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INTRODUCTION
The biopolymers type of macromolecular compounds continue to be studied with

interest due to the benefits offered by their remarkable properties, among which the lack of
toxicity and their immense structural variety and availability in nature, biocompatibility, are
noteworthy. Polysaccharides represent a class of biopolymers with the greatest dynamic in
research and exploitation due to their remarkable potential for implementation in many
applications. It is worth noting that the use of natural polymers in the daily life of people,
namely polysaccharides, has been documented since ancient times, long before their structure,
formulas and compositions were discovered. As an example, native cellulose represents a
material of great importance and use in the daily activities of people, regardless of the source
from which it comes (wood, cotton, algae, etc.), as evidenced by the manufacture of papyrus -
used as a material for notes by ancient Egyptians. The modification of the polysaccharide
structures, through the chemical reactions in which they are involved, determines the
emergence of new structures, implicitly new compounds - functional derivatives.

Current research in the field of polymer chemistry, carried out in laboratories around the
world, aims not only to obtain and characterize new monomers and, implicitly, to create new
types of polymers, but especially to identify and exploit polymers already reported in the
scientific literature in new applications that would satisfy the increasingly high technological
needs of various industries. As suggested by the name of this doctoral thesis — 'Synthesis and
characterization of photoreactive polysaccharide networks' — the main purpose of the
study and the elaboration of the doctoral thesis, within the department of *Polyaddition and
Photochemistry’, aimed at obtaining and exploiting new polymers based on polysaccharides
by introducing specific structural sequences, capable of giving them photochemical character.
In this way, there is a considerable increase in the field of applicability in which
polysaccharides and their derivatives could be used. Among the most common applications of
polymers with photochemical properties are those related to the treatment of wastewaters, the

pollutants being represented by industrial dyes and medicinal substances, or to the



manufacture of various medical devices. Taking into account these emerging fields, the
polymeric materials developed and investigated in this thesis were tested for such applications.

The introductory part of the doctoral thesis presents in detail information about
polysaccharide compounds, with an emphasis on those polysaccharides that were used in the
experimental work, but also their main chemical reactions, reactions that lead the synthesis of
new photoreactive polymers with diverse applications. The emphasis is placed mainly on the
“key” aspects governing the field of photoreactive polymers: the study and understanding of
the structural characteristics that confer photochemical properties, the evaluation and
exploitation of the properties acquired by the final materials. The theoretical part is divided
into four chapters; the first chapter highlights the importance of polysaccharides and
functional derivatives in the context of the contemporary world, by presenting the structure,
morphology, conformation and properties of the two polysaccharides extensively studied in
this thesis: cellulose and pullulan. The functional derivatives of these two polysaccharides are
not neglected either. After these sections, a large part is dedicated to the main chemical
reactions in which cellulose and pullulan are involved, as well as the way in which these
reactions influence their physicochemical properties. The second chapter is devoted to
photoreactive polysaccharide networks. Photoreactive hydrogels of chemically modified
polysaccharides are mainly discussed, attempting to classify these hydrogels according to the
introduced components and photocatalytic properties. At the end of the second chapter, the
importance of photochemical reactions through which hydrogels and polymer composites
based on polysaccharides with photopolymerizable sequences are obtained is commented on,
reviewing the initiators and photoinitiators used in such processes, as well as the mechanism
of the radical photopolymerization reaction. The third chapter refers to the applications of
hydrogels and composite materials based on chemically modified polysaccharides, with
emphasis on those priority applications: the use of photoreactive composite materials for the
treatment of contaminated waters, the use of injectable multi-crosslinked polysaccharide
hydrogels in the administration and controlled release of drugs, but also the development of
metal ion chemosensors through fluorescence studies. In the last chapter of the introductory
part, the main conclusions about the topic addressed in the doctoral thesis are presented.

The second part of the doctoral thesis includes elements of originality, comprising the

experimental data accumulated during the thesis preparation stage, which were processed,



analyzed, discussed, forming the basis of the scientific works published in the doctoral thesis
portfolio. In an attempt to crystallize the main research directions that were addressed during
the doctoral thesis, | could highlight the following:
¢+ Synthesis of photopolymerizable cellulose acetate derivatives in the form of
photocrosslinked films and investigation of the properties of these films
% Synthesis of materials with photocatalytic properties based on cellulose acetate and
evaluation of their capacity to decompose organic dyes
¢+ Synthesis of photopolymerizable cellulose derivatives, injectable hydrogels and study
of their characteristic properties
% Synthesis of functional pullulan derivatives with fluorescent character acting as
chemosensors for metal ions
The first two directions make up a consistent chapter of the doctoral thesis in which
the necessary steps for the design of nanocomposites that serve as photochemical catalysts for
the decomposition of organic dyes are described. A first step was to carry out reactions
between cellulose acetate and an isocyanic compound with photopolymerizable methacrylic
groups in order to obtain derivatives with different degrees of functionalization. The latter, by
irradiation, led to the formation of photocrosslinked polymer films with varying degrees of
crosslinking. The films obtained did not come only from methacrylic acetate derivatives, they
were also obtained by combining these derivatives with other macromolecular compounds
with photopolymerizable groups and relatively small molecular masses before irradiation in
order to achieve a more versatile composition of the composites. The photocatalytic character
of the final composites was given by the introduction of metal oxides and noble metal
nanoparticles (inorganic compounds known for their photocatalytic activity) into the polymer
matrix. The photocatalytic activity of the nanocomposites was tested in the degradation of four
organic dyes and their efficiency in the decomposition of brilliant green dye was proven.
Additional tests, such as the decomposition of binary mixtures of dyes, were conducted to
fully investigate the photocatalytic properties. Another research direction involved the
synthesis of hydrogels, based on cellulose or hydroxypropylcellulose and modified gelatin,
with injectable properties, which would have the potential for applicability in bone tissue
healing. The use of these materials in medical applications can be explained by the

photopolymerizable structural sequences introduced into the structure through cascade



chemical reactions: the oxidation of polysaccharides with different oxidizing agents (TEMPO
radical and sodium periodate — NalO4 — for cellulose and sodium hypochlorite — NaClO — for
its derivative), followed by reactions of these oxidized products, but also of gelatin with
methacrylic anhydride. Also, studies conducted to investigate the degradation in solutions that
mimic biological fluids, the liquid absorption capacity and the injectability properties have
demonstrated that the hydrogels in question are feasible for such applications, but these
experiments require complementary studies, which will be the subject of my future research.
The use of pullulan in the preparation of polymers with photopolymerizable sequences was
not accidental, this polysaccharide has a series of unique properties compared to other
polysaccharides, such as: biocompatibility, biodegradability, ease of film formation, water
solubility, lack of toxicity. The obtaining of the new polymeric derivatives, based on pullulan,
was carried out in two stages: oxidation with different oxidizing agents (TEMPO radical or
sodium periodate—NalO4) and coupling reactions between the newly formed groups
(carboxylic, respectively carbonyl) from the oxidized derivatives and aromatic amines. The
fluorescent character was easily highlighted in the case of the pullulan derivative with imine
bonds and nitrile groups, for which the metal ion detection capacity was investigated using
fluorescence studies and it was proven to have a strong affinity for trivalent iron (Fe*") and
then copper (Cu?*) ions. Such metal ions are found in polluted waters and predispose living
organisms to serious diseases once ingested. Several tests were needed to confirm the ability
of the fluorescent compound to capture metal ions, but consistent evidence is seen from the
fluorescence spectra, when, by adding metal ions to the polymer solution, the intensity of the
emission band is reduced. In addition to the directions discussed previously, the thesis also
contains a subchapter dedicated to the synthesis and physico-chemical characterization of
injectable, multi-crosslinked (physical and chemical crosslinking) hydrogels based on pullulan
and polyvinyl alcohol (PVA). In this experiment, hydrogels were obtained by performing
reactions between PVA and previously oxidized pullulan using TEMPO or NalO4 (with ester
crosslinks originating from carboxylic groups and/or hydrogen bonds) or PVA and coupling
products between oxidized pullulan derivatives and a boronic acid derivative (hydrogen bonds,
ester bonds originating from carboxylic groups or boronic acid, and amide or imine bonds).
Through this study, | wanted to expose the advantages for which these hydrogels can be used

in a similar way to the composites developed in the first two research directions, being able to
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be support matrices for metallic nanoparticles. Future studies refer to the introduction of
photosensitive sequences to form other type of crosslinks, in addition to the existing ones —
photochemical crosslinks.

The studies that make up the content of the thesis deal with several aspects, from
different branches of chemistry (macromolecular and organic through the reactions carried
out, inorganic through the preparation of solutions of inorganic compounds and the
manipulation of salts, coordinative through the investigation of chemical complexes, analytical
through the analysis techniques), which are intertwined to a certain extent with other exact
sciences (biology, mathematics). Among the conclusions that can be drawn from the studies
discussed in the doctoral thesis, the role of compounds with photochemical properties in
various applications, which are different, depending on the functional groups and structural
sequences introduced into the starting polysaccharides (methacrylic, imine, nitrile, ketone
groups, benzene nuclei), is highlighted. The doctoral thesis contains 220 pages, 155 figures, 25
tables, 14 mathematical formulas and 136 references.

PART Il - SELF CONTRIBUTIONS
DESIGN, SYNTHESIS AND CHARACTERIZATION OF
PHOTORESPONSIVE NETWORKS WITH POLYSACCHARIDE

COMPONENTS
1. POLYSACCHARIDES USED FOR THE DESIGN OF

PHOTORESPONSIVE MATERIALS

Some polysaccharide derivatives are recognized by their gelation capacity, forming
hydrogels or organogels, while other types of derivatives are used to obtain photocrosslinked
polymer networks, each finding its appropriate applications, according to the properties it
possesses. Thus, it is very important that when planning and designing a new material, the
physical and rheological properties of the polysaccharides or their derivatives that will be used
in the production of that material are decisively taken into account, as these properties
decisively dictate the final properties of the product [87]. In the experimental part, which
presents my own contribution, the polysaccharides used were cellulose, two of its derivatives -
cellulose acetate and hydroxypropylcellulose - and pullulan. The main reasons why these
polysaccharides were used in the present study are the structural differences between cellulose

and pullulan, the increased solubility of pullulan in water compared to that of other
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polysaccharides, implicitly cellulose (insoluble in this solvent) and the fact that cellulose is the
most widespread biopolymer, but also the common properties such as: regenerability,
biocompatibility and biodegradability.
2. POLYSACCHARIDIC MATERIALS WITH PHOTOCHEMICAL
ACTIVITY

2.1. Photocrosslinked nanocomposites based on cellulose acetate, cerium oxide and
noble metals
2.1.1. Design of nanocomposites

This subchapter describes the synthesis of hybrid composites by creating heterojunctions
between organic and inorganic compounds chosen as components. To form the organic
component of the composites, cellulose diacetate was chosen instead of cellulose, as it has an
increased solubility compared to cellulose in organic solvents [87]. Thus, the first experiment
(Figure 1) consisted in carrying out a series of chemical reactions between cellulose acetate
(CA) solubilized in THF and 2-isocyanatoethyl methacrylate (2-IEMA), in the presence of
dibutyltin dilaurate (DD) catalyst which led to the formation of CA functional derivatives with
methcrylate groups grafted via urethane linkages and degree of functionalization of 5% (CA-
M5), 10% (CA-M10), 25% (CA-M25), 50% (CA-M50) and 100% (CA-M100) [88]. The
importance of grafting these pendant groups was due to the fact that they are photosensitive,
and the addition of the photoinitiator Irgacure 819 and irradiation with a UV light source
allowed crosslinking, as well as the synthesis of materials with increased strength and
durability, which could serve as matrices for the inclusion of photocatalyst nanoparticles. In
order to obtain crosslinkable films under the action of UV light, the photobehavior of cellulose
derivatives functionalized with methacrylic units was studied by FTIR spectroscopy. The
degree of conversion (CD(%)) of the double bond was evaluated by monitoring the intensity
of the absorption bands characteristic of the methacrylic double bond that undergo important
spectral changes during UV irradiation. Since the values obtained for CD(%) were moderate,
it was decided to increase the degree of crosslinking of the derivatives by using a second
macromolecular compound, used as a comonomer—the urethane-methacrylic derivative of
castor oil (CO-UDMA) or the urethane-methacrylic derivative of polypropylene glycol (PPG-
M) [87,89]. According to studies, CO-UDMA proved to have increased photoreactivity,

making it a perfect candidate to be used in combination with the CA-M10 derivative, resulting
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in an organic matrix with flexibility and transparency suitable for the targeted application. The
second experiment consisted of the synthesis of hybrid nanocomposites, using CA-M10 and
CO-UDMA derivatives, CeO. nanoparticles and noble metal nanoparticles, CeO> being
chosen due to the electronic configuration of Ce** on the valence layer ([Xe]4f'5d') which
facilitates the transfer of electrons from adsorbed organic molecules to oxygen species [90].
The other inorganic component of the composites is represented by Au, Ag and Pd
nanoparticles synthesized by photochemical route simultaneously with the formation of the
organic matrix because it favors the photocatalytic activity of the composite material. The
reaction consists of the reduction of nanoparticles from the corresponding metal salts of
AuBr3, AgNOs and Pd(NOs3). x 2H.O [91]. Figure 2 schematically represents the
transformations during the photopolymerization of polymers: the formation of crosslinks, their

type and the generation of noble metal nanoparticles.
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Figure 1. Representation of the methacrylate CA Figure 2. Synthesis of composites
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Table 1. Gravimetric ratios (%) of the components of the photoreactive composites.

Percentage of the total quantity used (wt%bo)

CA-MA CO-UDMA CeO2 AgNOs AuBrs Pd(NOs)2x2H20

1 F1 50 50 -
2 Fl1-Ce 50 50 5 - - -
Series| 3 F1-CeAg 50 50 5 1 - -
4 F1-CeAu 50 50 5 - 1 -
5 F1-CePd 50 50 5 - - 1
1 F2 70 30 - - - -
2 F2-Ce 70 30 5 - - -
Series 3 F2-CeAg 70 30 5 1 - -
1 4 F2-CeAu 70 30 5 - 1 -
5 F2-CePd 70 30 5 - - 1
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2.1.2. Physico-chemical characterization of urethane-methacrylic derivatives and hybrid
nanocomposites
2.1.2.1. Physico-chemical characterization of urethane-methacrylic derivatives

The transmittance FTIR spectrum of the CA compound shows absorption bands due to
the O-H vibrations of the hydroxyl groups at 3447 cm™ and bands attributed to the vibrations
of the C=0 bond of the ester group at 1744 cm™. Unlike the spectrum of the CA compound, in
which there are no absorption bands at 815 cm™ or 1638 cm, the spectra of the synthesized
derivatives show these two bands characteristic of the C=C double bonds of the methacrylic
groups grafted onto the CA polymer chains, denoting the success of the functionalization. The
'H-NMR spectra illustrate the peaks for CA, but also the peaks of the functional derivatives
that are attributed to the protons of the methacrylic sequences grafted onto the polymer chains.
Thus, in the CA spectrum, the signals of the peaks characteristic of the anhydroglucose units

appear in the aliphatic region (3.4-4 ppm).
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Figure 3. FTIR transmittance spectra for CA and  Figure 4. 'H-RMN spectra of CA and
CA derivatives (CA-M5-CA-M100). CA derivatives (CA-M5-CA-M100).

The spectra of the functional derivatives show signals at 1.9 ppm corresponding to
methyl protons attached to double bonds, at 3.4 and 3.7 ppm, being assigned to methylene
protons attached to urethane bonds, and at 5.6 and 6.1 ppm, respectively, the signals being
given by protons belonging to C=C double bonds appear [57]. In addition to identifying
chemical structures and confirming the success of the grafting reaction, this spectral technique
also has the advantage of calculating the degree of functionalization experimentally and
comparing it with the theoretical one, through the ratio of the number of unsaturated protons
(3.6-4 ppm) and the number of protons in the repeating units (4.3-5.2 ppm). Other analyses
performed to investigate the CA derivatives were XRD analysis, which provided information

about the semi-crystalline regions of the compounds (attributed to the elongated peak at 8.6°
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for CA and all derivatives except CA-M100, in which spectrum it is absent) and crystalline
regions (associated with the peaks at 13°, 17° and, especially, at 21.5°, which suggest an
improvement in the organization of the polymer chains through the functionalization reactions
performed), SEM analysis, and morphology studies indicating compact, homogeneous regions
with few small pores. Following measurements to determine the water contact angle, the
behavior of each compound proved to be hydrophilic due to angle values below 90° The
average value of the angle formed by CA with the water droplet was 62 + 1°. The change in
contact angles indicates the success of the functionalization of the CA compound.

2.1.2.2. Physico-chemical characterization of hybrid nanocomposites

The polymer films belonging to both types of series present in the ATR-FTIR spectra
(Figure 5) O-H and N-H bands at 3400 cm™, characteristic of the hydroxyl and urethane
groups present in the structure of the photopolymerizable derivatives. The success of the
photopolymerization, implicitly the formation of the crosslinked networks, is marked by the
decrease in intensity of the bands attributed to the photosensitive groups, found in the spectra
at 813 cm™ and 1638 cm™ [58].
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Figure 5. ATR-FTIR absorbance spectra of photopolymerized films based on CA-M10, CO-
UDMA and/or CeO, Ag, Au, Pd nanoparticles — I series (a) and Il series (b).

In the diffractograms of polymer films from the Il series, intense peaks are found,
characteristic of semi-crystalline regions in the CA structure [96]. For composites with
photogenerated nanoparticles, new peaks are distinguished at 38.3° (F2-CeAq), 44.7° and 64.9°
(F2-CeAu) and 40.1° (F2-CePd). Although weak in intensity, the appearance of these peaks
and their correlation with the (111) diffraction plane of CeO> nanocrystals, implicitly with the
diffraction peak at 28.8°, demonstrate the in situ photochemical formation of metal
nanoparticles from precursors. From the SEM images in the fracture, it is observed that in the
polymer films without included nanoparticles, small variations in the composition of the
samples (series | — 50% CA and 50% CO-UDMA, respectively series Il — 70% CA and 30%
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CO-UDMA) determine different organizations of the films in section. Thus, the pore size in
the composition of the F1 film is small due to the small percentage of CA introduced, while
the simple film of series Il, with a high percentage of CA, presents large pores called
macropores. These variations are caused by viscosity variations since CA-M10 is a white,
solid compound, and CO-UDMA is a viscous fluid. During the photopolymerization reaction,
which is a diffusion-controlled process, viscosity differences can influence the movement of
polymer molecules and their reorganization. The photocrosslinking reaction rate of the F1 film
is higher, compared to that of the F2 film, so that the sample presents a dense porous structure.
In contrast, the F2 film presents a morphology with larger pores included in a more compact
organization of the material. In the case of the films with included catalyst nanoparticles (F1-
Ce and F2-Ce), the morphology is not affected by the inclusion of the inorganic component.
Similarly, the films containing noble metal nanoparticles are not morphologically affected by
the in situ photogeneration of the nanoparticles. By energy dispersive X-ray spectroscopy
(EDX), the chemical elements found in the composition of the films with CeO. nanoparticles
and those with CeO, and noble metal nanoparticles could be identified. From the TEM
images, it was observed that the metal oxide nanoparticles are well dispersed in the polymer
matrix. The sizes of CeO2 nanoparticles ranged between 10-40 nm [97,98]. In their vicinity,
smaller nanoparticles (5-15 nm), round in shape and prone to agglomeration — photogenerated
metal nanoparticles — were identified. The thermal stability of the F1, F1-Ce and F1-CeAg
films was analyzed. From the TG and DTG curves, it is observed that the films are stable for
the photocatalytic applications for which they were prepared. The amount of residue for F1 at
700°C was 13%, while, for the other samples analyzed, the residue was somewhat higher,
namely 16.3% for the F1-Ce sample and ~21% for the F1-CeAg sample, demonstrating the

presence of inorganic nanoparticles in the films by their contribution to the amount of residue.
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The mechanical properties were investigated and it was found that the organic part of the
composition influences especially omax, With higher values being observed for films in series Il
than for series I, which demonstrates that the functionalized CA offers higher mechanical
strength compared to the castor oil derivative. The inclusion of CeO2 nanoparticles in the films
induced an improvement in the Young's modulus for F1-Ce and F2-Ce (Figure 7), while the
photogeneration of noble metal nanoparticles seems to have induced a plasticizing effect in
most of the composites. No major differences were recorded between the films in the same
series, the materials being classified as materials with good mechanical properties. The
incorporation of CeO2, Ag, Au and Pd nanoparticles produced substantial changes in the
optical properties of the simple polymer networks (F1 and F2) which are transparent to visible
light and in the UV range up to 340 nm of the wavelength. Films containing only CeO
nanoparticles (F1-Ce and F2-Ce) as inorganic components have an intense yellow color, and
the other films acquire different shades (brown-F1-CeAg, F2-CeAg, purple-F1-CeAu, F2-
CeAu and black—F1-CePd, F2-CePd) as a result of the photogeneration of metallic
nanoparticles. Photocatalytic materials are characterized by their band gap energy (Eg), the
value of which can be modified by various chemical reactions and processes, leading in the
case of reduction to improved catalytic activity. Studies have shown that CeO2 nanoparticles
exhibit an absorption maximum at A = 308 nm, having a band gap value of Eg=3.02 eV, which
confirms that they can be used as catalysts for photochemical reactions by UV light irradiation
[97]. Their incorporation into the organic matrix produces an increase in light absorption up to
wavelengths with almost 50-70 units higher (A=360-380 nm). In situ photogeneration of metal
nanoparticles from precursors enhances the catalytic character of the metal oxide already
improved by its inclusion in support matrices. Photogeneration of Ag nanoparticles causes the
formation of the absorption band at Amax = 434 nm, while Au nanoparticles contribute to the
formation of the characteristic plasmon at Amax <540 nm. The appearance of intense absorption
bands in the spectra of the films containing Ag and Au correspons to localized surface
plasmon resonance and is attributed to the type of spherical nanoparticles as seen in the SEM
images. The films containing Pd nanoparticles do not show defined absorption bands in the
visible region, but the absorption band edges and transmission band edges of F1-CePd and F2-
CePd are shifted towards the red component of the visible range, indicating an increased

absorption of photons.
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2.1.3. Study of photopolymerization kinetics of urethane-methacrylic derivatives

2.1.3.1. Investigation of the urethane-methacrylic derivatives of cellulose acetate the
photopolymerization kinetics

The evolution of the photopolymerization reactions of the CA-M5 - CA-M100

derivatives was monitored by FTIR spectroscopy. The FTIR spectra, measured as a function
of the irradiation time, illustrate the decrease of the absorption bands at 815 cm™ characteristic
of the C=C double bonds. Based on the obtained conversion degrees, it can be deduced that
during the photopolymerization, the CD(%) and the reaction rates were strongly influenced by
the reduction of the distance between the functional groups. The maximum value of CD(%)
after 300 seconds of irradiation, corresponding to the CA-M100 film, was 55.14%. The
CD(%) values for each polymer film are presented in Figure 9. Considering that the values
obtained for CD(%) are relatively moderate and that there were no major changes in the
absorption band during irradiation, it was desired to optimize the method by combining the

CA derivatives with compounds known for their photoreactivity.
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2.1.3.2. Investigation of the photopolymerization kinetics of urethane-methacrylic

derivatives of cellulose acetate in mixture with photopolymerizable compounds

Polysaccharides have high molecular weights, diverse structures, as we have shown in
the previous sections, and are susceptible to functionalization reactions with various
(photo)reactive groups. A method for improving the crosslinking density of CA derivatives
refers to the introduction of macromolecular compounds, with photosensitive sequences, with
which, by combining, the CA derivatives form homogeneous mixtures. Among the promising
compounds in this case, those with relatively low molecular weight are preferable due to the

flexibility offered.
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Figure 10. Chemical structures of PPG-M and CO-UDMA polymers used in combination
with CA derivatives to improve the photopolymerization process.

Thus, CD(%) and crosslink density are increased by forming polymer films based on
these combinations, the most appropriate explanation being related to the decrease in the
distance between the photoreactive groups on the polymer chains. Considering the chemical
structure, the relatively low molecular weight, as well as the ability to form transparent films,
polypropylene glycol modified with urethane-methacrylic sequences (PPG-M) (Figure 10a)
and castor oil derivative functionalized with the same type of sequences (CO-UDMA) (Figure
10b) were chosen as monomers in the formation of films based on CA derivatives. Initially,
the FTIR absorbance spectra were recorded as a function of the irradiation time. The decrease
in the intensity of the bands characteristic of methacrylic groups, from 815 cm?, was
monitored by interpreting the spectra of films based on CA and PPG-M or CO-UDMA. The
evolution of the photopolymerization reactions of the CA-M-CO-UDMA and CA-M-PPG-M
polymer films was investigated, more precisely the absorption bands at 815 cm™ at different
irradiation times and the characteristic curves of the photopolymerization degrees of the films
as a function of time. It was observed that the polymer film formed by CA-M100 and CO-
UDMA presents higher values of the degree of crosslinking, the maximum value being 76%.
The maximum value of the CD(%) for the CA-M10-CO-UDMA film was approximately
60%. For the CA-M-PPG-M series of films, the CD(%) obtained after 300 seconds of
photoirradiation varied between 49%-70%. The conversion of photopolymerizable bonds in
the CA-M10-PPG-M film reached a plateau after 200 seconds of irradiation, the value
determined in the 300th second being 59%. It is observed that CD(%) are sometimes higher
for the modified CA and PPG-M films, and sometimes for the other type of composite films,
but it can be seen that the formation of crosslinks in the CO-UDMA-based films is significant
(high CD(%)) from the beginning, in the first seconds of irradiation, unlike the PPG-M-based
films where the important changes occur later during irradiation. According to the results, both

compounds used as monomers contributed to improving the CD(%) of the photopolymerizable
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sequences corresponding to each irradiation time and to improving the crosslinking degrees of
the polymer networks.
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Figure 11. CD(%) curves of C=C bonds as a function of irradiation time in films of CA
derivatives with PPG-M (a) and CO-UDMA (b).

Unlike the rest of the polymer networks based on CA derivatives, the networks based on
CA-M10 have similar CD(%) values (approximately 59%), regardless of whether they contain
PPG-M or CO-UDMA as the second component. Following the analysis of the transparency
and flexibility of the films and the results obtained from the double bond photoconversion
Kinetics, it was found that CO-UDMA is much more suitable to be combined with CA
derivatives, especially CA-M10, with CeO. and Ag, Au or Pd nanoparticles to form
nanocomposites with a medium degree of crosslinking to confer flexibility to the films.

2.1.4. Applications— photochemical decomposition of organic pollutants in wastewater

Although metal oxides have good photocatalytic activity, being often used to decompose
organic waste in water, being composed of a single phase, they fail to absorb photons from the
entire solar spectrum, which is why it was desired to improve their catalytic performance,
more precisely, absorption in a wider range of electromagnetic radiation, this being possible
by introducing them into polymer matrices (forming hybrid nanocomposites) [104]. The
organic pollutants chosen to follow the photochemical decomposition in the presence of
hybrid catalysts are: Congo red, brilliant green, rhodamine B and 4-nitrophenol. The solutions
had the following molar concentrations: ¢ = 5x10° M for the Congo red solution; ¢ = 2x107
M for the brilliant green solution; ¢ = 10° M for the rhodamine B solution; ¢ = 10* M for the
4-nitrophenol solution. The time required for the brilliant green pollutant to be completely
degraded varied depending on the nanocomposite film used as the photocatalyst. Based on the
time-dependent monitoring of the maximum absorbance band at 624 nm in the UV-vis
spectrum, it was demonstrated that of the polymer film series I, F1-CeAg was the most

efficient, degrading the pollutant in only 60 minutes. According to the Ci/Co versus time plots
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of polymer films series | and Il and the In(Cy/Co) versus time plots of series | and I, the
photocatalytic performance varies as follows: F1-Ce<F1-CeAu<F1-CePd<F1-CeAg and F2-
Ce<F2-CeAu<F2-CeAg<F2-CePd. Series I films show a better photocatalytic activity than
series Il films, and this may be due to the porous structure that leads to a larger surface area of
the inorganic nanoparticles and better accessibility of the active centers. Therefore, the
brilliant green dye diffuses more easily into the pores of series | photocatalysts than series II.
Among all the nanocomposite films, F1-CeAg has the best efficiency in the photochemical
degradation of the pollutant, reaching a maximum of 100% after 60 minutes of irradiation with
a visible light source (k=38.67x107 min™). The tests carried out later consisted of evaluating
the efficiency with which other organic pollutants (rhodamine B, Congo red, 4-nitrophenol)
are decomposed by irradiation with visible light in the presence of F1-CeAg, the results being
compared with those obtained in the case of the brilliant green derivative. Thus, the F1-CeAg
photocatalyst shows good activity in the decomposition of 4-nitrophenol which is completely
mineralized in 150 minutes. The time required for Congo red to be almost completely
degraded is 200 minutes, while the photodegradation of rhodamine B is partial even after 250
minutes of irradiation. The rate constants with which the degradation of each pollutant occurs
were determined from the In(Co/Cy) graph as a function of time for the entire time interval in
which the reaction took place. The rate constant corresponding to the photodegradation of 4-
nitrophenol was calculated, in the range 0-150 minutes, as k=34.52x10" min™, and the rate
constant for the degradation of brilliant green dye was calculated, in the range 0-60 minutes,
as k=44.18x10 mint. Having more complex structures, the photodegradation of Congo red
and rhodamine B dyes requires a much longer irradiation time, so that after 200 minutes, the
pollutants were still not completely degraded. In order to compare the results obtained and
establish the efficiency of F1-CeAg on each pollutant, the degree of degradation after 60
minutes was calculated: 100% (brilliant green) > 84.5% (4-nitrophenol)>>37.1% (Congo
red)>26.9% (rhodamine B). Thus, it was proven that F1-CeAg is a photocatalyst with good
performance for the degradation of 4-nitrophenol and brilliant green. In this experiment, the

influence of environmental pH on the catalytic activity of the composites was tested.
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Figure 12. Time evolution of the photodegradation efficiency (Co/Ct) of pollutants in the
presence of F1-CeAg (a) and In(Co/Cy) as a function of time for photodegradation in the
presence of F1-CeAg (b).
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The performance of the F1-CeAg film was investigated for the aqueous solution
(pH=6.5) of brilliant green, but also for its buffer solutions (pH=4 and pH=9), all solutions
being of concentration c=2x10° M. It was found that acidic and basic environments slightly
inhibit the photodegradation of the dye. After 90 minutes of irradiation with a visible light
source, in the presence of F1-CeAg, the percentage of dye degradation is ~95 % in both types
of environments, with a process rate constant at pH=4 of k=35.58x10" min*! and at pH=9 of
k=28.45x10 min. The optimal pH value for pollutant degradation in the presence of F1-
CeAg is 6.5. As previously discussed, the F1-CeAg film was used for the photodecomposition
of brilliant green dye both alone and in admixture with 4-nitrophenol, the process being
carried out for five successive cycles. It was determined that the efficiency of the film
decreases by about 4% after the completion of the five cycles of use, suggesting that the film
is a suitable photocatalyst for such processes. For reuse, the F1-CeAg film was immersed in
distilled water for 12 hours, dried and reused as a photocatalyst for the decomposition of
brilliant green dye. It was found that the efficiency with which the dye is photochemically
decomposed from its solution, after keeping it in a wet state (recycling) and drying, is 100%.
The reuse of the F1-CeAg catalyst for the photodecomposition of BG was also investigated in
acidic (pH = 4) and basic (pH = 9) media, and it was found that the catalytic efficiency has the
same behavior as at pH = 6.5 and is reduced by only 6% after 5 cycles of use, indicating that
the pH of the medium has no effect on the reuse of the F1-CeAg catalyst. Also, using FTIR
spectroscopy and mass measurements, the integrity of the F1-CeAg film was also evaluated
after its use in several photocatalytic cycles for the decomposition of the brilliant green
solution. From the interpretation of the spectra, it was observed that there are no changes in

the intensities of the absorption bands, therefore, the F1-CeAg film did not undergo structural
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changes or mass losses (Figure 14). Considering all the results regarding the photocatalytic
efficiency of the synthesized materials, it can be considered that the development of
photocatalytic systems containing noble metal nanoparticles, in addition to catalyst
nanoparticles and organic components acting as support matrices, increased the photocatalytic

efficiency by changing the absorption of photons in the visible range.
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Figure 13. Reuse tests of F1-CeAg under Figure 14. Reuse tests of F1-CeAg under
visible light for its brilliant green degradation visible light for its brilliant green
from aqueous solution and buffer solutions. degradation from aqueous solution and

) buffer solutions.
2.1.5. Conclusions

Hybrid composite photocatalyst systems are notable for the ease of recovery and reuse
of materials compared to that of established photocatalysts, which is why the ability to
eliminate some organic pollutants through photodegradation reactions and maintain catalytic
efficiency upon reuse was discussed. The synthesis, characterization and evaluation of the
photocatalytic properties of composites based on cellulose acetate modified with
photopolymerizable sequences, castor oil modified with photosensitive groups, catalyst
nanoparticles (CeO.) and metal nanoparticles (Au, Ag, Pd) are the main aspects exposed in
this chapter. As can be deduced from the SEM images, the combination of the two organic
components must be achieved in an optimal gravimetric ratio in order to obtain good
photocatalytic efficiency as in the case of film series | versus polymer film series Il. The
enhanced photocatalytic activity is also strongly observed in the case of nanocomposites
synthesized photochemically concomitantly with the in situ photogeneration of metal
nanoparticles. As an example, brilliant green was photodecomposed in the presence of F1-
CeAg in half the time required for photodegradation in the presence of F1-Ce (120 minutes).
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2.2. Injectable, photochemically crosslinked hydrogels based on cellulose and

gelatin

2.2.1. Design of hydrogels

The hydrogels discussed in this subchapter were synthesized starting from
polysaccharide compounds (cellulose or its water-soluble derivative — hydroxypropylcellulose
(HPC)) and gelatin. The main characteristics targeted for these types of hydrogels were the
induction of a photosensitivity to form photochemical crosslinks, injectability and their
utilization in biomedical applications. The biopolymers were initially modified by selective
oxidation reactions and methacrylates to graft photosensitive functions onto the polymer

structure.
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Figure 15. Representative scheme of the ~ Figure 16. Representative scheme of the
steps in the synthesis of CG hydrogel. steps in the synthesis of HG hydrogel.

For the oxidation of cellulose, a well-established protocol was used, oxidation in the
presence of TEMPO/NaClO/NaBr/NalO4. This oxidation system allows the simultaneous
conversion of the three hydroxyl groups in the structural unit of cellulose into carboxyl groups
[34]. The attachment of the photosensitive, methacrylic sequences was achieved following the
reaction between the obtained carboxyl derivative (C-O) and methacrylic anhydride (C-O-
MA). For the oxidation of HPC, NaClO was used, the secondary -OH groups of HPC being
converted into ketone groups (formation of the oxidized derivative HPC-O). Similarly,
sequences were grafted onto HPC-O, using methacrylic anhydride (formation of the derivative
HPC-O-MA). Taking into account that gelatin cannot organize into ordered structures at the
supramolecular level, it was decided to functionalize gelatin with methacrylic anhydride, thus
facilitating the obtaining of three-dimensional structures. The reaction of gelatin with

methacrylic anhydride occurs at the level of amine groups. In order to obtain different degrees
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of methacrylation, different reaction times (2/4/6 or 8 hours) were used, the other parameters
being kept constant — G-MA 2h, G-MA 4h, G-MA 6h and G-MA 8h. Starting from oxidized
and methacrylated polysaccharide derivatives and methacrylated gelatin, in combination with
a photoinitiator (riboflavin), physically and chemically double-crosslinked polymer networks
were prepared (electrostatic interactions between the -COOH and -NH> groups and Schiff base
bonds between -CHO and -NH, and then, under the action of UV radiation (A= 365 nm), the
formation of bridges between the methacrylate groups). In a similar way to the above
hydrogels, hydrogels based on HPC-O-MA and G-MA were synthesized. The methacrylic
derivative of gelatin in the composition of the photocrosslinked hydrogel (HG) obtained by
irradiation under the same conditions as before was also G-MA 4h.

2.2.2. Characterization of compounds in the composition of hydrogels
The C-O and C-O-MA samples (Figure 17), in addition to the characteristic bands of the

polysaccharide, also present a series of bands specific to oxidized and methacrylated
compounds, thus confirming the success of the oxidation and methacrylation process. Thus, in
the spectra of the functionalized derivatives a new band is found at 1600 cm™, attributed to the
carboxylic groups (-COO-), this band being more pronounced in the spectrum of the oxidized
compound than in that of the C-O-MA derivative, a sign that the oxidized groups have become
ester groups with the C-O methacrylation reaction. In addition, in the spectrum of the C-O-
MA compound, a band is identified at 1725 cm™, the band being specific both for a,p-
unsaturated esters and for possible residues of unreacted conjugated anhydride. By
comparative analysis of the NMR spectra (Figure 18), it was found that the methacrylation
reaction of trioxidized cellulose (C-O) was successfully carried out, the clear proof being the
appearance of proton signals characteristic of the groups in the methacrylic anhydride

structure, in the areas 1-2.5 ppm and 5-6 ppm.

728 MA‘ D:0
C-0-MA ' —

|
. 1725
E [ Fo
g c-0 I
£ I
8
z W
£ ! ‘
2 I
z ‘ C |
z
= ‘ 1600 |

O-H
ZC‘J-ZI; 1417 h *

- Wl

4000 3500 3000 2500 2000 1500 1000 500

T T T
Wavenumber (cm™) 8 6 ppm 4 2 0
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Figure 19 shows the FTIR spectra of HPC and its derivatives. The oxidation of HPC, in
the presence of NaClO, is evidenced by the band at 1620 cm™, characteristic of ketone groups.
The band at 1725 cm, assigned to newly formed ester groups, confirms the success of the

methacrylation reaction of HPC-O, when the derivative HPC-O-MA is obtained.
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Figure 19. FTIR spectra of HPC, Figure 20. 'H-RMN spectra of HPC and
HPC-O and HPC-O-MA. HPC-O-MA.

The bands at 3300 cm™ (O-H) and 1065 cm™ (C-O) undergo slight shifts or changes in

intensity or a decrease in intensity, which confirms the synthesis of HPC derivatives. As in the

case of C-O-MA, the success of grafting methacrylic anhydride sequences onto HPC-O chains
was proven by proton spectra, where new signals were identified at 1-2.5 ppm and 5-6 ppm
(from methacrylic groups). Through oxidation, the -OH groups of HPC were converted into
ketone groups that cannot be identified in the proton spectra. Gelatin shows in the FTIR
spectrum bands corresponding to amide groups at: 1638cm™ (amide 1), 1537cm™ (amide 11)
and 1238 cm (amide I11). By reaction with methacrylic anhydride, the characteristic band of
amide | increases in intensity, proving the success of the methacrylation. The success of the
methacrylation of gelatin is proven in the NMR spectrum by the appearance of peaks at 5.4
and 5.7 ppm, attributed to the protons of the unsaturated groups grafted into the gelatin

structure.
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Figure 21. FTIR spectra of gelatin and Figure 22. NMR spectra of gelatin and
methacrylated gelatin for 2/4/6 or 8 hours. 26 methacrylated gelatin for 2/4/6 or 8 hours.



2.2.3. Preparation and physicochemical characterization of hydrogels

The preparation of hydrogels composed of cellulose derivatives and methacrylate
derivatives of gelatin involved the homogenization of the components, whose gravimetric
ratios were well established, after which the photoinitiator — riboflavin (1% relative to the total
mass of polymers) was added, with an irradiation time of 30 minutes, at a wavelength of 365
nm. The hydrogels obtained were structurally characterized using FTIR spectroscopy,
following the characteristic bands of the components (cellulose derivatives — 3300 cm™ and
2925 cm™ — and aminated and methacrylated gelatin — 1638 cm™, 1537 cm™ and 1238 cm'Y).
Analyzing and interpreting the spectra in a similar manner to those previously discussed, it
was found that the synthesis of the hydrogels was successfully achieved.

The micrograph of the G-MA 2h hydrogel indicates areas with a uniform appearance
and a tendency to form pores. Increasing the degree of gelatin functionalization causes
changes in morphology, in particular, the appearance of interconnected micropores of 1-4.2

pm and 1.7-6.5 um.
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Figure 23. SEM images of hybrid Figure 24. Histograms of the pore
hydrogels: CG 2h (a), CG 4h (b), CG 6h (c) diameter distribution of hydrogels CG2
and CG 8h (d). (a), CG4 (b), CG6 (c) and CG8 (d).

Comparing the micrographs of the hybrid hydrogels based on C-O-MA and G-MA (at
different reaction times), variations in pore size could be observed. Extreme pore values were
determined only in the case of the CG 2h hydrogel (Figure 23a), being between 2-5 um. Their
appearance is well defined (thin walls), with few areas where they are interconnected. The
pores become interconnected with increasing methacrylate degree. The calculated dimensions
for the hydrogels in Figure 24b and Figure 24c are close, 2-5.5 um, with the specification that
the CG 4h hydrogel presents most of the pores over 3 um, and the CG 8h hydrogel presents

pores of similar sizes, most of the pores being ~3-3.5 um. The SEM micrographs in Figure 25
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suggest different morphologies of the HPC and gelatin-based hydrogels compared to the
others. The porosity of the hydrogels is not well defined, especially in the case of samples with
a higher degree of methacrylate. The pore sizes were 2-3um for all hydrogels. With an

increasing degree of methacrylation of the gelatin, the pores acquire a “hairy” appearance,

which is not found in C-O hydrogels and is characteristic of HPC.
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Figure 25. SEM images of hybrid Figure 26. Histograms of the diameter
hydrogels: HG 2h (a), HG 4h (b), HG 6h (c) distribution of the pores of hydrogels HG2
and HG 8h (d). (a), HG4 (b), HG6 (c) and HGS (d).

The ability of hydrogels to retain water gives them properties similar to those of living

tissues, which is a key advantage for applications in the medical field. The first hydrogels
analyzed were those of methacrylic derivatives of gelatin, being considered reference
materials, the results being compared with those of hydrogels composed of G-MA and
polysaccharide derivatives. The behavior of the G-MA 2h and G-MA 6h hydrogels (Figure
27a,c) turned out to be similar, they encapsulated a large volume of water compared to the G-
MA 4h and G-MA 8h hydrogels (Figure 27b,d), where a limit can be more easily observed.
Unlike the other hydrogels, the mass-time curves of G-MA 4h and G-MA 8h illustrate a
constant increase in mass according to the immersion time. Correlating with the SEM analysis,
it can be deduced that the changes in porosity, depending on the time of the gelatin
methacrylate reaction, determine that the hydrogels adopt different liquid absorption
behaviors. The mass-time curves corresponding to the C-O-MA and G-MA-based hydrogels
are similar to those of the control hydrogels. Figure 27a-c shows the evolution over time of
the water absorption capacity for hydrogels containing G-MA 2h, G-MA 4h or G-MAG6h. The
similarity of the curves can be justified by the size of most of the pores (2-5.5 um). In contrast,
the CG 8h hydrogel is porous, with pores similar to those of the hydrogels from the same

series of chemical reactions, however, the pore sizes are close (~3 um), which may contribute
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to reaching an absorption threshold. Another explanation refers to the adoption of a behavior
similar to the control hydrogel (G-MA 8h). The HG series hydrogels seem to behave
differently from the control or CG-based hydrogels, in the sense that they reach an absorption
limit around minute 50, the plateau continuing until the end of the measurements. This
behavior could be justified by the pore sizes calculated based on SEM images (2-3 um for
each hydrogel, as in the case of CG 8h) and the "hairy" appearance acquired with increasing
methacrylate time.

The hydrogels prepared from the compounds synthesized in the previously presented
steps were designed to have potential applications in the medical field, precisely due to their
properties, especially injectability. To further confirm a possible application in the biomedical
field, degradation studies were necessary under conditions that mimic human body fluids.
Thus, the degradation of the hydrogels in PBS solutions, pH = 7.4, at room temperature was
monitored for a period of 30 days. In Figure 28a, high values of mass loss can be observed for
G-MA 2h and G-MA 4h from the first day of testing, these being followed by G-MA 6h (the
remaining mass is similar) and G-MA 8h. During the monitoring period, the mass losses were
slightly significant, the results being more evident at the end of the tests, when the smallest
losses were noticed in the case of the hydrogel with the methacrylated gelatin component for
the longest time (G-MA 8h) due to the stability conferred by the grafting of the methacrylic
sequences. The G-MA 2h and G-MA 6h hydrogels disintegrate completely (G-MA 2h) or
almost completely, the remaining mass in the case of G-MA 6h being 12.9% of the initial
mass. This can be justified by the interconnected pores, which are not very well delimited.
Figure 28b illustrates the time evolution of hydrogels based on gelatin or chemically modified
cellulose. In this case, the methacrylic gelatin in the composition of the hydrogels imprints its
character, thus influencing their degradation differently. The long times of the gelatin
methacrylation reaction provide mechanical resistance, but, with the attachment of the
methacrylic sequences, the network of physical interactions is thinned, and the hydrogels
degrade more easily in the PBS solution. The CG 8h hydrogel disintegrates quickly from the
first day, reaching almost total disintegration on the last day (99.2%), while CG 4h and CG 6h
have a more staged degradation, with the final masses being 6.4% and 7.8%. All HPC-based
photocrosslinked hydrogels gradually disintegrate over the 30 days, as can be seen from
Figure 28c, but HG 4h and HG 6h ultimately have the lowest mass percentage (27.1% and
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21.2%). In conclusion, in the early phase of the study (the first five days), the highest mass
losses were identified in the case of G-MA 2h, G-MA 4h and HG 8h hydrogels, and the C-O-
MA-G-MA series hydrogels were degraded the slowest, except for the G-MA 8h and C-O-
MA-based hydrogel where drastic mass losses occur from the first day. After 30 days, it was
found that the CG series hydrogels suffered the greatest degradation, followed by the HG and
G-MA hydrogels. Following the aspects discussed, it was concluded that the investigated
samples present good biodegradability, which varies depending on the morphology of each

hydrogel, large or interconnected pores, determining their more accelerated degradation [114].
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Figure 27. Mass/time curves of control Figure 28. Degradation studies of hydrogels
hydrogels G-MA 2h (a), G-MA 4h (b), from the G-MA, CG and HG series, in PBS
G-MA 6h (c) and G-MA 8h (d). solution, pH = 7.4.

Figure 29. Demonstrative images of the injectability properties of HPC-O-MA-G-MA 4h (a)
and C-O-MA-G-MA 4h (b) hydrogels.
Injectability studies were performed before photocrosslinking. By applying pressure to

the syringe plunger, the hydrogels pass through the needle, facilitating their injection.

2.2.5. Conclusions

The synthesized photocrosslinked hydrogels have in their composition cellulose
derivatives, obtained by oxidation and methacrylation reactions, and methacrylic derivatives
of gelatin. After investigating the chemical structures using FTIR and NMR spectral
techniques, the following analyses aimed at investigating the morphology, water absorption

capacity and degradation rate, due to the fact that these tests can confirm the potential of
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hydrogels to be used in biomedical applications. The study of the morphology of the
hydrogels, which correlates with the degradation tests, showed that the size and appearance of
the pores influence the degradation rate of the hydrogels in PBS solution, pH = 7.4. The
hydrogels whose degradation was gradual and almost complete were the control hydrogel G-
MA 2h and the hydrogels based on HPC-O-MA or C-O-MA and the gelatin derivative
methacrylate 4 or 6 hours, these being more suitable for medical applications. The last very
important test carried out was the one that verified and demonstrated the injectability
properties of the hydrogels before irradiation.

2.3. Hydrogels based on oxidized derivatives of cellulose or pullulan, functionalized

with aromatic amines

2.3.1. Design of hydrogels

The experiments found in this subchapter involved the functionalization of

polysaccharides recognized for their impressive properties: cellulose and pullulan.
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reactions, followed by the coupling of amine derivatives.

The functionalization reactions of these polysaccharides consisted of oxidation with

HyR

selective oxidizing agents (TEMPO, NaClO and NaBr, or NalOs), the products being
subsequently involved in coupling reactions with aromatic amines that presented a dual
functionality, such as ketone or nitrile groups (4-aminoacetophenone, 4-AAPh and 4-
aminoacetonitrile, 4-ABN). The novelty of the series of reactions came from carrying out
these coupling reactions.
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Table 2. The synthesized pullulan derivatives and the type of reaction by which they were
obtained.

Sample Chemical reaction to obtain pullulan derivatives

P-OT Pullulan oxidation reaction in the presence of TEMPO/NaCIO/NaBr

P-OT-CHs Coupling reaction of oxidized pullulan with TEMPO (P-OT) and 4-
aminoacetophenone

P-OT-CN  Coupling reaction of oxidized pullulan with TEMPO (P-OT) and 4-
aminobenzonitrile

P-OP Pullulan oxidation reaction in the presence of NalOa

P-OP-CHz Coupling reaction of oxidized pullulan with NalOs (P-OP) and 4-
aminoacetophenone

P-OP-CN  Coupling reaction of oxidized pullulan with NalOs (P-OP) and 4-
aminobenzonitrile

2.3.2. Physico-chemical characterization of hydrogels

The oxidized pullulan derivatives present characteristic pullulan bands such as those at
3500 cm corresponding to hydroxyl groups, but also present bands characteristic of grafted
sequences. By interpreting the spectra, it can be confirmed that the oxidation reaction in the
presence of the TEMPO radical was successfully carried out, as evidenced by the decrease in
intensity of the band at 2925 cm, attributed to methylene groups and the appearance of the
sharp band at 1417 cm™, characteristic of the vibrations of the C-O bonds of the carboxyl
groups. The success of the oxidation reaction in the presence of NalO4 is demonstrated by the
appearance in the P-OP spectrum of the band at 1735 cm™, corresponding to the vibrations of
the C=0 bonds of the aldehyde groups formed.
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Figure 31. FTIR spectra of P-OT and its Figure 32. FTIR spectra of P-OP and
derivatives obtained by coupling. its derivatives obtained by coupling.

From the FTIR spectra presented in Figure 31, a slight change in the intensity of the
bands at 3300cm™ and 1413 cm™ corresponding to the carboxylic groups is observed,
indicating that the coupling reactions have proceeded accordingly. The FTIR spectra of the P-
OP derivatives (Figure 32) indicate a decrease in the absorption band at 1740 cm’
characteristic of the aldehyde groups, this fact being due to the coupling reactions and the
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formation of imine bonds. The band attributed to the nitrile group is found in the spectrum of
the P-OP-CN compound at 2254 cm™.
2.3.3. Applications — determination of the detection capacity of metal ions in polluted

waters by the pullulan derivative with nitrile groups

The applications described in this subchapter aimed at exploring the fluorescent
properties of the P-OP-CN derivative due to its structure (nitrile groups, imine bonds and

aromatic rings) [117].
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Figure 33. Schematic representation of the synthesis of the P-OP-CN derivative and the
structural features that confer fluorescent properties.
The P-OP-CN derivative is a promising fluorescent compound due to the nitrile groups,

benzene rings and imine bonds formed by grafting 4-ABN. The limited reporting in the
specialized literature of polysaccharides with fluorophoric sequences, studies being carried out
mostly on dextran, cellulose and chitosan derivatives, had a significant contribution in
carrying out the current study [121,122]. A first preliminary step in determining the
fluorescence properties of the samples was to identify the appropriate solvent in which the P-
OP-CN samples and the grafted compound could be dissolved. First, the UV spectra of 4-ABN
solutions in DMSO and DMF were recorded (Figure 34), and following their interpretation it
was found that the chosen solvent and the concentration of the solutions are correlated. The
absorption band for 4-ABN in DMSO, identified at 281 nm and has the absorbance ~1 when
the solution concentration is 0.003 g/L [123]. After investigating the 4-ABN solutions, the
functional pullulan derivative, P-OP-CN, was analyzed in order to observe its behavior in
organic solvents. In the case of both P-OP-CN solutions, in order to record absorbances with
values of ~1, dilutions were made such that the final concentrations were 0.04 g/L (DMF) and
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0.03 g/L (DMSO). Comparing the UV spectra of the compounds solubilized in both DMSO
and DMF, and correlating them with the concentrations of the solutions, it can be seen that 4-
ABN absorbs the strongest, followed by P-OP-CN. The solubilization of the polymer is more
efficient in DMSO, and the resulting solution (0.03 g¢/L), for which the absorbance was
determined to be 1, was analyzed to observe whether it possesses fluorescence properties.
From the UV spectra, it was observed that both nitrile derivatives exhibit the maximum of the
absorption band at 281 nm, and £ was used for excitation in fluorescence experiments,
respectively, to determine the emission band in the fluorescence spectra and to evaluate the
fluorescence intensity of the P-OP-CN compound compared to that of 4-ABN. Even though
the absorption band appeared at the same wavelength, the emission bands, different in
intensity and shape, are found at different wavelengths: 342 nm (4-ABN) and 338 nm (P-OP-
CN), Figure 36. The pullulan derivative has stronger fluorescent properties than 4-ABN, most
likely due to the 4-ABN sequences — a light-sensitive compound that becomes stable by
grafting onto the polymer chains, disabling decomposition when the polymer derivative is

exposed to light radiation.
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ABN in DMSO and DMF.  OP-CN in DMSO and DMF. P-OP-CN and 4-ABN in DMSO.

There are physical or chemical processes that influence the fluorescence of a
compound (formation of coordination compounds, energy transfer), in the sense that they can
reduce (quench) or increase (light up) its intensity. The processes that can occur following the
addition of solutions of compounds with low molecular masses, such as metal ions from metal
salts. Therefore, the fluorescence of the P-OP-CN derivative was evaluated when it was
analyzed individually and in combination with metal ions (aqueous solutions). The metal ions
chosen in this analysis were Mn?*, Fe**, Fe?*, Ni?*, Cu®*, Zn?*, Ag*, Cd?*, Hg?*, Pb?*, Na* and
Ca?", their solutions being made in distilled water (3x10- M). The emission spectra of P-OP-

CN in DMSO (0.03g/L), recorded at a fixed quenching concentration and an excitation
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wavelength of 281 nm, provide an emission band at 338 nm, given by the benzonitrile units. In
general, no changes were observed in the positions and shapes of the fluorescence bands,
except for the intensity at which the band maxima are found, implicitly the fluorescence
intensity of P-OP-CN, which decreased drastically with increasing quenching concentrations.

Table 3. The main parameters determined after quenching the fluorescence exhibited by P-
OP-CN with aqueous solutions of metal ions.

Metal  Limit of detection Quenching degree  ksv (x 106 M™) k (x 106M™)

ion x 105 (M) (%), 600x10° M

Fe3* 0.189 100 0.83333 (R%=1) -

Cu?* 0.340 95.67 0.01123 (R?=0.986) 0.0044 (R?=0.977)
Fe2* 0.735 62.48 0.00515 (R?=0.996) 0.0067 (R?=0.997)
Pb?* 6.042 51.62 0.00315 (R?=0.986) 0.0052 (R?=0.994)
Hg? 2.964 50.35 0.00217 (R?=0.989) 0.0016 (R?=0.993)
Ca?* 2.042 49.47 0.00169 (R?=0.995) -

Mn?* 6.638 4757 0.00144 (R?=0.999) -

Ag* 3.305 46.98 0.00134 (R?=0.988) 0.0009 (R?=0.999)
Cd# 2.428 46.11 0.00151 (R?=0.990) -

Ni%* 2.943 45.05 0.00125 (R?=0.991) 0.0012 (R?=0.989)
Zn2+ 3.821 41.84 0.00091 (R?=0.994)  0.0008 (R?=0.999)
Na* 3.171 36.00 0.00069 (R?=0.989) 0.0002 (R?=0.997)

The data presented in Table 3 indicate that the Fe** ion is the most suitable quencher for
this polymer, allowing it to quench the fluorescence in 100% percentage before the P-OP-
CN+Fe?* solution reaches 600x10® M. The most efficient quenching after Fe** is had by Cu?*
(fluorescence reduction up to 95.67%, ¢ = 600x10® M). Regarding the fluorescence quenching
at a fixed concentration, the decreasing order of excellence of all cations is as follows:
Fe¥*>Cu?">Pb?*>Hg?*>Ca?*>Mn?*>Ag*>Cd?*>Ni**>Zn?*>Na*. The mechanism by which the
fluorescence quenching by metal ions occurs was investigated by performing Stern-Volmer
plots. A linear relationship suggests the dynamic behavior of the quenching mechanism,
characterized by the Stern-Volmer constant (ksv), as a result of interactions between the added
cations and the fluorophore groups of the polymer in the excited state. If the plot shows a
curve, this highlights that the quenching is achieved by a mixed (dynamic-static) mechanism,
the static mechanism involving the formation of a complex devoid of fluorescent properties.
Figure 37a shows the fluorescence spectra of the P-OP-CN solution before and after the
addition of the Fe3* solution. After the addition of 100 pL of quencher solution (120x10° M),
the calculated GS(%) was 95.97%. From the concentration versus lo/l plot, Figure 37D, it can
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be seen that the fluorescence quenching by Fe** occurs through a dynamic mechanism over
the entire range (ksy=0.8333x10° M, estimated from the slope calculated at A=338nm; R?=1).
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Figure 37. Fluorescence spectra of P-OP-CN solution in the presence of Fe3*, at different
concentrations (a) and Stern-Volmer plot (b).

The fluorescence quenching of P-OP-CN with Cu?* solution is represented in Figure
38a, where it is observed that, at a higher concentration, the emission band shifts slightly to
the right (~1-2 nm), showing a bathochromic effect. Thus, a different Stern-Volmer plot can
be observed in this case (Figure 38b), having the appearance of a curve, implicitly a dual
behavior of the quenching mechanism. Thus, the Stern-Volmer plot was modified to include
only the concentrations from the initial one to 60x10° M, which provides a linear relationship
with lo/l (ksv = 0.01123x10%° M, estimated from the slope and R? =0.986, at A=338 nm),
while the Lehrer plot included the rest of the concentrations (k = 0.0044x10% M at =341 nm;
R? = 0.977). Considering the appearance of the curve (positive deviation from linearity), the

predominant mechanism is the static one.
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Figure 38. Fluorescence spectra of the P-OP-CN solution in the presence of Cu?*, at different
concentrations (a), the Stern-Volmer plot for all concentrations of the P-OP-CN+Cu?* solution
(b), for concentrations up to 60x10® M (c) and the Lehrer plot (d).
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The chemosensor activity was determined by studying the competitive selectivity of P-
OP-CN for Fe** and Cu?*, the tests being performed in the presence of different ions at the
same concentration to certify the ability of P-OP-CN to resist the interference of other
competing metal ions. At the same amount of quencher (100 pL, 3x10 M), P-OP-CN showed

excellent selectivity for Fe** among all metal ions.
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The formation of coordination compounds involves the electrostatic interaction between
the lone pairs of electrons from the nitrogen atom of the nitrile (—C=N) terminal groups in the
polymer, which can act as ligands in the interaction with metal ions that act as electron
acceptors due to their positive charge. The stoichiometry of the complex formed between P-
OP-CN and Fe** was determined by the Job plot, indicating the changes in the intensity of the
fluorescence bands at 338 nm as a function of the molar fraction of Fe3*. The molar
concentration of the P-OP-CN polymer was calculated considering the maximum degree of
functionalization as revealed by the interpretation of the *H-NMR spectra of P-OP and P-OP-
CN, indicating that most of the aldehyde groups were converted into imine groups. The
intersection of the lines at 0.33 suggests a stoichiometric ratio of 1:2 between P-OP-CN and
Fe3+ [125]. The association between the polymer and Fe®** or Cu?* was investigated by
determining the polymer-metal ion bond strength, information provided by the value of the
association constants (ka), determined from the modified Benesi-Hildebrand plot, also
indicating the speed of the process. Considering the efficient quenching properties of Fe3*
ions, the highest k. value was obtained for the P-OP-CN+Fe3* system (28.16x10° M),
followed by the P-OP-CN+Cu?* system (24.51x10° M™).
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The UV spectra of all compound solutions (with 100 puL of quencher solution) were
recorded and compared with the spectrum of the blank solution. Most of the mixed solutions
have a similar behavior to the blank solution, their absorption bands being at the same

wavelength (~281 nm), but having low intensities.
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Figure 42. UV spectra of P-OP-CN, before and after the addition of different quenchers (a)
and P-OP-CN mixed with the most effective quenchers (Fe**, Cu?* and Pb?*) (b).

Solutions composed of polymer and Fe*, Cu?* or Pb?" show changes in the bands in
terms of £ or aspect. Both polymer+Pb?* and polymer+Fe3* bands have different intensities
compared to the control solution and show a peak like shoulder on the right side at 283.8 nm
(Pb?*) and 360 nm (Fe®*), and the maxima undergo hypsochromic shifts at 261nm (Pb?*) and
276nm (Fe®"). The polymer+Cu?* solution shows a slight decrease in absorbance intensity and
a shift towards lower wavelength values (278.8 nm). In the case of the P-OP-CN+Fe*
solution, the changes in band position and intensity are most likely due to an intramolecular
charge transfer of P-OP-CN due to electronic conjugation resulting from ion binding [126].

2.3.5. Conclusion

The aims of these experiments consisted in broadening the scope of existing
polysaccharide derivatives by grafting some functions onto the polymer chains and in

investigating the modifications undergone by polysaccharides. Before grafting some functions
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through coupling reactions, polysaccharides participated in oxidation reactions with selective
agents that led to the synthesis of different oxidized derivatives, with carboxyl or carbonyl
groups of aldehyde type. In addition to modifying the properties, grafting reactions offered
possibilities for the synthesized derivatives to be involved in applications with practical
potential. Thus, the compounds chosen to be grafted, being aromatic amines and also having
nitrile or ketone groups in the chemical structure, allowed opening up possibilities for their
subsequent use in photochemical applications involving the detection and capture of metal
ions. Among the new derivatives, the P-OP-CN compound stands out by possessing a
fluorescent behavior conferred by the structural features resulting from the attachment of the
4-ABN compound. The emission spectrum of the P-OP-CN solution in DMSO solvent,
recorded after excitation of the sample at the wavelength (A) determined from the UV
spectrum (281 nm), shows a strong fluorescence. This particularity was investigated when
aqueous solutions of metal ions were added to observe the influence of ions recognized for
their ability to reduce or enhance the fluorescent character of substances. Changes in
fluorescence intensity occurred from the smallest added volume of metal ion solution (1 puL—
concentration 1.2x10° M) to 1000 pL (1200x10 M), with the exception of Fe** and Cu?*
ions that completely or almost completely quenched the fluorescence around 100 (120x10°°
M) and 500 pL (600x10° M), respectively. In these experiments, all metal ion solutions
contributed to the reduction of the fluorescent properties of P-OP-CN, acting as quenchers.
Therefore, the quenching mechanism was investigated and it was observed that it differs
depending on the quencher solution added. Most of the metal ions act on the fluorescence
through a combined mechanism (dynamic-static) according to the Stern-Volmer and Lehrer
plots and the values of the constants obtained from the plots, the predominant stage of the
mechanism being the static one for all quenchers, except for the Fe?* and Pb?* ions, for which
the predominant mechanism is dynamic. However, other ions, including Fe®*, quench the
fluorescence by a dynamic mechanism. Of all the ions investigated, the fluorescence is most
effectively reduced by the addition of trivalent iron ions, which act only by a dynamic
mechanism, as is the case with Mn?*, Cd?* and Ca?* ions. In order to further highlight the
effectiveness of Fe3* ions, selectivity studies were performed using solutions of the P-OP-CN
polymer in the presence of two metals, the second metal (Fe**) causing a drastic decrease in

fluorescence compared to the first. The fluorescence modification, attributed to the

39



interactions established between P-OP-CN and the metal ions and leading to the formation of
chemical complexes, was studied by representing the Job and Benesi-Hildebrand plots, the
interpretation of which provided information about the stoichiometry of the components in the
complex (1:2) and the strength of the bond.

2.4. Hydrogels with multiple crosslinks, based on pullulan derivatives, polyvinyl

alcohol and 3-aminoboronic acid

2.4.1. Design of hydrogels

The experiments presented in this chapter aimed at obtaining hydrogels with multiple
crosslinks that would be endowed with properties specific to biomedical applications. For the
design of these hydrogels, we used pullulan derivatives and PVA as components. The
functional groups grafted onto the polymer chains provide increased reactivity and are the
main reason why we opted for pullulan derivatives instead of the basic polysaccharide. To
obtain the hydrogels, two polysaccharide derivatives were used: carboxypullulan (obtained by
oxidation in the presence of TEMPO) and dialdehyde pullulan (obtained by oxidation in the
presence of NalO4). The functionalized derivatives participated in coupling reactions with 3-
aminophenylboronic acid and subsequently mixed with the PVA solution, in different ratios.

Table 5. Gravimetric ratios between components of hydrogels of P and T series.

T1=P-OT-PVA T2=P-OT-BA-PVA
P-OT PVA P-OT-BA PVA
25 75 25 75
50 50 50 50
75 25 75 25

P1 = P-OP-PVA P2 = P-OP-BA-PVA
P-OP PVA P-OP-BA PVA
25 75 25 75
50 50 50 50
75 25 75 25

T series: P-OT= pullulan oxidized in the presence of TEMPO; P-OT-PVA= hydrogel based
on P-OT and PVA; P-OT-BA= pullulan derivative obtained by the coupling reaction between
P-OT and 3-aminophenylboronic acid (3-BA); P-OT-BA-PVA = hydrogel based on P-OT-BA
and PVA

P series: P-OP= pullulan oxidized in the presence of NalO4; P-OP-PVA = hydrogel based on
P-OT and PVA; P-OP-BA = pullulan derivative obtained by the coupling reaction between P-
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OP and 3-aminophenylboronic acid (3-BA); P-OP-BA-PVA = hydrogel based on P-OP-BA
and PVA

The crosslinks in the P and T series hydrogels are physical and chemical crosslinks,
found only in one of the series or in both. Figure 43 illustrates the chemical structures of the
precursors of the P series hydrogels, the synthesis methods (obtaining hydrogels P1 and P2),
but also the types of crosslinks formed between the functional groups of the chosen
polysaccharide derivative and PVA. Thus, in the P1 series, hydrogen bonds and (hemi)acetal
bonds are identified between the alcoholic groups in PVA and the aldehyde groups in P-OP.
The existence of these bonds is unlikely in the case of the P2 series because the grafted 3-BA
residues are bulky and prevent their formation, instead, new ester chemical bonds may appear
between PVA and the 3-BA sequences in P-OP (P-OP-BA is considered a Schiff base
compound due to the 3-BA sequences grafted through imine bonds). Similar to P1 and P2
hydrogels, T-series hydrogels (Figure 44) contain physical interactions. Between the PVA
chains and the carboxylic groups formed in pullulan by oxidation reactions, chemical
crosslinks are formed — ester bonds originating from carboxylic acids. T2 series also contains
ester bonds, but these originate from 3-BA, although there could also be bonds formed

between the unreacted -COOH groups and PVA.
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components of P-series hydrogels. components of T-series hydrogels.

2.4.2. Physico-chemical characterization of hydrogels

The characterization of the hydrogels was first carried out by spectral methods. Figure
45 shows the FTIR spectra of the initial compounds that were used to obtain the corresponding
hydrogels. From the FTIR spectrum of the P1 series (Figure 46) it is assumed that the
different gravimetric ratios between P-OP and PVA affect the intensity or shift of the bands.
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Slight changes occur in the case of the P1 50-50 compound whose spectrum undergoes
changes in the band at 3300 cm™, characteristic of hydroxyl groups. This may be a
consequence of the fact that between PVA and the oxidized pullulan derivative a number of
intrachain hydrogen bonds are created proportional to that of the interchain bonds formed,
unlike P1 25-75 and P1 75-25. Also, at 837 cm the characteristic band for PVA appears, this
being more evident in the spectrum of the hydrogel predominantly composed of PVA (P1 25-
75). In contrast, in the case of all compounds, the band at ~1030 cm™ represents a shift of the
characteristic band at 1092 cm™ for PVA, the greatest similarity, in terms of intensity and
allure, being between PVA and the P1 75-25 hydrogel. In addition to the bands corresponding
to the groups in PVA and P-OP, characteristic of the P2 hydrogel series are also the bands
assigned to the groups originating from the boronic acid derivative which are found in the
FTIR spectrum between 400-710 cm™ (B-O, B-C vibrations) and 1596 cm™ (C-H vibrations

from the aromatic nucleus).
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Figure 45. ATR-FTIR spectra of Figure 46. ATR-FTIR spectra of
compounds: P, 3-BA and PVA. hydrogels from P1 series.

The NMR spectrum of P-OT-BA shows peaks in the aliphatic region from pullulan units
and oxidized product, but also new peaks such as that of the amide proton at 7.4 ppm. Further

evidence is represented by the signals at 6.7-7.2 ppm of the aromatic protons of 3-BA.
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Figure 49. SEM micrographs of Figure 50. Diameter distribution histograms of
hvdroaels from P1 and P2 series. the pores of hydrogels from series P1 and P2.

Following the analysis of SEM micrographs, it was found that different gravimetric
ratios of the components in the hydrogels determine morphological changes. Grafting of 3-BA
sequences contributes to changing the pore size, respectively their distribution. However, the
composition and homogeneous distribution of the pores suggest that these components are
well compatible. The two series of hydrogels present interconnected pores that would allow
the absorption of liquids, making them preferred candidates for biological applications.
Hydrogels with a high content of polysaccharide derivative present pores of smaller sizes than
those in which the ratio is equal or the major component is PVA.

Through the investigation of the "swelling capacity”, the mass/time curves were
obtained, which resulted in three different behaviors of the P and T series hydrogels. The
different gravimetric ratios between the components and the nature of the existing crosslinks
exert their influence on the swelling capacity, which either varies from one sample to another
or adopts a similar character. The degradation of the P2 25-75 and T2 25-75 samples occurs at
~178 minutes. In Figure 51b, a plateau is observed around 60 minutes, contrary to Figure 51a
when the maximum water absorption is reached immediately before the decomposition begins.
The close results can most likely be justified by the fact that the samples have the identical
modified pullulan/PVA gravimetric ratio and contain crosslinks formed by the grafted
sequences of 3-BA. The stability of the P2 50-50 and T2 75-25 hydrogels (Figure 52) in water
is almost non-existent, with the P2 50-50 sample being more resistant to contact with water

and completely degrading in 9 minutes, while the T2 75-25 sample is decomposed in just 5
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minutes after immersion. High instability is encountered in the case of the P2 75-25 hydrogel
for which mass variations following water absorption could not be determined, it completely
decomposed from the first measurement. An important consideration for which these
hydrogels are unstable is that the hydrogels are more rigid and brittle, as a result of a low PVA
ratio (which provides flexibility). Following the results obtained, it can be appreciated that the
T2 75-25 hydrogel, in which the gravimetric ratio of carboxylic pullulan is higher than that of
PVA, has the best absorption capacity, but its degradation occurs very quickly. Also, the
hydrogels T1 25-75 and T1 50-50 have good absorbent properties, and their degradation
occurs partially, after a long time. Among all the hydrogels of the P series, a remarkable
absorption capacity is that of the hydrogel with a higher gravimetric ratio of pullulan
dialdehyde to PVA, P2 75-25 (which contains ester bonds from boronic acid). However,
measurements could not be made for this one, its degradation being total and extremely fast (a
few seconds). Thus, we can deduce that the bonds made with 3-BA improve the absorption of
liquids, but in the short term, since these hydrogels degrade the fastest. Other hydrogels of the
P series with a good swelling capacity are P1 25-75 and P1 75-25.
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Figure 51. Mass/time curves of hydrogels Figure 52. Mass/time curves of hydrogels
P2 25-75 (a) and T2 25-75 (b). P2 50-50 (a) and T2 75-25 (b).

Information on the volume, density and porosity was obtained for each hydrogel in the
wet state. Assuming that p was determined in percentages, it can be seen that there are similar
values for p and P(%) for all hydrogels (Figure 53). The XRD spectrum of the PVA hydrogel
was compared with the spectra of hydrogels from the P and T series, which have the highest
PVA content. The peaks attributed to alcohol are found in the PVA spectrum at 19.6°, 22.6°
and 40.8° and correspond to crystalline zones due to the multitude of hydrogen bonds between
the alcohol groups [131]. Each hydrogel has a different crystallinity from the others,
decreasing in the order: PVA> T2 25-75 >P2 25-75 > T1 25-75 > P1 25-75.
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Figure 53. Density (a) and porosity (b) of ~ Figure 54. XRD spectra of PVA and
hydrogels in wet state. hydrogels (P and T series) with the ratio
between the pullulan derivative and PVA

of 25-75.

2.4.3. Application — outlooks

Undeniably, in recent years, the research in macromolecular chemistry has involved the
development of polymeric materials within the scope of "green chemistry™ (the compounds of
origin and solvents, chosen to be manipulated in experiments, which must not present
toxicity), with impressive and vast properties, allowing their use in several applications.
Starting from this aspect, | aimed to expand the experiments carried out in the elaboration of
the doctoral thesis and to capitalize on the properties offered by polysaccharides by exploiting
their ability to obtain hydrogels, characterized by high porosity. The hydrogels synthesized in
this subchapter are materials suitable for applications involving the synthesis of metallic
nanoparticles. In chapter 2.1. we explained the reasons why their generation from precursors
presents a series of advantages over other techniques, and the intention in this chapter is to use
them in the future as metal reducing agents in precursors, but also as stabilizing agents for the
formed nanoparticles [133]. At the same time, hydrogels can be used in combination with
photosensitive compounds to form networks with several types of crosslinking, which allow
the inclusion of photocatalyst nanoparticles. Other possible applications involve the use of
hydrogels as bioadsorbent materials for organic and inorganic pollutants found in
contaminated waters, applications similar to those in chapter 2.3.. This may be possible due to
the carboxyl groups of oxidized pullulan derivatives, which can capture cationic dyes, but the
adsorption capacity must be evaluated taking into account the influence of various parameters
such as: pH, type of dye and adsorbent dose [134]. Such studies are already found in the

scientific literature, but the novelty of hydrogels refers to the ester bonds derived from 3-
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aminophenylboronic acid (reversible bonds), giving the materials good mechanical and
chemical properties and a possible application in the biomedical field.

2.4.4. Conclusion
Spectral techniques demonstrated the success of the pullulan oxidation reactions, of the

coupling reactions with 3-BA and the formation of hydrogels from PVA and the obtained
pullulan derivatives. SEM analysis allowed the investigation of the morphology presented by
each hydrogel, and it was possible to observe that they are porous materials, with pore sizes in
the order of micrometers. Porosity determination tests were carried out in order to complete
the interpretations of the results provided by SEM analysis. The main characteristic to be
investigated was the liquid absorption capacity, with the swelling degrees being calculated.
Analyzing the obtained values, it was found that, although the ratio of pullulan with 3-BA
sequences varies from hydrogel to hydrogel, 3-BA determines a strong liquid absorption,
followed by the collapse of the materials, so that it can be concluded that hydrogels without 3-
BA sequences are more stable when wet. In conclusion, the studies conducted on T and P
series hydrogels are preliminary, and will be rigorously characterized and tested for the
proposed applications.

GENERAL CONCLUSIONS
The experiments carried out within this doctoral thesis had the role of putting into

practice the notions acquired following the study of the scientific literature in the field of the
doctoral thesis, in the field of polysaccharides and photochemistry, with the specification that
some established synthesis protocols were adjusted to obtain new polymer compounds and
materials. The introductory part, studying the current state of knowledge in the field of the
thesis, represented the "starting line” of my scientific journey, meant to bring to the forefront
new ideas, concepts and achievements, all of these with the role of satisfying the needs of the
contemporary world in areas of great interest, such as biomedical and environmental. As
general conclusions of the doctoral thesis, ideas emerge that can be delimited in the chapters
dedicated to the practical directions addressed:

Photocrosslinked hybrid nanocomposites based on modified cellulose acetate, cerium
oxide and noble metal nanoparticles
v" Photocrosslinked polymer networks were developed based on natural compounds

chemically modified to contain photosensitive (methacrylic) groups — cellulose acetate and

urethane-methacrylic comonomers (castor oil or polypropylene glycol). Castor oil proved to
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be a better comonomer, which is why the organic components used in the preparation of
nanocomposites were only a derivative of cellulose acetate and castor oil.

v The research subject in this chapter consisted of optimizing the photocatalytic activity
of CeO: by including it in the synthesized networks with the role of support matrices and
testing the photocatalytic efficiency in the degradation of some organic pollutants (brilliant
green, rhodamine B, Congo red and 4-nitrophenol).

v' The nanocomposites, synthesized in the form of polymer films, have organic and
inorganic components (CeOz and noble metals — Au, Ag, Pd). SEM analysis revealed that the
gravimetric ratio between the two organic components is decisive in obtaining the desired
properties. Thus, the best photocatalytic efficiency was determined for films in which the ratio
between the organic components (cellulose acetate derivative and comonomer) was 50:50 and
which contain nanoparticles in situ photochemically generated.

v' Of all the organic pollutants in the photodegradation studies, brilliant green was
decomposed the fastest under the action of the F1-CeAg film which proved to be the most
effective.

v' The synthesized nanocomposite films also stand out by maintaining impressive

performance, close to 100%, even after multiple cycles of use.

Injectable hydrogels based on cellulose derivatives and gelatin, photochemically
crosslinked

v Functional derivatives of some cellulosic compounds (cellulose and
hydroxypropylcellulose — HPC) and gelatin were synthesized following reactions
characteristic of the groups in their structures. Each precursor was subjected to reaction with
methacrylic anhydride, notably, the cellulosic compounds required prior oxidation with
specific oxidizing agents to create the groups capable of reacting with the anhydride. Thus,
cellulose was oxidized in the presence of the TEMPO radical and NalOs to convert all
hydroxyl groups into carboxyl groups and to cleave the bond between the carbon atoms in the
“2” and “3” positions, and HPC was oxidized in the presence of HCIO to obtain ketone groups
from the hydroxyl ones.

v Photocrosslinked hydrogels based on methacrylic cellulose derivatives and the
methacrylic derivative of gelatin have been developed. In addition to the crosslinks obtained

by photopolymerization, the hydrogel made up of methacrylic derivatives of HPC and gelatin
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also presents crosslinks of a chemical nature (imine bonds established between the ketone
groups formed and the amine groups of gelatin that did not react with methacrylic anhydride),
unlike the hydrogel based on methacrylic cellulose which was obtained exclusively by
photochemical crosslinking.

v The synthesis of hydrogels in this chapter may have implications in the biomedical
field, more specifically in tissue repair, which is why the photocrosslinked hydrogels were
tested to determine the water absorption capacity and degradation rate in environments that
mimic biological fluids (PBS, pH=7.4), and the mixture of compounds before
photopolymerization was tested to determine the injectability properties. It was demonstrated
that the prepared hydrogels exhibit excellent absorption and injectability properties. The
degradation of hydrogels composed of cellulose derivatives and methacrylated gelatin (4 or 6
hours) was gradual and almost complete, suggesting their potential for use in medical

applications.

Hydrogels based on oxidized derivatives of cellulose (C) or pullulan (P), functionalized
with aromatic amines
v" Functional derivatives of cellulose and pullulan were synthesized following oxidation

reactions, either in the presence of the TEMPO/NaCIO/NaBr system (forming intermediate
compounds with carboxyl groups), or in the presence of NalO4 (forming compounds with
aldehyde groups), and coupling reactions between the oxidized derivatives and aromatic
amines substituted in the para position (forming compounds with amide or imine groups).
Thus, the solubility properties of the polysaccharides were modified, with the cellulose and
pullulan derivatives becoming partially, respectively totally, soluble in organic solvents
(DMSO and DMF).

v' The P-OP-CN derivative, obtained by oxidation of pullulan with NalO4 and coupling
reaction of the oxidation product with 4-aminobenzonitrile, is of interest due to its fluorescent
properties.

v' The fluorescent behavior of the compound was further evaluated when solutions of
metal ions — known for their ability to modify fluorescent properties — were added to the P-
OP-CN solution in DMSO. Numerous metal ions were tested, each acting as a quencher of the

polymer’s fluorescence, but only Fe®* ions were able to completely quench it at a solution
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concentration of 120x 10 M, followed by Cu?* ions, able to quench the fluorescence almost
entirely at a solution concentration of 600 x 10 M.

v The mechanisms under which fluorescence quenching occurred upon addition of metal
ions were investigated and the dynamic nature of the mechanism was observed in the case of
Fe3*, Mn?*, Cd?* and Ca?* ions and the dynamic-static nature of the other ions (for Fe?* and
Pb?* ions the dynamic stage being predominant, and for the rest of the ions the static stage
being predominant).

v' The selectivity studies revealed the affinity of the P-OP-CN compound for Fe* ions.
New solutions of the P-OP-CN polymer were prepared in which the solutions of two metals
were added (the first being a tested metal, and the second being Fe3*). It was observed that,
upon addition of the second metal, the fluorescence decreases significantly.

v" Knowing that the fluorescence changes that occur upon the addition of metal ions are
caused due to interactions established between the polymer and the metal ions, which involve
the formation of chemical complexes, the stoichiometry and bond strength were investigated.
The results revealed a 1:2 stoichiometry between Fe®** and P-OP-CN, with strong interactions

between the components.

Hydrogels with multiple crosslinks, based on pullulan (P) derivatives, polyvinyl alcohol
(PVA) and 3-aminoboronic acid (3-BA)

v’ Several types of hydrogels with multiple crosslinks based on pullulan and PVA have
been developed: hydrogels where the polysaccharide component was pullulan oxidized with
the TEMPO/NaClO/NaBr or NalO4 system and hydrogels whose polysaccharide component
was the coupling product between the oxidized products and 3-aminoboronic acid.

v The crosslinking of hydrogels based on PVA and pullulan dialdehyde are: hydrogen
bonds in the hydrogel formed by PVA and pullulan dialdehyde and hydrogen bonds, imine
bonds and boronic ester bonds for the hydrogel composed of PVA and pullulan dialdehyde
coupled with the boronic acid derivative.

v The crosslinking of hydrogels based on PVA and 6-carboxypullulan are: hydrogen
bonds and carboxylic ester bonds for the hydrogel composed of PVA and 6-carboxypullulan
and hydrogen bonds, amide bonds and boronic ester bonds for the hydrogel composed of PVA

and 6-carboxypullulan coupled with boronic acid.
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v' The synthesized hydrogels were analyzed to investigate the porosity and liquid
absorption properties. These hydrogels are porous materials, with pores of considerable size,
on the order of micrometers. Regarding the swelling capacity, the inclusion of boronic acid
leads to a strong absorption which is followed by the material collapse, which indicates a
better stability in the dry state than in the wet state of the hydrogels containing boronic acid
sequences.

v Future experiments involving these hydrogels require to perform new chemical
reactions in order to introduce photopolymerizable sequences, capable of forming

photocrosslinks through exposure to various radiation sources.
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