
infections. All of the properties mentioned above were deter-
mined for the PVA and KL based scaffolds developed in this
study.

12348 | RSC Adv,, 2019, 9, 12346-12353
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PVA hydrogels with the addition of lignin at a concentration
higher than 10 wt% were mechanically unstable and formless.
The ability of hydrogels to withstand the mechanical stress was
determined as a strain recovery after releasing the stress. Fig. 1
shows the record of creep behaviour of PVA hydrogel modified
with 1 wt% of KL".

The maximum strain and strain recovery exhibited unfilled
PVA hydrogel (see Table 1). The strain and strain recovery values
decreased proportionally with the lignin addition. The reason is
that lignin has a reinforcing effect and partially disrupts the
homogeneity of the hydrogel. Lignin added at a concentration
higher than 10 wt% resulted in mechanical instability, probably
due to the inhibition of PVA cross-linking. Due to this insuffi-
cient cross-linking, hydrogels with 15 wt% and 20 wt% lignin
were soft and formless and therefore unable to recover their
original geometry after compression.

PVA_10-KLf was hydrogel with the highest concentration of
KL’ (10 wt%) and still well preserved mechanical stability. Fig. 2
shows the record of thermogravimetric analysis of neat PVA and
PVA with 10 wt% of KL". The addition of 10 wt% of KL shifted
the degradation onset about 2.5 °C to the lower temperature.
The reason for an earlier degradation might be a lower cross-
linking degree of the hydrogel.

25
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Fig. 1 Creep behaviour of PVA_1-KL" hydrogel at 25 °C in air.

Table 1 Creep/recovery data for PVA hydrogels

“Compression strain bStrain recovery after 5

Sample after creep (%) min relaxation (%)
PVA 19.3 + 2 54.2 + 3
PVA_1-KLf 18.0 £ 1 50.5 £ 3
F‘VA_S-KLf 13 +£5 452 £ 2
PVA_lO-KLf 8+1 38.1+2

“ The value indicates a reduction in initial sample height due to stress of
1 kPa. ” The value indicates the recovery of the original sample height
after 5 min of relaxation without stress.

This journal is © The Royal Society of Chemistry 2019
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Fig.2 TG curves of neat PVA hydrogel and PVA hydrogel with 10 wt%
of KL".

The internal structures of the tested hydrogels were observed
by SEM. The micrographs of PVA (referent sample) and selected
samples are depicted in Fig. 3. The micrographs show the
structure of PVA/KL' scaffolds in dependence on the content of

Fig. 3 The internal structure of (A) PVA, (B) PVA_1-KL', (C) PVA_5-KL',
(D) PVA_15-KL", (E) PVA_20-KL".

This journal is © The Royal Society of Chemistry 2019
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KL, The porosity and internal structures of neat PVA and PVA/
KL scaffolds with lower lignin concentrations correspond to
structures of scaffolds commonly utilized in tissue engineering.
SEM micrographs show that the addition of lignin up to 5 wt%
increased the density of PVA scaffold structures; Fig. 3B shows
the longitudinal fibres of PVA_1-KLf, while Fig. 3C depicts the
cross-section of PVA_5-KL. However, as the amount of KLf
increased, the structure became less consistent, as shown in
Fig. 3E, which depicts the disruption and mechanical instability
of PVA_20-KL' samples. The observed trend confirmed the
changes in hydrogel properties with increasing contents of KL
recorded during the testing of mechanical stability.

The differences in the internal structure in dependence on
lignin concentration have been confirmed by the values of the
swelling ratio (see Fig. 4). The changes in the swelling ratio
values are following SEM micrographs. PVA hydrogels with 1-
5 wt% KL are much denser as neat PVA hydrogel and show
lower swelling ratio values. However, PVA hydrogels containing
lignin in the concentration above 10 wt% show swelling ratio
comparable with neat PVA, which correspond with the content
of bigger pores and irregular inner structure.

The determination of cytotoxicity is the test of the first choice
when the biocompatibility of any material is at issue. The
cytotoxicity testing of scaffolds based on PVA and KL has not yet

20

Swelling ratio

N \% N\ A N\
\\Q\L T A
<

Fig. 5 The mass of NIH/3T3 cultivated in direct contact with (A)
PVA_1-KL, (B) PVA_20-KL" (dark regions marked with a white arrow).

RSC Adv., 2019, 9, 12346-12353 | 12349


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra09757g

Open Access Article. Published on 23 April 2019. Downloaded on 5/29/2020 2:36:42 PM.

This article is licensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

been fully developed. For this reason, a preliminary method for
determining scaffold cytotoxicity - that is, cytotoxicity testing in
direct contact — was employed first.

It was found that cells were able to proliferate in direct
contact with all samples. Moreover, no morphological changes
were observed in comparison with reference cells. The obtained
results, therefore, indicate no cytotoxic effect in direct contact.
The micrographs in Fig. 5 show cells proliferating in direct
contact with PVA_1-KL' and PVA_20-KL'.

For quantitative and more sensitive cytotoxicity assessments,
extracts of the studied scaffolds were tested using flow cytom-
etry and SYTO staining. First, the cytocompatibility of pure PVA
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material in the tested scaffolds, whose biocompatibility has
already been described in previous studies,* was confirmed (see
Fig. 6, where results for 50, 75 and 100% extracts are presented;
lower extract concentrations exhibited no cytotoxic effect).
Concerning the cytotoxicity of scaffold extracts, a significant
dependence between the cytotoxic effect and the amount of KL
in the tested samples was observed (Fig. 6).

Moreover, cell morphology supported the obtained results,
confirming that a direct correlation existed between the cyto-
toxic effect and the amount of KL in the sample (see Fig. 7).

However, a comparison of the obtained results with the
literature is problematic because of a lack of articles dealing
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Fig. 6 Cytotoxicity of scaffold extracts of various concentrations presented as a relative number of viable cells + the standard deviation
compared to reference according to ISO 10993-5 standard. The dashed lines highlight the critical viabilities to be assessed according to
requirements of EN ISO 10993-5, where viability > 0.8 means no cytotoxicity; 0.6—-0.8, mild cytotoxicity; 0.4—-0.6, moderate toxicity; and <0.4,

severe cytotoxicity.
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with the cytotoxicity and biocompatibility of KL in general and
especially its fractionated form. The obtained results are dis-
cussed in the context of more general studies of lignin. Even
though the fact that lignin-based copolymers are perceived as
nontoxic,*® it is necessary to mention that lignin could have an
adverse impact on cell viability. The data presented in this
article correlate well with the study by Kai et al.>® They described
limitations on the application of alkali lignin resulting from its
cytotoxicity at high concentrations. A concentration of 6% by
mass was evaluated as the optimal amount of alkali lignin in
PLLA/PLA-lignin nanofibers.? Moreover, it was found that the
cytotoxic effect of alkali lignin appeared to increase with time of
exposure.® In light of the results obtained in our study, the
highest possible concentration of KL that exhibits no or very
low cytotoxicity was assessed to be around 5%.

The absence of cytotoxicity is one of the critical factors
essential for the successful use of materials in tissue engi-
neering. The ability of cells to ingrow and survive within the
internal structure of scaffolds is another crucial parameter.
Thus, NIH/3T3 cells were seeded inside the tested samples and
cultivated in a Rotary Cell Culture systems™ RCCS-4 to evaluate
the ability of cells to grow into the porous scaffolds. We found
that the cells were able to grow into all the tested scaffolds (see
Fig. 8, where only PVA, PVA_1-KL!, PVA_5-KL!, PVA_15-KLf and
PVA_20-KL are depicted as examples). However, a significant
correlation was found between the ability of cells to grow into
scaffolds and the amount of KL present. Greater cell growth
into samples with lower amounts of KL  was observed, similarly
to what was seen during the cytotoxicity testing of extracts. The

Fig. 7 NIH/3T3 cultivated in the presence of 75% extracts of (A) PVA,
(B) PVA_1-KL', (C) PVA_5-KL, (D) PVA_10-KL , (E) PVA_15-KL", and (F)
PVA_20-KL".

This journal is © The Royal Society of Chemistry 2019
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Fig. 8 NIH/3T3 fibroblasts stained with ActinRed™ 555 grown within
(A) PVA, (B) PVA_1-KL', (C) PVA_5-KL', (D) PVA_15-KL', (E) PVA_20-KL".

samples PVA_1-KLf and PVA_5-KL! are advantageous for mouse
fibroblasts; therefore, the suggested amount of KL’ for tissue
engineering scaffolds seems to be between 1 and 5%. However,
according to the comparison of stained cell cytoskeletons inside
scaffolds, cell growth was homogeneous only in the case of
PVA_1-KL' (Fig. 8B). In contrast, the cells inside the PVA_5-KL’
(Fig. 8C) scaffold created clusters. Growth is an important
feature because a tissue-engineering scaffold should enable
cells to grow homogeneously into its structure and gradually
create continuous tissue. The creation of separate clusters is
undesirable. From this point of view, a concentration of KL  of
about 1% should be optimal for use in tissue engineering.

Fig. 9 The growth of E. coli in the presence of sample PVA_20-KL".
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To determine whether the amount of KL’ was sufficient to
induce antibacterial properties in the selected scaffolds, the
agar diffusion test with modifications was conducted. However,
no tested sample exhibited antibacterial properties (see Fig. 9,
where no inhibition zones were detected). In this context, it
should be mentioned that antibacterial properties of lignins
depend on the nature of the lignin and the type of microor-
ganisms. However, the antibacterial efficiency of lignin in
polymer composites may be connected with their leaching into
the environment. Thus, their antibacterial efficiency in
composites in which lignins are chemically crosslinked with
other constituents may be limited.

4. Conclusion

New scaffolds based on poly(vinyl alcohol) and KL in concen-
trations ranging from one to twenty wt% were prepared and
biologically tested. Both materials, PVA and KL, are biopoly-
mers exhibiting hypothetically high degrees of biocompatibility.
KL was used as a stiffening additive with potential antibacterial
properties. The determination of viscoelastic properties showed
that all scaffolds based on PVA and KL  up to 10 wt% demon-
strated sufficient mechanical stability. However, on the basis of
advanced biological testing (i.e., according to the ingrowth of
cells under simulated in vivo conditions in a bioreactor), it must
be noted that only scaffolds containing 99 wt% PVA and
one wt% KL can be proposed as advanced materials suitable for
use in tissue engineering. Unfortunately, KLf incorporated in
PVA did not exhibit any antibacterial activity.
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ARTICLE INFO ABSTRACT

Keywords: Solubilized dialdehyde cellulose (DAC), an efficient crosslinking agent for poly(vinyl alcohol) (PVA), provides
Poly(vinyl alcohol) less toxic alternative to current synthetic crosslinking agents such as glutaraldehyde, while simultaneously al-
Crosslinking lowing for the preparation of hydrogels with comparably better characteristics. PVA/DAC hydrogels prepared

Dialdehyde cellulose
Drug release
Biomaterials
Hydrogel

using 0.5, 1 and 1.5 wt% of DAC were analyzed in terms of mechanical, swelling and cytotoxicity characteristics.
Materials properties of PVA/DAC hydrogels range from stiff substances to soft viscoelastic gels capable of
holding large amounts of water. Superior mechanical properties, porosity and surface area in comparison with
analogical PVA/glutaraldehyde hydrogels were observed. Biological studies showed low toxicity and good
biocompatibility of PVA/DAC hydrogels. Potential of PVA/DAC in mesh-controlled release of biologically active
compounds was investigated using ibuprofen, rutin and phenanthriplatin. Hydrogel loaded with anticancer drug

phenantriplatin was found effective against alveolar cancer cell line A549 under in vitro conditions.

1. Introduction

Hydrogels play an important role in industrial and biomedical sec-
tors for more than half a century. (Wichterle & Lim, 1960; Yahia, 2015)
They are receiving continuous attention due to their similarity with
natural tissue, which rises from the high degree of flexibility and large
content of water. Beside non-toxicity, suitable mechanical properties
are one of the key criteria for successful application of hydrogels in
biomedical sector. For example, hydrogels exhibiting polymer volume
fraction (vz,) greater than 0.1 are probably the most important ones for
biomedical applications as they possess improved mechanical stability.
(Canal & Peppas, 1989) Besides, hydrogel-based artificial cartilage
implants should possess relatively high compression stress profile from
0.5 to 10 MPa. (Park, Nicoll, Mauck, & Ateshian, 2008)

Other key properties of hydrogels, such as crosslink density, swel-
ling capacity, equilibrium water content (EWC), gel fraction and mesh
size (£), reflect the porosity of hydrogel and its ability to accommodate
and subsequently release various substances. This makes hydrogels
excellent materials for wide range of drug-delivery applications, from
dermal patches and masks to implantable depots of anticancer drugs.
Dermal absorption of biologically active compounds from hydrogels is
widely used in both cosmetics and medicine, as it allows painless,
sustained and controlled delivery of biologically active compounds over
prolonged periods of time. (Calé & Khutoryanskiy, 2015) The

* Corresponding author.

localization of therapeutic agent via implantation of hydrogel-based
drug delivery depots improves drug efficacy, limits the off-target side
effects, increases its potency and thus decreases the required dose. This
is particularly important for chemotherapeutics, as these substances are
often constrained by dose-limiting toxicity. Therefore, clinicians have
used intratumoral implantation of anticancer-drug depots to direct the
biological effect to the target cells, reduce off-target toxicity and to
lower the overall dose of chemotherapeutics. (Tibbitt, Dahlman, &
Langer, 2016)

Current hydrogel materials are often prepared by using crosslinking
agents of synthetic origin (epichlorhydrine, adipic acid, dihydrazide,
glutaraldehyde etc.). (Gulrez, Al-Assaf, & Phillips, 2011) These low-
molecular weight molecules are highly toxic (Kim et al., 2017) and can
enter cells of living organism through various portals of entry. Hence,
for biomedical applications, it would be more desirable to utilize
crosslinking agents derived from naturally available biopolymers, par-
ticularly if they would have better properties than the synthetic ones.

Overall, the demand for new functional biopolymer derivatives,
which would provide sustainable alternative to synthetic compounds
while having better biocompatibility and biodegradability, worldwide
availability and low cost, is growing rapidly. The selectively oxidized
cellulose, 2,3-dialdehydecellulose (DAC), has received a lot of interest
from scientific community due to a number of favorable properties.
Firstly, its preparation is sustainable as various renewable sources of

E-mail addresses: munster@utb.cz (L. Miinster), capakova@utb.cz (Z. Capakova), fisera@utb.cz (M. FiSera), kuritka@utb.cz (I. Kufitka), jvicha@utb.cz (J. Vicha).

https://doi.org/10.1016/j.carbpol.2019.04.091

Received 22 March 2019; Received in revised form 25 April 2019; Accepted 27 April 2019

Available online 02 May 2019
0144-8617/ © 2019 Elsevier Ltd. All rights reserved.


http://www.sciencedirect.com/science/journal/01448617
https://www.elsevier.com/locate/carbpol
https://doi.org/10.1016/j.carbpol.2019.04.091
https://doi.org/10.1016/j.carbpol.2019.04.091
mailto:munster@utb.cz
mailto:capakova@utb.cz
mailto:fisera@utb.cz
mailto:kuritka@utb.cz
mailto:jvicha@utb.cz
https://doi.org/10.1016/j.carbpol.2019.04.091
http://crossmark.crossref.org/dialog/?doi=10.1016/j.carbpol.2019.04.091&domain=pdf

L. Miinster, et al.

cellulose, including fast growing plants like bamboo etc., may be used
as starting material, (Yan et al., 2019) while the periodate salt used for
oxidation of cellulose can be easily regenerated and re-used. (Koprivica
et al., 2016; Liimatainen, Sirvio, Pajari, Hormi, & Niinimaki, 2013)
Moreover, the possibility of DAC solubilization by hot water (Kim,
Wada, & Kuga, 2004) greatly expands its utilization in aqueous chem-
istry, where raw cellulose cannot be used. The presence of reactive
aldehyde groups in DAC structure then allows for a broad range of
applications, such as preparation of micro beads and hollow micro-
spheres, (Lindh, Carlsson, Strgmme, & Mihranyan, 2014; Rocha, Ferraz,
Mihranyan, Strgmme, & Lindh, 2018; Yan et al., 2019), antibacterial
agents (Ge, Zhang, Xu, Cao, & Kang, 2018; Kim et al., 2017) or other
functional cellulose derivatives, e.g. 2,3-dicarboxycellulose (DCC),
(Kim & Kuga, 2001; Suopajarvi, Liimatainen, Hormi, & Niiniméki,
2013) which exhibits large potential as an anticancer drug carrier.
(Miinster et al., 2019)

Last but not least, reactive aldehyde groups of DAC can serve as a
crosslinking hotspots in the preparation of hydrogel materials. Pilot
studies suggested a large potential of DAC in this area. Kim et al. noted
low toxicity and high protein absorption capability of DAC-crosslinked
chitosan hydrogels, (Kim et al., 2017) while we studied role of DAC
aging in crosslinking of PVA. (Miinster et al., 2018)

However, none of these proof-of-concept studies covered the scope
of potential applications of DAC-crosslinked hydrogel materials, i.e.
how they can be engineered for biomedical applications in the terms of
mechanical properties or mesh density for controlled release of biolo-
gically active compounds. Therefore, mechanical and surface-related
properties, toxicity and drug release characteristics of PVA/DAC hy-
drogels prepared using different amount of DAC are studied here to
determine the full spectrum of their possible biomaterial applications.
Tuning of material properties of PVA/DAC hydrogels from stiff sub-
stances resembling artificial cartilages to soft viscoelastic gels capable
of holding large amounts of water, ideal for drug-delivery applications,
is demonstrated. The factors influencing drug release, i.e. mesh density
and size and charge of the released molecules, are investigated for (i)
ibuprofen, one of the most broadly used nonsteroidal anti-inflammatory
drugs acting as nonselective cyclooxygenase enzyme (COX) inhibitor.
(ii) Rutin, a glycoside combining the flavonol quercetin and the dis-
accharide rutinose, abundant in buckwheat and tea, which is utilized in
wound dressing and healing applications due to its antimicrobial and
antiviral activity, cosmetics due to its antioxidant properties and has
cytoprotective, vasoprotective, anticarcinogenic, neuroprotective and
cardioprotective properties. (Ganeshpurkar & Saluja, 2017) (iii) Phe-
nanthriplatin, the latest generation of chemotherapeutic with high
potency, (Park, Wilson, Song, & Lippard, 2012) which would however
greatly benefit from effective drug-delivery system. (Czapar et al.,
2016) The biological compatibility of hydrogels is demonstrated using
cell lines representing healthy tissues, while their drug-delivery cap-
abilities are investigated using adenocarcinomic cells.

2. Methods
2.1. Materials and chemicals

Poly(vinyl alcohol) with 87-89% degree of hydrolysis (PVA),
weight average molecular weight (M,,) of 13-23kDa and density of
1.269 g/cm® (Sigma Aldrich Co.) was used as source material. Its
number average molecular weight (M,) employed in the calculation of
network parameters was obtained by GPC (7.9 kDa). Crosslinking of
PVA by dialdehyde cellulose or glutaraldehyde was performed under
acidic conditions. Dialdehyde cellulose (DAC) was prepared by the
periodate oxidation of alpha cellulose (Sigma Aldrich Co.) by sodium
periodate (NalO4) supplied from Penta, Czech Republic. The weight
average molecular weight (M,,) of cellulose was estimated by gel per-
meation chromatography (GPC) to be 109 kDa (degree of polymeriza-
tion 672). (Engel, Hein, & Spiess, 2012; Miinster et al., 2017) Aqueous
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solution (50% w/w) of glutaraldehyde (GA) was supplied by Sigma
Aldrich Co. The chemicals employed in DAC and hydrogel preparation
and characterization include ethylene glycol, sodium hydroxide
(NaOH), hydrochloric acid (HCI) (Penta, Czech Republic) and hydro-
xylamine hydrochloride (NH,OH - HCI) supplied from Sigma Aldrich
Co. Prepared PVA/DAC hydrogels were loaded with ibuprofen, rutin
(Sigma Aldrich Co.) and phenatriplatin synthesized according to Park
et al. (Park et al., 2012) The release of active compounds was subse-
quently investigated.

Biological tests were performed on mouse embryonic fibroblast cell
line (ATCC CRL-1658 NIH/3T3, USA), human keratinocyte cell line
(HaCaT, CLS, Germany) and adenocarcinomic human alveolar basal
epithelial cells (ATCC® CCL-185, A549, USA). The ATCC-formulated
Dulbecco's Modified Eagle's Medium (PAA Laboratories GmbH, Austria)
containing 10% of calf serum (BioSera, France) was used as a culture
medium for NIH/3T3, while DMEM with 10% of fetal bovine serum
(BioSera, France) was used for HaCaT and A549 cells. The 100 U/mL
Penicillin/Streptomycin (GE Healthcare HyClone, United Kingdom)
was added to all media. Phosphate buffer saline (PBS, (Invitrogen, USA)
was used for washing cells. Cells were cultivated on Techno plastic
products (TPP, Switzerland). Tetrazolium (MTT cell proliferation assay
kit, Duchefa Biochemie, Netherlands) was used to determine the cell
viability. For fluorescence microscopy the formaldehyde (Penta, Czech
Republic), Triton X-100 (Sigma-Aldrich, USA), Hoechst, 33258
(Invitrogen, USA) and ActinRed™ 555 (Thermo Fisher Scientific, USA)
were used.

2.2. Preparation of DAC and PVA/DAC hydrogels

The preparation of DAC follow well-established procedure of cel-
lulose oxidation by periodate salt using 1:1.2 molar ratio of reactants
(DAC:periodate salt). (Miinster et al., 2017) Prepared solid DAC was
immediately solubilized, purified and analyzed in the terms of reactive
aldehyde group (—CHO) content. (Miinster et al., 2018) Final product,
which exhibited 93% degree of oxidation (11.6 mmol/g of -CHO
groups), was kept under acidic conditions (pH = 3.5 * 0.1) and was
immediately used as crosslinking agent for PVA to prevent its de-
gradation and other structural changes occurring during its aging.
(Miinster et al., 2017; 2018; Yan et al., 2019)

The PVA/DAC hydrogels were prepared by crosslinking of PVA by
prepared DAC in the presence of diluted HCl serving as a catalyst. In
brief, 40 g of PVA was dissolved in 170 mL of demineralized water
overnight at 80 °C. Catalyst (12mL of 1.33M HCI) and solution con-
taining 1 wt% of DAC (relative to PVA) were subsequently added to
PVA solution. Volume was set to 200 mL by addition of water and re-
action mixture was stirred vigorously to achieve good homogenization
of all reactants. The same preparation process was repeated using
0.5wt% and 1.5 wt% of DAC. The crosslinking reaction between PVA
and DAC takes place during drying of reaction mixture, when DAC
dehydration causes exposure of —CHO groups and subsequent forma-
tion of hemiacetals with hydroxyl groups of PVA. Therefore, the
homogenized reaction mixtures were poured into the vessel with walls
formed by semi-permeable membrane, which enables faster and more
even evaporation of solvent from larger area in comparison to the
casting of the reaction mixture into the solid form. After drying at 50 °C
for several days, bulk PVA/DAC xerogels were swelled, thoroughly
washed and cut to 5 X 5 X 5mm cubes, which were sterilized by 70%
ethanol solution.

Besides DAC, GA (11.1 mmol/g of —CHO groups, estimated by
oxime reaction) was also employed for the crosslinking of PVA for
comparative purposes. The PVA/GA hydrogel sample was prepared by
the same process as PVA/DAC hydrogels. The amount of GA was chosen
to be equivalent (in terms of —CHO group content) to the lowest con-
centration of DAC (0.5wt%, n_cpo per sample = 2.34 mmol/40 g of
PVA), which corresponds to 185.6uL of GA per 40g of PVA.
Designation of hydrogels based on PVA prepared using different
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Table 1

Amount of reactive—CHO groups used for the sample crosslinking, n_cuo
(mmol), amounts of crosslinker used in their preparation and designation of
prepared samples.

n—cpo per sample (mmol) DAC crosslinker GA crosslinker

DAC (wt%) PVA/DAC (#) GA (uL) PVA/GA (#)
2.34 0.5 PD1 185.6 PG1
4.68 1 PD2
7.02 1.5 PD3

amounts of crosslinking agents (DAC and GA) is noted in Table 1.

Hydrogels based on PVA were analyzed in the terms of mechanical
properties in the equilibrium swelled state. They were subsequently
lyophilized in order to determine their specific surface area and surface
morphology. Resulting cryogels were used for determination of network
parameters, swelling kinetics and for biological testing (after re-swel-
ling in biological media). Selected samples were loaded with ibuprofen,
rutin and phenanthriplatin (PhPt) and their drug-release profiles were
evaluated. Cytotoxicity of PhPt-loaded hydrogels was evaluated on
healthy and cancerous cell lines.

2.3. Mechanical and rheological analysis

Mechanical analysis was conducted on specimens in equilibrium
swelled state using compression mode on tensile testing machine M350
5CT (Labor Chemie, Czech Republic). Highest strength, stress at highest
strength and Young’s modulus were recorded and calculated employing
compression rate of 10 mm/min. Rheological measurements were per-
formed on rotational rheometer Anton Paar MCR 502 (Anton Paar,
Austria) equipped with D-CP/PP7 shaft using roughened aluminum
plate with 5mm diameter and bottom plate with glued sandpaper
(P240) to prevent slipping. Specimens were cut to fit the chosen geo-
metry. All experiments were done at room temperature in oscillation
mode in frequency sweep from 1 to 10 Hz by applying constant strain of
1%.

2.4. BET and SEM analysis

Specific surface area (aggr) of lyophilized PVA cryogel specimens
was determined (three-times for each hydrogel) by multipoint
Brunauer-Emmet-Teller (BET) analysis of adsorption and desorption
isotherms recorded at 77 K utilizing high precision surface area ana-
lyzer Belsorp-mini II (BEL Japan Inc., Japan). Prior to the BET analysis,
PVA cryogel specimens were degassed at 75 °C for 72 h. These materials
were also analyzed by scanning electron microscopy (SEM) employing
Nova NanoSEM 450 microscope (FEIL, Czech Republic) operated at 5 kV
accelerating voltage. Ahead of SEM imaging, PVA cryogels were sput-
tered with gold-palladium nanoparticles to suppress the charge accu-
mulation effect.

2.5. Network parameters and swelling kinetics

Cryogel specimens were submerged in demineralized water, solu-
tions gently shaken and weighted in at predetermined times (up to
96 h) to assess their swelling kinetics. The network parameters in-
cluding swelling capacity and equilibrium water content (EWC) were
estimated by weighting method. The average molecular weight be-
tween crosslinks (M), crosslink density (p.) and mesh size (£) were
determined based on equilibrium swelling theory (Flory & Rehner,
1943) as follows:
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M ., the average molecular weight between crosslinks (g/mol), is
determined by Eq. (1) (Peppas, Huang, Torres-Lugo, Ward, & Zhang,
2000), where M, is the number average of molecular weight of initial
uncrosslinked polymer, 7 is the specific volume of polymer (0.788 cm®/
g), V; is the molar volume of water at 25 °C (18.069 cm®/mol), X1 is the
polymer-solvent interaction parameter (0.464), (Peppas & Merrill,
1976) and vz is the polymer volume fraction, calculated according to

Eq. (2):
&(& _ 1)]
P\ Mo @)

where My/M, is the weight swelling ratio of swollen hydrogel at equi-
librium estimated by weighing method, p, is the polymer density, and
pw is the density of water. Crosslink density p. (mmol/cm®) can be then
calculated using Eq. (3). (Peppas, 1986)

2
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Mesh size & (10\), defined by Eq. (4), (Canal & Peppas, 1989) can be
estimated from the relation between polymer volume fraction v, and
end-to-end distance of the unperturbed (solvent-free) state (77)'/2,
which is defined by Eq. (5),

E=v P )
- \1/2
(,—,02)1/2 — l(%) c3/2
M, " ©)]

where [ is the C—C bond length (1.54 A), M . is the molecular weight of
the repeating unit (44 g/mol for PVA), and C,, is the characteristic ratio
of PVA chain (8.9). (Flory & Volkenstein, 1969)

2.6. Drug loading and release

To estimate the role of hydrogel mesh density for drug release ap-
plications, the specimens of the least and the most crosslinked PVA-
based hydrogels (PD1 and PD3) were prepared. The weight of the
swollen specimens was optimized with respect to their different EWC
(see Section 3.3) in a way that resulting samples would contain the
same amount of liquid. Samples were loaded with ibuprofen by sub-
merging in 20 mg/mL solution of the drug for a week at ambient
temperature in the absence of light. This approach was chosen to
minimize the differences in swelling capacity, EWC and gel fraction
between the hydrogels and allow for loading of all hydrogel samples by
equivalent amount of drug, which would enable for direct comparison
of the role of hydrogel mesh density in the drug release.

The loaded specimens were subsequently placed in separate closed
containers containing 20 mL of demineralized water and shaken gently
at 37 °C in incubation box. Aliquots of 1 mL were collected at given
times and replaced by 1 mL of demineralized water to conserve the
volume. In analogy to ibuprofen, 0.1 mg/mL rutin solutions (limited by
its solubility) was used for loading of the specimens and its release
evaluated. Next, collected samples were analyzed using UV-vis spec-
trometer Perkin Elmer Lambda 1050 (Perkin Elmer Inc., USA) in the
span of wavelengths from 250 to 400 nm. The release kinetics of ibu-
profen and rutin were studied by using absorption peaks at 272 and
353nm, respectively. The calibration curves were constructed by
plotting absorption intensity vs. known concentration of prepared
ibuprofen and rutin solutions.

The PhPt-loaded PD2 specimens were prepared using 0.125 mg/mL
solution of PhPt in PBS, placed in 10 mL of neat PBS (pH 7.4), and
aliquots of 1 mL were collected and replaced by 1 mL of PBS to conserve
the volume. The amount of released PhPt was evaluated by inductively
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coupled plasma mass spectrometry (ICP-MS).

The release of the drug is reported as a percentage of cumulative
release, where the value of 100% corresponds to concentration of the
drug in the system after the equilibrium between the hydrogel and the
solution was reached (concentration curve reached plateau), which was
within 96 h in all cases.

2.7. Determination of '°°Pt content using ICP-MS

Aliquots collected during the release of PhPt from the PD2 hydrogel
(Section 2.6) were analyzed by ICP-MS analysis. Three isotopes of
platinum, '**Pt, '*>Pt and '°°Pt were investigated. The '°°Pt isotope
was found the most sensitive (LOQ 0.001 ppb Pt) and was used for the
measurements. Analyses were carried out with a quadrupole-based
Thermo Scientific iCAP Qc inductively coupled plasma-mass spectro-
meter (ICP-MS) equipped with nickel cones, a Peltier-cooled, low-vo-
lume conical quartz spray chamber, concentric PFA nebulizer, a colli-
sion cell (QCell) with helium to remove undesirable molecule ions or by
discrimination of their kinetic energy (CCT and KED mode), a peri-
staltic sample delivery pump, and a Cetac 520 autosampler. Mass ca-
libration and detector cross-calibration were performed according to
the instrument manufacturer’s instructions before the sample mea-
surements, using the prescribed solutions obtained from Thermo Fisher
Scientific. A sensitivity check using a 10 pug/L Ba, Be, Bi, Ce, Co, In, Li,
Ni, Pb and U tuning solutions was performed. The ICP-MS spectrometer
was set to appropriate measurement parameters, calibrated in the range
0.1-20.0 pg/mL of Pt with Pt standard solution (ANALYTIKA® spol. s. r.
0., Czech Republic) dissolved in PBS (pH 7.4) and samples were mea-
sured.

2.8. Biocompatibility and cytotoxicity and assays

The biocompatibility testing was performed in three ways: A)
testing of cytotoxicity of extracts of pure hydrogels, B) cell growth and
morphology in direct contact with pure hydrogels, C) the effect of hy-
drogels loaded with PhPt on cell viability.

A.) Cytotoxicity tests of the hydrogel extracts were performed using cell
lines HaCaT and NIH/3T3. Extracts from PG1, PD1-PD3 specimens
were prepared according to ISO standard 10993-12; in concentra-
tion 0.1 g/mL of media. The tested samples were extracted in cul-
ture medium for 24 h at 37 °C with stirring. The parent extracts
(100%) were then diluted in culture medium to obtain a series of
dilutions with concentrations of 75, 50, 25, 10, and 1% of the
parent extract. Due to no observable cytotoxicity of diluted extracts,
only those with concentrations above 50% are discussed in the
following text. All extracts were used up within 24 h of preparation.
Cytotoxicity testing itself was performed according to ISO protocol
10993-5. Cells were seeded at a density of 10° per mL in 96 well
plates and pre-cultivated for 24 h. The extracts were applied onto
cells for another 24 h. All tests were performed in quadruplicates.
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Tetrazolium (MTT cell proliferation assay kit, Duchefa Biochemie,
Netherlands) was used to determine cell viability after exposure
time. The absorbance was measured at 570 nm and the reference
wavelength was adjusted to 690 nm. The results are presented as
reduction of cell viability in relative values when compared to cell
cultivated in medium without the extracts of tested materials,
which corresponds to 1. Morphology of cells from the culture plates
was observed using an inverted phase contrast microscope Olympus
IX 81 (Olympus, Germany).

B.) The direct contact tests were performed according the ISO 10 993-5
using NIH/3T3 cells. Cells were seeded at a density of 10° per mL
and pre-cultivated for 24 h to subconfluency. Afterwards, the tested
samples (PD1, PD2) were carefully placed onto the cells with fresh
medium and incubated for 5 days. After the incubation period, cell
morphology was observed and recorded. Microphotographs were
taken every 24 h. Firstly, cells were fixed using 4% formaldehyde
(Penta, Czech Republic) for 15min, washed by PBS and subse-
quently poured over with 0.5% Triton X-100 (Sigma-Aldrich, USA),
left for 5min to permeabilize and washed 3 times by PBS
(Invitrogen, USA). Subsequently, cell nuclei were stained using
Hoechst 33258 (Invitrogen, USA) and actin cytoskeleton was vi-
sualized using ActinRed™ 555 (Thermo Fisher Scientific, USA).
Required amount of PBS, two drops per 1 mL of ActinRed™ 555 and
5pug/mL of Hoechst,33258 were added and left to incubate for
30 min in the dark. Morphology of cells from the culture plates was
recorded using an inverted phase contrast microscope Olympus IX
81 (Olympus, Germany). All tests were performed in triplicates.

C.) The effect of PhPt loaded on hydrogels was evaluated on A549 and
NIH/3T3 cell lines. Cells were seeded at a density of 10° per mL to
24 well plates and pre-cultivated for 24 h. PD2 specimens were
loaded with 0.5, 1 and 2.5 pg of PhPt and placed into the middle of
the well. Fresh DMEM was added in a way that total volume
(medium + hydrogel) was 1 mL, which results in concentrations of
1, 2 and 5uM of PhPt in each well. The cells were incubated for
48h and cell viability was determined through the MTT assay. All
tests were performed in triplicates.

3. Results and discussion
3.1. Mechanical analysis

Compression tests of prepared PVA/DAC hydrogels showed ex-
pected increase in mechanical properties with the increasing amount of
crosslinking agent. Fig. 1A shows the dependence of PVA/DAC highest
strength, Young’s modulus (E) and stress at highest strength on the
amount of used crosslinker. Data for PVA/GA hydrogel are not shown
as the test specimens were not able to withstand the compression tests
and slowly broke apart under constant compression rate (10 mm/min)
with no distinctive onset of irreversible deformation. In contrast to this,
all PVA/DAC hydrogel specimens exhibit well defined transition be-
tween reversible and irreversible deformation, observable even by
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naked eye. The inability to obtain mechanical data for PG1 is the first
indicator of inferior mechanical properties of PVA/GA hydrogels in
comparison to those formed by DAC.

Utilizing the 0.5-1.5 wt% of DAC crosslinker (relative to PVA) en-
ables preparation of PVA/DAC hydrogels whose Young’s modulus lies
in between 0.34-1.1 MPa. Measured values of stiffness for PD2 and PD3
samples correspond to materials mechanically suitable for artificial
cartilage implants. (Park et al., 2008)

The stress vs. strain curves of all hydrogels based on PVA along with
the picture of PD1 hydrogel cube specimen are depicted in Fig. 1B. The
PVA/DAC hydrogel structure collapses at certain point, which enables
to distinguish between reversible and irreversible deformation. As the
amount of DAC crosslinker decreases, the hydrogels are able to with-
stand higher compression deformations without breakage.

It should be noted that mechanical characteristics obtained by
compression test are influenced by so-called “barreling” artefact effect,
a significant broadening of the middle cross-section of specimens when
loaded with compression force. This horizontal deformation results in
additional shear force influencing linear relation between stress and
strain. (Meyvis et al., 2002) Thus, the calculated values of Young’s
modulus from such measurements cannot be treated as absolute.
Nevertheless, they can serve for the relative comparison between the
prepared specimens. To obtain more detailed information about the
mechanical behavior of PVA-based hydrogels, rheological measure-
ments were conducted.

3.2. Analysis of viscoelastic properties

All PVA-based hydrogel samples were analyzed using oscillatory
shear rheometry utilizing frequency sweep from 1Hz to 10 Hz and
constant strain of 1%. The results are shown in the Fig. 2A and B. The
dependence of storage modulus (G’) and loss modulus (G”) on angular
frequency can be seen in the Fig. 2A. Both storage and loss moduli
follow the same trends in all prepared PVA-based hydrogels. Generally,
both G’ and G” are higher for hydrogels containing larger amount of
crosslinker. This is not surprising as the denser network of crosslinks is
expected to possess higher elasticity oppose to the sparsely crosslinked
one, which will rather dissipate energy. The PD3 and PD2 samples (1.5
and 1wt% of DAC, respectively) exhibit relatively high G’ around
121 Pa and 55.5Pa in the selected span of oscillatory measurements,
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respectively. As the amount of DAC crosslinking agent decreases down
to 0.5 wt%, the G’ drops to approximately 9.5 Pa. However, this is still
more than twice the value observed for PG1 (G’ = 4.1 Pa). These results
confirm previous observation from mechanical compression tests that
the PVA-based hydrogels prepared by the use of DAC exhibit better
mechanical properties when compared to those made by GA under the
same conditions.

The Fig. 2B shows the dependence of dynamic modulus (G*) and
damping factor tané in the selected span of angular frequency. The
dynamic modulus G* can be calculated as the square root of the sum of
the second powers of storage and loss modulus. It provides information
about the complex modulus in the selected range of oscillatory mea-
surement at ambient temperature. As the viscous component (G”) of
dynamic modulus G* is rather small in all cases, the trends follows
those established for G’.

The parameter tand, defined as ratio between loss and storage
modulus (G”/G”), gives a measure of viscous to elastic component of
material. In other words, if the material is more elastic (i.e. stores
mechanical energy) than viscous (i.e. dissipates energy), the tans value
will limit to zero. From the data plotted in Fig. 2B it is evident that
elastic component is increasing with the amount of DAC crosslinker. In
contrast to this, PG1 possess highest damping factor which signifies
more viscous-like behavior than PD1.

Overall, the materials properties of prepared PVA/DAC hydrogels
are covering the area from stiff elastic gels (PD2 and PD3) to soft vis-
coelastic gels (PD1). In comparison with PD1, the PG1 sample exhibits
inferior mechanical properties.

3.3. BET and SEM analysis

The PVA cryogels obtained by lyophilization were analyzed in terms
of their specific surface area (aggr). The example of lyophilized PD1
cryogels is depicted in Fig. 3A. The aggr and the quantity of adsorbed
volume of nitrogen (V,) significantly grows with decreasing amount of
DAGC, see Fig. 3A and 3B. The aggr for PD1 is by an order of the mag-
nitude larger than that for PD3 (50 = 2m?%/g vs. 4.4 = 0.2m?/g).
This is closely related to the water absorption capability of the hy-
drogel, as the amount of absorbed water influences the extent of cavi-
tation during lyophilization. Because the least crosslinked material has
the highest water absorption capability, it also features the highest
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Fig. 2. Analysis of viscoelastic properties of PVA-based hydrogels with storage modulus (G’) and loss modulus (G”) plotted against angular frequency (part A) and
calculated dynamic modulus G* and damping factor tand dependence on angular frequency (part B). All measurements were carried at ambient temperature.
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porosity, as can be seen from the micrographs of PVA/DAC cryogels
obtained by SEM (see bottom part of Fig. 3).

Notably, the specific surface area of PG1 (18 + 2m?/g) is much
lower than for its analog PD1 (50 + 2m?/g), only somewhat higher
than for PD2 (11 + 1m?/g). The analogical DAC-crosslinked hydrogels
thus possess not only superior mechanical properties, but also higher
surface area and thus, presumably, better absorption capabilities in
comparison with GA analog. This is another direct consequence of two-
phase network topology of PVA/DAC hydrogels, (Miinster et al., 2018)
where the regions with very high crosslink density, formed by in-
dividual DAC macromolecules, are sparsely embedded and connected
through physically entangled PVA matrix. Hence, PVA/DAC material
contains larger fraction of chemically uncrosslinked PVA, which is
washed away during preparation. The lyophilized PVA/DAC cryogels
thus exhibit increased porosity and specific surface area compared to
PVA/GA cryogels prepared using identical conditions.

3.4. Swelling kinetics and network parameters

The PVA cryogels were re-swelled in water and the swelling kinetics
and network parameters were determined, Fig. 4. The equilibrium
swollen state was achieved after 24 h for all PVA/DAC samples, see
Fig. 4A. The main difference between prepared PVA/DAC materials is
rapid water uptake and very high swelling capacity of PD1 (0.5 wt% of
DAC) compared to PD2 (1 wt% of DAC), which well corresponds to
significantly larger specific surface area and porosity of the former, as
discussed in previous Section. While the swelling capacity of PD1
samples reaches 1630%, the PD2 and PD3 specimens exhibit swelling
capacity of 344 and 242% after 96 h, respectively.

The network parameters (equilibrium water content EWC, mesh size
£ and crosslink density p., see Section 2.5 for more details) of prepared
PVA/DAC hydrogels are plotted against amount of used DAC crossliker
in Fig. 4B. As in mechanical and specific surface analysis, the network
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parameters are closely related to amount of used crosslinker. With in-
creasing amount of DAC crosslinker (from PD1 to PD3), EWC drops
from 94 to 71%, mesh size ¢ decreases from 167 to 50A and the
crosslink density p, increases from 0.34 to 1.23 mmol/cm®. The polymer
volume fraction (v;,) increases from 0.05 to 0.25. Furthermore, dy-
namic modulus G* shows almost linear dependence on estimated p.
(Fig. 4C) while there is also a linear correlation between the calculated
& on measured specific surface area (Fig. 4D). The prepared materials
thus obey classical theoretical framework, as both viscoelastic proper-
ties of hydrogels and specific surface area of cryogels prepared by
various amounts of DAC are tightly correlated to parameters obtained
by the means of equilibrium swelling theory. This makes them mutually
predictable in the investigated range of crosslinker concentrations.

3.5. Drug release studies

The factors influencing drug release, i.e. mesh density and size and
charge of released molecules, were investigated using ibuprofen, rutin
and phenanthriplatin. Selection of compounds reflects the variability of
potential hydrogel drug-delivery application, ranging from dermal
masks for cosmetics to implantable depots of anticancer drugs.

The release profiles of rutin and ibuprofen were investigated for
PD1 and PD3, which possess significantly different network parameters.
Because drug release from hydrogel is essentially a mesh-controlled
diffusion, it will be influenced by mesh size £ and crosslink density p. of
the hydrogels as well as by the size of the released molecules. The re-
lease profiles of rutin and ibuprofen from the least (PD1) and the most
(PD3) crosslinked PVA/DAC hydrogel specimens are shown in Fig. 5.

The influence of mesh parameters to release rates is evident in the
both cases of tested PVA/DAC hydrogels, although the relative size of
the molecules plays a role as well. Essentially, the denser the cross-
linked network and the larger the released drug is, the slower is the
release rate. The relatively small molecules of ibuprofen (M = 206 g/
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mol) are released from the hydrogel matrix almost completely after
only 2 h for PD1 but only after 6 h for PD3. The difference between PD1
and PD3 hydrogel matrices is thus visible mostly in early stages of re-
lease.

The larger molecules of rutin (610 g/mol) exhibits much slower
release compared to ibuprofen (complete release takes up to 96 h). The
role of mesh density parameters to the drug release rates is also much

more pronounced. The initial burst release of rutin from denser PD3 is
significantly reduced, being only about the half of that of PD1 (30% vs.
56% released after 1h, respectively). This is followed by continuous
release of rutin molecules from PD3 over the next four days. In com-
parison, the release of rutin from PD1 is completed in less than three
days, Fig. 5.

Another property which might considerably influence the drug
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Fig. 5. A) Release profiles of ibuprofen and rutin from the least (PD1) and the most (PD3) crosslinked PVA/DAC hydrogel specimens. B) Release profile of PhPt from
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release rates is the charge of the absorbed molecules. Both DAC and cytotoxicity (about 80% cell viability). Despite very low amount of GA
PVA chains are polar, with numerous —CHO and —OH groups bearing (corresponding to 0.5wt% of DAC), the extracts from PG1 hydrogel,
partial negative charges. Neither ibuprofen (negative charge) or rutin although overall non-cytotoxic, caused observable decrease in relative
(neutral charge) are expected to be retained specifically by the matrix cell viability of both cell lines in comparison to its DAC-based coun-
charge. Hence, phenanthriplatin (PhPt), positively charged monofunc- terpart PD1 (Fig. 6A and B). This correlates with previously noted
tional platinum(II) complex, (Park et al., 2012) was selected for the higher cytotoxicity of GA at higher concentrations, (Kim et al., 2017; Mi
final experiment to complete the release study. It was assumed that et al., 2006) which may impair the biocompatibility of the GA-cross-
attractive electrostatic interactions between PhPt and PVA/DAC matrix linked products. Based on obtained results, further biological testing
may increase the retention of PhPt in the hydrogels. With respect to the was limited only to PD1 and PD2 specimens.
considerable synthetic costs and extremely high cytotoxicity of PhPt Subsequently, effect of direct contact with pure hydrogels on cell
chemotherapeutic, which requires special handling, it was opted to growth and morphology was studied according the ISO 10 993-5, see
study its release using only the PD2 hydrogel. This hydrogel sample also Section 2.8 for more details. Cell growth and morphology were checked
possesses suitable mechanical properties for the artificial implant ap- every 24 h for 5 days, after which cells become fully confluent and
plications. For the structure of PhPt and its release rates from PD2 see experiment was terminated. No negative effects of the hydrogel pre-
Fig. 5B. sence were observed during the test period. Cells incubated for 3 days
The positive charge of the platinum complex seems to play a role in the presence of PD2 are visualized in Fig. 6C. It is clearly visible that
particularly in early stages of PhPt release from PD2. Its initial release there are no changes in cell quantity or morphology and fibroblasts held
rate is considerably slower than those of rutin from PD3, despite smaller their typical oblong, triangular shape during the whole incubation time.

size of PhPt (M = 505 g/mol) and sparser hydrogel matrix of PD2. On Obtained data demonstrate good overall biocompatibility of PD1 and
the other hand, the release of PhPt from PD2 is fully accomplished after PD2.
only two days, which is less than in case of rutin from PD3. The cytotoxicity of PD2 loaded by different amounts of PhPt, which
corresponds to 1, 2 and 5puM concentration of PhPt in the culture
media, was evaluated using non-cancerous NIH/3T3 cells and cancer
cell line A549 (Fig. 6D). Results were compared to equivalent amount
of free PhPt tested at the same conditions using the same cell lines.
The adsorption of PhPt to the PD2 does not have any negative im-
pact on drug cytotoxicity; quite the contrary in fact. Although the cy-
totoxicity of neat PD2 hydrogel towards non-cancerous immortalized
cell line NIH/3T3 was negligible, pure PD2 is mildly cytotoxic towards
A549 cancer cell line. This imply the possibility of synergy of cytotoxic
effects of the hydrogel and carried compound. However, because PhPt
was much more effective against A549 than against NIH/3T3, the A549
cell line results for PhPt-loaded PD2 are comparable with free PhPt.

3.6. Biological testing

Three sets of tests were employed to determine the biocompatibility
of PG1 and PD1-PD3 hydrogels: evaluation of cytotoxicity of extracts of
pure hydrogels, cell growth and morphology in direct contact with pure
hydrogels and the effect of hydrogels loaded with PhPt on cell viability.

Firstly, cytotoxicity of hydrogel extracts in culture media prepared
according to ISO standard 10993-12 was investigated, using human
aneuploid immortal keratinocyte cell line (HaCaT) and mouse embryo
fibroblast cell line (NIH/3T3), Fig. 6A and B. Even the 100% extracts
from PD1 and PD2 were non-cytotoxic towards both cell lines. The
100% extract of PD3 with 1.5wt% of DAC shows only borderline
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Fig. 6. Relative cell viability for all hydrogel extracts in different concentrations tested on A) human aneuploid immortal keratinocyte cell line (HaCaT) and B) mouse
embryo fibroblast cell line (NIH/3T3). C) Micrographs of NIH/3T3 cell growth in the presence of neat PD2 hydrogel. D) Cytotoxicity of different concentrations of
free PhPt, neat PD2 hydrogel and the PD2 loaded by various concentrations of PhPt tested against NIH/3T3 and adenocarcinomic human alveolar basal epithelial cell
line (A549).
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4. Conclusion

To summarize, the variation of DAC concentrations from 0.5wt% to
1.5wt% allows to prepare materials with mechanical characteristics
ranging from soft viscoelastic (0.5wt%) to stiff elastic (1wt% and 1.5wt
%). Resulting hydrogels thus have mechanical properties convenient for
various pharmaceutical applications, from subcutaneous drug-delivery
depots to artificial implants, i.e. cartilages. Amount of crosslinker also
directly influences the swelling of the hydrogels, specific surface area,
porosity and network parameters. The swelling capacity of hydrogel
ranges from 200% to 1600% for the most and the least crosslinked
hydrogel, respectively. The specific surface area decreases with in-
creasing amount of crosslinker by an order of magnitude, i.e. from
50m?/g to “4m?/g. Crosslink density is also increasing with the
amount of crosslinker from 0.34 to 1.23 mmol/cm®, while mesh size is
simultaneously decreasing from 170A to 50A. Notably, network
parameters (namely crosslink density and mesh size) exhibit almost
linear correlation with measured dynamic modulus and specific surface
area, respectively.

The PVA/DAC hydrogels were found to be superior in terms of
mechanical characteristics (more than double values of dynamic mod-
ulus) and specific surface area (more than twice larger surface) to
analogical material prepared using glutaraldehyde, probably due to the
macromolecular character of DAC and resulting two-phase network
topology, where the regions with very high crosslink density, formed by
individual DAC macromolecules, are sparsely embedded and connected
through physically entangled PVA matrix.

The drug release profiles from PVA/DAC hydrogels were found to be
governed by the mesh parameters of hydrogels and the size and charge
of released molecules. The available drug release rates range from very
fast (2h) for relatively small and negatively charged molecules of
ibuprofen to rather slow (96h) for larger and neutral molecules of
rutin. Positively charged phenanthriplatin had slowest initial release
rates, but was completely released already within 48 h.

The PVA/DAC hydrogels prepared using up to 1 wt% of DAC are
entirely nontoxic, while higher amounts of crosslinker results in mild
toxicity towards firbroblastic cell lines. However, to obtain stiffer PVA/
DAC hydrogels with controlled mesh size-release profiles while main-
taining the lowest possible level of toxicity, higher molecular weight
PVA may be used. (Miinster et al., 2018) Cytotoxicity studies suggests a
possible synergic effect of DAC-crosslinked hydrogels and carried phe-
nanthriplatin against adenocarcinomic human alveolar basal epithelial
cell line and demonstrated the potential of PVA/DAC hydrogels for
anticancer drug delivery applications, e.g. for localized release of che-
motherapeutics after tumor resection.

Overall, the PVA/DAC has tunable materials and surface properties
and drug release rates, good biocompatibility and no observable toxi-
city (up to 1 wt% of DAC). Thus, PVA/DAC hydrogel materials may be
suitable for wide spectrum of potential biomedical applications such as
intra-tumor drug delivery depots, artificial implants or dermal patches
and masks. The DAC thus provides not only sustainable, cost effective
and low toxic alternative to currently used synthetic crosslinking
agents, but it can be simultaneously used for preparation of hydrogels
with comparably better characteristics.
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2,3-Dialdehyde cellulose (DAC) was used as an efficient and low-toxicity crosslinker to prepare thin PVA/DAC
hydrogel films designed for topical applications such as drug-loaded patches, wound dressings or cosmetic
products. An optimization of hydrogel properties was achieved by the variation of two factors — the amount of
crosslinker and the weight-average molecular weight (M,,) of the source PVA. The role of each factor to network
parameters, mechanical, rheological and surface properties, hydrogel porosity and transdermal absorption is
discussed. The best results were obtained for hydrogel films prepared using 0.25 wt% of DAC and PVA with
M,, = 130kDa, which had a high porosity and drug-loading capacity (high water content), mechanical prop-
erties allowing easy handling, best adherence to the skin from all tested samples and improved transdermal drug-
delivery. Hydrogel films are biocompatible, show no cytotoxicity and have no negative impact on cell growth
and morphology in their presence. Furthermore, hydrogels do not support cell migration and attachment to their
surface, which should ensure easy removal of hydrogel patches even from wounded or damaged skin after use.

1. Introduction

Hydrogel-based biomaterials receive steadily growing attention due
to their similarity to living tissues in terms of mechanical properties,
porosity and high content of water. The last two qualities allow hy-
drogels to accommodate, store, and later release various substances,
making them excellent materials for a wide range of drug-delivery
applications in both medicine and cosmetics, i.e. from injectable drug-
delivery depots to dermal patches, or from drug-loaded wound dres-
sings to hydrating masks. In contrast to implantable drug depots, to-
pically applied hydrogels could be easily removed and replaced after
their content is depleted, which is ideal for sustained, painless, and
controlled delivery of biologically active compounds [1].

Hydrogel films are also excellent wound dressing materials as they
naturally hydrate the skin and keep the wound zone moist and wet-
table, which accelerates healing [2], soothes and cools burns and re-
duces pain and inflammation [3]. Hydrogels loaded with antibiotics
and anti-inflammatory agents can also deliver the active compounds
directly to the wounded area, reducing the risk of infection.

Necessary characteristics of hydrogels intended for topical appli-
cations include: biocompatibility, large loading capacity (equilibrium
water content), good adherence to the skin (bioadhesivity), which
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increases dermal absorption of compounds loaded in the hydrogel, [4]
and mechanical stability sufficient for easy removal. Hydrogels in-
tended as wound dressings should not interfere with the cell growth and
formation of new tissues. Simultaneously, they should not support cell
migration and attachment to their surface or bulk, which may com-
plicate their removal from the wounded area and lead to the dis-
turbance of tender healing tissue.

To successfully balance all these qualities is not an easy task. For in-
stance, purely biopolymer-based hydrogels often have poor mechanical
properties in the swollen state, which make them difficult to handle and to
remove from skin. Hydrogels based on artificial polymers have well-defined
structure and properties but may suffer from other disadvantages. For in-
stance, hydrogels based on poly(vinyl alcohol), PVA, are used for prepara-
tion of immunotherapeutic anticancer gels and transdermal patches, [5,6]
wound dressings [3], drug-delivery patches [7] and contact lenses [8].
However, properties of PVA hydrogels are difficult to optimize — they tend
to have poor elasticity, high stiffness and relatively low hydrophilicity.
Possible solution is to use hybrid hydrogels composed of two polymers of
both natural and artificial origin [3]. Properties of hybrid hydrogels are
generally better defined than in case of purely biopolymer-based analogs
and their individual attributes can be more easily optimized than those of
synthetic polymer-based hydrogels.
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Fig. 1. Simplified reaction scheme between —-CHO and —OH groups of 2,3-dialdehyde cellulose and PVA in an acidic environment.

In this work we investigate hydrogel films composed of PVA
crosslinked by 2,3-dialdehydecellulose, DAC, which is prepared by re-
gioselective periodate oxidation of hydroxyl groups of cellulose at C2
and C3 of pyranose cycle [9,10]. Structure of DAC and simplified re-
action scheme between DAC and PVA is given in Fig. 1. Raw DAC is
insoluble in aqueous media and must be solubilized by hot water prior
to its utilization in solution-based processes [11]. DAC features two
highly reactive aldehyde groups per each oxidized unit, which can be
used for crosslinking of polymers bearing hydroxyl side groups (Fig. 1).
However, DAC was deemed to be rather unstable in solution [12]. The
presumed need to prepare a fresh crosslinker for every use reduced its
potential in practical applications [13]. Only recently, we have shown
that the stabilization of an aldehyde group content over a prolonged
period can be achieved by decreasing the pH of the solution to 3.5 [10].

DAC has several advantages over currently used organic crosslinkers
such as glutaraldehyde (GA). Firstly, DAC can be prepared using cel-
lulose from renewable resources [14] and consumed periodate salt can
be easily regenerated and re-used making the whole process sustainable
[15]. Secondly, DAC is considerably less toxic than GA, [16] which is
particularly important to the preparation of biomaterials for medical
and cosmetic sector. Last but not least, DAC is more effective crosslinker
than GA at the same concentration of aldehyde groups. [17] This is a
result of “two-phase” network topology found in DAC hydrogels.
[16-18] Briefly, while small GA molecules are uniformly distributed
through the hydrogel network, much larger DAC macromolecules can
crosslink numerous PVA chains simultaneously, thus creating regions
with very high crosslink density, which are embedded in PVA matrix.
Resulting PVA/DAC hydrogels thus have better mechanical properties
than PVA/GA counterparts [18].

Here, DAC is used as a crosslinker for preparation of thin hydrogel
films optimized for transdermal drug delivery, wound dressings and
cosmetic products. The role of varied amount of crosslinker and dif-
ferent weight-average molecular weight (M,,) of PVA to the network
parameters, porosity, viscoelastic properties, cytotoxicity and bio-
compatibility of prepared thin films is discussed together with release
kinetics and transdermal absorption of two model drugs, rutin and
caffeine.

Rutin is the glycoside composed of quercetin and rutinose (a-L-
rhamnopyranosyl-(1 — 6)-B-p-glucopyranose). It is a flavonoid found in
a wide variety of plants including buckwheat, tea and citrus fruit. It is
highly versatile in its biological activity because it exhibits anti-
oxidative, cytoprotective, vasoprotective, anticarcinogenic, neuropro-
tective and cardioprotective properties [19]. It finds numerous appli-
cations in cosmetics, because it stabilizes the vascular walls, prevents
them from cracking and counteracts the manifestation of dilated veins.
It is also utilized in wound dressing and healing applications because it
shows anti-microbial and anti-inflammatory activity and reduces oxi-
dative stress in the wounded area [20,21].

Caffeine is a stimulant of the central nervous system and is often
used as a model drug for studying the penetration of hydrophilic sub-
stances across the skin barrier [22,23]. Caffeine-saturated hydrogels
can stimulate the nervous system, support lymphatic system, prevent
excessive fat accumulation in the skin and help to protect the skin from
photodamage [22,23].

2. Experimental
2.1. Materials

Two types of poly(vinyl alcohol) (PVA) with 88% degree of hy-
drolysis with different M,, (130 and 31 kDa, respectively) were used
(Sigma Aldrich Co.). Alpha cellulose (M,, = 109kDa) [24] (Sigma Al-
drich Co.), sodium periodate (NalO,4) (Penta, Czech Republic), ethylene
glycol, hydrochloric acid (HCI) (Penta, Czech Republic) were employed
in the synthesis of 2,3-dialdehydecellulose (DAC) and in the subsequent
preparation of hydrogels. The prepared PVA/DAC hydrogels were sa-
turated with rutin and caffeine (Sigma Aldrich Co.). The mouse em-
bryonic fibroblast cell line (NIH/3T3, ECACC) was used for the de-
termination of biological properties. DMEM (Biosera, France)
containing 10% of calf serum (Biosera, France) and 100 U/mL Peni-
cillin/Streptomycin (Biosera, France) was used as a culture media. Cells
were incubated at 37 °C in a 5% CO, humid atmosphere. Phosphate
buffer saline (PBS) (Invitrogen, USA) was used for cells washing. Cells
were cultured on Techno plastic (TPP, Switzerland), using Tetrazolium
kit (MTT cell proliferation assay, Duchefa Biochemistry, The Nether-
lands). The other chemicals used in biological testing include for-
maldehyde (Penta, Czech Republic), Triton X (Sigma Aldrich Co.),
Hoechst 33258 (Invitrogen, USA) and ActinRed™ 555 (Thermo Fisher
Scientific, USA). For transdermal testing gentamicin sulfate (HiMedia
Laboratories), formic acid (HCOOH), and methanol (Penta, Czech Re-
public) were used. All chemicals were of analytical purity and were
used as received without further purification. Demineralized water was
used throughout the experiments.

2.2. Preparation of crosslinked PVA/DAC hydrogels

In the first step, the 2,3-dialdehydecellulose (DAC) was prepared by
oxidation of alpha cellulose by NalO, using a 1:1.2 M ratio of reactants
(DAC:periodate) following earlier works [10,17,18,25]. Briefly, to
achieve high conversion of cellulose to DAC, 10g of cellulose was
suspended in 250 mL of water containing 16.5 g of sodium periodate.
The mixture was then stirred in the dark for 72 h at 30 °C. The oxidation
was stopped by addition of 10 mL of ethylene glycol and the product
washed and filtered. Resulting raw DAC was suspended in 175 mL of
water and solubilized at 80 °C for 7 h [11]. Next, the solubilized DAC
was cooled, centrifuged (10 min, 10,000 RPM) and the solution was
transferred to a 200 mL volumetric flask. The weight concentration of
solubilized DAC was determined (42.3 = 1.3mg/mL) by simple
weight analysis (i.e. solution evaporation and residue weighted). The
prepared DAC solution of known concentration served for crosslinking
of PVA.

In the second step, 10 g of each PVA type (M,, 31,000 or 130,000 g/
mol) was dissolved in 80 mL of water at 90 °C. Subsequently, the cat-
alyst (10 mL of 1.3 M HCl) and defined amount of DAC corresponding to
0.25wt% and 1 wt% (with respect to the weight of PVA) was added.
The prepared reaction mixtures were thoroughly stirred and poured
onto Petri dishes (d = 140 mm) and left to dry at 30 °C until constant
weight. The crosslinking reaction between PVA and DAC occurs during
the drying of the reaction mixture, where dehydration of ~-CHO groups
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Table 1

Designation of PVA/DAC samples, their composition and M, of the PVA used.
Sample PVA M,, PVA DAC DAC

(€3] (kDa) (wt%) (€3]

L-31 10 31 0.25 0.025
H-31 10 31 1 0.1
L-130 10 130 0.25 0.025
H-130 10 130 1 0.1

of DAC causes the formation of hemiacetals with hydroxyl groups of
PVA. Simplified reaction scheme between —~CHO of DAC and ~OH group
of PVA in an acidic environment is shown in Fig. 1.

The prepared thin films were then thoroughly washed in water to
remove uncrosslinked material, and disc-shaped samples of 15 and
50 mm in diameter were cut out and stored in aseptic medium (70%
ethanol solution) until used. A small part of the PVA/DAC samples was
left unwashed for determination of network parameters (gel fraction).
Designation and composition of the prepared PVA/DAC samples are
listed in Table 1.

The estimation of network parameters, measurement of viscoelastic
properties, BET and SEM analysis, drug release kinetics, cytotoxicity
and transdermal absorption of prepared hydrogels were subsequently
investigated.

2.3. Network parameters

The network parameters were estimated based on the measurements
of swelling and weight change of prepared 15 mm disc-shaped PVA/
DAC xerogel samples (6 specimens for each). Unwashed discs were
weighed and then thoroughly washed for one week with regular
changing of water. Subsequently, the swollen discs were gently dried to
remove excess water, weighed and dried at 30 °C till constant weight.
The network parameters were determined using equilibrium swelling
theory suggested by Flory and Rehner [26]. The constants used for the
calculation of network parameters include the specific volume of PVA
polymer v = 0.788 cm>/g, the PVA density pp = 1.27 g/cm?®, the molar
volume of water (V;) at 25 °C = 18.069 cm®/mol, the polymer-solvent
interaction parameter (y;) = 0.464, the average bond length
[ = 1.54 A, the characteristic ratio of PVA chain C, = 8.9 and the mo-
lecular weight of PVA unit M, = 44 g/mol. Following equations were
used to calculate network parameters [10,27].

Equilibrium swelling (%) was obtained according to Eq. (1), where
Mg is the mass of the hydrogel swollen to the equilibrium state, and M,
is the mass of the washed and dried hydrogel [28].

Equilibrium swelling (%) = Ms=Mo X 100
M, (€Y
Equilibrium water content (EWC) describes the maximum amount
of water absorbed by the hydrogel. M; is the mass of the sample swelled
under equilibrium conditions, and M, is the mass of the washed and
dried hydrogel [29].
Ewe (%) = Mo 109
M, )
The gel fraction was calculated using Eq. (3), where M, is the weight
of the dried hydrogel after extraction of the soluble fraction in the
hydrogel and M, is the weight of the dry and non-washed hydrogel
[28].

M X 100

M 3)
The average molecular weight between crosslinks (M.), where M,, is

the average number molecular weight of the initial uncrosslinked

polymer, v is the specific polymer volume, V; is the molar volume of

Gel fraction (%) =
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water, V5 is the polymer volume fraction and y; is the polymer-solvent
interaction parameter [26].

M. (g/mol) = M _ [ ()i - ‘%]
2 (%)Un(l _ Vz,s) + VZ,S +X1(V2,s)2] (4)

Polymer fraction (V;;), where M,/M, is the weight ratio of dry to
swollen hydrogel at equilibrium, p, is the density of the polymer and p,,
is the density of water [30].

[ oS (Ms )]1
Vig= 14+ 2221
Py M, 5)

Calculation of the crosslink density (p.) [26,31].

p.(mol/cm3) =

M, (6)
The mesh size (¢):
E(A) = W 1B@EAH2 %)

where(f)?)"/? is the end-to-end distance of the unperturbed (solvent-
free) state.

1/2
@) = 1(2 ;;IMC) X G2

r

®

2.4. Measurement of viscoelastic properties

Disc samples (d = 15 mm, 6 specimens per sample) were measured
in an equilibrium swollen state using a rotational rheometer Anton Paar
MCR 502 (Anton Paar, Austria) equipped with D-PP15 shaft using a
roughened aluminium plate with 15 mm diameter and ground plate
with glued sandpaper both used to prevent slipping of samples during
measurement. The measurement was performed at laboratory tem-
perature in oscillation mode in frequency sweep from 1 to 10 Hz by
applying a constant strain of 1%.

2.5. BET and SEM analysis

Lyophilized PVA/DAC cryogels were initially degassed at 75 °C for
24 h. Specific surface area (azgy), total pore volume (V) and mean pore
diameter of cryogels was determined by multipoint Brunauer-Emmet-
Teller (BET) analysis of adsorption isotherms recorded at 77 K utilizing
high precision surface area analyzer Belsorp-mini II (BEL Japan Inc.,
Japan). The measurement was carried out in triplicates. These materials
were also analyzed by scanning electron microscopy (SEM) employing
Nova NanoSEM 450 microscope (FEI, Czech Republic) operated at 5 kV
accelerating voltage. Ahead of SEM imaging, cryogels were sputtered
with gold-palladium nanoparticles to suppress the charge accumulation
effect.

2.6. Loading and release

H-31, L-130 and H-130 samples of approximately 500 mg and
15mm in diameter were loaded by biologically active compound by
submerging into a 50 mL of stock solution of 0.1 mg/mL (rutin) or
10 mg/mL (caffeine) and shaken for 72 h at 37 °C. Loaded samples were
then used to study the drug release kinetics. For this purpose, three
samples from each hydrogel were placed in separate closed containers
containing 10 mL of demineralized water and shaken at 37 °C in the
dark. Aliquots of 1 mL were collected in given times over 96 h and
analyzed using UV-VIS spectrometer Perkin Elmer Lambda 1050
(Perkin Elmer Inc., USA) using characteristic peaks at 353 nm (rutin)
and 273 nm (caffeine). The experiments were performed in triplicates.
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2.7. Cytocompatibility of hydrogels

The cytocompatibility tests included 1) evaluation of cytotoxicity of
hydrogel extracts and 2) cell growth in the presence of hydrogel and in
direct contact with their surfaces. The cytotoxicity was tested according
to ISO 10 993-5. All tests were performed in quadruplicates.

1) Extracts from L-130, H-130 and H-31 specimens were prepared ac-
cording to ISO 10993-12 in the concentration of 0.1 g of swollen gels
per 1 mL of culture media. The tested samples were extracted in
culture medium for 24 h at 37 °C under constant shaking. The parent
extracts (100%) were then diluted in culture medium to obtain a
series of dilutions with concentrations of 75, 50, 25, 10, and 1%. The
mouse embryonic fibroblast (NIH/3T3) cells were seeded into 96
well plates in concentration 10° cells per mL and placed to the in-
cubator for pre-cultivation for 24 h at 37 °C. After the pre-incubation
period, the extracts were added and cells incubated for another 24 h.
Determination of cell viability after exposure time was performed by
MTT assay. The reference wavelength was set to 570 and 690 nm,
respectively. The results are presented as the relative cell viability
compared to the reference (cells cultivated on tissue plastic only in
culture medium), where reference corresponds to 1 (100% cell
viability).

2) For the test of cell growth in the presence of hydrogels, cells were
seeded on culture plastic plates in concentration 10° cells per mL
and pre-incubated till they reached sub-confluence. The hydrogels
were placed in the centre over the adherent cells. Cells were checked
every day by an inverted phase-contrast microscope Olympus IX 81
(Olympus, Japan) until the reference reached full confluency (96 h).
Cell viability was measured by MTT assay in the same conditions as
in the cytotoxicity of hydrogel extracts after 48 and 96 h.

For the determination of cell adherence and growth on the surface
of hydrogels, cells were seeded directly on the samples surfaces in
concentration 5 X 10* cells per cm?. After 48 h samples were fixed with
4% formaldehyde for 15min, washed with PBS, permeabilized with
0.5% Triton X for 5min and subsequently stained with Hoechst 33258
and ActinRed™ 555 for 30 min in the dark. Cells were observed using an
inverted fluorescence phase-contrast microscope Olympus IX 81
(Olympus, Japan).

2.8. Transdermal absorption tests in vitro

Tests were conducted according to the OECD Test Guideline for Skin
Absorption: In vitro method, using the skin from pig ear. The pig's ear
lobe was shaved and the inner part of the auricle was separated from
the underlying cartilage. Square skin samples of 3 X 3 cm were cut out
from the separated skin. The skin samples were then placed in test cells
and their skin integrity was determined using a UNI-T UT71D multi-
meter. Samples with a resistance below 5 mQ2 were excluded.

Disc-shaped samples of individual hydrogels were added to the
prepared skin samples. Prior to insertion, the hydrogels were loaded
with caffeine by shaking for 120h at 37°C in 10 mg/mL caffeine.
Testing was performed on an automated diffusion cell system with the
continuous flow of receptor liquid through samples Fraction Collector

Table 2
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FC33 (Permegear, USA). All experiments were performed in triplicates.
The receptor fluid (PBS buffer and 0.05% gentamicin sulfate) was col-
lected for 24 h at a constant flow rate of 2 mL/h. After completion of the
measurements, the fractions obtained at pre-set times (1-24 h) were
stored at —20 °C until analysis. The individual samples were then fil-
tered and analyzed by liquid chromatography employing HPLC chro-
matograph Breeze 1525 with UV-VIS detector (Waters Corporation,
USA). Chromatographic separation of the caffeine within the samples
was carried out isocratically on a Kinetex C18 100A column
(150 X 4.6 mm, 2.6 um) (Phenomenex, USA). The mobile phase con-
sisted of 0.2% HCOOH and methanol in a 75/25 ratio, the temperature
was set to 30 °C, the flow rate 0.7 mL/min. The wavelength used for
detection was 272 nm.

3. Results and discussion

Four types of hydrogel samples differing in concentrations of DAC
and M, of PVA were prepared, see Table 1. Only the network para-
meters were determined for the sample L-31 (L stands for lower amount
of the DAC, 0.25wt%, number 31 is the molecular weight of PVA in
kDa, cf. Table 1) because of its poor physical properties caused by
combination of low crosslinker concentration and low M, of PVA.
Sample L-31 teared and disintegrated even during gentle manipulation,
which prevented meaningful characterization as certain techniques
would be influenced by macroscopic faults in hydrogel structure,
making obtained data unreliable. Other three types of hydrogel samples
(L-130, H-31 and H-130, H stands for higher concentration of cross-
linker — 1 wt%, number 130 is the molecular weight of PVA in kDa, cf.
Table 1) were characterized by full set of methods described above.

3.1. Network parameters

Based on the equations given in Section 2.3, the network parameters
of all types of PVA/DAC hydrogel samples (L-130, H-130, L-31, H-31)
were determined, Table 2. Unsurprisingly, the swelling of hydrogel
matrices and EWC depends on both the amount of DAC and the M,, of
PVA. The lower the amount of crosslinker and the lower the M,, of PVA,
the more the hydrogel swells. Thus, sample L-31 has the largest swel-
ling, equal to almost 80-times of its dry mass. On the other side, sample
H-130 swells only about 3.5-times. Conversely, the gel fraction in-
creases with increasing amounts of DAC and M,, PVA, thereby sample
H-130 shows the largest gel fraction and sample L-31 the smallest one.

The dependence of average molecular weight between crosslinks
(M,), crosslink density (p.), and mesh size (¢) on both observed factors
is, however, not so straightforward. As one may expect, decreasing the
amount of DAC results in higher separation of crosslinked regions
(higher M.), which reduces p. and increase the & of respective samples.
However, the influence of M,, of PVA on M, and p, actually differs for
different the amounts of crosslinker. Increased M, of PVA is causing a
significant decrease of M, (an increase of p.) in H-series (1% of DAC),
but the opposite trend was found in L-series (0.25% of DAC). Notably,
the ¢ is smaller for PVA with M,, = 130 kDa in both series.

The variation of M, and p. between series is likely related to the
nature of PVA/DAC network, which is composed of two types of in-
teractions — the PVA/DAC chemical crosslinks complemented by

Network parameters (the equilibrium swelling, the equilibrium water content EWC, the gel fraction, the average molecular weight between crosslinks M., the
crosslink density p. and the mesh size ) calculated for the prepared hydrogel samples. Data represent average of six measurements with standard deviations.

Sample Equilibrium swelling (%) EWC Gel fraction M, Pe 19

%) %) (g/mol) (umol/cm®) &
L-31 7900 * 800 98.7 = 0.1 12 £ 0.8 12380 + 20 103 = 1 508 = 17
H-31 710 = 20 87.6 = 0.3 47.7 = 0.9 6410 = 160 198 = 5 169 + 4
L-130 1150 + 90 92 + 0.6 58.8 + 1.8 20660 + 1880 62 + 6 352 = 25
H-130 350 = 10 77.8 = 0.3 88.8 = 0.2 2890 *= 90 440 + 14 93 = 2
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residual physical interactions (hydrogen bridge network and chain
entanglements) between the PVA macromolecules [17]. It is reasonable
to assume that chemical crosslinking is more pronounced in H-series
hydrogels, particularly for H-130 sample, where longer PVA chains
offer considerably more crosslinking hot-spots. Thus, the sample H-130
exhibits the smallest M, and ¢ and the highest p, of all. In more sparsely
crosslinked L series, the effect of residual physical crosslinking of longer
PVA (130 kDa) chains provides additional stabilization to the hydrogel
network. Hence, despite L-130 sample having the lowest-density net-
work with highest M, and lowest p. from all samples, its & is lower than
in case of L-31, and its physical properties are sufficient for easy
handling in contrast to sample L-31, which had to be excluded from
further analyses.

To summarize, although the role of the amount of the crosslinker
governs the network parameters of hydrogels (i.e. four-times less of
DAC results in up to 10-times the swelling in L-31 vs. H-31), it is further
accentuated by changing the M,, of PVA, which influences the hydrogel
network mainly at the (macro)molecular level.

3.2. Analysis of viscoelastic properties

Oscillatory shear rheometry utilizing frequency sweep from 1 Hz to
10Hz and constant strain of 1% was used to study the viscoelastic
properties of prepared hydrogels. The dependence of storage modulus
(G") and loss modulus (G”) on angular frequency is given in Fig. 2A. The
G’ values of PVA/DAC hydrogel samples range from more than 2100 Pa
for sample H-130 to about 150 Pa for sample L-130, see Fig. 2B. The G”
values range from about 190 Pa for sample H-130 to about 4.3 Pa for
sample L-130. As expected, [18] the results follow the trend of p. (see
Table 2), because the denser mesh have a higher elasticity than the
sparser one, which will, in turn, have more viscous-like behavior.
Hence, the lowest G’ and G” values were observed for the L-130 sample
with the lowest crosslink density. The effect of the M,, of PVA is ob-
servable for H series hydrogels, where four-times lower M, of PVA
results in decrease of both G’ and G” by approx. 75%.

Analogous correlations between the amount of crosslinker and the
M,, of PVA were found for the complex dynamic modulus (G*) and the
damping factor (tan §). The complex modulus G* was calculated as the
square root of the sum of the square of storage and loss moduli in the
selected range of oscillatory measurement at ambient temperature,
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Fig. 2C. The range of G* values is from more than ~2200 Pa for H-130
to ~150 Pa for sample L-130. The tan § is defined as the ratio between
loss and storage modulus (G”/G’) and gives a measure of viscous to
elastic component of the material. The damping factor ranges from 0.09
for sample H-130 (most elastic) to 0.03 for sample L-130 (the most
viscous), Fig. 2D.

To summarize, the most viscous and the least elastic material is the
least crosslinked sample L-130. The most elastic is sample H-130.
Notably, viscoelastic properties of sample H-31 are generally closer to
L-130 than to H-130 despite being prepared by using the same amount
of crosslinker as the latter. This demonstrates a considerable influence
of the PVA matrix on the rheological properties of the hydrogels.

3.3. BET and SEM analysis

Samples of PVA/DAC hydrogels were lyophilized, and their specific
surface area (aggr), total pore volume (V,), mean pore diameter and
adsorbed volume of nitrogen (V,) measured, see Fig. 3. The aggr value
for sample L-130 (31.1 * 0.9m?/g) is an order of the magnitude
higher than the values for samples H-130 (2.0 = 0.1 m?/g) and H-31
(2.2 + 0.1 m2/g). The total pore volume (V},) exhibits the same trend
as aggr being about ten times higher for 1-130 (0.218 + 0.007 cm®/g)
than for H-series hydrogels (H-130 = 0.021 * 0.001 cm®/g and H-
31 = 0.031 * 0.002cm>/g, see Fig. 3C). This difference is closely re-
lated to the extent of cavitation induced by the lyophilization and in-
directly linked to the water absorption capability of the hydrogel. In-
terestingly, mean pore diameter do not follow described trend. Largest
pore diameter was observed for H-31 sample (54.6 = 3.3 nm), fol-
lowed by H-130 sample (41.5 = 2.1nm) and L-130 sample
(28.1 + 0.8nm). The H-series cryogels thus have fewer larger pores,
while L-130 contains a larger number of smaller pores in its structure.

Cryogel samples were further analyzed by scanning electron mi-
croscopy (SEM). In agreement with aggr values, surface of L-130
cryogel was found to be highly porous, see Fig. 3D, while the H-31
sample showed slightly larger surface pores than the H-130 sample, but
the difference is not very significant.

To summarize, while both aggr, V,, and V, increase significantly with
the decreasing amount of DAC, the M,, of PVA seems to influence the
mean pore size. It should be noted that combination of the low amount
of DAC and high-molecular-weight PVA allowed preparing highly

3000 3000 Fig. 2. Dependence of the storage
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Fig. 3. Photographs of swollen hydrogel samples (part A), dependence of quantity of the adsorbed volume of nitrogen per cryogels mass (V,) on the relative pressure
p/po (part B), the specific surface area aggr and total pore volume (V),) of prepared PVA/DAC cryogels (part C), and micrographs of individual PVA/DAC samples
taken with SEM at 30.000 X magnification (part D). Measurements were performed in triplicates; error bars represent standard deviations.

porous materials with mechanical properties allowing reasonable
handling, which was not possible by using PVA with lower molecular
weight (sample L-31).

3.4. Loading and release study

Samples of individual hydrogels were loaded with rutin or caffeine,
see Section 2.6 for more details. The loaded hydrogel samples were
subsequently put into separate containers containing 10 mL of water
and release of rutin (Fig. 4A) and caffeine (Fig. 4B) evaluated by UV-VIS
spectroscopy.

Release rates of relatively small caffeine molecules (M = 194 g/mol,
Fig. 4B) from all three tested materials are identical within the ex-
perimental error. The effect of the network parameters is only ob-
servable for larger rutin (610 g/mol), where fastest release after 8 h was
observed for H-31 sample, while both 130-series samples showed nearly
identical release kinetics. This might be related to lower M,, of PVA
influencing the pore size (see previous section), but the difference is
relatively minor and more tests would be needed to confirm this ob-
servation.

Small overall differences in burst release kinetics are most likely
caused by low thickness of prepared hydrogel films. Because most of the
drug is situated in the vicinity of the thin film surface, the diffusion path
is very short, which together with hydrogel mesh size being sig-
nificantly larger than the diameter of studied molecules (100-350 A,
Table 2), minimizes the impact of hydrogel network to the drug release
rate. This may be improved by employing thicker films or by mod-
ification of drug loading procedure.

Nevertheless, the observed burst release kinetics with up to 90% of
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Fig. 4. Cumulative release of rutin (part A) and caffeine (part B) from L-130, H-
31 and L-130 hydrogel samples. All experiments were performed in triplicates;
error bars represent standard deviations.

compounds released in 8 h is considered to be suitable for topical drug
delivery, where expected time of application is in order of hours rather
than days.
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Fig. 5. Relative cell viability of mouse embryonic fibroblast cells (NIH/3T3)
incubated with PVA/DAC hydrogel extracts of different concentrations
(1-100%). Measurements were performed in quadruplicates; error bars re-
present standard deviations.

3.5. Biological testing

Biological evaluation included (i) determination of cytotoxicity of
hydrogel extracts in culture media prepared according to ISO 10993-12
and (ii) observation of cell growth and morphology in the presence of
hydrogels as well as directly on the gel surface. Cytotoxicity of hydrogel
extracts was evaluated using mouse embryonic fibroblast cell line
(NIH/3T3) according to ISO 10 993-5, see Fig. 5.

The amount of DAC did not have any observable impact to the cy-
totoxicity of hydrogel extracts and all materials can be considered non-
toxic according to ISO 10933-5.

Subsequently, the cell growth and morphology in the presence of
hydrogels was studied for 96 h. Cell viability was quantified by MTT
assay, and qualitative analysis was done by observation under the
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microscope. Cell morphology was checked every day until reference
reached confluency. Results are shown in Fig. 6, together with micro-
graphs of cells cultivated in the presence of hydrogels for 96 h.

The presence of hydrogel samples has no observable effect on cell
growth or morphology. Cells were growing at the same rate in the
presence of hydrogels as in their absence and reached full confluency at
the same time (Fig. 6, top). Likewise, the morphology was not affected
by the hydrogels in any way, and fibroblasts retained their typical
elongated shapes, see micrographs in Fig. 6. Cells were also seeded
directly to the hydrogel surface in an attempt to observe they growth
and morphology in direct contact with the hydrogel. However, cells did
not adhere to hydrogel surface at all, making the evaluation impossible.

It should be also noted that no degradation of hydrogels was ob-
served during the tests or when samples were kept under in vitro con-
ditions (submerged to culture medium, seeded with NIH/3T3 cells,
37 °C) for one week. Surface of samples remained smooth, without signs
of weathering or degradation and no difference in weight of the samples
before and after the tests was observed.

To summarize, absence of cell migration/attachment to the hy-
drogel surface, no observable impact of hydrogel presence on the cell
growth together with no observable degradation supports the suit-
ability of hydrogel films as wound dressings. Additional tests are
however required before biosafety in vivo can be claimed.

3.6. Transdermal absorption study

Transdermal absorption was studied using caffeine-loaded hydrogel
samples. Caffeine was selected as a model substance for the study of
transdermal absorption of hydrophilic compounds [22]. Hydrogel
samples (1 cm in diameter) were loaded with caffeine and transdermal
absorption of caffeine studied using skin from pig's earlobe, see Section
2.8 for more details. Amount of absorbed caffeine was determined by
HPLC analysis.

The total amount of caffeine in the samples and calculated dose per
1 cm? skin is given in Table 3. All samples were loaded by the same
method, but the total dose of caffeine differs between samples because
of their different EWC, gel fractions and equilibrium swelling. The
highest amount of caffeine was loaded in the sample L-130 (~900 pg),
while sample H-130 was able to absorb the smallest amount (~500 pg).
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Fig. 6. Relative NIH/3T3 cell viability of cells incubated in the presence of hydrogel samples for 48 and 96 h, respectively, and micrographs of cells incubated for
96 h. Experiments were performed in quadruplicates; error bars represent standard deviations.
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Table 3
The amount of caffeine in the samples (ug) and the dose of caffeine per cm? of
skin.

Sample Total dose of caffeine Dose per cm? (ig/cm?)
(ng)

L-130 896 + 8 1134 = 10

H-31 660 + 6 832 = 7

H-130 495 + 1 625 = 1

Reference 250 320

The aqueous caffeine solution containing a total dose of 250 ug was
used as a reference [23].

The total amount of transdermally absorbed caffeine (ng) is shown
in Fig. 7A, the time profile of caffeine absorption (ng/mL) in Fig. 7B,
total amount of transdermally absorbed caffeine relative to applied
dose (%) in Fig. 7C and the time profile of caffeine absorption relative
to applied dose (%) in Fig. 7D. Results show that caffeine penetrates the
skin relatively slowly over the entire monitored time interval (24 h).
According to Trauer et al. [23], this is a result of the absence of blood
supply to the skin during the in vitro study because much faster ab-
sorption of caffeine through the skin of a living organism was observed.
As a result, only between 0.07% and 0.2% of total caffeine dose crosses
the skin barrier within 24 h under the employed setup (Fig. 7C and D).
Caffeine hydrophilicity is thus clearly making its penetration through
stratum corneum challenging [32]. This is in agreement with findings of
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other authors, including Trauer et al. [23], Bonina et al. [33], San-
tander-Ortega et al. [34] and Pilloni et al. [35] who also observed the
transdermal caffeine absorption in the order of tenths of the percent of
the applied dose using a variety of different carriers.

Despite the relatively low amount of transdermally absorbed caf-
feine, differences between the samples are clearly visible. The highest
total amount of absorbed caffeine (1400 ng/0.15%) was observed for
the L-130 sample, while only between 350 and 450 ng (0.06-0.07%) of
caffeine was absorbed from H-series samples over 24h. This corre-
sponds to the average caffeine penetration of 72.1 ng-cm?/h for L-130,
24.3 ng-em?/h for H-31, 19.3 ng-cm?/h for H-130 and 18.1 ng-cm?/h for
caffeine solution. On the other hand, when the differences in applied
dose are considered (Fig. 7C), only the sample L-130 overcomes the
reference solution in terms of total caffeine absorption with respect to
applied dose. However, while the amount of the drug absorbed from the
caffeine solution linearly increases with time, the amount of caffeine
absorbed from the hydrogels peaks between 8 and 12h, respectively
(Fig. 7B and D) showing higher effectivity of initial caffeine absorption
from all hydrogels.

Comparing individual hydrogel samples, higher effectivity of caf-
feine absorption from L-130 stands out. The amount of caffeine per-
meated from the L-130 sample is approximately twice larger than from
H-series samples, Fig. 7C, D. The higher efficiency of sample L-130 is
assumed to be caused by its physical properties, namely the lowest
elasticity among all tested materials. While more elastic H-series sam-
ples tend to keep their original shape on uneven skin surface, the L-130
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Fig. 7. The cumulative amount of permeated caffeine (ng) (part A), the time-dependent amount of permeated caffeine (ng/mL) (part B), total amount of trans-
dermally absorbed caffeine relative to applied dose (%) (part C) and the time profile of caffeine absorption relative to applied dose (%) (part D). Ref. stands for the
reference caffeine solution. Measurements were performed in triplicates; error bars represent standard deviations.
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Fig. 8. The comparison of L-130 and H-130 hydrogels on the uneven skin
surface.

adheres to the skin considerably better, see comparison of L-130 and H-
130 hydrogel in Fig. 8. Because adherence to the skin is one of the key
qualities dictating effectiveness of transdermal absorption, [4] this
observation readily explain the improved transdermal delivery of caf-
feine from L-130 sample.

The hydrogel L-130 is thus assumed to be the most promising can-
didate for transdermal administration of biologically active substances
from all tested materials without using any skin-penetration enhancers.

4. Conclusion

The combination of different concentration of crosslinker, 2,3-dia-
ldehyde cellulose, DAC, and different molecular weight of the matrix,
poly(vinyl alcohol), PVA, was used to optimize the properties of thin
PVA/DAC hydrogel films towards topical applications. While changing
the amount of crosslinker is a standard method for tuning the properties
of hydrogels, simultaneous change of the molecular weight of the
second hydrogel component provides another, yet often overlooked,
degree of freedom which may be exploited to obtain the material with
specific properties. Detailed analysis revealed that increased M,, of PVA
influences hydrogel network parameters at (macro)molecular level
(crosslink density, mesh size) providing additional stabilization. The
impact of these molecular-scale changes on bulk properties of hydrogels
is largest for equilibrium swelling capacity, viscoelastic characteristics
and it also notably improves physical properties of L-130 films com-
pared to L-31 ones (L-130 samples did not disintegrate during handling
unlike the L-31). On the other hand, the specific surface area and the
total pore volume of lyophilized samples is governed by the amount of
crosslinker and does not depend on the type of PVA, which however
influences the mean pore size. Neither the amount of crosslinker nor the
molecular weight of PVA has a significant influence on drug release
rates, likely because the role of hydrogel network density does not
manifest in thin-film formulations. All hydrogels were non-cytotoxic
under in vitro conditions, they did not affect the cellular growth and
cell morphology or support the adherence of cells to their surface,
which imply their suitability as biomaterials for transdermal drug de-
livery and wound dressings.

The best candidate for preparation of dermal patches and masks
intended for transdermal delivery of biologically-active compounds is
the hydrogel L-130, which is prepared using higher-molecular weight

Materials Science & Engineering C 116 (2020) 111242

PVA matrix in combination with a lower concentration of crosslinker. It
has high porosity and high water content (drug-loading capacity),
physical properties allowing easy handling and the best adherence to
the skin from all tested samples, which enhances its transdermal drug
delivery properties. Conversely, a combination of higher M,, of PVA and
a higher concentration of crosslinker leads to more elastic hydrogels
with a denser network.
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Polyaniline cryogel is a new unique form of polyaniline combining intrinsic electrical conductivity and
the material properties of hydrogels. It is prepared by the polymerization of aniline in frozen poly(vinyl
alcohol) solutions. The biocompatibility of macroporous polyaniline cryogel was demonstrated by
testing its cytotoxicity on mouse embryonic fibroblasts and via the test of embryotoxicity based

on the formation of beating foci within spontaneous differentiating embryonic stem cells. Good
biocompatibility was related to low contents of low-molecular-weight impurities in polyaniline cryogel,
which was confirmed by liquid chromatography. The adhesion and growth of embryonic stem cells,
embryoid bodies, cardiomyocytes, and neural progenitors prove that polyaniline cryogel has the
potential to be used as a carrier for cells in tissue engineering or bio-sensing. The surface energy as
well as the elasticity and porosity of cryogel mimic tissue properties. Polyaniline cryogel can therefore
be applied in bio-sensing or regenerative medicine in general, and mainly in the tissue engineering of
electrically excitable tissues.

It is no exaggeration to say that the impact of electricity on living subjects has been known at least since 1792,
when Luigi Galvani noticed that an accidental spark discharge caused frog muscle fibres to contract. This was one
of the first studies related to bioelectricity. Since that day, the knowledge on bioelectricity, which studies electri-
cal signals from excitable tissues, has increased continuously. Today it is well known that bioelectricity plays a
crucial role in a variety of cellular processes, such as cell division, cell signalling, and differentiation, as well as on
the tissue level, e.g., in wound healing or angiogenesis. Knowledge of bioelectricity has led to the application of
conducting materials in regenerative medicine and the tissue engineering of electrically excitable tissues, as well
as in the field of bio-sensing.

Considering applications in bio-sensing, conventional materials such as platinum, gold or iridium oxide
ensure good mechanical properties in sensors, e.g., hardness and shape; however, their properties are highly
dissimilar to those of native tissues. This can lead to irritation, and adverse immune responses of tissues in con-
tact with such materials. Because of this, conducting polymers (CP), such as polyaniline, polypyrrole or poly(3,
4-ethylenedioxythiophene), are considered as promising materials which can offer improved properties in com-
parison with conventional ones. The above-mentioned problems are very well described in the review by Jeong
et al.! Moreover, it is known that the charge-transfer characteristics of the conventional metal electrodes used in
bio-sensing are improved when coated with conducting polymers, which exhibit combined electronic and ionic
conductivity®*.

The applicability of conducting polymers in tissue engineering is closely related to the preparation of cor-
responding 3D structures, ideally in a form combining appropriate biological as well as both mechanical and
surface properties. As conducting polymers do not have the required bulk parameters, they have to be combined
with other biopolymers or biomaterials®~. Moreover, different routes for the preparation of 3D structures based
on different types of CP can result in a broad variety of final materials which have different properties, this varia-
bility having a significant impact on biocompatibility and cell behaviour. Various preparation routes for CP-based
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3D structures can involve, for example, conducting materials of a nanofibrous character prepared via electros-
pinning, which provide interconnected pores facilitating cell attachment and growth. The electrospinning of CP
alone, however, is difficult because their backbones are rigid and they exhibit low solubility in solvents. Therefore,
they are usually mixed with standard, thermoplastic polymers to achieve materials suitable for electrospinning®®.
The coating of independently prepared scaffolds by conducting polymer is another means of preparing conduct-
ing 3D structures'®!!. All of the above-mentioned techniques, however, suffer from an inhomogeneous distribu-
tion of conducting components.

Polyaniline-based 3D cryogels are materials swollen with water, which contain a conducting polymer together
with a supporting polymer as their constituents'?. The polymerization takes place in the frozen state and the prefix
“cryo” thus refers to the method of preparation; hydrogels are obtained after thawing. Polyaniline is the conduct-
ing part of hydrogels, while various water-soluble polymers can be used as the carriers providing the mechanical
properties'. The utilization of CP-based cryogels is a novel approach affording a solution to the problem of the
inhomogeneous distribution of conducting components in the bulk of common conducting hydrogels. It should
be noted, however, that research into CP-based 3D materials is in its infancy, and studies dealing with their
biological properties are rare despite the fact that cell responses are known to differ on planar and 3D materials.

Polyaniline is generally considered as a polymer with limited biocompatibility'*. The term biocompatibility
refers generally to the ability of a material to coexist with living organisms and tissues without harming them, and
its testing can be conducted in a variety of ways. According to the prospective application of the material, defined
sets of specific tests are used. As the prepared polyaniline cryogels are considered for applications in bio-sensing
and tissue engineering, cytotoxicity, embryotoxicity, stem cell adhesion and growth, and the impact of CP on
cardiomyogenesis and neurogenesis have been chosen in order to reveal the basic biocompatibility parameters of
this novel and promising material.

Experimental Sections

The interaction of any material with cells or tissues depends on its surface and bulk properties. The surface energy,
pore-size distribution, and elasticity expressed by Young moduli were determined for polyaniline cryogel. In
addition, impurities leaching from polyaniline cryogel were characterized by chromatography. These characteris-
tics, together with biological properties, provide a comprehensive view on the applicability of polyaniline cryogel
in a variety of applications.

Preparation of Polyaniline cryogel. Polyaniline was prepared by the oxidation of the respective monomer
with ammonium peroxydisulfate'>'®. Aniline hydrochloride (2.59 g) was dissolved in a 5 wt.% aqueous solution
of poly(vinyl alcohol) (PVAL; molecular weight 61,000; Sigma-Aldrich) to 50 mL volume, and ammonium per-
oxydisulfate (5.71 g) was also dissolved separately in the same solution to the same volume!. Both solutions were
pre-cooled to 0°C and mixed, then drawn into polyethylene syringes. The solutions were quickly frozen in a
solid carbon-dioxide suspension in ethanol at —78 °C and subsequently placed in a freezer at -24°C, and aniline
was then left to polymerize for 7 days. The concentrations of reactants were 0.2 M aniline hydrochloride, 0.25M
ammonium peroxydisulfate, and 5 wt.% poly(vinyl alcohol)!?. The originally white ice changed to dark green/
black as polyaniline was produced. After thawing, the cryogels were removed'? from the syringe and left in water
for one week to remove any low-molecular-weight reactants or by-products. The cryogel was composed of a2
wt.% polyaniline, 5 wt.% poly(vinyl alcohol), and 93 wt.% water'2. The cryogel thus has a composite nature where
polyaniline affords the conductivity and poly(vinyl alcohol) the mechanical integrity'2.

Material Properties. Thermal conductivity. The thermal conductivity was measured by TCi Thermal
Conductivity Analyzer (C-THERM Technologies, Ltd., Canada) with heat conductivity range 0.01-10 W m™!
K=, at 25°C and instrument regime for porous materials. The cylindrical samples were prepared with diameter
1.5cm and thickness 0.5 cm.

Surface energy. Contact angle measurements and the determination of surface energy were conducted with
the aid of the Surface Energy Evaluation System (Advex Instruments, Czech Republic). For polyaniline cryo-
gel, deionized water, ethylene glycol, and diiodomethane (Sigma-Aldrich) were used as test liquids. The droplet
volume of the test liquids was set to 2pL in all experiments, these conducted on a gently dried flat surface of pol-
yaniline cryogel. Ten separate readings were averaged to obtain one representative contact angle. The substrate
surface free energy was determined by the “acid-base” method and calculated according to procedure described
in work of van Oss"”.

The acid-base theory enables the determination of the polar and dispersive contributions to the total surface
free energy as well as the electron-donor and electron-acceptor components of the polar part of the surface free
energy (equation 1).

ATOT _ JIW | AB 1)

where 7797 is the total surface energy, the superscript LW denotes the total dispersion Lifshitz-van der Walls

interaction and AB refers to the acid-base interaction. According to Lewis, the acid-base interaction can be deter-

mined by equation (2).
+AB — ) /fy+’y_, 2)

where " is the electron-donor and ™ is the electron-acceptor component of the acid-base part of the surface

energy.
TOT

The surface free energy v'°! can be calculated using Young-Dupré equation (3).
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Here j refers to the studied material, i the testing liquid and © is the measured contact angle.

Pore-size distribution. ~Pore size was estimated by analysis of scanning-electron micrographs of planar sections
of freeze-dried polyaniline cryogel by the image analysis. The specific surface of the material was computed based
on the assumption that the pores were closed; in reality, pores are partially open, and the real specific surface
area is therefore slightly smaller than computed. It should be noted that the pore-size distribution in freeze-dried
cryogels may differ somewhat from the pore-size distribution in native hydrogels. For calculation, method of
chords recommended in ASTM E112-13 standard was employed. The system of random lines was drawn to
planar section of image from which the lengths of individual chords were measured by automatic image analysis.
From the mean chord length the mean pore size was subsequently estimated. For pore size estimation 10 images
with magnification of 1000x were used and about 500 of chords were measured on each image.

The porosity was computed as 1—V/V,, where V; is the volume of the polymer estimated from the mass
density of the polymer and the mass of the dry sample, V;, is the total volume of the sample computed from the
geometric parameters of the cylindrical sample and independently of the mass of the wet sample (difference was
less than 5%).

Young modulus. Young modulus was determined on a Shimadzu Autograph AG-X tensile tester. The analy-
ses were performed on four cylindrical samples with a length 10 mm and a diameter 9.2 mm. Each sample was
inserted between two horizontal plates and deformed with a rate of 1 mm min~'. Measurement time was of 3 min
and within this short period of time the humidity of the sample was considered constant. The Young modulus was
determined as a slope of the liner part of the stress-strain curve. The experiments were performed in compression.

Impurity profile. Concentrations of residual impurities were determined using a modular HPLC system
consisting of a Waters 600E pump, a VD 040 vacuum degasser (Watrex, Czech Republic), and a UV200 ultravi-
olet detector (Watrex, Czech Republic). A reversed-phase C18 column X-select (300 mm X 7.8 mm; Waters) was
employed. The analysis was performed in isocratic mode with an acetonitrile/acetate pH 4 buffer at a ratio of
60/40 (v/v) as the mobile phase. A flow rate of 0.8 mL min~" and 20 pL injection volume were employed. Analytes
were monitored at 235nm by the UV detector. Data acquisition and analysis were performed using a Clarity
Chromatography Station. For HPLC analysis, polyaniline samples were extracted in accordance with ISO 10993-
12 in the ratio of 0.1 g of polyaniline cryogel per 1 mL of ultrapure water.

Biocompatibility. The study was approved by Committee on Animal Research and Ethics Faculty of
Medicine Masaryk University.

Used cell lines. Primary mouse embryonic fibroblasts (MEF) were used to determine the cytotoxicity of indi-
vidual extracts. They were isolated from 13.5 days post coitum (dpc) mouse embryo, mouse strain C57BL/6.
Mice were obtained from the Laboratory Animal Breeding and Experimental Facility of the Faculty of Medicine,
Masaryk University, Brno, Czech Republic and kept under controlled conditions; standardized diet pellets
and UV light-treated tap water were available ad libitum. Experiments were performed in the accordance with
national and international guidelines on laboratory animal care and with the approval of the Institute Ethical
Committee. Embryos were washed in Phosphate Buffered Saline (PBS) and decapitated, and the inner organs
removed. For the separation of fibroblasts, the embryos were trypsinized and mechanically disrupted by pipeting.
A single-cell suspension was seeded onto a tissue culture dish in complete high glucose Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 100 U mL™! of penicillin, 0.1 mg mL~! of streptomycin, 15% Foteal
Bovine Serum (FBS) (all from Invitrogen-Gibco) and 0.05 mM 2-mercaptoethanol (Sigma-Aldrich). The first
seeded MEFs were designated as passage 0. In our experiments, only MEFs up to passage 3 were employed.

The embryonic stem cell ES R1 line'® was propagated in an undifferentiated state by culturing on gelatinized tis-
sue culture dishes in complete DMEM media. The gelatinization was performed using 0.1 wt% porcine gelatin in
water. Dulbecco’s Modified Eagle’s Medium containing 15% fetal calf serum, 100 U mL ™! penicillin, 0.1 mgmL™!
streptomycin, 100 mM non-essential amino acids (all from Gibco-Invitrogen; USA), 0.05 mM 2-mercaptoethanol
(Sigma Aldrich) and 1 000 U mL™"! of leukemia inhibitory factor (Chemicon; USA) was used for the cultivation.

Preparation of ESc R1 line-derived cardiomyocytes from the HG8 clone were described previously'*?.
Purified cardiomyocytes were seeded onto reference tissue culture dishes and onto all tested polyaniline surfaces.
DMEM:FI12 (1:1) supplemented with 5% fetal calf serum, antibiotics as above, and insulin, transferrin, and sele-
nium supplements (ITS; all from Gibco-Invitrogen) was used as the growth medium.

Neural progenitors were isolated from ganglionic eminences of embryonic brain (13.5 dpc)'®*! and expanding
in neurobasal media DMEM:F12 with B27 and N2 supplements, 100 U mL™! penicillin, 0.1 mgmL~! streptomy-
cin (Gibco-Invitrogen; USA), 5 ng mL~! of FGF-2 and 20 ng mL~" of EGF (PeproTech; USA). Only cells up to
passage 3 were used.

19,21

Cytotoxicity and embryotoxicity. 'The cytotoxicity testing of extracts of polyaniline cryogel was performed
according to ISO 10 993-5. Samples were extracted according to ISO 10993-12 in the ratio of 0.2 gmL™" of rel-
evant cultivation medium. Extraction was performed in chemically inert closed containers using aseptic tech-
niques at 37 £ 1°C under stirring for 24 & 1 h. The parent extracts (100%) were then diluted in a culture medium
to obtain a series of dilutions with concentrations of 50, 25, 10, 5 and 1%. All extracts were used within 24 h. Cells
were pre-cultivated for 24 h and the culture medium was subsequently replaced with polyaniline extracts. As a
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Y (mNm™) | YW (mNm™!) | (mNm™!) | 6% (deg) 6F (deg) oM (deg)
47.6 20.5 27.1 1.66 (<15) 1.99 (<15) 74.2

Table 1. The surface energy of polyaniline cryogel. Total surface energy, 7', dispersive component of surface
energy, 71V, acid-base component of surface energy (polar), v%, and contact angles, 0, determined using
deionized water (W), ethylene glycol (E), and methylene iodide (M) as wetting agents.

reference giving 100% cell proliferation, cells cultivated in the pure medium were used. To assess cytotoxic effects,
the MTT assay (Invitrogen Corporation, USA) was performed after one-day cell cultivation at 37+ 0.1 °C. The
absorbance was measured at 570 nm by an Infinite M200 PRO (Tecan, Switzerland). All tests were performed
in quadruplicates. Dixon’s Q test was used to remove outlying values. The morphology of the cells was observed
using an inverted Olympus phase contrast microscope (Olympus IX81, Japan).

Polyaniline cryogel embryotoxicity was analysed as the likelihood of the formation of beating foci within
spontaneous differentiating ES R1 cells carrying Nkx2.5-GFP reporter construct (NKX2-5-Emerald GFP BAC
reporter), which mediated cardiomyocyte specific expression of green fluorescent protein (GFP) was used®. An
5-day-old EBs*>* derived from ES R1 cells clone NK4 were seeded onto polyaniline cryogel or tissue culture
plastics coated with gelatin. After 13 days (day 18 of overall differentiation), the appearance of both GEP positive
cells and beating foci was checked.

Cytocompatibility.  Adhesion and growth of stem cells: ES R1 cells were seeded onto tissue culture plastics (refer-
ence) or onto polyaniline cryogel at a density of 4 x 10* cells per cm?. They were uploaded by calcein AM (10 pM;
Invitrogene) or after ES R1 cell growth for two days, then fixed by 2% formaldehyde and visualized through nuclei
staining by 4/,6-diamidine-2’-phenylindole dihydrochloride (DAPI; 10 ng mL™!, Sigma). The number of ESc was
quantified by counting of viable cells (counterstained by calcein) visible on photomicrographs.

Adhesion and expansion of embryoid bodies (EBs): 5-day-old EBs were seeded onto tissue culture plastic (ref-
erence) or onto polyaniline cryogel. On day 20 of differentiation overall, expanding EBs were counterstained by
calcein AM (10 pM, Invitrogene).

Adhesion and growth of cardiomyocytes: Purified ES-derived cardiomyocytes were seeded onto tissue culture
plastics (reference) or onto polyaniline cryogel. After two days, cells were fixed by 2% formaldehyde and counter-
stained by antibody against cardiomyocite specific myosine heavy chain (MF20 antibody, developed by Donald
and Fischman, was obtained from the Developmental Studies Hybridoma Bank developed under the auspices
of the National Institute of Child Health and Human Development and maintained by the University of Iowa,
Department of Biological Sciences). Anti-mouse IgG antibody conjugated to Alexa 568 fluorochrome (Invitrogen)
was used as the secondary antibody. Cell nuclei were counterstained by DAPI (10 ng mL~!, Sigma)*. When the
visualization of viable cardiomyocytes was required, the ES R1 cell clone NK4 carrying Nkx2.5promotor-GFP
reporter (RP11-88L12 NKX2-5-Emerald GFP BAC Reporter, from BACPAC Resources Children’s Hospital and
Research Center at Oakland), which is specifically expressed only in cardiomyocytes*, was used®’. The number
of cardiomyocytes was quantified by counting of viable cells (counterstained by calcein) visible on micrographs.

Neural progenitors: Neural stem/progenitors cells (NSCs) were isolated from the embryonic ganglionic emi-
nence (GE) of the forebrain of C57/BL6 mice at 13.5 dpc. C57BL/6 mice were obtained from the Laboratory
Animal Breeding and Experimental Facility of the Faculty of Medicine, Masaryk University, Brno, Czech
Republic. The mice were kept under controlled conditions; a standardized pelleted diet and HCl or UV
light-treated tap water were available ad libitum. Experiments were performed in accordance with national and
international guidelines on laboratory animal care and with the approval of the Institute’s Ethical Committee con-
forming to the guidelines from Directive 2010/63/EU of the European Parliament on the protection of animals
used for scientific purposes?'.

Three-day-old neurospheres were seeded onto tissue culture plastic with gelatin coating or onto polyani-
line cryogel. Neurosphere differentiation was mediated by the withdrawal of neural supplements (B27, N2) and
growth factors (EGE, FGF-2), and by supplementation with 2% bovine serum. Differentiating cells were stained by
calcein AM (10 pM) or fixed by 2% formaldehyde, and F-actin was stained by phaloidin-FITC (Sigma-Aldrich).
Nuclei were counterstained by DAPI (Sigma-Aldrich, 10 ng mL™"). Cell pictures were taken using an Olympus
digital camera (E-450) mounted onto an Olympus inverted microscope (IX51). The number of neural progenitors
was quantified by counting of viable cells (counterstained by calcein) present on micrographs.

A fluorescent pictures or videos of cells were taken using an Olympus E-450 digital camera (photos) or
INFINITYLite camera (videos) mounted onto an Olympus inverted epifluorescent microscope IX51.

Results and Discussion

Material Properties. Materials properties of cryogel can be classified into surface and bulk properties. While
surface properties are crucial with respect to the first contact of a material with biological fluids and cells, bulk
properties, such as porosity and elasticity, play a crucial role in its long-term interaction with cells and tissues. The
coefficient of thermal conductivity for swollen cryogel sample was (1.34+0.1) Wm™ K.

Surface energy, as a basic surface characteristic of polyaniline cryogel is shown Table 1. The obtained values
indicate that the surface of the cryogel is extremely hydrophilic as the only value of contact angle, which can be
taken into consideration refers to the methylene iodide. The other liquids created sessile drops below the ade-
quate level. This result is in agreement with expected data for PVAL systems. Cell adhesion is a process that is
affected by the properties of the surfaces to which the cells adhere. These include a broad range of characteristics
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Figure 2. Stress-strain curve used for calculation of Young modulus of PVA-PANI cryogel measured under
confined conditions. The experiments were performed in compression.

such as topography, porosity wettability, softness, roughness microstructure as well as presence of character-
istic functional groups on the material surface?. Key role in the cell response plays protein adsorption, which
exhibits the first step preceding attachment of cells. Thanks to their amphiphilic character, proteins can absorb
on both hydrophilic and hydrophobic surfaces. On the hydrophobic surfaces they adsorb through hydrophobic
patches present on their surface. In the case the surfaces are hydrophilic, they interact with the polar and charged
functional groups®. Hence the protein composition and conformation are critical characteristics with respect to
subsequent cell adhesion and influence also nature of cells to be adsorbed on the surfaces. Detailed description
of mechanism of adsorption of proteins on polymers surface is beyond the scope of the current manuscript.
However taking into account the published studies the hydrophilicity of the polymer is considered preferable for
adsorption of the cells?.

Porosity is a crucial factor not only influencing the ability of cells to migrate and grow within the structure
but also providing biomechanical stimuli and influencing the microenvironment (e.g., with respect to the release
of biofactors or efficient nutrient exchange). Moreover, porosity affects vascularization and facilitates mechani-
cal interlocking between scaffolds and surrounding tissue?®. As can be seen from the scanning-electron micro-
graphs (Fig. 1), polyaniline cryogel has a highly macroporous structure. The mean pore size obtained from the
image analysis of planar sections of cryogel was estimated to 159 pm and corresponding specific surface area to
0.020 m*cm 3. Pore size distribution was not computed; however, from images it can be concluded that it is quite
narrow and covers sizes from tens to hundreds of microns.

The porosity of sample estimated from comparison of swollen and dry mass of cryogels reveals value of
95.5vol%. Therefore, polyaniline cryogel meets the criteria for scaffolds.

Elasticity is the second important bulk property influencing tissue reactions to the scaffold. Metallic neural
interfaces can serve as a good example as their mechanical and structural properties are highly dissimilar to those
of neuronal tissue, a situation which can lead to irritation and adverse immune responses'. Polyaniline cryogel
has properties much closer to those of native soft tissues than for example mentioned metallic devices. The mean
value of Young modulus of polyaniline cryogel was determined to (9.7 £ 0.5) kPa; the example of stress-strain
curve recorded on the cryogel is given in Fig. 2. With respect to obtained value of Young modulus and the fact that
typical soft tissues have a Young modulus ~~1 MPa® or even lower, it can be concluded that the cryogel exhibits
properties of elastic material. Moreover, the elasticity of swollen polyaniline cryogel is demonstrated in Fig. 3.
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Figure 3. Polyaniline cryogel mimicking the properties of native tissue. Polyaniline is green in transparent thin
films but appears black in thick layers or in powder form'®.
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Figure 4. HPLC chromatogram of impurities detected in extracts of native (solid line) and purified (dotted
line) polyaniline cryogels. Residuals of A — ammonium peroxydisulfate, B ~hydroquinone, C - p-benzoquinone,
D - aniline hydrochloride.

Impurity Profile.  With respect to the preparation procedure, residual aniline hydrochloride and ammonium
peroxydisulfate are the main expected impurities in polyaniline cryogel. Both of these substances are considered
as potentially harmful®**!. Chromatographic analyses revealed that the concentrations of residual aniline hydro-
chloride and ammonium peroxydisulfate in native polyaniline cryogel were 12.8 +0.5ugg ' and 2.3+ 0.3 mgg™!
of the cryogel, respectively. In addition to these two impurities, two other unknown peaks were observed on
chromatogram. With the aid of appropriate standards and their retention times, these two peaks were identified
to be oxidation products of aniline, namely hydroquinone and p-benzoquinone?®?. Their concentrations were of
8.4+0.3pgg 'and 36 =3 mgg " of the cryogel, respectively.

Chromatogram of impurities detected in cryogel extract is presented in Fig. 4. It can be assumed that the cryo-
gels also contain residual ammonium sulfate originating from polymer synthesis'"'>. However, this impurity can’t
be detected by UV detector and, moreover it falls to a group of substances generally recognized as safe (GRAS)
by U.S. Food and Drug Administration®® and hence it is not expected to have any significant harmful effect to the
cells. To reveal if the additional purification can lead to elimination of low molecular impurities the polyaniline
cryogel was further purified by the repeated extraction of 5g of cryogel with 50 mL ultrapure water for 24 h until
a pH 7 of the extract was achieved. Additional purification of the sample through its extraction with ultrapure
water further reduced the content of impurities leached from it. The concentrations of aniline hydrochloride and
p-benzoquinone were lower than 1 pgg ™" of cryogel and ammonium peroxydisulfate and hydroquinone were not
detected. Additionally purified cryogel was used only for determination of impurities and cytotoxicity. All the
other tests, however, were performed on native cryogel without additional purification not to bias the biocompat-
ibility of native polyaniline cryogel.

Biocompatibility. Cytotoxicity and embryotoxicity. ~Cytotoxicity is the basic parameter of biocompatibil-
ity, which demonstrates the ability of cells to survive in the presence of foreign materials - in present case, the
extracts of the tested polyaniline cryogel. It is known that polyaniline powder displays significant toxicity'*.
Cytotoxicity is mainly connected with the presence of low-molecular-weight impurities*. Cryogel contains of 2
wt.% of polyaniline in the matrix; thus its toxicity should be lower than in the case of polyaniline powders, which
was confirmed in the current work.

As described above, the cytotoxicity tests on MEF were performed not only on native but also on additionally
purified polyaniline cryogels. Cell viability was similar for native and purified samples, and 5, 10, 25, 50 and 75%
extracts caused no cytotoxicity (cell survival was higher than 80%, compared to the reference). Only the parent
100% extracts showed mild cytotoxicity (cell survival 60 to 80%). The cytotoxicity of extracts is clearly illustrated
in Fig. 5. It can be concluded that although purification leads to a decrease in the amount of low-molecular-weight
impurities present in polyaniline cryogel, the impact of washing on cytotoxicity is negligible. In all the other tests,
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Figure 5. Cytotoxicity of extracts of native (A) or purified (B) polyaniline cryogel determined as relative
number of viable MEF cells cultivated in the presence of extracts for 24 h. The dashed lines highlight the
limits of viability according to EN ISO 10993-5: viability >0.8 corresponds to no cytotoxicity, >0.6-0.8 mild
cytotoxicity, >0.4-0.6 moderate toxicity and <0.4 severe cytotoxicity.

100 pum

Figure 6. Beating foci within spontaneous differentiating ESc on polyaniline cryogel. The difference between
microscopy images taken with a 0.3 s time shift. Red spots correspond to the movement of cells to the right.
Green spots indicate no difference between the images (see the supplement for video of the beating foci). The
video was taken on day 18 of differentiation overall.

the native non-purified polyaniline cryogel was used to demonstrate the properties of native polyaniline cryogel
as a new material.

The appearance of beating cardiomyocytes in EB outgrowths is used as one of toxicological end-points to
assess the embryotoxic potential of tested samples. In this experiment, beating foci within spontaneous differ-
entiating ES R1 cells through formation of EBs were observed both on tissue culture plastics and on polyaniline
cryogel, the foci beating in the same manner and frequency. The beating is presented in micrographs of beating
foci on polyaniline cryogel (Fig. 6) and in a supplementary video. Combining the results of cytotoxicity testing on
differentiated fibroblasts with visual assessment of the morphology of beating cardiomyocytes in differentiating
embryonic stem cells is considered as a standard procedure for the evaluation of embryotoxicity®. It can therefore
be concluded that polyaniline cryogels do not exhibit embryotoxicity.

Cyto-compatibility. 'The application of any material in regenerative medicine, tissue engineering, or biomedicine
presumes that its surface will be in contact with cells. Although the adhesion of cells on surfaces in vivo depends
on the adhesion of proteins, which can significantly alter the surface properties of the material, the adhesion of
cells under in-vitro conditions is the technique generally accepted for evaluating the interaction between sur-
faces and cells. It is well known that cell types require different surface properties for their growth. Therefore,
the responses of cells related to electro-sensitive tissues were tested on polyaniline cryogel. Namely, stem cells,
embryoid bodies, cardiomyocytes, and neural progenitors were used.

Stem cells are generally considered for application in regenerative medicine and tissue engineering. In general,
ES R1 cells were able to adhere, grow and form compact colonies on tissue culture plastics (Fig. 7A,B). A slightly
different situation arose on the surface of polyaniline cryogel. Thanks to DAPI counterstaining, which visualizes
the nuclei of cells (Fig. 7C,D), it can be seen that the number of stem cells on the cryogel surface was lower in
comparison with the reference. This was confirmed by counterstaining with calcein which determined only viable
cells (Fig. 7). On the cryogel, ES R1 cells formed more compact colonies, which was probably the result of their
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Figure 7. ESc growing on TC plastics (A,B) or polyaniline cryogel (C,D). Viable cells are visualized by calcein
AM (B,D), all cells through nuclei counterstain by DAPI (A,C). Starting point is defined as a number of
adherent cells 4h hours after seeding. The ESc adhered and proliferated on the cryogel to a lesser extent than on
the TC plastic. The micrographs were taken on day 2 after seeding.

Figure 8. EB growth on TC plastics (A) and polyaniline cryogel (B). Only viable cells are visualized by calcein.
The migration of cells (represented by individual spots) is weaker on polyaniline cryogel (B) than on TC plastic.
The micrographs were taken on day 20 of differentiation overall.

lower capacity to adhere to its surface. This was also demonstrated by the presence of more compact colonies and
also by the smaller number of viable cells.

A similar situation was encountered after previously formed EBs were seeded on the polyaniline cryogel
(Fig. 8). After the seeding the EBs either attached on the surface or stayed floating. The number of attached and
floating EBs were similar in case of TC plastic or polyaniline cryogel. The floating EBs were removed when culti-
vation medium was changed. From the EBs which attached to the surface, the cells can further migrate and prolif-
erate. As can be seen from Fig. 8A,B, where only viable cells are visualised, the migration and proliferation of cells
from EBs is more intense in case the EBs are attached to TC plastic than to polyaniline cryogel. This is depicted
by the green spots visible outside the EBs which are present in higher quantity on TC plastic than on cryogel. EBs
seeded onto polyaniline cryogel maintained their compact morphology better, and cell growth outside EB bound-
aries was relatively rare (Fig. 8B). Comparison of cell behaviour visualized in Fig. 8A and B indicates that poly-
aniline cryogel allows for the adhesion of EBs, but the migration is less intensive than on reference TC plastics.

The weakest interaction between the cryogel surface and cells was observed in the case of cardiomyocytes and
neural progenitors. Cardiomyocytes seeded onto TC plastics adhered well to this surface. In contrast, they were
not able to adhere to polyaniline cryogel (Fig. 9). The differences in the responses of ES R1 cells, EBs, and cardi-
omyocytes can be explained by the specific properties of cardiomyocytes. In comparison with the other types of
cells used, cardiomyocytes were already beating when they came into the contact with the surface of the cryogel.
In general, such beating can have an impact on their ability to adhere to surfaces. The behavior of EBs, however,
shows that cardiomyocytes can spontaneously differentiate within the EB on the cryogel. It can therefore be
expected that spontaneously differentiating cardiomyocytes will probably be able to grow on the cryogel surface.

Differentiating neural progenitors were seeded onto TC plastics or polyaniline cryogel and visualized using
phalloidin-FITC (binding to F-actin), or by calcein AM (determined viable cells). The micrographs show that
neural progenitors formed compact colonies of well-spread cells on tissue plastic both with and without gelatin
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Figure 9. Isolated cardiomyocytes seeded onto TC plastics (A) and polyaniline cryogel (B). Cardiomyocytes
were visualised using antibody against cardiomyocyte-specific myosine heavy chain (red). Individual cells were
visualised through nuclei counterstaining by DAPI (blue). Number of cells at the starting point is not presented
as the cardiomyocytes did not proliferate after the seeding. The number of cardiomyocytes adhered on the
cryogel was significantly smaller than on TC plastic. The micrographs were taken on day 2 after seeding.
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Figure 10. Neural progenitors differentiating on TC plastics (A,B) and on polyaniline cryogel (C,D). Cells

were visualized by F-actin detection using DAPI (A,C). Cell nuclei were counterstained by phalloidin FITC
(B,D). Starting point is defined as number of adherent cells 12hhours after seeding. The number of adhered
neural progenitors on the cryogel was significantly lower than on TC plastic, thus also the proliferation of neural
progenitors on the polyaniline cryogel is low. The micrographs were taken on day 4 of differentiation overall.

coating (Fig. 10A,B). When seeded onto polyaniline cryogel, rare colonies of poorly-spread cells were observed
(Fig. 10C,D). Corresponding results were also observed for cells stained with calcein AM, which visualizes only
viable cells (not shown).

Any polymer intended for application in regenerative medicine or biosensors must fulfil a number of criteria
including good biocompatibility, the presence of appropriate bulk and surface properties and, in particular cases,
also the presence of more specific properties, such as conductivity. Some of these properties can be achieved
through the use of conducting polymers; however, such polymers do not possess appropriate bulk properties
as they can only be prepared in the form of thin films (in case of polyaniline 40-400 nm thick)®, powders, and
colloidal dispersions, which all have only limited application potential. Due to these shortcomings, it is advanta-
geous to combine conducting polymers with other polymer biomaterials. The efficacy of this strategy has recently
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been confirmed by a number of research studies®*’*’. Here, the bulk properties of the studied polyaniline cryo-
gel correspond to those of hydrogels and are ideal for contact with soft tissues. One of the advantages of using
polyaniline is the ability to modify its surface properties by a variety of simple methods including reprotonation
with various acids, the grafting of functional groups, and copolymerization with various co-monomers, etc. It
is also well known that any type of cell requires specific surface properties, as was unambiguously confirmed by
the different behaviours of PC12 cells on polyaniline-grafted with bioactive peptides*!. The limited ability of ESc,
EBs, cardiomyocytes, and neural progenitors to adhere, grow and proliferate on polyaniline cryogel corresponds
to previously published findings*! and confirms that polyaniline-based materials require post-preparation surface
modification, which is tailored to the specific cells used in order to improve such materials’ cyto-compatibility.

Polyaniline cryogel is a new form of biomaterial. The purpose of present study is therefore to describe basic
biological properties of its native form. In context of future studies, the cytotoxicity and embryotoxicity of native
polyaniline cryogel is more important than surface properties influencing the cell adhesion, proliferation and
migration, as surface properties can be easily modified by various techniques to achieve the desired interaction
with concrete cell lines. Polyaniline cryogels combine poly(vinyl alcohol) and conducting polyaniline. To deter-
mine the cytotoxicity of polyaniline, it is best to study polyaniline powder, as it has the highest content of poten-
tially hazardous components compared to thin films or colloidal dispersions. A previously published study dealing
with the biocompatibility of standard powder polyaniline hydrochloride prepared by the IUPAC-approved pro-
cedure'>'® through the oxidative polymerization of aniline hydrochloride with ammonium persulfate indicated
that cytotoxicity can be related to low-molecular-weight compounds accompanying the polymer'*. A reduction
in cytotoxicity was observed after purification procedures aimed at the removal of impurities found in pristine
powder polymer. Whether such procedures involved reprotonation/deprotonation', reprecipitation*? or Soxhlet
extraction®, all such purification methods pointed to residual monomers or low-molecular-weight by-products
as being responsible for cytotoxicity. In standard polyaniline powder, impurities related to residual precursors
used for polymerization, i.e. aniline hydrochloride and ammonium peroxydisulfate, were determined in the
respective extracts. HPLC analyses showed that polyaniline hydrochloride polymer leached out residual aniline
hydrochloride and ammonium peroxydisulfate in concentrations of 0.95+0.03mgg™" and 96.1 +1.9mgg™" of
polymer powder, respectively. The sample exhibited cytotoxicity against two different cell lines, human immor-
talized non-tumorogenic keratinocyte cell line (HaCaT) and human hepatocellular carcinoma cell line (HepG2).
In both cases, the cytotoxicity was dependent on the concentration of impurities in the extract and the type of
cells to which the extract was applied. When graded according to the requirements of EN ISO 10993-5, the cyto-
toxicity of parent 100% extract of polymer was assigned as severe for HaCaT cells (a survival rate lower than or
equal to 40%) and moderate for HepG2 (a survival rate of 40-60%). After the parent extract was diluted, the first
entirely non-cytotoxic concentration appeared in the case of 1% extract, with cell survival higher than 80% for
both cell lines. Interestingly, the impurity profile of polyaniline gel was completely different compared to standard
polyaniline powder.

The fact that polyaniline cryogel does not express significant cytotoxicity or embryotoxicity, that various cell
types are able to adhere and grow on its surface, and that it can undergo simple surface modification in order to
improve its biointerfacial cytocompatibility opens the door to its potential application in regenerative medicine
and biosensing.

Concluding remark. Electrical conductivity, based on the presence of conducting polymer, is an important
parameter of cryogels. Though not reported or discussed in the present study, preliminary results suggest that the
conductivity of native polyaniline/poly(vinyl alcohol) cryogel swollen with water is of the order of 107> S cm ™! 12,
In the solutions of electrolytes, especially of acids, such conductivity will be higher due to the contribution of
ionic charge-transport. In contrast, polyaniline becomes non-conducting under alkaline conditions when the salt
converts to a base, and the contribution of electronic conductivity becomes negligible.

Conclusions

Polyaniline cryogels supported by poly(vinyl alcohol) are novel macroporous soft conducting materials. They
not only have good mechanical integrity represented by Young modulus of 9.7 £ 0.5 kPa but they are also mac-
roporous and highly hydrophilic. All these properties are prerequisites for any application in tissue engineering
or biosensing. On the basis of the results of cytotoxicity testing and stem cell differentiation, it can be concluded
that polyaniline cryogel also has appropriate biological properties and is therefore suitable for application in tis-
sue engineering and biomedicine in general, where the electrical monitoring or stimulation of tissue is required.
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Conducting macroporous soft cryogels were prepared by the oxidation of pyrrole within the frozen aqueous
solutions of 5-8 wt.% poly(vinyl alcohol) at — 24 °C. Mechanical properties of cryogels were independent of poly
(vinyl alcohol) concentration, Young moduli were =20 kPa. The conductivity of compressed freeze-dried
composites reached 18 S cm ™! thus exceeding the conductivity of polypyrrole alone. This level of conductivity
was also preserved after long-term treatment with water, i.e. close to physiological conditions. In-vitro de-
termined cytotoxicity demonstrated high potential applications due to low cytotoxicity. Moreover, compared to

the steel based materials, the cryogels mimic the properties of soft tissues. All these properties are a prerequisite
for the utilization in biomedical applications.

1. Introduction

Polypyrrole (PPy) is a conducting polymer which possesses unique
chemical and physical properties, such as high electrical conductivity,
redox properties, environmental stability, ease of preparation and bio-
compatibility [1-3]. These particular properties enable PPy to be used
in widely differing applications, such as in supercapacitors [4-6], bat-
teries [7,8], sensors [9-11], as adsorbents [12,13], electroactive se-
paration membranes [14], anti-corrosion coatings [15,16], and others.
In recent years, however, PPy has attracted great attention as a func-
tional material in biological and biomedical applications, including
cardiac and neural-tissue engineering [17-19], drug delivery [20,19],
and biosensors [21,22]. Due to its poor processability, owing to the
insolubility and infusibility, the use in practical applications is limited
and various composite forms have been sought to overcome this pro-
blem [4,5,7,12,23], viz. colloids [24,25] and hydrogels [18,26].

The last form, conducting hydrogels, became the most prospective
material in biomedicine due to their soft texture, biocompatibility,
mixed electron and proton conductivity and good mechanical proper-
ties [27]. Conducting polymer hydrogels can be obtained in two basic
ways [26]: (1) by the preparation of conducting polymer within hy-
drogel matrix [10,17], or (2) by the preparation of hydrogels in the
presence of a conducting polymer [28]. The former approach dominates
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in the literature. The resulting hydrogels, however, suffer usually from
uneven distribution of conducting polymer phase.

New class of conducting polyaniline materials, cryogels, have re-
cently been developed [29-33]. Unlike the current approaches, the
conducting polymer and supporting hydrogel phase have been pro-
duced in a single step. The polymerization of aniline was conducted in
the presence of water-soluble polymer, poly(vinyl alcohol) (PVAL), in a
frozen reaction mixture and cryogels were obtained after thawing [29].
Composite polyaniline/PVAL cryogels are three-dimensional, macro-
porous, conducting polymeric networks combining electrical properties
of polyaniline with mechanical properties of PVAL-based cryogels. The
term "cryogel" refers to the way of preparation [34]; a "hydrogel" is the
final product.

In the present work, the facile, one-step procedure of the prepara-
tion of multifunctional macroporous conducting hydrogel was extended
to polypyrrole/poly(vinyl alcohol) (PPy/PVAL) (Fig. 1). The resulting
composite cryogels are macroscopically homogeneous and possess high
electrical conductivity, which is preserved even upon deprotonation in
water under physiological conditions. In addition, their biocompat-
ibility has been investigated with the promising result.
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Fig. 1. Composite polypyrrole/poly(vinyl alcohol) cryogel prepared with 5wt% of poly(vinyl alcohol) (left) and illustration of macroporous morphology of cor-

responding aerogel (right).

2. Experimental
2.1. Preparation

Polypyrrole/poly(vinyl alcohol) cryogels were prepared by the
oxidation of pyrrole (0.2M; Sigma-Aldrich) with iron(IlI) chloride
hexahydrate (0.5M; Sigma-Aldrich) in the presence of various con-
centrations, 5-8 wt%, of poly(vinyl alcohol) (Mowiol” 10-98, molecular
weight 61,000; Sigma-Aldrich) in water. The fresh mixture of pyrrole
and oxidant in poly(vinyl alcohol) solutions was quickly sucked into a
plastic syringe, frozen in solid carbon dioxide/ethanol suspension at
—78°C, and then left in a freezer at —24 °C for 7 days to allow pyrrole
to polymerize. After thawing at room temperature, cryogels were re-
moved from syringe and immersed in excess of water or 0.2 M hydro-
chloric acid to extract any residual reactants and by-products. The
corresponding PPy/PVAL aerogel was obtained by freeze-drying of
cryogels.

2.2. Characterization

Morphology of freeze-dried PPy/PVAL cryogels was studied by
scanning electron microscope (SEM) Vega Plus TS 5135. Static me-
chanical properties of hydrogels were analyzed on electromechanical
testing device Instron 6025/5800R equipped with a 10 N load cell at
room temperature and with a cross-head speed of 10mm min™.
Cylindrical specimens with diameter 3mm and length 60 mm were
employed in the environment of deionized water. At least 3 measure-
ments had been performed and the results were averaged.

DC electrical conductivity was obtained by a van der Pauw method
on dried cryogels compressed to pellets (diameter 13 mm, thickness
~1mm) at 530 MPa using a hydraulic press Trystom H-62. 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 617
Programmable Electrometer. The conductivity was obtained as an
average value from the measurements in two perpendicular directions
at room temperature 23 °C and relative humidity 35 = 5%.

The specific surface area of the samples was determined by
Brunauer-Emmett-Teller (BET) method using a Gemini VII 2390
(Micromiretics, Instruments Corp, Norcross, USA) with nitrogen as the
sorbate. The samples were vacuum-dried at 130 °C for 50 h.

The cytotoxicity was assessed by the procedure reported earlier
[3,30]. In brief, the Mouse embryonic fibroblast cell line (ATCC CRL-
1658 NIH/3T3, USA) was used for testing according to the ISO 10-993-
5 and 10-993-12 standards. The cell viability was determined using

123

colorimetric MTT assay. MTT cell-proliferation assay is a colorimetric
reaction based on the reduction of a tetrazolium component (MTT; 3-
[4,5-dimethylthiazole-2-yl]-2,5-diphenyltetrazolium bromide) into an
insoluble formazan product by the mitochondria of viable cells.

3. Results and discussion
3.1. Cryogel characterization

Polypyrrole is usually prepared by the polymerization of pyrrole
with iron(Ill) chloride [10,35,36]. When the same polymerization is
carried out in aqueous medium in the presence of PVAL in the frozen
state, ie. in ice, black PPy/PVAL cryogels are obtained (Fig. 1). Ele-
mental analysis of freeze-dried cryogel revealed that they contain from
41 to 499wt.% of PPy for various amount of PVAL used for their
synthesis. Scanning electron microscopy images revealed that cryogels
have an interconnected, uniform, three-dimensional macroporous net-
work with macropore diameters from 5 to 100 um (Fig. 2). It can be
observed that pore size does not depend on the concentration of PVAL
used for the preparation of cryogels. Similar pore size was observed
previously when the same preparation technique was applied to poly-
aniline/poly(vinyl alcohol) cryogels [29]. This confirmed the hypoth-
esis that pore size in cryogels is given by the size of ice crystals formed
during the freezing of the polymerization mixture [29]. The pore walls
are microporous and seem to be composed of globules of PPy in-
corporated in ultra-thin layer of PVAL matrix (Fig. 1). However, the
specific surface area of PPy/PVAL cryogel is rather low, from 0.45 to 14
m?g~! (Table 1) and only slightly changes with amount of PVAL.

Various concentrations of poly(vinyl alcohol) do not have influence
on the stiffness of the PPy/PVAL cryogel (Table 1), so the mechanical
properties are controlled by PPy phase. Despite a low Young modulus,
=~ 20 kPa, these soft and macroporous cryogels are easy to handle and
manipulate (Fig. 1).

The conductivity of PPy/PVAL cryogel was analyzed on pressed
pellets from freeze-dried material before and after deprotonation with
water (Table 1). The conductivity of protonated composite cryogel is
~18 S cm™, which is higher than neat PPy prepared by oxidation of
pyrrole with iron(IIl) chloride (units S cm ™ 1) [37]. This is explained by
different PPy chain organization in various morphologies [38]. Similar
polymerization of aniline in the presence of PVAL in frozen state,
however, led to polyaniline/PVAL cryogel with conductivity much
lower than that of corresponding polyaniline [29]. When the composite
materials of PPy with non-conducting component are prepared, the
conductivity is usually expected to decrease by a few orders of mag-
nitude (Table 2). The fact that their conductivity maintained at the
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Fig. 2. Scanning electron micrographs of freeze-dried polypyrrole/poly(vinyl alcohol) cryogels prepared in the presence of (a) 5, (b) 6, (c) 7 and (d) 8 wt% of poly

(vinyl alcohol).

Table 1

Mechanical properties of polypyrrole/poly(vinyl alcohol) cryogels, and conductivity and surface area of corresponding freeze-dried material.

Poly(vinyl alcohol)

Young modulus

Tensile strength  Tensile strain ~ Conductivity (cryogels washed

Conductivity (cryogels washed

BET surface area

concentration, wt% (kPa) (kPa) at break (%)  with acid) with water) (ng’l)
(Sem™ Y (Sem™1)
5 18.8 = 3.0 1.5 = 0.1 9.3 + 0.1 14.8 6.1 0.45
6 22.1 = 0.9 2.0 £ 0.2 9.9 + 0.2 18.4 6.8 14.1
7 22.8 = 2.8 24 £ 0.5 13.0 £ 0.5 12.9 7.1 11.1
8 16.2 = 2.1 24 = 0.4 15.0 £ 0.4 8.2 7.4 3.4
Table 2
Conductivity, o, and biological properties or intended application of polypyrrole and its composite hydrogels and cryogels.
Polypyrrole/hydrogel support o(Sem™) Biological properties Ref.
Globular polypyrrole reference 0.3 - [37]
Alginate 1x107* In vitro — supported human mesenchymal stem cells attachment and proliferation [17]
Poly(amino ester) 6x 107 In vivo - efficiently promoted the cardiac function and enhanced the conduction of electrophysiological signal and ~ [18]
revascularization of the infarct myocardium
Chitosan/polyacrylic acid/magnetite 1.9x107% - [40]
Sodium alginate/carboxymethylchitosan 8 x 1073 In vitro — rat adrenal pheochromocytoma cells (PC12), Schwann cell lines (RSC96) and bone marrow [41]
mesenchymal stem cells exhibited good adhesion and proliferation
In vivo — without inflammatory reaction after 5 weeks and can be support for peripheral nerve regeneration
Polyacrylamide (cryogel) 1.5x107% - [42]
- In vitro — Human hepatoma derived cell line (HepG2) and rat glial cells (C6) indicated good biocompatibility [43]
Poly(acrylic acid) (cryogel) 35x107* - [42]
Poly(4-vinylpyridine) (cryogel) 25x10°% - [42]
Chitosan - In vitro — neonatal cardiomyocyte exhibited good adhesion and proliferation [44]

In vivo — can improve electrical conduction across a fibrotic scar in the injured heart
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Fig. 3. Cytotoxicity of extracts of PPy/PVAL cryogels towards NIH/3T3 cells determined by MTT assay. The dashed lines highlight the limits of viability according to
EN ISO 10993-5 where viability > 0.8 means no cytotoxicity, 0.6-0.8 mild cytotoxicity, 0.4-0.6 moderate toxicity, < 0.4 severe cytotoxicity.

same level after extensive washing of such cryogels with water for 3
months makes PPy in general [39] and PPy/PVAL cryogel in particular
promising materials for potential biomedical applications.

3.2. Cytotoxicity

Considering the cytotoxicity of PPy/PVAL cryogels, the only mod-
erate correlation of cytotoxicity to the different concentrations of PVAL
was found (Fig. 3). In fact, the cytotoxicity of PPy/PVAL cryogel was
observed only in the case of 100% concentration of extracts in culti-
vation medium. Adverse effect of 100% extracts is moreover connected
to the change of acidity of cultivation medium due to releasing of re-
sidual acids from preparation procedure of cryogels (the testing was
performed on native samples, without any additional purification). In
the case of any application, the determined low cytotoxicity can be
regarded as negligible because for lower concentration of extract the
cytotoxicity is eliminated, especially for 7 and 8 wt% of PVAL in
cryogel.

PVAL is generally considered as biocompatible material, thus the
observed slight impact of extracts of PPy/PVAL cryogels on cell viabi-
lity can be connected mainly to the presence of PPy. According to the
study of Humpolicek et al. [3], the cytotoxicity as well as the embry-
otoxicity of PPy is closely connected to its form, salt vs base, and it is
associated with the presence of low-molecular-weight impurities and
not to the polymer itself. Observed biological properties of PPy/PVAL
correspond to the generally good biocompatibility of PPy-based hy-
drogels (Table 2). There are, moreover, the studies demonstrating the
superior properties of PPy-based materials towards the use in electro-
sensitive tissues, e.g., cardiac patches [18]. The porous cryogels are thus
promising for application as bio-interfaces.

4. Conclusions

The soft macroporous conducting cryogels were prepared by a
single-step polymerization of pyrrole in the frozen aqueous solutions of

poly(vinyl alcohol). Compressed freeze-dried composites have con-
ductivity exceeding the conductivity of standard polypyrrole alone and
the conductivity is maintained even when cryogels was washed with
water (pH close to physiological conditions). The cryogels are soft with
good mechanical properties and biocompatibility sufficient to make
them suitable for potential biomedical applications.
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