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Chapter |

Introduction

The aim of the polymeric materials modification methods developed in this thesis
consists in improving their stability in the physiological environment, conferring an
antibacterial character, increasing the in vitro biomineralization capacity for applications in
osseointegration as well as improving the retention capacity of heavy metals for applications
in hemodialysis.

Due to its importance, novelty and topicality, this subject is prioritized among the
international and national concerns of researchers. The research hypothesis consists in
obtaining functionalized polymeric materials and composites for applications in hemodialysis
and osseointegration having as objectives to be solved within the scientific research: the
synthesis and characterization of nanocomposites based on functionalized bacterial cellulose
and poly(3-hydroxybutyrate-co-3-hydroxyvalerate) with improved stability in the
physiological environment, synthesis and characterization of zinc-loaded cellulose acetate
membranes with antibacterial properties, synthesis and characterization of crown ether
functionalized cellulose acetate membranes with increased biomineralization capacity, and
synthesis and characterization of composite membranes based on polysulfone and reduced
graphene oxide functionalized with crown ether with high potential for heavy metal retention.

The research objectives are met by developing some revolutionary and easy methods
for modifying the selected polymeric substrates. Initially, the polymeric substrate was bacterial
cellulose (BC) that was functionalized by amination (BCA) and then modified by impregnation
with a solution of bacterial polyester, poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV),
to improve its chemical stability and mechanical properties so that the obtained nanocomposite
material is suitable for biomedical applications, especially for osseointegration. Although the
results obtained were favorable, the main disadvantages of bacterial cellulose are the high
production price and low volumetric yield as well as the lack of large-scale production capacity.
Therefore, the transition was made to a more economically efficient cellulosic substrate,
specifically cellulose acetate. The first studies focused on introducing an antibacterial character
to cellulose acetate, because both in the hemodialysis process and in the osseointegration
process, bacterial contamination is a major problem that can cause systemic complications such
as septicemia. For this purpose, hybrid materials were prepared by in situ synthesis of zinc-

based compounds on the surface of cellulose acetate (CA) membranes, using a simple method
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based on impregnation with zinc salts and alkaline precipitation. Further, the aim was to
increase the biomineralization capacity of cellulose acetate membranes for applications in
osseointegration. In this study, the surface of commercial cellulose acetate membranes was
functionalized with 4'-aminobenzo-15-crown-5 ether using a covalent binding approach. The
final study aimed to extend the covalent surface functionalization approach to a filler material
(reduced graphene oxide), with the functionalized material then being used for the synthesis of
polysulfone-based composite membranes. Polysulfone was chosen as a polymeric substrate in
this case because the synthesized materials have as an application the detoxification of the body
in case of heavy metal poisoning through the "one-day hemodialysis" process, and, according
to literature studies, polysulfone shows increased hemocompatibility and does not produce a
substantial immune response compared to cellulose-based membranes. Synthetic polysulfone
membranes were modified with reduced graphene oxide functionalized with crown ether, an
organic compound with high metal ion complexation capacity.

The results of the studies showed that the polymeric materials modified by the methods
developed in this thesis showed high stability in the physiological environment, extended
antimicrobial activity against Gram negative (Pseudomonas aeruginosa) and Gram positive
(Staphylococcus aureus) bacteria, increased biomineralization capacity in vitro and improved

metal ion adsorption capacity.

1. Introduction into membrane technology
Membranes can be defined as thin, semi-permeable filter media that act as a barrier
between two distinct phases and allow the passage of specific molecules only when exposed to

a driving force such as a pressure or concentration gradient. From the point of view of
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separation capacity, membranes can be classified into microfiltration (MF), ultrafiltration (UF),
reverse osmosis (RO) and nanofiltration (NF) membranes (Fig. 1) [4].
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Figure 1. Schematic representation of different types of membrane filtration processes, from 100 nm

(microfiltration) to 0.1 nm (reverse osmosis) [7].
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1.1 A brief history of polymeric membranes
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Figure 2. Important moments in the history of polymeric membranes [15].

1.2 Principles behind the phase inversion process

The principle behind the phase inversion method is a liquid-liquid demixing of a
polymer solution into a polymer-rich and a polymer-poor phase, followed by solidification of
the phase with the highest polymer concentration [21]. Depending on the factor that initiates
the demixing process, phase inversion can be divided into precipitation by immersion,
thermally induced phase separation, vapor induced phase separation and evaporation induced

phase separation (Fig. 3) [22].
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Figure 3. Schematic representation of different types of phase inversion [23].

All variations of the phase inversion process produce membranes whose structures are
formed due to a combination of phase separation and mass transfer and are based on similar
thermodynamic principles. These thermodynamic aspects of membrane formation can be
described using a ternary phase diagram constructed by theoretical calculations of the binodal
and spinodal limits based on the Flory-Huggins theory for three-component systems [27, 28].
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Figure 4. Schematic representation of the ternary phase diagram of a polymer/solvent/non-solvent

system [29].
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The adaptability of the immersion precipitation method allows the use of a wide range
of polymers for membrane fabrication. However, polymers such as cellulose acetate,
polysulfone and polyethersulfone are more commonly encountered in this field due to their
favorable thermal and mechanical properties and also due to their good film-forming ability

and solubility in a wide range of solvents [ 45].

1.3 Methods used to optimize membrane properties and performances

Most of the polymeric membrane materials used in the biomedical field exhibit these
basic characteristics, however, to obtain new properties and improved performance, the
development of membrane modification techniques is mandatory [46, 16].

One strategy involves the incorporation of functional fillers into the polymer structure,
thus resulting in a synergistic performance between the organic matrix and the inorganic filler
[42]. These types of hybrid membranes are one of the fastest growing classes of materials due
to the flexibility they offer in terms of adapting the material properties according to the
application requirements.

Another modification technique is represented by surface functionalization which can
be achieved by mixing polymers, physical adsorption, or covalent immobilization. Among all
these methods, covalent immobilization is the most effective because it allows a stable, highly
selective binding between the functional groups of the polymeric substrate and those of the

functionalizing agent [51].
2. Polymers used for membrane synthesis
2.1 Natural polymers - Cellulose acetate

Cellulose acetate (CA) is a cellulose ester obtained by acetylation of the free hydroxyl

groups from the anhydroglucose units (AGU).

12
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Figure 5. Molecular structures of cellulose (A), cellulose diacetate (B) and cellulose triacetate (C) [59].

Cellulose acetate is still used to produce a variety of consumer goods, including textiles,
photographic film, personal care products, and cigarette filters [70], but its chemical resistance,
flexibility, and reasonable mechanical properties [71], together with low susceptibility to
fouling and hydrophilic nature [72], recommend this polymer especially for the production of
membranes with water purification and biomedical applications. Studies have shown that
cellulose acetate is a suitable material for osseointegration due to its high biocompatibility and
non-toxicity. The degradation products of cellulose acetate in the human body are glucose
fragments and acetyl groups that do not induce cytotoxicity, their only effect being a slight
acidification of the environment at the implantation site. Membranes based on cellulose acetate
were among the first materials used for hemodialysis purposes, however, their selectivity and
hemocompatibility still require improvement for superior results in this field [46]. The dialysis
performances of cellulose acetate membranes can be improved by the integration of functional
fillers such as nanoparticles or organic molecules. For this purpose, clay silica nanowires [48],
mixtures of carbon nanotubes and graphene [42] or sulfated polysaccharides from fungi [87]
have been successfully used, all synthesized materials showing a non-cytotoxic character, high

flow rates and capacity high protein binding.

13
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3.2 Synthetic polymers - Polysulfone

Polysulfones are a group of high-performance thermoplastic polymers consisting of
repeating units containing a sulfone group and additional alkyl or aryl groups [88]. Depending
on the additional functional group, three main types of polysulfone can be distinguished -
polysulfone (PSU), polyethersulfone (PES/PESU) and polyphenylene sulfone (PPSU) (Fig. 7)
[89].
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Figure 6. The main types of commercial polysulfone [89].

The chemical structure of polysulfones is responsible for their excellent thermal and
mechanical properties. High thermal stability is ensured by the diphenylene sulfone group
which provides high mechanical properties, high oxidation resistance and excellent flame
retardancy, but makes the polymer rigid. The flexibility of the polymer chain is ensured by the
ether bonds that also contribute to thermal stability [90].

Polysulfone is an ideal choice for the development of membranes with biomedical
applications, especially in the field of hemodialysis, due to its intrinsic biocompatibility and
low cytotoxicity provided by the alkyl or aryl sulfone chemical groups in its structure, high
permeability to low molecular weight proteins, high retention capacity of endotoxins and high
resistance during sterilization. Various membrane modification methods have been proposed,

most of them focusing on increasing the hydrophilicity of the membrane [93]. Polysulfone
14
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membranes can be modified by incorporating nanometric fillers or macromolecules into the
polymer matrix or by functionalizing the membrane surface to control the microstructure.

thereby improving flow and anti-fouling properties.

Chapter 11
Nanocomposites based on functionalized bacterial
cellulose and poly(3-hydroxybutyrate-co-3-

hydroxyvalerate)

Abstract: Bacterial cellulose (BC) sponges are valuable materials for tissue engineering and
regenerative medicine due to their biocompatibility and nano-sized fiber network with
interconnected open porosity. However, their instability in the physiological environment and
poor mechanical properties are the main problems that need to be solved to obtain suitable
three-dimensional scaffolds for tissue regeneration. In this work, a bacterial polyester, poly(3-
hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) and a simple impregnation method were
used to improve the properties of BC sponges for biomedical applications. The highly
hydrophilic surface of BC was functionalized by amination (BCA) to improve its affinity
towards PHBV. PHBV uptake in BC and BCA sponges depended on PHBV concentration
and was confirmed by Fourier transform infrared spectroscopy and density increase after
impregnation. SEM investigation showed that PHBV was deposited on the BC nanofibrous
network, under some conditions forming a three-dimensional ordered honeycomb structure
with uniform micrometric pores. Thermogravimetric and kinetic analyzes revealed a delay in
thermal degradation for BCA nanocomposite sponges compared to BC ones and an increase
in degradation activation energy compared to pure PHBV. Better compressive strength was
obtained for the BCA/PHBV nanocomposite sponges due to the increased interactions
between the polymer and the aminated cellulose substrate. Swelling tests showed that BC and
BCA sponges did not withstand and completely disintegrated within 90 min of incubation in
phosphate-buffered saline, but good stability was achieved in this simulated physiological
environment after impregnation with PHBV. The degree of swelling varied between 1200%
and 2400% for BC/PHBYV and between 700% and 1200% for BCA/PHBYV sponges, the values
being high enough to allow water diffusion and nutrient transport. Therefore, these easily

15
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obtained BC/PHBV and BCA/PHBYV nanocomposite sponges with improved properties could
be a promising option for tissue engineering scaffolds.

2. Materials and methods

2.1 Materials

Poly(3-hydroxybutyrate-co-3-hydroxyvalerate) powder (2% hydroxyvalerate) was
purchased from Goodfellow (Cambridge Ltd. UK) and chloroform (99%) from Chimreactiv
(Romania). Bacterial cellulose membranes were produced in static culture by the bacterial
strain Gluconacetobacter Xylinus DSM 2004 (Leibniz Institute DSMZ, German Collection of
Microorganisms and Cell Cultures) under the conditions mentioned in a previous study [137].
Defibrillation of BC membranes was first performed with a blender for 15 min resulting in a
gel, then using a recirculating vertical colloid mill for 2 h and finally in an LM20
Microfluidizer (Microfluidics, USA) for 10 passes. (3-Aminopropyl)triethoxysilane (APS,
99%) from Sigma Aldrich (Germany), ethanol (99%) and glacial acetic acid (99%) from
Chimreactiv (Romania) were used without purification to graft amino groups onto the surface
BC. Analytical grade NaCl, Na2HPO4, KCI and KH2PO4 were purchased from Sigma
Aldrich (Germany).

2.2 BC surface functionalization

The chemical modification of the BC surface was carried out in three main steps: (i)
APS (1%) was dispersed under magnetic stirring in a mixture of ethanol and water (90/10)
and the pH was adjusted to 4 by addition of glacial acetic acid; (ii) an amount of 100 g of BC
suspension in water (1%) was added and the components were homogenized under magnetic
stirring for 2 hours at room temperature; (ii1) the homogenized mixture was kept at 100 °C for
2 h under reflux to functionalize the BC surface. The heat treatment initiated the formation of
covalent bonds between the silanol groups in APS and the hydroxy!l groups on the BC surface.

BC grafted with amino groups was denoted as BCA.

2.3 Synthesis of nanocomposite sponges

Suspensions of BC and BCA in water were lyophilized for 72 h using a FreeZone 2.5
L equipment (Labconco, USA). Freeze-drying is an environmentally friendly method, widely
used in the food and pharmaceutical industry, being a standard practice in the industrial
processing of penicillin, hormones, blood plasma and vitamins [138, 139]. The obtained BC

16
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and BCA sponges (Fig. 1 a) had an average density of 0.021 and 0.019 g/cm™. PHBV solutions
were prepared by dissolving the polymer powder in chloroform under magnetic stirring for 90
min at 80 °C. Chloroform is the optimal choice for dissolving PHB or PHBV and is widely
used to obtain scaffolds or materials for biomedical use [140, 141]. The cellulose sponges were
immersed in the PHBV solutions (Fig. 1 b) for different time intervals and then dried in a
vacuum oven at 40 °C for 30 min to completely remove the solvent. PHBV solutions with a
concentration of 0.1, 0.2 and 1% were used for impregnation, resulting in BC and BCA
nanocomposite sponges. They were denoted as BC/PHBV0.1, BC/PHBV0.2 and BC/PHBV1
and similarly for BCA nanocomposites.

Chapter IlI
Zinc-loaded cellulose acetate membranes for potential

biomedical applications

Abstract: This study presents the successful synthesis of zinc-loaded cellulose acetate
membranes with antibacterial properties and potential biomedical applications. The main aim
of this work was to obtain hybrid materials by in situ synthesis of zinc-based compounds on
the surface of polymer membranes, using a simple method based on impregnation with zinc
salts and alkaline precipitation. FT-IR and SEM analyzes were used to reveal the morpho-
structural characteristics, and the thermal stability was investigated by TGA and DSC. The
degree of swelling and antibacterial properties were also studied to determine whether the

obtained membranes are suitable for use in wound healing.
1. Materials and methods

1.1 Sinthesys of the hybrid membranes

Three solutions of zinc salts were prepared by dissolving different percentages (1, 2 and
5%) of zinc acetate dihydrate (Lach Ner, Czech Republic) in distilled water under magnetic
stirring at room temperature. Commercial cellulose acetate membranes (Prat Dumas, France)
were placed in Petri dishes containing 10 ml of the corresponding zinc acetate solution or
distilled water in the case of the neat sample. Dilute ammonium hydroxide (28-30%, Sigma

Aldrich) was uniformly sprayed over the membranes to initiate the precipitation of zinc
17
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compounds and ensure the deacetylation of cellulose acetate, thus favoring the interactions
between the cellulosic matrix and the zinc compounds formed by alkaline precipitation. After
24 h of impregnation, the modified membranes were dried at 80°C in a laboratory vacuum oven

to remove excess moisture and residual solvents.

Chapter IV
Crown ether functionalized cellulose acetate membranes

with potential applications in osseointegration

Abstract: Due to its inherent properties and wide availability, cellulose acetate is a highly
competitive candidate for the production of polymeric membranes. However, for the best
results in certain applications, membrane modification is required to minimize unwanted
interactions and introduce new characteristics to the polymer. In this study, the surface of
commercial cellulose acetate membranes was functionalized with 4'-aminobenzo-15-crown-5
ether using a covalent binding approach. The main goal was to improve the biomineralization
capacity of the membranes, thus making them prospective materials for bone regeneration
applications. The proposed reaction mechanism was confirmed by XPS and NMR analyses,
while the presence of functionalizing agents in the membrane structure was evidenced by ATR
FT-IR and Raman spectra. The effects of the functionalization process on the morphology,
thermal and mechanical properties of the membranes were studied by SEM, TGA and tensile
tests. The obtained results showed that cellulose acetate membranes were successfully
functionalized with crown ether and provided a good understanding of the interactions that
occurred between the polymer and the functionalizing agents. Moreover, promising results
were obtained during Taguchi biomineralization studies. SEM images, EDS mapping, and
XRD spectra indicated that the CA-AB15C5 membranes exhibit a superior Ca®* ion retention
capacity, which leads to an enhanced deposition of calcium phosphate on the modified polymer

fibers compared to the pristine CA membrane.

18
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2. Materials and methods

2.1 Materials

Commercial cellulose acetate membranes (diameter 47 mm, porosity 0.45 pm) were
supplied by Prat Dumas France. Sodium hydroxide (98%, Sigma Aldrich), ethanol (96%,
Chimreactiv), acetic acid (99%, Chempur), ethanolamine (99%, Sigma Aldrich),
glutaraldehyde (25%, Sigma Aldrich) and 4'-ether aminobenzo-15-crown-5 (97%, Sigma
Aldrich) were used without further purification for membrane functionalization. Calcium
chloride (94%, Roth), hydrochloric acid (37%, Sigma Aldrich),
tris(hydroxymethyl)aminomethane (99.8%, Sigma Aldrich) and anhydrous disodium

phosphate (99%, Sigma Aldrich). The water used in all experiments was distilled water.

2.2 Surface functionalization of membranes with AB15C5

The first step consisted of partially deacetylating the cellulose acetate membranes using
a 5% NaOH solution. The membranes were immersed in the NaOH solution for 24 h at room
temperature. Then the surface of the membranes was functionalized with ethanolamine (6
hours, 40 °C) and glutaraldehyde (2 hours, 40 °C); both reactions were performed under
magnetic stirring in NaOH medium. Functionalization with AB15C5 was performed in mildly
acidic ethanolic medium under magnetic stirring for 2 h at 40 °C. After each step, the
membranes were rinsed thoroughly with distilled water to remove any unreacted compounds.

The samples were dried for 72 hours at room temperature before characterization.

2.3 Biomineralization of functionalized membranes

Biomineralization studies were performed using the alternative soaking method
described by Taguchi et al. [234]. The samples were first incubated in a 200 mM CaCl> solution
at 37 °C for 24 h. The pH of the solution was adjusted to 7.4 using HCI and Tris base. The
membranes were then rinsed with distilled water and incubated for an additional 24 h in a 120
mM Na2HPOg solution at 37 °C. The cycle was repeated twice. Finally, the membranes were

rinsed with distilled water and dried for 72 h at 37 °C before characterization.

19



Polymeric materials for applications in hemodialysis and osseointegration

Chapter V

A new generation of membranes based on crown ether

functionalized polysulfone and reduced graphene oxide

with potential applications in hemodialysis

Abstract: Heavy metal poisoning is a rare health condition caused by the accumulation of toxic
metal ions in the soft tissues of the human body that can be life-threatening if untreated. In the
case of severe poisoning, hemodialysis is the most effective method for a rapid removal of
metal ions from the bloodstream, therefore, the development of hemodialysis membranes with
superior metal ion retention capacity is of great research interest. In the present study, synthetic
polysulfone membranes were modified with crown ether functionalized reduced graphene
oxide, an organic compound with high metal ion complexation capacity. The physicochemical
characteristics of the composite membranes were determined by FT-IR, Raman, XPS and SEM
analyses, while their efficiency in retaining metal ions was evaluated by ICP-MS analysis. The
obtained results showed that the thermal stability of reduced graphene oxide was improved
after functionalization with crown ether and that the presence of carbon filler influenced the
morphology of the membranes in terms of pore sizes and membrane thickness. Moreover, the
retention capacity of Cu?* ions from the synthetic feed solution was up to three times higher
for the composite membranes compared to the neat ones.

1. Materials and methods

2.1 Materials

Polysulfone with an average molecular weight of 35,000 g/mol and pellet form was
purchased from Sigma Aldrich (St. Louis, MO, USA) and used as the base polymer in the
membrane casting solution. N,N-Dimethylformamide (DMF) of 99.8% analytical purity was
purchased from Sigma Aldrich and used as a solvent. Tetraethylene-pentamine-reduced
graphene oxide (rGO-NH2) (Nanoinnova) was used as a functional filler for membrane
modification. Cyanuric chloride (CC) and 4'-aminobenzo-15-crown-5 ether (CE), used for
rGO-NH2 functionalization, were obtained from Sigma Aldrich. All substances were used as

received without prior purification.

20
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2.2 Functionalization of rGO-NH: with CE

Tetraethylenepentamine-reduced graphene oxide was chosen for this experiment
because it contains highly reactive amino (NH2) groups on its surface, thus facilitating the
functionalization procedure. First, rGO-NH, was dispersed in DMF by low-amplitude
sonication for 30 min in an ice bath to prevent overheating. After a uniform dispersion was
obtained, cyanuric chloride was added to the mixture under magnetic stirring and the
temperature was set to 40 °C. Under the influence of temperature, the chlorine atoms in the
cyanuric chloride react with the amino groups on the rGO-NH> surface forming amino bonds.
In order to increase the effectiveness of the reaction, the solution was kept under these
conditions for 2 hours. Subsequently, the temperature was increased to 70 °C and the crown
ether was added to the mixture. The reaction mechanism between the crown ether and cyanuric
chloride is similar to that described previously, more precisely, the amino groups in the
structure of the crown ether react with the chlorine atoms in the cyanuric chloride forming
amino bonds. The theoretical mechanism of the functionalization reaction is illustrated in
Scheme 1. After 2 h, the dispersion was filtered using a Teflon membrane (0.4 um pore
diameter) and dried in a laboratory vacuum oven for 48 h at 40 °C. The resulting fine, black

powder was further characterized to demonstrate that the functionalization was successful.

2.3 Synthesis of PSF/rGO-NH2-CE composite membranes

The first step consisted of dissolving PSF pellets in DMF under magnetic stirring for 3
h at 50 °C to obtain a 12% PSF solution. After complete dissolution of the polymer, a small
amount of functionalized rGO (1 %) was added and the solution was sonicated for 10 min in
an ice bath to ensure uniform dispersion of the filler. The ultrasound was performed at low
amplitude to prevent breaking the bonds formed between the reduced graphene oxide and the
crown ether. Membranes were then prepared by phase inversion. The phase inversion
procedure consisted of pouring the cooled polymer solution onto a glass plate and immersing
the plate in a coagulation bath containing a non-solvent, in this case distilled water. Due to the
exchange of solvent and non-solvent, precipitation of the polymer occurred, and an asymmetric
membrane was formed. The same procedure was followed to prepare the neat PSF membrane

and both resulting membranes were kept in distilled water before characterization.
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Capitolul VI

General conclusions

Chapter | presents the motivation for choosing the theme for this thesis, its importance,
novelty and topicality, as well as its inclusion in international and national concerns. The
research hypothesis is formulated and the scientific objectives to be solved within the research
are highlighted. The content of the paper is briefly presented, highlighting the results obtained.
Also the history of polymer membranes, the principles behind the phase inversion method,
methods used to optimize membrane properties and performance, and the main polymers used

in membrane technology are presented.

Chapter Il presents the synthesis and characterization of nanocomposites based on
functionalized bacterial cellulose and poly(3-hydroxybutyrate-co-3-hydroxyvalerate) and the

following conclusions can be drawn:

e Nanocomposite materials based on PHBV and BC or BC aminated (BCA) were obtained
using a simple impregnation method.

e The additional peaks in the FT-IR spectra, observed after the addition of PHBV, confirm
the formation of a nanocomposite structure; corroborating these results with the SEM
images, it can be said that a chemically stable double layered structure was formed by the
two polymers.

e An improved thermal stability was observed for BCA/PHBV: the onset degradation
temperature of BCA was shifted from 284 °C in the case of BC to 325 °C and kinetic
analysis showed a higher degradation activation energy for BCA/PHBV compared to
PHBV.

e The double-layered structure of the BC/PHBV and BCA/PHBV nanocomposite sponges
and their low hydrophilicity led to greater stability in the simulated physiological
environment, the disintegration of the nanocomposite sponges being prevented during

swelling in the PBS medium.

Chapter 111 presents the synthesis and characterization of zinc-loaded cellulose acetate

membranes for potential biomedical applications, and the following conclusions can be drawn:

e An easy method to modify cellulose acetate membranes based on impregnation with zinc

salt solution followed by alkaline precipitation was developed.
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FT-IR, SEM and EDS analyzes revealed the successful loading of zinc-based antibacterial
compounds, especially zinc hydroxide, tetraamine zincate complex ions and zinc oxide,
and their homogeneous distribution in the membrane structure.

From the antibacterial evaluations, it can be concluded that zinc-loaded CA membranes
have good antibacterial activity against Gram-positive and Gram-negative bacterial strains,

with higher zinc content resulting in more pronounced inhibition of microbial growth.

Chapter IV presents the synthesis and characterization of crown ether functionalized

cellulose acetate membranes with potential applications in osseointegration and the following

conclusions can be drawn:

A method was developed for the covalent functionalization of cellulose acetate membranes
with 4'-aminobenzo-15-crown-5 ether, using ethanolamine as a modifying agent and
glutaraldehyde as a linker molecule.

The additional peaks present in the FT-IR and Raman spectra of the functionalized
membranes confirmed the presence of modifying agents in the membrane structure.

The success of the functionalization reaction and the validation of the proposed reaction
mechanism was ensured by XPS and NMR analyses, more precisely by the appearance of
anew C=N peak at 400.4 eV in the N1s spectra and an aromatic carbon peak at 285.52. eV
in the C1s spectra of CA-AB15C5 as well as in NMR analysis.

Following the biomineralization studies, it was observed from the SEM, EDS and XRD
analyzes that the functionalized membranes have a superior capacity to retain Ca2+ ions,
this causes an increased deposition of hydroxyapatite on the modified polymer fibers

compared to the neat CA membrane.

Chapter V presents the synthesis and characterization of membranes based on

polysulfone and reduced graphene oxide functionalized with crown ether with potential

applications in hemodialysis and the following conclusions can be drawn:

PSF/rGO-NH,-CE composite membranes for heavy metal retention were obtained during
this study. Initially, reduced graphene oxide was functionalized with crown ether, a
compound with a high capacity to complex metal ions.

Functionalized reduced graphene oxide was observed to have higher thermal stability due
to the thermal shielding effect of the benzene ring in the attached crown ether structure.
rGO-NH»-CE was identifiable in the PSF structure, an aspect confirmed by the new FT-IR
peaks at 1651 cm™ and 1735 cm™ attributed to the N-H and C=0O bonds in the
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functionalized rGO structure and also by the presence of D (1350 cm™) and G (1580 cm™
1Y bands in the Raman spectra of the composite membranes.

The results obtained in the ICP-MS analysis showed that the PSF/rGO-NH-CE composite
membranes showed a metal ion adsorption capacity up to three times higher compared to

those of pure PSF.

Chapter VII
Original contributions and scientific achievements in the

field of research

The most important aspects of originality are:

e The use of poly(3-hydroxybutyrate-co-3-hydroxyvalerate) to improve the stability of
cellulose-based materials in the physiological environment.

e The use of the ethanolamine linker molecule as an economically viable alternative to
conventionally used aminosilanes for the functionalization of cellulose-based materials
and studying the reaction mechanism between ethanolamine and the cellulosic substrate.

e Development of easy methods to modify cellulose-based materials in order to confer
antibacterial properties and improve the biomineralization capacity in vitro for
applications in osseointegration.

o Testing the versatility of the developed modification methods by applying them also to
a filler (reduced graphene oxide) in order to increase the retention capacity of metal ions
for hemodialysis applications.
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