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Biocompozite pe bazi de polimeri naturali cu aplicatii medicale

Introduction

This doctoral thesis entitled "Biocomposites based on natural polymers with
medical applications™ consists of 10 chapters and a last chapter dedicated to the
bibliography. The main aim of this doctoral thesis was to develop biocomposites and
biosensors based on natural polymers with medical applications in areas such as wound
healing, bone tissue recovery or the study of the interaction between DNA and
immunosuppressive drugs.

In the first chapter of the doctoral thesis entitled ,, Literature data” divided into
5 subchapters are presented introductory notions about the importance of biocomposites,
their classification, main synthesis methods, natural polymers used in the thesis (bacterial
cellulose, polyhydroxyalkanoates, silk fibroin) and also about biosensors, types of
biosensors, DNA-based biosensors and their main applications. In this chapter you will
find 2 tables and 4 figures.

Chapter two entitled , Characterization techniques used for the study of
biocomposites” composed from three subchapters describes the characterization methods
used to investigate the new biocomposites and DNA-based biosensors.

Chapter three entitled ,, Thesis aims and original contributions” is divided into
three subchapters in which are presented the main purpose of the thesis, a case study and
the original contributions that are found in this doctoral thesis.

The fourth chapter entitled “Biocomposites based on bacterial cellulose and
poly(3-hydroxybutyrate-co-3-hydroxyvalerate) ” divided into four subchapters describes
the preparation and characterization of biocomposites based on bacterial cellulose and
polyhydroxyalkanoates, biomaterials with potential applications in the field of wound
healing. This chapter consists of 11 figures and a table.

Chapter five entitled , Biocomposites based on polyhydroxyalkanoates and
double layered hydroxides” consisting of four subchapters and 8 figures describes the
preparation and characterization of biocomposites based on poly(3-hydroxybutyrate-co-3-
hydroxyvalerate) and double-layered hydroxides modified sodium, materials that can be
considered possible candidates for the field of wound healing taking into account the
biocompatibility presented.

Chapter six entitled ,,Biocomposites based on silk fibroin and magnetite ”,
consisting of 4 subchapters and 9 figures, describes the preparation and characterization

of new biocomposites with potential applications in wound healing.
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In chapter seven entitled , Biocomposites based on bacterial cellulose and
magnetite” divided into 4 subchapters is presented the obtaining of the biocomposites by
in situ method, the resulting materials being characterized in terms of morpho-structural
and biocompatibility, highlighting the fact that the samples with a higher magnetite content
possess adequate characteristics for applications in the field of wound healing. This
chapter contains 9 figures.

Chapter eight entitled ,,Hydrogels based on fibroin, polyacrylamide and
graphene oxide with potential medical applications”, presents the preparation and
characterization from a morpho-structural and biological point of view of new hydrogel
biomaterials in order to obtain new materials with superior mechanical response to the
mechanical properties of fibroin, but which show the excellent biocompatibility of the silk
protein. Biostructures composed of osteoblast cells and hydrogels of different
compositions were used to perform biological tests, because these biocomposites were
designed for applications in the field of hard tissues. The chapter is divided into 4
subchapters and contains 11 figures.

The nine chapter entitled ,, DNA biosensors and its interaction with azathioprine ”
investigated the interaction between DNA and azathioprine using a DNA-based
electrochemical biosensor, using complementary techniques such as mass spectrometry,
UV-Vis spectroscopy and electron microscopy. sweep. This chapter consists of 3
subchapters in which there are 12 figures and 2 schemes.

The final chapter of the doctoral thesis entitled “General conclusions and
perspectives ™ is the ten chapter in which the general conclusions related to each chapter
and perspectives are presented.

This summary is a short form of the doctoral thesis, thus the numbers of the
figures, references and pages from ,, Contents are in the thesis format.

Key words: Biocomposites, bacterial cellulose, polyhydroxyalkanoates, silk

fibroin, hydrogels, biosensors, azathioprine.
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CHAPTER 1. Literature data

Biocomposites: definition, clasifification, obtaining methods, aplications

Promoters of sustainable chemistry, biocomposites are considered the materials of
the future because they come from renewable resources, are biodegradable and through
them can be achieved the objectives of reducing environmental pollution and limiting the
energy crisis caused by the depletion of oil resources. In addition to these properties,
biocomposites based on natural polymers poses excellent biocompatibility, thus meeting
the basic requirements for their use in the biomedical field. The development of
biocomposites based on biodegradable natural polymers is of particular importance in the
field of tissue engineering, recent approaches involving the use of three-dimensional
supports as a backbone for cellular activities of healing, reconstruction or regeneration of
damaged tissues.

Definition
Biocomposites can be defined as follows: i) composite materials containing one or

more elements of biological origin; ii) composite materials containing only elements of
biological origin or iii) composite materials biocompatible and/or environmentally
friendly for medical applications [1-3]. In the literature, biocomposites are also known as
biohybrid or green composites.

Biocomposites combine the properties of the component materials to provide the
best possible mechanical and physiological compatibility with the host tissues. The major
advantage of biocomposites is the possibility of obtaining a wide range of materials with
controlled properties with applications in various fields. Similar to classical composites,
biocomposites have superior properties to those specific to each component.

From a compositional point of view, biocomposites are made up of a basic material
(matrix) and a complementary material (reinforcement material).

The matrix is the continuous phase from biocomposites, which can be organic
(natural polymers - polysaccharides, proteins, lignin, etc. or synthetic polymers - polyvinyl
alcohol, polyacrylamide, polylactic acid, polypyrrole, etc.) or inorganic (hydroxyapatite
(Hap) )I3].

The reinforcing material is the discontinuous phase from biocomposites, which
can be organic in nature (natural fibers, polymers, carbon nanostructures) or inorganic in
nature (metals, double-layered hydroxides, magnetic nanoparticles, ceramic materials,

etc.) and have an important influence on the final properties of the synthesized material.
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Clasification
Biocomposites have applications in medicine, bioengineering, automobiles,

construction, etc. In the case of biocomposites used in the medical field, a classification
may be made according to the origin of the components [3]:

= Qrganic/organic;

= organic/inorganic;

» inorganic/inorganic.

Biocompozitele organic/organic sunt compozite de tip polimer natural/polimer
natural, de exemplu alginat de sodiu/fibroind din matase naturala, amidon/lignina,
chitosan/celuloza sau polimer natural/polimer sintetic, de exemplu acid polilactic/fibre de
celuloza, amidon/alcool polivinilic/celuloza. Acest tip de biocompozite au numeroase
aplicatii deoarece prezintd o biocompatibilitate ridicata si o flexibilitate excelentd[3,40].

Organic/organic biocomposites could be natural polymer/natural polymer
composites, for example sodium alginate/silk fibroin, starch/lignin, chitosan/cellulose or
natural polymer/synthetic polymer, for example polylactic acid/cellulose fibers,
starch/polyvinyl alcohol/cellulose. This type of biocomposites have many applications due
to theirs high biocompatibility and excellent flexibility[3,40].

Organic/inorganic biocomposites have many applications in the medical field
due to their advantages such as flexibility, biocompatibility or biodegradability from the
organic matrix and improved mechanical and/or antimicrobial properties obtained due to
the presence of the inorganic component. One of the most important advantages of this
type of composites is represented by the fact that hard tissues are generally natural
biocomposites of organic/inorganic type, this facilitating the obtaining of biocomposites
with properties similar to those characteristic of human tissues. The best examples are
bone or teeth, which are made of an organic matrix of collagen fibers type I, reinforced
with hydroxyapatite crystals, and bioactive natural substances or cements (proteins,
polysaccharides, mucopolysaccharides ) and water [40,41].

Inorganic/inorganic ~ biocomposites  include  materials  based on
hydroxyapatite/alumina/zirconium,hydroxyapatite/carbon/silvernanotubes,hydroxyapatit
e/silver nanoparticles, with applications in hard tissue engineering [3,40].

The biocomposites with applications in the biomedical field takes into account the
degree of their degradation in the human body, from this point of view biocomposites can

be divided as follows:
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= non-resorbable biocomposites - both the matrix and the reinforcing agent
cannot be resorbed in the human body. This type of composite materials have
applications in the field of orthopedic medicine such as knee prostheses, bone
plates, external fixators [42];

= partially biodegradable biocomposites - the matrix is composed of a
biodegradable polymer, and the reinforcing agent is made of a non-absorbable
material. The materials have applications in areas such as cartilage
reconstruction [43], biosensors [44];

= resorbable biocomposites - both the matrix and the reinforcing agent come
from biodegradable materials in the human body [45]. This type of material is

used in fixing fractures and arthrodesis of various anatomical parts.

Methods of obtaining biocomposites based on natural polymers with medical

applications
Methods of obtaining can be systematized into three categories: conventional,

solution and solid state methods, in Figure 1.1. being presented techniques belonging to
each class [46]. Depending on the characteristics required for the application concerned,
the type of materials used and the method of preparation used, biocomposites can be
obtained in the form of fibers, films, membranes, tubes, coatings, foams, sponges or

hydrogels.

Extrusion ]

Conventional

Injection

Solvent evaporation

Phase separation

Methods of obtaining Solution
[crosslinking
Electrospinning
Sintering
Solid state

3D (bio)printing

|

|

|
Polymerization ]
|

|

|

Figura 1.1. Representative methods of obtaining of biocomposite materials with applications in

the medical field.
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Biosensors
Definition
A biosensor is a device consisting of two elements: a bioreceptor represented by

an immobilized biological element that interacts with the analyte and a transducer used to
convert the (bio) chemical effect, resulting from the interaction of the analyte with the
bioreceptor, into an electronic one[217,218].

The bioreceptor can be represented by tissue[219], cells[220,221],
enzymes[222,223], antibodies[223], nucleic acids (such as deoxyribonucleic acid
(DNA))[224], while the transducer has the role of transforming the energy in a useful
analytical signal that may be electrochemical[224-227], optical[228] or
piezoelectric[229].

The use of the first biosensor was reported in 1962 to monitor the level of the blood
gases during an surgery 230]. Currently one of the best known biosensors is the glucose
biosensor[231], but the field of biosensors is intensively studied with the aim of developing
biosensors with applications in many fields such as medicine, agriculture, security, food
safety, etc.[218,232-234] . Moreover, due to the discoveries in the field of electronic
instrumentation, biosensors can be miniaturized leading to obtaining lab-on-chip devices

for real time monitoring or as portable devices[218,222,235].
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CHAPTER 2. Characterization techniques used for the study
of biocomposites

Biocomposites for medical applications are materials that require interdisciplinary
characterization. Thus, in this doctoral thesis, the following techniques were used to
investigate the structural, morphological, thermal, wettability, swelling capacity,
mineralization capacity, biocompatibility and cytotoxicity of prepared biocomposites:
Fourier transform infrared spectroscopy (FTIR), RAMAN Spectroscopy, Mass
Spectrometry (MS), UV-VIS Spectrometry, X-ray Diffraction (XRD), Scanning Electron
Microscopy (SEM), Transmission Electron Microscopy (TEM), Atomic Force
Microscopy (AFM) , contact angle; Thermogravimetric analysis (TGA), differential
scanning calorimetry (DSC). Another type of assays used to characterize biosensors are
electrochemical ones such as cyclic voltammetry (CV) and differential pulse (DPV). The
biological tests consisted of biocompatibility assessment (Live/Dead by fluorescence
microscopy), viability assessment and cell proliferation (MTT) and biomaterial

cytotoxicity assessment (LDH).
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CHAPTER 3. Thesis aims and original contributions

Thesis aims

The aim of this doctoral thesis is to development new biocomposite materials based
on biopolymers with medical applications in areas such as dressings for wound healing or
supports for bone tissue recovery and to study the interaction between DNA and
azathioprine using DNA-based electrochemical biosensors.

For this purpose the following objectives have been set:

O:.ldentification of suitable biopolymers for the targeted applications. This step
consisted of choosing biocompatible natural polymers and reinforcing agents to improve
the properties of the polymer matrix according to the requirements of the chosen
applications.

0O2.0btaining new biocomposites using the identified materials in order to prepare
biocompatible systems with appropriate characteristics for the mentioned applications.

Os.Characterization of the obtained biocomposites in terms of structural,
morphological, thermal, watering properties, swelling capacity, mineralization capacity,
biocompatibility and/or cytotoxicity. Thus, the interaction mode and the optimal ratios
between the two components of biocomposites were evaluated in the newly synthesized
materials by FTIR, Raman, XRD, SEM, TEM, AFM, TGA, DSC techniques, contact
angle, the biocompatibility and/or cytotoxicity of the materials being evaluated on human
adipocyte-derived stem cell lines (hASCs) for biocomposites with potential applications
in wound healing and on MC3T3-E1 preosteoblast cells from mice (ATCC® CRL-2593
™) for biocomposite hydrogels with possible engineering applications hard tissues.

O4.Determination of the electrochemical behavior and electronic transfer
mechanism of azathioprine using voltammetric techniques such as cyclic voltammetry and
differential pulse voltammetry at glass carbon electrode. It is also important to study the
interaction process between this immunosuppressive drug and deoxyribonucleic acid

(DNA) using DNA-based electrochemical biosensors.

Original contributions.

In relation to the current state of research, the original elements of this doctoral
thesis will be presented below.

The novelty elements in the study of biocomposites based on cellulose and poly(3-

hydroxybutyrate-co-3-hydroxyvalerate) (BC/PHBHV) with potential applications in the
8
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field of wound healing are represented both by the use of dry bacterial cellulose membrane
in the process of obtaining of materials as well as the use of PHBHV.

In the case of biocomposites based on poly(3-hydroxybutyrate-co-3-
hydroxyvalerate) and double-layered hydroxides with potential applications in the wound
healing field, the novelty is the designed of this materials for medical applications, because
until the publication of this study this type of materials was mainly investigated for
industrial applications in the field of water purification.

Regarding the development of biocomposites based on bacterial cellulose and
magnetite, an original approach consisted in the dispersion of magnetic nanoparticles in
the culture medium of the producing bacteria leading to the in situ obtaining of
nanocomposite materials. The subsequent characterization of the obtained materials
revealed that these biocomposites have properties that recommend them as potential
candidates for the field of wound healing.

In the case of biocomposites based on fibroins and magnetic nanoparticles, the
synthesis of this type of materials was reported for the first time in the literature, the
materials obtained having properties suitable for biomedical applications.

The use of hydrogels based on fibroin, acrylamide and graphene oxide for
applications in the field of bone reconstruction, is a novelty in the literature, the obtaining
results highlighting appropriate morpho-structural properties for the medical field and a
good mineralization capacity obtained by a synergistic effect of the properties of the
components used, qualities that make them eligible for the field of hard tissue engineering.

Tn cazul studiului legat de mecanismul redox al azatioprinei si interactiei acesteia
cu ADN-ul, elementul de noutate consta Tn propunerea unui mecanism de intereactie intre
azatioprind si ADN pe baza datelor electrochimice si de spectrometrie de masa obtinute.

Regarding the study related to the redox mechanism of azathioprine and its
interaction with DNA, the novelty consists in proposing a mechanism of interaction
between azathioprine and DNA based on the electrochemical and mass spectrometry data

obtained.
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CHAPTER 4. Biocomposites based on bacterial cellulose and

poly(3-hydroxybutyrate-co-3-hydroxyvalerate)

This chapter presents the development of organic-organic biocomposites based on
bacterial cellulose and poly(3-hydroxybutyrate-co-3-hydroxyvalerate) with potential
applications in the field of wound healing. The field of wound healing is a constantly
expanding field due to rising care costs and an aging population, but also due to the
increasing incidence of diabetes and obesity. One of the most studied polymers for
applications in the field of wound healing is bacterial cellulose because of its
characteristics such as a high degree of purity, good absorption and retention capacity of
fluids and mechanical stability.

However, in order to obtain biocomposites with properties suitable for wound
healing, it is necessary to improve the biocompatibility, the adhesion of the dressing to the
dermal tissue, the absorption and release of fluids, the barrier and antimicrobial properties,
the main purpose of using polyhydroxyalkanoates being to improve properties such as
biocompatibility such as biocompatibility, biodegradability and barrier properties.

In this study, BC was modified by an ex situ method, respectively by impregnation
with PHBHYV solutions in chloroform using different ratios between the two biopolymers,
the obtaining process of the biocomposites being shown in Figure 4.1,

PHBHV  CHCI,

A i
-

/ Solubilizare ¢/ %}%5
. |‘L~: | ——

\ J“

61°C,4h Impregnare

- ® O o - BC/PHBHV

Figure 4.1. Schematic representation of the obtaining of BC/PHBHYV biocomposites (1/1, 1/2
and 1/5).

The XRD analysis investigated the evolution of the crystallization mode of BC
with the increase of the polyhydroxyalkanoate concentration, observing the increase of

the crystallite size with the increase of the natural polyester concentration.
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Figure 4.5. X-ray diffractograms of BC, PHBHV and BC/PHBHYV biocomposites with different
mass ratio 1/1 and 1/5.

Next, the morphology of BC/PHBHV biocomposites was analyzed, the SEM
images presented in Figure 4.6 revealing the architecture of the BC membrane and the

random dispersion of the natural polyester film among the BC nanofibers.

BC/PHBHYV 1/1

BC/PHBHYV 1/2

Figure 4.6. SEM images of BC membrane and BC/PHBHYV biocomposites with different mass
ratios: 1/1, 1/2 and 1/5.

11
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The next step was to evaluate the presence/absence of rezidual solvent
(chloroform) from the biocomposites using TGA analysis, the obtained results

highlighting the presence of traces of residual solvent (Figure 4.7.).

100 - —BC
—— PHBHV
——— BC/PHBHV 11
80 - ~——— BC/PHBHV 1/2
—— BC/PHBHV 1/5
X 60
"G
(2]
©
= 40
20 -
0-
e
0 100 200 300 400 500 600

Temperatura, °C

Figure 4.7. TGA curves of BC, PHBHV-film and BC/PHBHYV biocomposite (1/1, 1/2, 1/5).

The wetting properties of the biocomposites were tested by measuring the contact
angle which showed an increase of the contact angle values of biocomposites compared to
the value obtained for BC, highlighting the tendency of hydrophobicization of the BC

surface after impregnation with PHBHV. In Figure 4.9. the optical images obtained are
revealed.

Figure 4.9. Optical photographs of the water droplet placed on the surface of the BC,
BC/PHBHYV 1/5 biocomposite and PHBHV samples.

The final step of this study was to perform biocompatibility tests on BC/PHBHV
bicomposites on human adipocyte-derived stem cell lines (hnASC) which showed that the
synthesized materials present a relatively good biocompatibility.

12
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Figure 4.11. MTT and LDH tests for samples of BC/PHBHYV biocomposites with different
compositions (S1-4), BC membrane (S5), BC/PHBHYV obtained directly from the culture
medium (S6); PHBHYV film (S7) and BC/PHBHYV obtained directly from the culture medium,
lyophilized membrane (S8).

In order to improve the biocompatibility of these materials, a more efficient
purification of the synthesized materials would be necessary in order to remove as
efficiently as possible the residual solvent or the use of other obtaining methods of such as

those from melting.
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CHAPTER 5. Biocomposites based polyhydroxyalckanoates
and double layered hydroxides

Optimizing materials for development of dressings used in the field of open wound
healing is a challenge for researchers in medicine, biology or materials science because it
IS necessary to obtain materials that ensure rapid wound healing, are biocompatible and
maintain an antimicrobial environment to prevent infections. Biocomposites are suitable
for this type of application because they have low toxicity, biodegradability and high
biocompatibility.

In this context, this chapter describes the synthesis and characterization of film-
forming biocomposites based on polyhydroxyalkanoates and double-layered
organophilized hydroxides prepared by ultrasonic dispersion of anionic clay in the
polymer solution. Biocomposite films were obtained by the solvent evaporation technique
(Figure 5.1).

PHBHV CHCI,
LDH-SDS
\ y ASTE
= Evaporarea
Solubilizare Ultrasonare solventului
61°C,4h /i \ 45 min | 24h
— O O O i ’ ‘ PHBHV/LDH-SDS

Figure 5.1. Schematic representation of the obtaining process of PHBHV/LDH-SDS
biocomposite (1%, 2% and 3%)

The investigation of the morpho-structural properties represents the first step in
the characterization of the organic-inorganic biocomposites and were performed by
FTIR, XRD and SEM techniques.

FTIR spectra of biocomposites based on poly(3-hydroxybutyrate-co-3-
hydroxyvalerate) and double-layered hydroxides modified with sodium dodecyl sulphate
shown in Figure 5.2. revealed that the presence of anionic clay does not influence the

organic structure of the polymer matrix.
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Figure 5.2. FTIR spectra of the PHBHV film PHBHV/LDH-SDS biocomposites with 1%, 2%
and 3% LDH-SDS

The XRD analysis showed that the double-layered hydroxides keep their ordered
structure within the biocomposites, resulting in obtaining of the intercalated type

biocomposites (Figure 5.3.).
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Figure 5.3. X-ray diffractograms of LDH-SDS, PHBHYV film and PHBHV/LDH-SDS
biocomposites with 1%, 2% and 3% LDH-SDS.

SEM images revealed the obtaining of biocomposites with rough surfaces due to

the dispersion of anionic clay particles in the polymer matrix.
TGA analyzes showed that the presence of double layered hydroxide leads to a

decrease in the degradation temperature of the polymer matrix, noting that as the clay
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concentration increases, the degradation temperature of the biocomposites presents a

slow increase (Figure 5.4.)

—— PHBHYV film
100 - ——— PHVHV-LDH-SDS 1%
——— PHVHV-LDH-SDS 2%
——— PHVHV-LDH-SDS 3%
—— LDH-SDS
80 -
X 604
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n
(1]
= 40
20 -
0

200 ' 400 ' 600
Temperatura, °C
Figure 5.4. Thermogravimetric curves for: PHBHV film, and LDH-SDS and PHBHV_LDH-
SDS biocomposites with 1%, 2%, respectively 3% LDH-SDS

Through DSC analysis it was determined that the melting temperature of the
samples is not influenced by the presence or increase of anionic clay content.

The evaluation of the biocompatibility of the obtained materials was performed
through the LIVE/DEAD test, observing a better mimicry with cellular environment
compared to the reference material used 24 hours after seeding the cells.

Figure 5.7: Confocal microscopy images after fluorescent labeling of cells to highlight
living/dead cells on the control sample of PHBHV (B0) and PHBHV-LDH-SDS biocomposites
with a content of 1% (B1), 2% (B2) and 3% (B3) of LDH-SDS.

Due to their good biocompatibility, these biocomposites can be considered as
potential candidates for in vivo testing for wound healing applications.
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CHAPTER 6. Biocomposites based on silk fibroin and

magnetite

The medical applications of silk fibroin, protein obtained by regeneration from
solution followed by precipitation or chemical modification processes cosists in sutures,
materials for wound healing, fibroin-based hydrogels for immobilization or controlled
release of active ingredients, reconstruction of cellular tissues etc.

Silk-based supports have been intensively studied for possible applications in the
biomedical and biotechnological field. To obtain substrates with improved properties, silk
was mixed with synthetic polymers (eg polyvinyl alcohol or polyacrylamide), natural
polymers (eg collagen, elastin, gelatin, etc.) or inorganic materials (eg magnetic
nanoparticles, hydroxyapatite or clays ). In addition, in recent years, magnetic
nanoparticles, and especially magnetite, have been used to develop a wide range of
biomedical and biotechnological applications such as contrast agents, biosensors, cancer
hyperthermia and drug-controlled delivery systems.

In this context, in this chapter are presented the synthesis and characterization of
biocomposites based on silk fibroin and magnetite nanoparticles. The process of preparing
the biocomposite films included the following steps: obtaining the fibroin solution from
natural silk, dispersing the magnetic nanoparticles in the polymer matrix and obtaining the

biocomposite films by the solvent evaporation method (Figure 6.2.).

Fibroina

=

Evaporarea
Ultrasonicare solventului

.E — — o8e®
SF/MAG

Magnetita

0.2% 03% 0.45%

Figure 6.2. Schematic representation of the steps involved in obtaining SF/MAG biocomposite

films.
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The obtained biocomposites were analyzed in terms of morphological and
structural properties. FTIR analysis revealing that amides | and Il show a displacement

that can be attributed to the obtaining of the B structure of silk fibroin (Figure 6.3.).
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Figure 6.3. FTIR spectra of SF film and SF/MAG biocomposites with 0,2%, 0,3% and 0,45%.

The crystal structure of the biocomposites was highlighted using XRD analysis,
the obtained diffractograms of biocomposites shown in Figure 6.4. presenting a similar
shape to that of fibroin and the presence of magnetite being confirmed by a maximum of
35.7°°.

SF/Magnetita 0.45%

w% 2 SF/Magnetita 0.3%

M SF/Magnetita 0.2%
Whpontn, iy

e

Intensitate, u.a.

Fibroina
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20, °
Figure 6.4. X-Ray Difractograms of magnetite nanoparticles, silk fibroin film and SF/MAG

biocomposite films with 0.2%, 0.3% and 0.45% magnetite.

18




Biocompozite pe bazi de polimeri naturali cu aplicatii medicale

SEM analysis highlighted the dispersion of magnetic nanoparticles in the polymer
matrix and their tendency to form clusters, with increasing magnetite concentration,
biocomposites showing a more uniform dispersion of magnetic nanoparticles, but also a
greater tendency to form agglomerations. .

Furthermore, the TEM images of SF/MAG biocomposites, reveals areas where
magnetic nanoparticles are well dispersed and areas where clusters have formed. The
information provided by the TEM analysis is of particular importance because both the
mode of dispersion and the structure of the magnetite can influence the properties of the

obtained material (Figure 6.6.).

Figure 6.6. TEM and HR-TEM images of magnetite powder and SF/MAG biocomposite
films with 0.2%, 0.3% and 0.45% magnetite.

The AFM analysis revealed that the obtained biocomposites have a rough surface

compared to the smooth surface of the silk film (Figure 6.7.). This property has many
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advantages in the field of medical applications such as supporting cell adhesion and
proliferation. At the same time, the AFM analysis also showed the relatively uniform
distribution of magnetite nanoparticles both on the surface and inside of the polymer
matrix through 2D and 3D images (deflection and 3D images).

SF

B SF/MAG 0.45%
SF/MAG 0.45% »

Figure 6.7. AFM images of SF film and SF/MAG biocomposite film with 0.45% magnetite.

Cell viability tests using stem cells derived from human adipocytes performed on
the obtained materials showed that all biocomposites have a good biocompatibility in vitro
(Figure 6.8.).

Figure 6.8.: Confocal fluorescence microscopy images of cells cultured on SF (A0), SF/MAG
0.2% (Al); SFIMAG 0.3% (A2) and SF/MAG 0.45% (A3).

The results obtained suggesting that all biomaterials tested have a good in vitro
biocompatibility on hASC. Due to the good biocompatibility shown, these materials are

potential candidates for in vivo testing in the field of wound healing applications.
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CHAPTER 7. Biocomposites based on bacterial cellulose and

magnetite

Bacterial cellulose is used in wound healing applications due to its remarkable
properties such as purity, biocompatibility, high porosity, control of morphology,
extracellular collagen-like structure and the ability of BC nanofibers to guide cells.
Bacterial cellulose is modified with magnetite in order to improve the wound healing
process.

In this context, this chapter presents the obtaining and characterization of new
biocomposites based on bacterial cellulose and magnetite nanoparticles with potential
applications in the field of wound healing. The biocomposites were obtained by the in

situ method, respectively the magnetic nanoparticles were dispersed in the culture

medium used for the fermentation of Acetobacter xylinum (Figure 7.1.).
Magnetita / Acerc:)sa':xzerzzorgldinum

% Agllare Cultura stalc% Crestsreg a
BC/MAG

Mediu de cultura
Purificare || 1. NaOH

2. 30°C
Uscare Spalare
R e R |
NaN3 (0.02%)
BC/MAG

Figure 7.1. Schematic representation of the obtaining of BC/MAG biocomposite membranes by

the in situ method.

The XRD analysis showed that the modification of bacterial cellulose with
magnetite does not influence the crystalline structure of the biopolymer (Figure 7.2.), the
diffractograms of biocomposites based on bacterial cellulose and magnetite presenting the

maxima associated with the two components.
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Figure 7.2. X-Ray Difractograms of BC, MAG and BC/MAG biocomposites with different

concentrations (1%; 2% and 5%) of magnetite.

The SEM images highlighted the BC-specific fibrillar network as well as the

relatively uneven distribution of magnetite particles both on and through the biopolymer
fibers.

. :

BC/Mag 2% BC/Mag 5%

Figure 7.4. SEM images of BC and BC/MAG biocomposites with different concentrations (1%;
2% and 5%) of magnetite.
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In order to better highlight the dispersion of magnetite in cellulose membranes, the
TEM analysis of biocomposites compared to raw materials was performed, cellulose and
magnetite, revealing that the obtained biocomposites have both areas where nanoparticles

are well dispersed and areas where clusters were formed.

)
Fe304

M1 nm

e

Figure 7.6. TEM images of BC (50 nm and 100 nm) and BC/MAG biocomposite with 5%
magnetite; and HR-TEM images of BC/MAG biocomposite with 5% magnetite.

Biocompatibility tests revealed good biocompatibility of this biocomposites on
human adipocyte lines. The morphology of hASCs and their ability to interact with the
substrate material, BC or BC/MAG bionanocomposites, in terms of cell adhesion and
cytoskeleton development were investigated (Figure 7.7) and it can be observed that
hASCs cells have long and distinct filaments from actin, surrounded by all the magnetic
particles in the composites and determines the overall morphology of the cell. The
formation of actin microfilaments can be likened to a modeling process that occurs in

response to contact between the cell and the biocomposite.
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BC 1% 2% 5%

Figure 7.7. Confocal microscopy images of actin filaments (red marking) and nuclei (blue

marking) of stem cells derived from human adipocytes in contact with BC and BC/MAG
biocomposites with different concentrations of MAG (1%, 2% and 5%).

To study the cell survival rate on the synthesized materials, the viability of hASC
24 hours after inoculation was assessed by LIVE/DEAD assay along with confocal
fluorescence microscopy. After 24 hours from seeding, live cells (marked in green) were
observed on the surface of all tested materials, but the highest density of live cells was
detected on the surface of the BC/MAG biocomposite with 5% magnetite (Figure 7.8.).

Figure 7.8. Confocal microscopy images after fluorescent labeling of cells to highlight
living/dead cells on BC, BC/MAG 1%, BC/MAG 2% and BC/MAG 5%.

Biological tests showed excellent biocompatibility and cell viability of BC/MAG
biocomposites with 5% magnetite. This sample is considered a good candidate for in vivo

studies in the field of wound healing.
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CHAPTER 8. Hydrogels based on fibroin, polyacrylamide and

graphene oxide with medical applications

The main purpose of this study is to create implant supports that mimic the natural
extracellular matrix (ECM) to ensure cell attachment, proliferation and cell differentiation.
Therefore, substrates should have adequate biochemistry, appropriate micro/nano scale
topography and mechanical properties to ensure binding positions that actively regulate and
control the behavior of host cells in their interaction with the material.

Based on these considerations, a new hydrogel based on silk fibroin, polyacrylamide
and graphene oxide has been proposed and characterized, in order to obtain a biocomposite
with a superior mechanical response to that of fibroin, but with excellent biocompatibility
of silk protein. Due to the low content of information on the biological behavior of
fibroin/polyacrylamide/graphene oxide materials on osteoblast cells, a study was developed
to highlight a potential application of these biocomposites in the field of bone regeneration.

The preparation of biocomposite hydrogels includes the following steps:
i)dispersion of graphene oxide (0.1%) in the fibroin solution by ultrasound; ii)preparation
of acrylamide (AA) solutions with different concentrations in which the crosslinking agent
N, N'-methylenebisacrylamide (N, N'-MBA) was added, iii)mixing the two solutions and
adding the redox polymerization system formed from potassium persulfate (KP) and
triethanol amine (TEA). The polymerization reaction lasted 24 h and took place at room
temperature, then the hydrogels were purified using the method of repeated extractions in
distilled water (Figure 8.1.).

KP TEA
SF ¢ o \ y
AW S e —
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f—
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AX — . — —
NN’-MBA

Figure 8.1. Schematic representation of the obtaining of hydrogels based on SF/PAA/GO.
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The first step consist in the structural characterization of the hydrogels throught
FTIR analysis and showed the formation of the B structure of SF from the biocomposite
hydrogels obtained considering both the displacement of the absorption maxima
characteristic of amide | and the lack of absorption bands specific to amides Il and I11. In
this case, an important role in the obtaining of the B structure has the components

polyacrylamide and graphene oxide (Figure 8.2.).
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Figure 8.2. FTIR spectra of the SF/PAA hydrogel and of SF/PAA/GO biocomposite hydrogels
with different ratios between SF and PAA (10/90, 20/80, 30/70, 40/60, 50/50).

The RAMAN analysis showed a displacement of the GO specific G and D bands
in the spectra recorded for biocomposite hydrogels, a displacement that may be due to the
intercalation of the polymer chains between the graphene oxide layers.

The study of the swelling capacity of the obtained hydrogels performed through
the gravimetric method showed that the incorporation of graphene oxide and the increase
of fibroin concentration leads to obtaining higher values of the swelling degree due to the
increase in the number of hydrophilic groups. This property is of particular importance
because they can have structures similar to tissues that can be easily integrated into host
tissues. The graphs of hydrogels based on fibroin, polyacrylamide and graphene oxide with
different ratios between fibroin and polyacrylamide (10/90; 30/70; 50/50) containing 0.1%

graphene oxide are shown in Figure 8.4.
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Figure 8.4. The degree of swelling of SF/PAA/GO biocomposite hydrogels with different ratios
between SF and PAA (10/90, 30/70, 50/50).

The SEM images realized on completely swollen hydrogels have confirmed the
obtaining of three-dimensional porous structures with interconnected pores, along with the
increase of the SF concentration in the hydrogels, an increase of the pore size was observed
due to the decrease of the crosslinking density.

Figure 8.5. SEM images of SF/PAA/GO biocomposite hydrogels with different compositions
(10790, 30/70, 50/50).
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The evaluation of the mineralization capacity of the SF/PAA/GO hydrogels was
performed by two methods: the alternating cycles method and Kokubo T method. The
SEM images of the mineralized hydrogels using the alternating cycles method revealed
the obtaining of an acicular type mineral phase close to the hydroxyapatite structure, in
this case the composition of the hydrogels did not exert a significant influence on the

mineralization capacity of the studied materials (Figure 8.7.).

Figure 8.7. SEM images of SF/PAA/GO biocomposite hydrogels with different ratios between
SF/PAA (10/90, 20/80, / 30/70, 40/60 and 50/50 and EDX spectrum of hydrogel 50/50) after
biomineralization by alternating cycles method.
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SEM images of mineralized hydrogels through Kokubo T method showed a
uniform coverage of all biocomposite hydrogels with an apatite like mineral layer, whose
morphology is strongly dependent on the composition of the hydrogel, respectively, with
increasing fibroin content it can be observed the obtaining of a uniform coating with
various forms of hydroxyapatite, increasing the number of microglobules and decreasing
their size.

Biocompatibility and cytotoxicity tests were performed on biostructures based on
osteoblast cell type MC3T3-E1 and hydrogels with different compositions highlighted that
the silk protein plays an important role in the built biosystem leading to improvment of the
cells adhesion and proliferation.

The morphology of MC3T3-E1 osteoblasts inside of biocomposite hydrogels based
on fibroin, polyacrylamide, graphene oxide and their ability to interact with the substrate
material in terms of adhesion and cytoskeleton development were studied 24 h after

microscopy inoculation. confocal fluorescence (Figure 8.8.).

Figure 8.8. Confocal fluorescence microscopy images of actin filaments of MC3T3-E1

osteoblast cells on P1-P5 biostructures.

Thus, MC3T3-E1 cells have distinctive actin filaments surrounding the nuclei in
the case of fibroin/polyacrylamide/graphene oxide samples with the following ratios:
30/70; 40/60 and 50/50. This distribution of the components of the cytoskeleton obviously
determines the elongation morphology inside the supports with a higher fibroin content.
The formation of actin microfilaments can be attributed to a modeling process that occurs
in response to direct contact between the cell and the biomaterial. In this context, the results
obtained suggest that fibroin in natural silk plays a key role in the adhesion of MC3T3-E1
preosteoblast cells to the biomaterial.

To study cell survival within the tested biomaterials, the viability of MC3T3-E1
cells 7 days after inoculation based on simultaneous labeling of living cells (green) and

dead cells ( red color) was analyzed using confocal fluorescence microscopy (Figure 8.9.).
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....
Figure 8.9. Confocal fluorescence microscopy images for the Live/Dead test show both living

and dead cells inside P1-P5 biostructures 7 days after seeding. Living cells are marked in green,
and dead cells are marked in red.

It can be seen that the ratio between living and dead cells is superunitary for all
biocomposites tested. Also, important differences related to cell density inside implant
supports are noted, the concentration of living cells increasing with the increasing of the
fibroin content. Therefore, the highest number of living cells was obtained in the
biostructures fibroin/polyacrylamide/graphene oxide/MC3T3-Elcells with ratios 40/60
and 50/50.

Together with observations related to cell morphology, these data suggest that the
protein in natural silk plays a crucial role in the constructed biosystem resulting in both
improved adhesion and cell proliferation. In addition, the concentration of fibroin plays an

important role in the biocompatibility of implant supports.
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CHAPTER 9. DNA hiosensors and its interaction with

azathioprine

In recent decades, electrochemical biosensors have gained a great importance in
the field of analytical devices used to determine the mechanisms of interaction of DNA
with various pharmaceutical compounds. Azathioprine (AZA) is an immunosuppressive
drug used in the medical field since 1963 [290], initially to prevent kidney transplant
rejection and later to treat autoimmune diseases such as ulcerative colitis, rheumatoid
arthritis or as a drug against leukemia [314]. This drug is an analogue of purine, its
mechanism of action consist to block purine metabolism and DNA synthesis. There are
numerous papers in the literature reporting increase of the incidence of skin cancer in
patients who received azathioprine and were subsequently exposed to solar radiation;
this being one of the reasons that led to the limitation of the use of this drug [315-317].
In order to reduce side effects, it is necessary to use appropriate experimental models at

In this context, the main objective of this study was to investigate the interaction
between DNA and azathioprine using a DNA biosensor, and as complementary
techniques using UV-Vis spectrophotometry, scanning electron microscopy and mass
spectrometry. In situ characterization of the interaction between azathioprine and DNA
or purine bases may provide essential information about the effects of this drug on DNA.

In the first place, the redox behavior of azathioprine was studied at a glassy
carbon electrode at different pHs using electrochemical techniques such as cyclic
voltammetry and differential pulse voltammetry.

The first experiment consisted in recording cyclic voltammograms by scanning
in the negative direction (from Ei =0V t0 Emax = -1 V) and showed a maximum reduction
in Epc = -0.68 V characteristic of the NO2 group reduction process from azathioprine,
and after changing the sweep direction, the appearance of the maxima characteristic of
the 2 anodic charge transfer reactions from Epa =+0.45 V and Epa =+1.20 V was observed.
All electrochemical measurements were performed using a glassy carbon electrode in

azathioprine solutions of 500 uM concentration (Figure 9.1.).
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Figure 9.1. Cyclic voltammograms showing, first (==) and second (e e e) scans, recorded in
acetate buffer (0.1 M, pH =4.5) containing 500 uM AZA 0.1 M at a scanrate of v=50 mVs?,

from Eq=0V t0 Enax=1.4 V.

The next experiment consisted in investigating the effect of the scanrate on the

the reduction current of azathioprine, the acquired cyclic voltamograms showed a linear

increase of the reduction current with increasing the square of the scanning speed and

also a shift of the maximum reduction potential. negative, this type of behavior being

characteristic of an irreversibly diffusion-controlled process.
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Figura 9.3. Cyclic voltammograms at different scan rates in 500 uM AZA in phosphate buffer

(0.1 M, pH = 7.0).
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Subsequently, the influence of the pH on the redox behavior of azathioprine by
cyclic voltammetry and differential pulse was investigated, the results obtained
emphasizing that the reduction potential of azathioprine decreases with increasing pH,
this type of behavior suggests that protons are also involved in the reduction process.
The electrochemical results presented showed that the reduction of azathioprine takes
place in a single step, leading to the formation of reduction products which will be

oxidized to positive potentials.
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- H,c' H
N Oy e
N N
pH=40 /\—J
Is pA ]1 pA
-1I.0 -OI.5 0:0 0:5 1:0 1:5 1.0 0.8 -0.6 -0.4
E IV (vs. Ag/AgCl) E/V (vs. AgIAgCI)

Figure 9.4. A) CV at 100 mV s and B) DPV recorded in 500 uM AZA in electrolytes with
different pH values.

The results presented above showed that the process of reducing azathioprine takes
place in a single step. The reduction of azathioprine led to the reduction of products that
were subsequently oxidized to positive potential values.

In fact, the voltammetric behavior of azathioprine is dominated by the 1-methyl-4-
nitroimidazole compound. In Scheme 1 is proposed to reduce the electrochemical
reduction of azathioprine to compound (2) by a mechanism that provides for the
conversion of the NO> group to a dihydroxylamine compound by a process involving 2
electrons and 2 protons, the maximum value of 1, an unstable product, being followed by
a dehydration process which led to the obtaining of the compound (3). In turn, compound
(3) showed a quasi-reversible redox reaction which was demonstrated by the presence of

the two maxima, 2c and 2a, and on the other hand, the process of irreversible oxidation to
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positive values of the potential leads to the compound ( 5), reaction responsible for

obtaining the maximum 3a.

No2 N’OH N=0 peak 2, HN-OH HN-OH

20 s2H (] 1 <1 +2e" +2H' (NI -2e" -2H* O=H<N]/\
peak 1 26 -2H* S hy
)j: H3C /ﬁi )I peak 2, )IH peak 3, H3C N)\IH
§ § P P PE;

Schema 1. Proposed redox mechanism of AZA.

Second, the way in which DNA interacts with azathioprine was investigated
using DNA poly [A] or poly [G] electrochemical biosensors,

In the first experiment, differential pulse voltammograms were recorded for the
DNA biosensor after incubation in an azathioprine solution 100 uM, varying the
incubation time. The electrochemical results showed the appearance of a new oxidation
maximum at +0.65 V characteristic to the formation of 8-oxo-dGuo, a compound with a
mutagenic effect, while the oxidation maxima of the two purine bases, guanine and

adenine, do not present significant changes (Figure 9.7.).
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Figura 9.7. DP Voltammogramms recorded in acetate buffer (0.1 M, pH 4.5) with the DNA
biosensor after incubation at -0.60 V in 100, 250 and 500 uM AZA for 10 min. Note: the orange
dotted curve represents the DP voltammogram with the DNA biosensor after incubation at -0.60

V in buffer.
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The second experiment consists in incubating the DNA biosensor in azathioprine
solutions of different concentrations, for 10 minutes, under these conditions a gradual
increase was observed in accordance with the increase of azathioprine concentration this
behavior being induced by the gradual increase of DNA degradation generated by the
increase of the drug concentration in the incubation solution also observing the
appearance of the maximum from +0.65 V characteristic of the formation of 8-oxo-dGuo
(Figure 9.8.).
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Figure 9.8. DP voltammograms recorded in acetate buffer (0.1 M, pH 4.5) with de DNA
biosensor after incubation at -0.60 V in 100 uM AZA for 1, 10 and 35 min. Note: the blue dotted
curve represents the DP voltammogram in AZA after applying -0.60 V and the orange dotted
curve represents the DP voltammogram with the DNA biosensor after incubation at -0.60 V in
buffer.

In order to have a better perspective related to the origin of the maximum from
+0.65 V, voltammetric studies were performed using poly [A] (Figure 9.9.) and poly
[G] (Figure 9.10.) biosensors.

Differential pulse voltamograms obtained after the interaction of the poly [A]
biosensor with azathioprine showed a significant increase of the anodic potential
characteristic to adenine residues, a maximum that can be assigned to both the
degradation process of azathioprine and purine residues.

The differential pulse voltamograms obtained after the interaction of the poly [G]

biosensor with azathioprine showed both an increase in the anodic potential specific to
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the oxidation process of guanine residues and the specific maximum 8-oxo-dGuo
(+0.65V).
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Figure 9.9. DP voltammograms in acetate buffer (0.1 M, pH 4.5) with poly(A) biosensors before

and after incubation (red curves) in 500 uM AZA over 10 min.
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Figure 9.10. DP voltammograms in acetate buffer (0.1 M, pH 4.5) with poly(G) biosensors

before and after incubation (red curves) in 500 uM AZA over 10 min.
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Furthmore, the mass spectra of DNA sample after the digestion process
highlighted the presence of signals specific to free nucleotides. The mass spectra of DNA
samples studied after the interaction with azathioprine, both DNA-specific signals and
new signals corresponding to fragments of azathioprine were obtained, the presence of
8-0x0-dGuo being also underlined (Figure 9.11.). In addition, the mass spectra recorded
under these conditions highlighting the presence of new signals that can be assigned to

the formation of adducts between purine residues and azathioprine fragments (96 m/z).
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Figure 9.11. Mass spectra of DNA after acidic digestion A) bfore and B) after incubation at
-0.60 V in 500 uM AZA for 30 min.

Subsequently, in order to investigate the interaction between DNA and
azathioprine after degradation of the immunosuppressive drug in the presence of light,
UV-Vis measurements were performed on degraded samples at the solar simulator using
two pHs, the results obtained highlighting that the degradation process was amplified by

the presence of protons, in the case of DNA-AZA samples observing the appearance of
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the hyperchromic effect characteristic of the DNA denaturing effect effect due to the

denaturing action of the immunosuppressive drug on the nucleic acid (Figure 9.12.)
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Figura 9.12. Spectrele de absorbtie ale: AZA preparate in solutii tampon A) pH 4.5 si B) pH 7 si
ale ADN-ului incubat cu AZA dupa degradarea prin expunerea la lumina intre 0 si 180 min

folosind probe preparate in solutii tampon C) pH 4,5 si D) pH 7.

Also, a morphological characterization of the DNA biosensors before and after
the interaction with azathioprine was performed, the FESEM images obtained in the case
of DNA biosensors after the interaction with azathioprine highlighting the formation of
clusters assigned to the action of the immunosuppressive drug on DNA.

The electrochemical results correlated with the morphological results obtained
by FESEM and with the spectrometric results obtained by mass spectrometry, confirms
that with AZA reduction, the formation of 8-oxo-dGuo takes place among the DNA

layers, a mutagenic compound which can generate oxidative lesions of DNA, based on
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these data a mechanism of interaction between DNA and azathioprine has been proposed,

Scheme 9.2.

[¢]
N=\ N=\ N=\
Osr AN~ -0.60V MO, VK(N\ HN NH HO. ,&(N\
sz/k\ﬁ') + — N*\ B TS — NI e+ AT
N

N
D) N N
cd

) ) )
OH N N oo N

HN HN HN

\=N =N =
HO HO HO
HoN
B) NH, o) NH,

H
Q | SN
,N N N Nto, /NIgN N N‘OH ’I\‘f/ /N NH2
<Nlj+<][ -0.60 V <NI,J+</I <, N)\<I
N /N S N  — ; o [ N H S " —_—
O N? N N7 | N> o /ENH
i '; & | N/) HO pd I\\N N/ ;; N

HO no N Gy OH

Scheme 9.2. Proposed mechanism of interaction between AZA and DNA with DNA bases (A)
formation of 8-oxo-deoxyguanosine and (B) adducts with adenine bases

In this study, the electrochemical behavior of azathioprine was evaluated through
cyclic voltammetry measurements and a complex redox mechanism was proposed for it.
At the same time, in order to determine the mechanism of interaction between azathioprine
and DNA, a DNA biosensor was used was incubated under different conditions in
azathioprine solutions, the results showing that this drug leads to DNA damage, oxidation
of guanine residues and obtaining 8-oxo-dGuo, a product with mutagenic potential. The

electrochemical results obtained being confirmed with the help of mass spectrometry.
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CHAPTER 10. General conclusions and perspectives

The research topics studied in the doctoral thesis led to the development of
biocomposites based on natural polymers that have the suitable characteristics for the
medical applications field. In this context, all synthesized biocomposites were
characterized by different techniques in terms of structural, morphological, thermal,
watering, swelling, mineralization, biocompatibility and cytotoxicity properties.
Biological tests performed on different cell lines, depending on the intended application,
showed a good biocompatibility of the obtained materials with the biological
environment.

In chapter 4, organic/organic biocomposites based on bacterial cellulose and
poly(3-hydroxybutyrate-co-3-hydroxyvalerate) with different concentrations were
obtained, the novelty factor being both the use of this type of polyester and the use of
dried membranes of bacterial cellulose. The prepared materials were characterized in
terms of morphology, structure, thermal stability, biological behavior and watering
properties. The modification of bacterial cellulose with poly(3-hydroxybutyrate-co-3-
hydroxyvalerate) had two main objectives, namely to improve the barrier properties and
to improve the biocompatibility and biodegradability of the synthesized materials. By
performing contact angle measurements on biocomposites based on bacterial cellulose
and poly(3-hydroxybutyrate-co-3-hydroxyvalerate) it was shown that the surface tends
to a hydrophobic character compared to the surface of bacterial cellulose characterized
by hydrophilicity, this confirming at the same time the improvement of the barrier
properties. From the point of view of biological tests, it was shown that the obtained
biocomposite membranes presents biocompatibility and, respectively, good cell viability
on human adipocyte cell lines, thus giving the possibility to consider this type of
materials potential candidates for applications in the field of wound healing.

In the following study, new biocomposites based on poly(3-hydroxybutyrate-co-
3-hydroxyvalerate) and organophilized double-layered hydroxides with different
concentrations were developed by ultrasonic dispersion of anionic clay in the polymer
solution. Biocomposite films were obtained by the solvent evaporation technique and
were characterized in terms of structural, morphological, thermal stability and in vitro

biological behavior. In this case, the novelty factor comes from the use of this type of
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material in the field of wound healing, taking into account the fact that, until this study,
materials based on polyhydroxyalkanoates and double layered hydroxides targeted only
industrial applications such as water treatment. Biological tests showed a good
biocompatibility of poly(3-hydroxybutyrate-co-3-hydroxyvalerate) biocomposite
materials/organophilized double-layered hydroxides by LIVE/DEAD tests, observing a
better mimicry with cellular medium compared to the reference material used, taking
into account the better viability of the cells 24 hours after seeding. Due to the good
biocompatibility shown, the biocomposites based on poly(3-hydroxybutyrate-co-3-
hydroxyvalerate) and organophilized double-layered hydroxides are potential candidates
for in vivo testing in the field of wound healing applications.

Regarding the next chapter, new biocomposites based on natural silk and
magnetic nanoparticles with different compositions were prepared by dispersing the
magnetite nanoparticles in the silk fibroin solution. The development of this type of
biocomposite materials is an original idea considering that, this type of materials have
not been previously reported. The biocomposites were characterized from a structural
and morphological point of view in order to highlight the influence of the magnetic
nanoparticles to the polymeric matrix and the dispersion of magnetic nanoparticles in
the polymer matrix. Biological tests showed a good biocompatibility of
fibroin/magnetite biocomposite films, through the LIVE/DEAD test showing that the
biocomposites have a better mimicity with the cell environment compared to the
reference material used, considering the viability of the cells was better 24 hours after
seeding. Due to the good biocompatibility shown, fibroin and magnetite biocomposites
are possible candidates for in vivo tests for wound healing applications.

Next, new biocomposites based on bacterial cellulose and magnetic nanoparticles
with different compositions obtained by the in situ method, respectively, by adding the
magnetite nanoparticles in the cellulose culture medium, were synthesized and
characterized.  Structural and  morphological analyzes highlighted the
deposition/penetration of magnetite nanoparticles on/between cellulose fibers and the
fact that at higher concentrations of magnetite, magnetic nanoparticles presents a
uniform coverage of cellulose fibers. Biological tests showed a good biocompatibility
and a good cellular viability of bacterial cellulose/magnetite composites on human

adipocyte cell lines, the best results being obtained for the materials containing 5%
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magnetite, a material that can be considered a good candidate for development of in vivo
studies in the field of wound healing.

In the following study, the obtaining of composite hydrogels based on silk
fibroin, polyacrylamide and graphene oxide was presented. Morpho-structural analyzes
showed both the formation of the B structure of fibroin and the influence of fibroin and
graphene oxide on the properties of hydrogels obtained. The increase in fibroin content
and the introduction of graphene oxide led to increased swelling behavior and improved
mineralization capacity. The best results were obtained on biocomposites based on silk
fibroin, polyacrylamide and graphene oxide with the following compositions: 40/60/0.1
and 50/50 /0.1. Biological tests have shown that the morphology of osteoblasts varies in
the hydrogels fibroin/polyacrylamide/graphene oxide with different compositions, the
data obtained suggesting that silk fibroin improves the organization of the cytoskeleton
and cell distribution. The viability and proliferation results together with those on
cytotoxic potential suggested that osteoblasts have a higher proliferation rate in contact
with hydrogels with a higher content of silk fibroin. Therefore, the biocomposites
fibroin/polyacrylamide/graphene oxide with compositions 40/60/0.1 and 50/50/0.1 have
been shown to be biocompatible and have the most balanced ratio between proliferative
and cytotoxic potential. Excellent biocompatibility, good mechanical properties and
biomineralization potential recommend biocomposites based on fibroin, polyacrylamide
and graphene oxide for potential biomedical applications in the area of bone
regeneration. However, the long-term cytotoxic potential and non-biodegradability of
graphene oxide and the specific effects of graphene on cells, tissues or organs and in
vivo metabolism require future studies.

In the last chapter of original contributions of this doctoral thesis dedicated to
DNA-based biosensors and their interaction with azathioprine, the redox behavior of
azathioprine was studied at glassy carbon electrode using different pHs and
electrochemical techniques such as cyclic voltammetry and differential pulse
voltammetry leading to the proposal of a redox mechanism of this immunosuppressive
drug. It has also been shown that the reduction of azathioprine takes place in a single
step, leading to the formation of reduction products which in turn will be oxidized to
positive potentials. Various DNA, poly [A] or poly [G] electrochemical biosensors were
used in this study to invastigate interaction mechanism between DNA and azathioprine.
The results obtained by electrochemical methods were correlated with the morphological
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results obtained by FESEM and with the spectrometric results obtained by mass
spectrometry, thus confirming that with the reduction of azathioprine, the formation of
8-o0xo0-dGuo takes place among the DNA layers, a compound with mutagenic potential,
which generates oxidative damage to DNA.

In conclusion, during the present doctoral thesis biocomposites and biosensors
based on natural polymers with adequate characteristics for medical applications were
developed and characterized.

In the future work, the aim will be to improve the characteristics of
biocomposites based on polyhydroxyalkanoate by electrophilating the polymer to obtain
three-dimensional porous structures with a large specific surface area suitable for use in
the medical field. Also, the biocompatibility, biodegradability, mechanical and
antimicrobial properties of natural polyester can be improved by modifying with
different types of inorganic structures such as zinc oxide or magnetic nanoparticles. For
bacterial cellulose and poly(3-hydroxybutyrate-co-3-hydroxyvalerate) biocomposites,
the aim will be to improve the dispersion of natural copolyester among and on cellulose
nanofibers and the purification process of biocomposites will be streamlined. To improve
the dispersion of poly(3-hydroxybutyrate-co-3-hydroxyvalerate) the porosity of the
cellulose membrane will be modified by lyophilization and a vacuum chamber will be
used during impregnation. In the case of silk and nanoparticle biocomposite films, the
aim will be to improve the dimensional stability by optimizing experiential parameters
such as concentration of the polymer solution, drying temperature, ultrasonic time,
polymer film thickness or reinforcing agent concentration. In the case of
fibroin/polyacrylamide/graphene oxide hydrogels, investigated the mechanical
properties should be considered, as they have particular importance in the field of hard
tissue engineering applications. Given that all biocomposites obtained in this doctoral
thesis target medical applications, all proposed optimizations may involve restoring
biocompatibility and cytotoxicity and performing in vivo tests for materials with
appropriate properties. The use of natural polymers will also be pursued for the
development of biosensor-type devices modified with natural polymers to facilitate the
immobilization of enzymes or other types of bioreceptors and to improve the
electrochemical response and to develop actuators based on natural polymers for

applications in the field of artificial muscles.
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