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Abstract
The synthesis and the characterization of cellulose hydrogels is vital for the
environmental, medical and pharmaceutical research field. Cellulose hydrogels are threedimensional network structures with a great absorption capacity, biodegradability,
nontoxicity and biocompatibility. Due to the increasing need of hydrogels, it is crucial to
broaden our knowledge on finding novel methods to synthesize alternative cellulose
hydrogels.
This thesis focuses on the synthesis of a series of cellulose hydrogels physically
crosslinking by glycine, the deposition of gold nanoparticles in these novel hydrogels and
their characterization. First, cellulose hydrogels were prepared via physical crosslinking of
cellulose and different percentages of glycine in the network structure. Obtaining porous,
highly absorptive, biocompatible and functional hydrogels is crucial so that they can be
used for water purification, tissue engineering or drug delivery applications.
Mechanically and thermally stable, biocompatible hydrogels were fabricated by
dissolving cellulose and followed by glycine addition in a highly alkaline solution of NaOH
and neutralization of the polymer in an acidic solution. The glycine amount and the
dissolution temperature played a tremendous role in the self-assembly of the network
structure. Based on FTIR and Raman data, glycine can be claimed as a physical
crosslinker.
Cellulose hydrogels that were prepared with the composition of 30% glycine
solution have the highest swelling ratio by absorbing seven times their dry weight due to
their three-dimensional and porous network structure. Scanning electron microscopic
images also proved the network structure and the porous feature of the hydrogels.
Cellulose hydrogels with the composition of 10% glycine solution showed 80% deformation
under 21 N force as an example of the high compression strength. In addition to their
mechanical strength, cellulose-glycine hydrogels are also thermally stable. They are
durable at temperatures up to 280 °C.
In the first part of this study, a novel method and a new composition was developed
for hydrogels and the new composition of hydrogels developed in the first part of the study
can potentially contributes to applications using gold nanoparticles that are deposited in
them, for example in water purification or biomedical devices. Therefore, in the second
part, hydrogel nanocomposites were prepared with different percentages of gold precursor
solutions by using cellulose-glycine hydrogels as both the reducing agent and the
v

substrate. The hydroxyl groups of cellulose fibers provided reducing power for gold
nanoparticle synthesis without using a reducing agent. This feature makes our method an
environmentally friendly synthesis technique. The UV-Vis absorbance data confirm the
successful gold nanoparticle deposition onto the cellulose – glycine hydrogels. As
important aspect in addition to the synthesis, the morphologies and the thermal stabilities
of the gold deposited hydrogels were investigated. When cellulose–glycine hydrogels were
treated with gold precursor solutions, they exhibited better thermal stability compared to
their initial form. The characterization of the in situ fabricated gold nanoparticles was
performed as well. The surface morphology and the chemical composition of the gold
nanoparticle deposited hydrogels were also controlled. Both the gold nanoparticle
deposited cellulose hydrogels and the cellulose-glycine hydrogels show promising
properties for future applications. For example, they could be used for further anti-bacterial
activity tests and tissue growth experiments.
In conclusion, this thesis provides information about the novel synthesis of cellulose
hydrogels physically crosslinked by glycine; their fabrication, morphology, water
absorption capacity, mechanical properties, thermal properties, reusability, stability and
gold nanoparticle deposition. The work validates also the use of cellulose–glycine
hydrogels for gold nanoparticle deposition applications and presents a comprehensive
study of gold nanoparticle deposited hydrogels about their fabrication, characterization,
morphology and thermal properties.
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Zusammenfassung
Die Synthese und Charakterisierung von Cellulosehydrogelen ist für die Umwelt-,
Medizin- und Pharmaforschung von entscheidender Bedeutung. Cellulosehydrogele sind
ungiftige,

dreidimensionale

Netzwerkstrukturen

mit

großer

Absorptionskapazität,

biologischer Abbaubarkeit und Biokompatibilität. Aufgrund des steigenden Bedarfs an
Hydrogelen ist es entscheidend, unser Wissen über die Suche nach neuen Methoden zur
Synthese alternativer Cellulosehydrogele zu erweitern.
Die vorliegende Arbeit befasst sich mit der Synthese von verschiedenen
Cellulosehydrogelen, die durch Glycin physikalisch vernetzt sind, sowie mit der
Charakterisierung dieser neuartigen Hydrogele und Abscheidung von Goldnanopartikeln
auf diesen Strukturen. Zunächst wurden Cellulosehydrogele durch die physikalische
Vernetzung

von

Cellulose

und

verschiedenen

Anteilen

von

Glycin

in

einer

Netzwerkstruktur hergestellt.
Mechanisch und thermisch stabile, biokompatible Hydrogele wurden durch
Auflösen von Cellulose und anschließendem Zusatz von Glycin in einer stark alkalischen
Lösung von NaOH und folgender Neutralisation des Polymers in einer sauren Lösung
hergestellt. Die Glycinmenge und die Auflösungstemperatur spielten eine enorme Rolle
bei der Selbstorganisation der Netzwerkstruktur. Glycin kann gemäß FTIR- und RamanSpektren als physikalischer Vernetzer betrachtet werden.
Die Hydrogele mit der CL5Gly30-Zusammensetzung haben das höchste
Quellungsverhältnis. Sie können aufgrund ihrer dreidimensionalen und porösen
Netzwerkstruktur das Siebenfache ihres Trockengewichts absorbieren. Die Hydrogele der
CL5Gly10-Zusammensetzung weisen eine Verformung von 80% bei einer Kraft von 21 N
auf. Neben ihrer mechanischen Festigkeit sind Cellulose-Glycin-Hydrogele auch
thermisch stabil. Sie sind bis 280 °C haltbar.
Im ersten Teil dieser Studie wurde eine neuartige Methode für Hydrogele entwickelt
und diese neue Zusammensetzung von Hydrogelen trägt dazu bei, dass die Abscheidung
von Goldnanopartikeln in der Wasseraufbereitung oder in biomedizinischen Geräten
angewendet werden kann. Hydrogel-Nanokomposite wurden in unterschiedlichen
Prozentsätzen von Goldvorstufe-Lösungen hergestellt. Als nächstes wurden ihre
Morphologien und thermischen Stabilitäten untersucht. Die Charakterisierung der in situ
Goldnanopartikel

(Au-NPs)

wurde

anschließend

durchgeführt.

Die

Oberflächenmorphologie und die chemische Zusammensetzung der Hydrogele wurden
vii

ebenfalls kontrolliert. Die UV-Vis Absorption der Überstände wurde überprüft, um die
Ablagerung von Gold-Nanopartikeln auf Cellulose-Glycin-Hydrogele zu bestätigen.
Cellulosehydrogele mit Au-NPs zeigten vielversprechende Eigenschaften für zukünftige
Anwendungen, beispielsweise könnten sie für weitere antibakterielle Aktivitätstests und
Gewebewachstumsexperimente verwendet werden. Wenn Cellulose-Glycin-Hydrogele
mit Gold-Precursor-Lösungen behandelt wurden, zeigten sie im Vergleich zu ihrer
ursprünglichen Form eine bessere thermische Stabilität.
Diese Arbeit liefert Informationen über die neuartige Synthese von physikalischen
durch

Glycin

vernetzten

Wasseraufnahmevermögen,

Cellulosehydrogelen.
mechanische

und

Ihre

Herstellung,
thermische

Morphologie,
Eigenschaften,

Wiederverwendbarkeit und Stabilität werden detailliert beschrieben. Die Arbeit präsentiert
eine umfassende Studie über die Herstellung, Charakterisierung, Morphologie und
thermischen Eigenschaften von Hydrogelen und validiert die Verwendung von CelluloseGlycin-Hydrogelen für Anwendungen mit abgeschiedenen Goldnanopartikeln.
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Chapter 1.

Introduction

1.1 Motivation
In the last 30 years, there has been an explosion of numbers of research projects in
the fields of hydrogels (Figure 1). Hydrophilic and biocompatible polymers are at the
center of hydrogel research because of their perceived “green” feature. They can be used
as scaffolds in a wide range of biomedical and water purification applications. The variety
of biomaterials together with the precise control of the crosslinking agent and its effect on
the morphology, water uptake capacity, thermal strength, mechanical response and the
stability rationalize the various uses of the hydrogels in biological and high-tech
applications.
Here we highlight a novel development of physically crosslinked cellulose hydrogels
with glycine. We showed how much glycine in the hydrogel composition is more effective
in each aspect of the desired property as chemical or physical interactions determine how
to develop the desirable stability.
Cellulose-glycine hydrogels have a high affinity for water and they do not dissolve
in water due to their physically crosslinked network. Water can easily penetrate between
the polymer chains of cellulose and it causes swelling. In this aspect, hydrogels are
efficient to be used in further biological applications owing to their biocompatibility and their
highly water absorptive character.
The study of the novel cellulose-glycine composition and understanding properties
of these hydrogels will respond to emerging technology problems for high-performance
materials. In spite of the current use of materials in medicine, many biomaterials still lack
the desired properties to integrate them into biological systems.
Significant interest has been shown for the use of cellulose-glycine hydrogels as the
reducing agent and also the scaffold for gold nanoparticle deposition application. These
novel cellulose-glycine hydrogels can be considered to integrate possible sensing
applications in the future. They are suitable candidates to be engineered for optimized
application. Hydrogels with hydrophilic and natural composition demonstrated a
magnificent potential with a variable degree of efficiency for medical applications.
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1.2 State of the Art
1.2.1 Hydrogels
Hydrogels are three–dimensional network structures with a tremendous hydrophilic
absorption capacity. They can be prepared by three ways; irradiation, physical or chemical
crosslinking of hydrophilic polymers1,2,3,4. There has been a great interest in hydrogels in
recent years owing to their swelling5, biodegradability6, biocompatibility7 and nontoxicity8. 1
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Figure 1: Graphic representation of the increase in citations of publications related to
hydrogels. (Scopus Statistics, Access: 11.09.2021)1
They have excellent mechanical properties due to their macroscopic scale.9
Hydrogels are used in multiple platforms ranging from drug delivery10, tissue engineering6,
wound dressing11, water purification5 , actuators12,13, biomedical research14, 3D printing15,
soft machines16 to sensors17.

1 In Figure 1, it can be seen the number of documents that are shown according to Scopus statistics within years when the
keyword „hydrogel“ has been searched. (Access: 11.09.2021)
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1.2.2 Applications of Hydrogels

Figure 2: Examples of application areas for hydrogels.
1.2.2.1 Medical Applications of Hydrogels
Hydrogels are reasonably helpful as they can control the drug release reversibly as
a response to external stimuli. The drug release can be adjusted according to a target by
matching the specific sites with the physiological needs. The human gastrointestinal tract
pH is between 1 – 7.5. More specifically, while the pH of saliva ranges from 5 to 6, the pH
of stomach has a range from 1 to 3. For intestine and colon, the range has been reported
as 6.6 – 7.5 and 6.4 - 7.0, respectively4, 18.
For instance, if the intestine delivery is aimed by the hydrogel; hydrogel systems that
obtain insignificant swelling property at acidic pH (not to be decomposed in the stomach)
and a maximum swelling at neutral pH will be great applicants as oral drug carriers4,

18.

Dai et al. prepared succinyl chitosan – alginate hydrogel beads and investigated controlled
nifedipine delivery behavior of the hydrogel beads19. For these hydrogels, water absorption
3

ability is contracted in the stomach, however swelling is encouraged in the intestine
because of the pH change. The hydrogel beads released 11% of nifedipine loading at pH
1.5, while this release rate increased to 76% at pH 7.4

19.

These results suggested

hydrogels as a potential carrier of drug delivery in the intestinal area.
Amin et al. studied thermo- and pH-responsive bacterial cellulose – acrylic acid
hydrogels for drug delivery20. They fabricated bacterial cellulose with different amounts of
acrylic acid by electron beam irradiation. FTIR results indicated that acrylic acid was
grafted onto cellulose fibers. The pore size of these thermally stable hydrogels was
determined by irradiation amount and acrylic acid proportion. Pore size decreases if acrylic
acid amount increases20. Swelling studies resulted in thermal and pH-responsive
hydrogels and suggested these cellulose/acrylic acid composition hydrogels as promising
candidates for drug delivery systems. Swelling ratios increased when the pH increases
because of the ionization of acrylic acid at high pH values with a maximum of pH 7 20. The
high swelling ability owes to the hydrophilic groups that are hydrated in the aqueous
environment. Due to their water-absorbing ability, they are investigated for the applications
like contact lenses21,22, immobilization of protein23,24, cell encapsulation25, controlled
release of drugs26.
Another example for targeted hydrogels is thermoset hydrogels systems.
Temperature responsive polymers are suitable candidates for injectable delivery of
therapeutics. Chen et al. investigated thermally sensitive neutral solutions based on
chitosan – carboxymethyl cellulose combinations27. The formulations obtained a
physiological pH and encapsulated by living cells. They were held in the liquid form below
ambient temperature. When they were injected into the body in the form of a liquid, they
served as a targeted drug carrier as the body temperature is above the lower critical
solution temperature (LCST). The liquid formulations enabled in situ gel implants by
forming monolithic gels. Developing such high technology hydrogels are crucial as the
disadvantages of operating a surgery might disappear when such hydrogels systems can
be used extensively4, 27.
Porous cellulose structures are successful candidates for supportive structures for
cell culture due to biocompatibility and adjustable porosity. Müller et al. activated nonwoven cellulose II fabrics in a Ca(OH)2 solution and coated these scaffolds with a calcium
phosphate layer28. After the coating, chondrocyte cell response of these scaffolds was
investigated for cartilage tissue engineering application. The cell adherence was improved
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when it was compared to untreated cellulose samples. The proliferation of the adhered
chondrocytes is an excellent sign for the biocompatibility of the investigated samples.
Hydrogels are also optimal structures to be used for wound dressing. They can
allow gaseous exchange due to their porous structure and provide moisture within their
high swelling ratio. Keeping the temperature constant, wound protection against
contamination, increasing the healing speed and reducing pain are among its advantages4.
For instance, Gonzàlez et al. prepared poly(vinyl)alcohol – cellulose nanocomposite
hydrogels by freeze-thawing technique and investigated their morphological, physical,
thermal, mechanical and antibacterial properties29. The cellulose nanowhisker amount in
the nanocomposite hydrogels varied as 0, 1, 3, 5 and 7% in the composition. After cellulose
incorporation into the polyvinylalcohol matrix of the hydrogel, thermal stability and
mechanical properties were improved and the nanocomposite samples resulted as
promising wound barrier candidates. Further properties of nanocomposite samples and
how they interact with cells as a wound barrier are yet to be answered.
1.2.2.2 Wastewater Treatment Applications of Hydrogels
Hydrogels are incredibly advantageous for water purification applications as they
have high absorbance and adsorbance capacity (for cationic or anionic dyes), network
structure and presence of functional groups4. Li et al. investigated the mechanisms of
copper adsorption on chitosan/cellulose hydrogel beads.30 They blended chitosan with
cellulose in order to prepare the hydrogel beads and followed by crosslinking with ethylene
glycol diglycidyl ether (EDGE). Cellulose addition led to a dense material and better
chemical stability at low pH values. The adsorption isotherm of the beads fit the Langmuir
model. However the adsorption isotherm of the crosslinked beads fit the Freundlich model.
In both ways, they showed great Copper adsorption capacities. FTIR and XPS also proved
that copper adsorption occurred due to nitrogen atoms in chitosan for surface modification.
Removal of dyes from wastewater has great importance due to their toxic nature
towards humans. In Palantoken et al., a novel method with chitosan - halloysite nanotube
composite hydrogels was investigated for their dye adsorption capacities. They
demonstrated that neat chitosan hydrogels resulted as a selective and good adsorbent for
anionic dyes (bromocresol green – 16.5 mg/g), while chitosan – halloysite composite
hydrogels established higher cationic dye (Nile blue –14 mg/g) adsorption capacity5. Their
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results suggested that chitosan – halloysite composite hydrogels are better candidates for
the removal of dyes from wastewater compared to neat chitosan hydrogels.
1.2.2.3 Robotics Applications of Hydrogels
Cellulose hybrid hydrogels can be used as actuators as they shrink/swell differently
on anode and cathode. They bend towards one electrode more than the other side4, 31.
Zhao et al. fabricated cellulose bilayer hydrogel actuators responsive to temperature and
near-infrared laser32. A novel type of nanocomposite hydrogel actuator with nanofibrillated
cellulose and poly N-isopropylacrylamide was prepared with in situ free radical
polymerization at one step. The two layers in the structure were bonded tightly. Their
results showed that the cross-density of the hydrogels were improved if the cellulose
amount in the structure increased32. In addition, it was demonstrated that the strength and
the deswelling rate of the nanocomposite hydrogel actuator increased; while strain,
bending degree and swelling degree decreased32. The bilayer hydrogel had a
smart/responsive property. It was aimed to be used as a soft temperature-controlled
manipulator due to the bending/unbending behavior in air and water in addition to its further
medicine and soft robotics applications.
Biocompatible and natural materials mimicking soft tissues in the human body have
great importance in the design of medical devices16. Millon et al. studied a novel
nanocomposite of polyvinylalcohol – cellulose system for biomedical applications33. They
suggested that a solid hydrogel with good mechanical properties can be fabricated with
polyvinyl alcohol and cellulose fibers. Their resulting nanocomposites showed great
similarity to cardiovascular tissues.
Hydrogel rheology has been a popular topic in the last decade to improve 3D
printing. Shao et al. investigated cellulose and lignosulfonate blends as carbon precursors
such that they could be manufactured of carbon objects in 3D printers with a syringe-type
gel extruder equipment34. Flow mode and thixotropic modes were investigated for the
characterization of the hydrogel rheology. The results of these tests were used for the
formulation of 3D printing of square cuboids which can be used for biomedical
applications34. With 2% of microfibrillated cellulose in the composition, the structure
showed remarkable printability and lignosulfonate addition led to a decrease in the yield
stress. Above 50% of sulfonate, viscosity increased which slowed the flow of the hydrogel
composition and led to minor deformation of the printed cuboids.
6

Smart materials give response to external changes such as heat, electricity, aqua
and pH. Fabrication of smart materials with renewable resources attracts enormous
interest. Chen et al. prepared cellulose – graphene composites by in situ chemical
reduction of graphene oxide for sensor applications35. Initially graphene oxide was
dispersed and cellulose was dissolved in alkaline-urea aqueous solutions. Graphene oxide
was reduced subsequently with in situ methods. 5% (w/w) reduced graphene oxide
composition in the structure resulted as a suitable candidate for a multifunctional sensor
film as they are responsive to temperature, humidity, stress and liquids by changes in
electrical resistance.
It is clear that hydrogels are remarkably popular in many fields including but not
limited to medical, wastewater treatment and robotics applications. It is considered that
their various advantages will trigger their usage in many high technology areas in future
studies.
1.2.3 Types of Hydrogels
Hydrogels vary depending on their preparation methods in terms of the solvent
system the crosslinking type and their origin. The origin of hydrogels are categorized as
natural (biopolymer - based) and synthetic. Biopolymer based hydrogels bring the
advantage of biocompatibility, biodegradability and tissue mimicking feature. Their
applications focus on the areas of hygiene36, agriculture37, biomedical materials38, pollutant
adsorbent39 and biosensors40, 4. On the other hand, synthetic hydrogels have no obligation
for being biocompatibility. Synthetic hydrogels are favored for the higher possibilities of the
functionalization.
1.2.4 Crosslinking in Hydrogels
Crosslinking is described as forming covalent bonds between different polymer
chains. It results in a three-dimensional network of chains connecting internally.
Crosslinked polymers have more rigidity, hardness, a higher melting point than the
polymers that are not crosslinked. All rigid plastics are crosslinked4.
There are „crosslinks“ which prevent the dissolution of the polymer chains into the aqueous
phase and help build a network structure. Initially, hydrophilic polymers that dissolve in
aqueous solutions have no entanglement of chains. After crosslinking of the different
polymer chains, networks show visco-elastic or pure elastic behaviour41. Hydrogels can
7

be obtained via chemical crosslinking (with covalent crosslinks) or physical crosslinking
(without covalent crosslinks)4, 41.
1.2.4.1 Chemically Crosslinked Hydrogels
Chemical crosslinking can occur due to radical polymerization, chemical reaction
of complementary groups such as aldehydes, addition reactions, condensation reactions,
high energy irradiation, and using enzymes10,41. Water soluble polymers obtain the
solubility properties because of the functional groups present on them (-OH, -COOH, NH2). Functional groups with complementary reactivity establish the covalent linkages
between polymer chains. Amine and carboxylic acid, isocyanate – OH/ NH2 reaction or
Schiff base can be examples of this property41.
Yu et al. investigated the chemical crosslinking of glutaraldehyde with
carboxymethyl chitosan and polyethylene oxide- polypropylene oxide- polyethylene oxide
block copolymer in order to obtain a hydrogel system to be used for ophthalmic drug
delivery applications42. The hydrogels that were prepared at 35 °C and 7.4 pH showed
great swelling properties as they have larger pores compared to the other samples. Cell
counting Kit 8 assay that they used in their study indicated that the hydrogels are not
cytotoxic to human corneal epithelial cells and they could be a suitable candidate for
ophthalmic delivery systems such as the drug nepafenac.
Hyaluronic acid is a crucial polysaccharide that is found in many human cells and
tissues. It can be modified into viscoelastic solutions, soft hydrogels or macraporous
sponges such that it can be used in the clinical settings. Crosslinking chemistry of
hyaluronic acid would help the regenerative medicine work with tissue injection or cell
encapsulation.43 The hydrogel films of hyaluronic acid are obtained crosslinking with
poly(ethylene glycol)-propiondialdehyde. These hydrogels were applied at anti-bacterial
and anti-inflammatory drug release in a controlled way44. These kinds of hydrogels have
potential to apply as a delivery matrix sustained release of nourishing agents on the facial
skin. Therefore, hyaluronic acid hydrogels have been of a great interest in cosmetic
industry.
Hydrogels are established with water – soluble polymers and bis functional
crosslinking agents via addition reactions. The advantage here is the tailoring the network
properties with the amount of the crosslinking agent and the concentration of the polymer.
Organic solvents are preferred to carry out the polymerization so that water does not react
8

with the crosslinking agent. The hydrogels are generally extracted after the gel formation
to remove toxic agents if they are aimed for pharmaceutical applications41.
Polyester or polyamide hydrogels are obtained from the condensation reactions
between hydroxyl groups or amines with carboxylic acids41. Shalaby et al. invented
polyester copolymers which are self-solvating, absorbable and hydrogel forming45. These
novel polyester copolymers provide a protective barrier in a post-surgical treatment such
as blood vessels or in tissue regeneration of vaginal, nail or skin infections. Moreover,
Rathore et al. invented hydrogels with acyclic polyamides46. These hydrogels can be a
suitable candidate to be used in biomedical devices such as contact lenses.
Water soluble polymers that have vinyl groups can be polymerized by high energy
irradiation either with gamma or an electron beam. Hydrogels can be obtained with a
monofunctional acrylate and a crosslinker by applying radiation – induced polymerization
which eliminates the need of an additional vinyl groups to crosslink41. Polyvinyl alcohol47,
polyethylene glycol48 and polyacrylic acid49 hydrogel studies are good examples for water
soluble polymers.
Schmedlen et al. studied photocrosslinkable polyvinyl alcohol hydrogels by
modifying these hydrogels with cell adhesion peptides for the area of tissue engineering47.
The hydrogels were investigated to obtain good mechanical properties. It was
hypothesized that Young’s modulus and the tensile strength of the hydrogels should
increase upon increasing the polymer concentration. The elasticity of the hydrogels was
tailored with the number of the crosslinking functional groups per chain. Cells in the
hydrogel scaffold were claimed to provide extracellular matrix proteins as hydroxyproline
production increases during culture47. According to this study, photopolymerized polyvinyl
alcohol hydrogel scaffolds unfolded to be a good candidate for tissue engineering.
Hahn et al. developed polyethylene glycol – diacrylate hydrogels to study patterning
of deformable and solvated substrates48. In this study, a precursor solution of monoacryloyl
polyethylene glycol peptide and photoinitiator were placed onto hydrogels. They showed
that UV irradiation time and the concentration of the precursor solution affected the peptide
immobilization, and the demonstration of peptide binding concentration were controlled by
these parameters.
Park et al. proposed mucoadhesion of polyacrylic acid hydrogels49. They initially
synthesized acrylic acid – acrylamide copolymers followed by the examination of the
adhesion strength of the crosslinked polymers. The parameters pH, crosslinking agent
concentration, swelling degree and the density of carboxyl groups onto the adhesion
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strength were investigated. The study demonstrated that 80% of the vinyl groups must
have protonated carboxyl groups as mucoadhesion depends on pH and the density of
carboxylic acid. Furthermore, the strength of the mucoadhesion increased in a crosslinking
agent density dependent manner49. Their results strongly suggested that mucoadhesion
is more likely to occur if the polymers have functional groups which can form hydrogen
bonds above 80% vinyl polymers49.
Radiation-induced crosslinking can be done in aqueous environment, room temperature
and a certain pH to form covalent bonding4. It is also very advantageous as toxic
crosslinking agents are not necessary41. On the other hand, attention should be paid on
the possible radicals which occur during irradiation. These radicals might be harmful
against the biologically active substance if the hydrogels are aimed to be used in
pharmaceuticals after being loaded. If the crosslink consists of C – C bonds, the hydrogels
cannot be considered as biodegradable41. Degradation is also another important issue to
be dealt with at high energy doses and low concentrations of the polymer since the network
structure could be destructed and the tensile strength would decrease4.
Enzyme usage is another alternative for chemical crosslinking. Glutaraldehyde can
be a good example for the immobilization of enzymes and crosslinking polymers with
amine groups under mild conditions50. It is a mild crosslinking agent which is also known
as a toxic compound. Water soluble polymers that obtain hydroxyl groups are crosslinked
with glutaraldehyde50. The reaction occurs in aqueous buffer solution at physiological pH,
temperature and ionic strength. Low pH, high temperature, methanol addition as the
quencher take place in order to crosslink41. This method has been tremendously
convenient for the crosslinking of proteins50.
It can be concluded that chemical crosslinking is a useful method with the
advantage of mechanically stable hydrogels together with the disadvantage of toxic
crosslinking agents which might give side reactions in the hydrogel matrix10, 41.
1.2.4.2 Physically Crosslinked Hydrogels
Physical crosslinking can occur due to ionic reactions, crystallization in
homopolymer systems, stereocomplex formation, chain entanglements, van der Waals
forces, hydrophobic or electronic associations, amphiphilic block and graft copolymers,
hydrogen bonds and protein interactions41, 4. It is an alternative method to avoid all the
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drawbacks related to the toxicity of the crosslinking agents that are used in chemically
crosslinked hydrogels41.
For physical crosslinking by ionic interactions, alginate can be a good example.
Banerjee et al. prepared alginate – methyl cellulose blend hydrogel beads and investigated
the parameters like polymer concentration, time of gelation, the crosslinker amount in the
structure and the rate of drug release51. The drug loaded hydrogel beads showed a shift
of bands and demonstrated the physical crosslinking between the two polymers and Al3+
ions.
Polycations are also crosslinked by ionic interactions. Chitosan is an example to
the polycations, and chitosan composite hydrogels were obtained by physical crosslinking
via hydrogen bonding and ionic interactions. Halloysite loading at different percentages
also helped the formation of three – dimensional assembly. These chitosan – halloysite
nanocomposite hydrogels show great swelling capacity (3300 %), compression modulus
(2.96 kPa), compression strength (14.14 kPa) and toughness (4.55 N/mm) depending on
the amount of reinforcing agent. Moreover, chitosan – halloysite hydrogels have a high
adsorption capacity (16.5 mg/g – anionic dye, 0.4 mg/g – cationic dye)5.
Multiblock copolymers or graft copolymers are also widely used to obtain physically
crosslinked hydrogels. Graft copolymers have a water – soluble polymer backbone and
hydrophobic units that are attached to the backbone or they have hydrophobic chains with
water – soluble grafts41.
1.2.5 Cellulose Hydrogels and Their Applications
Cellulose is the most abundant biopolymer on earth, almost an inexhaustible source.
Cellulose is processed with low cost, low density (1.5 – 1.6 g/cm3), high tensile strength
(~450 MPa – crystalline cellulose), high Young’s modulus (~120 GPa – crystalline region).
These properties make cellulose appealing for several applications52. Furthermore,
cellulose is biocompatible rather than sol-gel matrices, polymers and carbon materials.
Encapsulated enzymes do not lose their bioactivity very easily when cellulose is used as
a template and it is severely helpful for biomedical applications.
There has been a great interest in hydrogel preparation using cellulose. It consists
of a straight chain of ß-(1-4)-linked D-glucose units. The copious amount of hydrophilic
functional groups (-hydroxyl) on the cellulose backbones enable it to be a good candidate
for an adsorbent hydrogel system4, 53, 54. The use of cellulose as the main matrix in the
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hydrogels is a relatively new field in polymer chemistry and has generated considerable
interest in the past two decades.
Functionalization of cellulose has always been considered as an interesting topic
although fabrication of a novel hydrogel is not at the major concern of the research project.
Many scientists have investigated functionalization for water purification, antimicrobial
applications, internet of things (IoT) or sensors55. Copper adsorption of cellulose – based
materials varies from 0.037 to 6.84 mmol/g. Copper coupled cellulose can be used in
textiles for medical supplies as copper is selectively toxic towards pathogens56.
Furthermore, copper or silver functionalized cellulose was found to disturb the bacterial
growth56.

Figure 3: Molecular structure of cellulose.
Cellulose hydrogels are mostly prepared with a two-step process. Initially, cellulose
is dissolved and then crosslinking takes place. Dissolving cellulose can be troublesome
because of the inter- and intra- molecular hydrogen bonds between the chains of the
polymer. Cellulose hydrogel preparation requires ionic liquids57, deep eutectic solvents58,
alkali or alkali/(thio)urea59 aqueous systems4. Providing an alkali aqueous system at low
temperature is one of those alternatives60.
In Santos et al., a cellulosic matrix was functionalized with an ionic liquid of 1 (trimethoxy silylpropyl) - 3-methylimidazolium chloride and used as a novel Losartancontrolled-release material57. The ionic liquid functions as a solvent and a surface
modifying agent simultaneously with the aim to improve the drug loading capacity. The
more acidic the medium is the higher release rate of Losartan occur due to the hydrolysis
of Si – O bond.
In another study, cellulose nanocrystals were extracted from grape pomace with
deep eutectic solvents58. These cellulose nanocrystals were used to prepare self-healing
nanocomposite hydrogels58. During the extraction of cellulose nanocrystals, carboxyl
functional groups were modified with in situ esterification. The novel fabricated cellulose
hydrogels resulted with 93% self-healing capacity and 4.7 MPa mechanical strength58.
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A good example of urea aqueous system usage was demonstrated in a recent
study. In Yang et al., cellulose pulp was dissolved in a cold LiOH – urea solvent system
and crosslinked with methylenebisacrylamide. This method allowed them to obtain a
hydrogel with outstanding swelling degree59. They cured the cellulose hydrogel at 60°C for
30 minutes and it resulted with a 220% swelling degree. This study proposed a basic
Michael addition mechanism based on chemical crosslinking.
Another interesting research about cellulose hydrogels has been conducted by Gao et al.61
pH responsive and biodegradable hydrogels were prepared with carboxymethyl cellulose
and polyacrylic acid in order to be used in the field of oral insulin delivery. While these
hydrogels deswelled in acidic artificial gastric fluid, they reswelled in neutral artificial
intestinal fluid. Therefore, selective enzymatic degradation and drug release from insulin
loaded hydrogels in the gastric fluid occurred concomitantly. The insulin loaded hydrogels
in this research led to the continuous reduction of the fasting blood glucose level. They
also displayed pharmacological availability over ten times compared to free insulin solution
which was also orally conducted.
1.2.6 Glycine as a Crosslinking Agent
Although the dissolution of both cellulose and glycine in alkaline conditions were
extensively studied, the self-assembly of cellulose in in NaOH/glycine solvent system was
not previously reported. One of the aims of this project was to prepare natural and
biocompatible cellulose hydrogels with a high water uptake capacity, thermal and
mechanical strength using self-assembly of cellulose. As reported in our previous work,
novelty of these cellulose hydrogels lies at the direct dissolution of microcrystalline
cellulose in NaOH, followed by the addition glycine60. The details of the study are explained
in the following chapters.

Figure 4: Molecular structure of the crosslinking agent (glycine).
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1.2.7 Gold Nanoparticles Synthesis
Gold nanoparticles (AuNPs) attract interest because of their biological, catalytical
and optical properties. The synthesis methods of gold nanoparticles are investigated with
different types of reducing agents and growth mechanisms so that the size and shape for
different applications can be controlled. There are two main approaches to follow to obtain
gold nanoparticles. They are classified as „top down“ and „bottom up“ approaches. Bottom
up approach comprises of in situ and seed-growth methods. The nucleation and growth
are completed simultaneously during in situ growth mechanism62. Well known in situ
synthesis methods are Turkevich63, Brust-Schiffrin64-

and Schmid’s Au55 cluster and

phosphorous ligands65. Colloidal gold nanoparticle size is crucial depending on the
application area and the reducing agent strength plays a huge role to obtain the right sized
nanoparticle. A strong reducing agent like NaBH4 leads to 1 - 2.5 nm radius gold
nanoparticles whereas a weaker reducing agent of sodium citrate (Ctr) – as used in
Turkevich method - lead to 5 – 28 nm radius66. Wuithschick et al. also contributed to
literature by explaining the growth mechanism of the Turkevich synthesis and all the
parameters that affect the particle growth67.
Bottom up synthesis of gold nanoparticles can be controlled by various experimental
factors such as the type of the stabilizing agent and the reducing agent68. Size control of
the nanoparticles during the solution phase synthesis has been extensively investigated.
Four different reducing agents; ascorbic acid (AA), hydroquinone (HQ), Ctr, and NaBH4
together with the precursor gold(I)chloride (AuCl) are used to understand the bottom up
mechanosynthesis (BUMS) of gold nanoparticles. The strength of the reducing agents
follows the order of NaBH4 > AA > HQ > Ctr in the solution. This study demonstrated that
the relative strength of the reducing agents against AgCl follows the order HQ > AA > Ctr
> NaBH4. The mechanosynthesis of gold nanoparticles is compelling and may not follow
the conventional classification of the agents in the solution. Depending on the method
applied to prepare gold nanoparticles, their behavior might differ in reducing agent
solutions. While NaBH4 is considered as a strong reducing agent in solution, it transpired
to be the weakest reducing agent for gold nanoparticles compared to the others in this
study68. Strikingly, it was shown that gold nanoparticles failed to reduce the starting
material AuCl completely in NaBH4 solution. Likewise, when hydroquinone was evaluated
as a weak reducing agent in solution, it resulted a complete reduction of AuCl under bottom
up mechanosynthesis conditions in a short period of time (15 min)68.
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According to the previous work in the literature, faster reductions during syntheses
result in smaller nanoparticles within the solution. On the contrary, the size of the gold
nanoparticles is not directly affected from the speed of AuCl3 reduction under bottom up
mechanosynthesis conditions. While the slowest reducing agent result the smallest
nanoparticles, larger ones are obtained by using faster reducing agents. General rules that
are obtained from the literature about the nanoparticle synthesis in solution do not follow
their mechanosynthesis results for gold particles68.
1.2.7.1 Gold Nanoparticles Synthesis with Polysaccharides
Many

research

groups

focused

on

gold

nanoparticle

synthesis

with

polysaccharides and cellulose as cellulose functionalization has broad application areas
ranging from water purification to antimicrobial applications55. Metal nanoparticles and
multifunctional nanocellulose are used predominantly in green templated hybrid
nanomaterials69. Hydrogels of cellulose derivation with gold nanoparticles have also been
studied. g-C3N4 nanosheets loaded with gold nanoparticles were located on cellulose
hydrogels to create binding sites for antibody and antigens70. Another study was focused
on embedding nano gold onto the porous network structure of cellulose – grafted
polyacrylamide hydrogels71. These structures were used in clinical studies for in vitro
release of ciprofloxacin, i.e. an antibiotic widely used for the treatment or prevention of
certain bacteria71. Finally, to investigate a drug delivery system, a novel type of thermo –
responsive hydrogel is coated with gold nanoparticles72.
1.2.7.2 The Modification of Cellulose Hydrogels
Great attention has been paid to cellulose hydrogel modification for thermal
stability60, mechanical strength73, anti-bacterial properties, flame retardancy, hydrophilicity,
hydrophobicity, optical tunability74, UV-protection, wound healing75,76, network structure77,
gelation time77, carrying alkynes78 and self – healing property73. In Sun et al., poly(Nisopropylacrylamide) – cellulose nanocrystal hydrogel films were prepared with different
optical properties. Their results showed that the LCST decreased by 15°C after cellulose
incorporation into the poly(N-isopropylamide) hydrogel matrix74. Another study used
curcumin to load in the gelatin/cellulose hydrogels as an antimicrobial agent for wound
healing applications75. In another study, carboxymethyl chitosan and dialdehyde
microfibrillated cellulose showed to form a composite hydrogel with a high compression
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strength in a short period of time77. Cellulose hydrogels carrying lactosides are prepared
meanwhile carbohydrate – carbohydrate interactions are studied by the artificial
glycoclusters78. 4-vinylpyridine and cellulose nanocrystal hydrogels (P4VP-CNCs) are
investigated with great mechanical (920% - strain) and self – healing (85%) properties73.
Sodium carboxymethyl cellulose and reduced graphene oxide are used to prepare a film
wound dressing against S. aureus (81% efficiency) and P. aeruginosa (50%)76. These
studies and many others that are not included here clearly demonstrate that cellulose
hydrogel modification is sought as a potential solution in many fields and their total capacity
remains elusive.
1.2.7.3 The Modification of Cellulose with Gold Nanoparticles
Cellulose has no antibacterial property by itself as a possible candidate against
wound infection applications4. However, metal or metal oxide nanoparticles are
impregnated into the cellulose hydrogels to aim anti-bacterial property for the substrate79,
80.

Yadollahi et al. synthesized carboxymethyl cellulose – ZnO nanocomposite
hydrogels via in situ formation of ZnO nanoparticles within hydrogels79. ZnO nanoparticles
were confirmed by X – ray diffraction, UV – vis spectroscopy and scanning electron
microscopy. ZnO particles were formed in the range of 10 – 20 nm within the cellulose
hydrogels. These cellulose nanocomposite hydrogels showed antibacterial properties
against E. coli and S. Aureous bacteria and they had potential for biomedical applications.
Another interesting study has been conducted by Gutierrez et al. involved 3D
printing of antimicrobial alginate-cellulose composite hydrogels by incorporating copper
nanostructures into the hydrogel matrix80. Sodium borohydride was used as a reducing
agent for the previously formed hydrogels to form in situ clusters of copper nanoparticles
in the alginate hydrogel matrix. 3D structures of copper embedded in the hydrogel showed
antimicrobial behaviour against E. coli and S. Aureous bacteria.
Gold nanoparticles are synthesized by various methods such as by reducing gold salts in situ method - like tetrachloroauric acid, by a seeded-growth method, nanosphere
lithography, two-phase reaction systems, electron beam lithography and photolithography.
Seeded method has been preferred excessively in the literature mainly because the
particles are formed in a stepwise fashion where enlargement of the particle occurs in each
step.
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Gold nanoparticles can be biocompatible and inert depending on the concentration,
particle size and surface functional groups attached to them52. These features enable them
to be good candidates suitable for medical applications like photothermal therapy and cell
imaging. They are applied to surface enhanced Raman scattering (SERS) to help organic
molecules be detected on the metal surface. Surface-enhanced Raman scattering has the
combination of two effects. The first one is that the localized surface plasmon (LSP)
enhances the local electromagnetic field. The second one is the resonant charge transfer
between the metal surface and the molecule. The combination of both effects increases
the Raman intensity, in return SERS becomes quite useful for higher molecular sensitivity.
Gold nanoparticles are also used as catalysts in organic transformation reactions,
batteries, electrochemical biosensors and magnetic materials. The possibility of using
cellulose as the template for such gold nanoparticles is found to be compelling52. Cellulose
would be biodegradable after it is used as electrocatalysts together with gold nanoparticles.
It is considered more advantageous than carbon nanotubes as it does not bring toxicity
problems within.
Cellulose – gold nanoparticle hybrid materials are conducted with various methods
such as in situ gold reduction, dip coating and blending52. The advantage of gold
nanoparticles onto cellulose scaffolds brings the possibility of obtaining functional
materials with great catalytic, sensing, antioxidant, antimicrobial and Surface-Enhanced
Raman Scattering (SERS) properties.
Tunable size and shape gold nanoparticles were prepared with various solutions of
gold and salts and cellulose solutions in ionic liquids52,81. Cellulose in these studies
performed as both the reducing agent and the template between the temperatures 100°C
and 200°C. According to their results, the size and morphology of the gold nanoparticles
relied on the reaction temperature. Surprisingly, the amount of cellulose concentration had
a less significant effect on the morphology of the gold nanoparticles than expected. The
cellulose dissolved in the ionic liquid 1-butyl-3-methylimidazolium chloride (BMIM) worked
as a template. While particles at low concentrations and low temperatures (<160°C)
obtained a flat surface, they had a significantly rougher surface at higher cellulose
concentrations. This study strongly suggested that cellulose can function as a morphology
and size directing agent.
In situ reduction of gold by using a chemically modified cellulose is a common method as
it brings tremendous advantage by the fact that the attached groups function as both the
reducing agent before the nanoparticle formation and the stabilizer for the resulting gold
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nanoparticles. These modified celluloses include cellulose ether82,83, thiolabeled
cellulose84, cellulose lipoate85, cellulose triacetate86, and quaternary ammonium
cellulose87,52.
In

Dong

et

al.

cellulose

fibers

were

treated

with

(2,3-

epoxypropyl)trimethylammonium chloride solution so that the epoxide can react to the
hydroxyl groups52,82. Next, the ammonium ions were grafted to the cellulose by enabling it
cationic. The in situ synthesis occurred when negative gold complex ions were adsorbed
on the cellulose fibers due to their cationic feature. Finally, gold ions were fully reduced
with NaBH4.
Another research group was also used cellulose ethers and carboxymethyl
cellulose in order to produce gold nanoparticles52,83. An aqueous solution of the cellulose
derivative, tetrachloroauric acid precursor and K2CO3 were mixed at 95°C for about 30
minutes. The resulting nanoparticles varied between 20 to 100 nm. According to this study,
nanoparticle stabilization occurred in two stages: The ionized carboxyl groups of cellulose
stabilized the gold nanoparticles, followed by the rearrangement of the stabilizing
environment.
Gold nanoparticles can also be prepared with thiolabeled cellulose via spontaneous
chemisorption52,84. Briefly, cellulose powder was dissolved in 80% N-methylmorpholine-Noxide

(NMMO)/H2O

at

100°C,

then

thiosemicarbazide

was

added

at

65°C.

Tetrachloroauric acid solution was added dropwise to cellulose-thiosemicarbazide mixture
and stirred for 15 minutes. Au NPs were obtained in this solution and no further reducing
agent was required as nanoparticles were conjugated with cellulose-TSC, which was
verified by XPS. The resulting gold nanoparticles in this study were relatively uniform with
an average diameter of 7 nm.
In Sarbova et al. in situ gold nanoparticles were prepared with cellulose alpha-lipoate as
both the stabilizer and the solubilizer in an aqueous solution52,85. Cellulose alpha lipoate
solution was mixed with tetrachloroauric acid at room temperature and NaBH4 solution
was added for gold nanoparticle formation. The resulting gold nanoparticles were stable
for four weeks and their morphology was spherical or spherical like. They were dispersed
well with an average diameter of 5 nm.
In situ gold nanoparticle synthesis was also conducted with cellulose triacetate,
tetrachloroauric acid and NaBH4 52,86. Cellulose triacetate chain functions as a stabilizer
for gold nanoparticles. A shell morphology was formed around the gold core orienting from
head to tail. Cellulose triacetate – gold nanoparticles are advantageous in terms of stability.
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Degradation does not occur for up to several months. In addition, cellulose triacetate works
as a spacer between the cores of gold nanoparticles and brings the possibility of controlling
the interparticle distance by varying the cellulose triacetate chain length.
In another study, gold nanoparticles were preferred to be reduced directly in a
cellulose solution (quaternized cellulose) by the reducing agent of NaBH4 52,87. The varying
concentrations of quaternary cellulose were prepared with NaOH/urea solutions, which
resulted in various Au content in prepared nanocomposites. According to FTIR spectra,
the cationic chains of the quaternary cellulose led to electrostatic stabilization of the gold
nanoparticles. A uniform particle size distribution was obtained with the gold nanoparticles
synthesized in this study.
In situ reduction of gold in the presence of cellulose can be considered the most
common method to prepare cellulose – gold nanoparticle nanocomposites. The resulting
nanocomposite is often applied as a catalyst or a biosensor.
1.2.7.4 The Modifications of Cellulose Hydrogels with Gold Nanoparticles
A polymer hydrogel network with the combination of a nanoparticle promises a
great functionality in the fields of catalysis, biosensing, medicine, environmental
applications, electronics and drug delivery88. When nanoparticles are obtained on the walls
of the hydrogel structure, the possibility of nanoparticle aggregation decreases while
simultaneously the mechanical strength of the hydrogel increases. According to Thoniyot
et al., there are five approaches to maintain a uniform distribution of the nanoparticles
embedded in a hydrogel template.
The first one describes that hydrogels can be formed in a nanoparticle suspension.
Second, nanoparticles can be embedded physically into the hydrogel after gelation. Third,
nanoparticles can be formed within a preformed gel. Other methods vary as crosslinking
hydrogels using nanoparticles concomitantly and forming hydrogels with nanoparticles,
distinct molecules or polymers88.
Different types of gold nanoparticle – cellulose hydrogel composites have caught the
attention of many research groups52. Despite that the high expense of gold occluded the
possibility of wide-scale gold nanoparticle applications, the scientific studies still obtain a
great value and have made an enormous progress.
In a recent study, cellulose nanofibers were added to prepare micro- and
nanocomposite hydrogels to obtain a durable hydrogel89. Morphological analyses
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indicated a decrease in pore size and well-oriented porous microstructure. Mechanical and
structural network properties were also improved without affecting the hydrophilic and
thermal properties. The compressive stress increased to 4.4 kPa when cellulose nanofiber
was present in the hydrogel composition. Based on XRD results, cellulose nanofiber
incorporated in the hydrogel structure affected the crystallinity, which in return improved
the hydrophilic, structural and the mechanical properties of the hydrogels.
Park et al. introduced bacterial cellulose hydrogels with gold nanoparticles with an
environmentally friendly in situ synthesis method90. Gold nanoparticles were grown on the
surface of bacterial cellulose hydrogels and formed substrates of SERS. Their data
indicated that SERS active sites increased and led to SERS intensity enhancement. 4fluoro-benzenethiol and phenylacetic acid were used as test analytes. Spatially
undeformed and spatially deformed gold nanoparticle-cellulose hydrogel samples were
compared with the test analytes. Phenlyacetic acid detection by the substrate contraction
was found as noteworthy despite the surface gold had a low affinity.
As it has been already emphasized in a previous study that cellulose hydrogels are
notified as “green” reductants and substrates for gold nanoparticles91. A simple method
has been used by Lin et al. to synthesize gold nanoparticles on cellulose hydrogels. In
their study, they controlled the precursor concentration and the reaction temperature in
order to adjust the size of the nanoparticles. After the successful synthesis, they also
conducted the nanocomposite hydrogels testing as an eligible heterogeneous catalyst to
reduce 4-nitrophenol. Their results proposed that small sized nanoparticles have higher
catalytic activities and the highest turnover frequency is 19.4 h-1. Moreover, the hydrogels
can be easily isolated after the catalytic reduction. When they removed the catalyst from
the mixture, the activity of the catalyst almost retained. A slight decrease was observed as
of 6.2% in the fourth cycle due to the release of Au nanoparticles from the hydrogels.
Prusty et al. investigated the release of ciprofloxacin drugs with cellulose grafted
polyacrylamide hybrid nanocomposite hydrogels with nano gold embedded cellulose71.
The release rate of ciprofloxacin resulted as 96% (in vitro) in 5 hours (h). The hybrid
hydrogels in this study can be noted as good carriers towards the release of drugs.
Although cotton fabric studies by embedding gold nanoparticles92 in the structure
was found compelling, there has been no study about gold nanoparticles on cellulose –
glycine hydrogels yet to best of our knowledge. This enables novelty for the experiments
and the results that are explained in this thesis.
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Chapter 2.

Goals of This Thesis

The goal of this thesis is the development of a new method to generate cellulose
hydrogels with new advantageous properties. This includes the development of a
synthesis strategy as well as a comprehensive characterization of the properties of the
materials, specifically with respect to their molecular, supramolecular, morphological
structure and their thermal and mechanical properties. As an important aim, the possibility
of the deposition of gold nanoparticles in the hydrogels was investigated. To reach these
goals, a synthesis strategy of using glycine as crosslinking agent is proposed. For the
functionalization of gold nanoparticles, in situ synthesis is based on the synthesis of
nanoparticles by using cellulose. For the structure characterization, Fourier Transform
Infrared Spectroscopy (FTIR) and Raman spectroscopy will be employed. Moreover, the
morphology and the ultrastructure of the hydrogels will be studied with SEM microscopy.
The thermal properties and mechanical properties will be tested by TGA and uniaxial
testing instrument.
Corresponding to the two aims to,
1) Synthesize a new material type,
2) Prepare gold nanoparticle deposited hydrogels,
the thesis resulted in two parts.
In the first part of the results and discussion section, the investigations of synthesis
and characterization of neat cellulose hydrogels and cellulose–glycine hydrogels will be
discussed. FTIR and Raman spectroscopy are used to learn about the molecular structure
and to elucidate the role of glycine as a chemical or physical crosslinking. SEM images
will be collected to investigate the structure of the hydrogels. Swelling tests will be
conducted, respectively, to learn about the water absorption capacity of the hydrogels, as
this is of importance for further applications. Moreover, the effect of glycine concentration
in the matrix on the compression strength will be discussed. A comprehensive analysis of
the thermal properties of the cellulose – glycine hydrogels will be presented to learn about
the temperature range where they can be considered as stable. The stability of the
hydrogels under other environmental conditions as well as their reusability will be
assessed.
The second part of the description of the results contains the functionalization of
cellulose-glycine hydrogels and their characterization. The cellulose hydrogels and novel
cellulose–glycine hydrogels are aimed to function as the template and also as the reducing
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agent in the gold nanoparticle synthesis. Also here, FTIR and Raman spectroscopy are
applied to learn about the structure oft he hydrogels in the presence of gold nanoparticles.
TEM and SEM images will be collected to characterize gold nanoparticles themselves and
their interaction in the cellulose network structure. As for the neat hydrogels, the thermal
properties of gold nanoparticle functionalized hydrogels will be assessed to learn about
their thermal stability.
The thesis consists of 5 chapters. The description and the discussion of the results
are preceeded by the description of the chemicals, procedures and all the experimental
parameters (Chapter 3). The results of this PhD work and the discussion are described in
Chapter 4. Lastly, Chapter 5 provides a summary of the thesis and the outlook.
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Chapter 3.

Materials and Methods

3.1 Materials
Cellulose powder was obtained from S3 Chemicals and was used without further
purification. It was kept in the oven at 55°C to avoid humidity in the cellulose. Degree of
polymerization is below 350 and the molecular weight of the cellulose is 324 g/mol.
Glycine was obtained from Alfa Aeasar, Germany.
Tetrachloroauric acid solution was gifted from Rademann Lab to be diluted for further
solution preparation.
Ultrapure water (Milli-Q) was provided to prepare the aqueous solutions of 2 M of
NaOH, 5% acetic acid and tetrachloroauric acid solutions.

3.2 Preparation of Pure Cellulose and Cellulose–Glycine Hydrogels
In

this

experiment,

microcrystalline

cellulose

was

dissolved

in

different

concentrations of aqueous NaOH/glycine solvent systems. Various types of hydrogels
were prepared. CL5 denotes the neat cellulose hydrogels while CL5Gly10, CL5Gly20,
CL5Gly30, CL5Gly40 and CL5Gly50 contain glycine solution of 10, 20, 30, 40 and 50 vol %,
respectively of the total NaOH solution.
For CL5 composition, 0.5 g of cellulose was dissolved in 10 ml of NaOH (2 M) and
mixed in an ice bath (0-4°C) for 1 hour vigorously at 500 rpm. An alkaline solution of glycine
(10% w/v) was prepared by dissolving glycine in NaOH (2 M) to be used as a mother
solution for further steps of glycine containing hydrogels. Cellulose was dissolved in NaOH
initially for 1 hour, for the hydrogels that contain glycine. The calculated amount of glycine
solution was added in a dropwise fashion. The mixture was stirred for an additional one
hour in the ice bath. To be clearer, for instance, glycine part of the CL5Gly10 was the 10%
of the whole solution. Therefore, initially 0.5 g of cellulose was added to 9 ml of NaOH and
then 1 ml of glycine solution was added to the mixture drop by drop after one hour.
Hydrogels with different glycine concentration were prepared using the same method with
their respective glycine amounts.
Then, the viscous solution of cellulose was poured into molds and left overnight
covered with an aluminium foil to be aired out under fume hood at room temperature. After
24 hours, the hydrogels were washed with 5% acetic acid for 1 hour for the neutralization
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step. For each 10 ml of sample, 50 ml of acetic acid is used during washing. After the
neutralization, the samples were washed several times until the pH 7 was obtained. The
washing was performed by soaking hydrogels in deionized water for 1 hour. After one hour,
water was decanted and replaced again. The washing step was repeated at least for 10
times to release all the NaOH which had been absorbed during production and until
reaching pH 7.
Lastly, the hydrogels were frozen at -23°C and lyophilized at -76°C at 0.001 mbar (Alpha
1-4 LDPlus Freeze – Dry, Christ). As microcrystalline cellulose is used for the preparation,
the final cellulose hydrogels had a crunchy look rather than an elastic form. With this
method, 50 ml polymer solution can be divided into 5 aliquots to make 5 hydrogel pieces
as shown in Figure 5.

Figure 5: Experimental procedure of the preparation for cellulose and cellulose – glycine
hydrogels.
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3.3 Preparation of Gold Nanoparticles with Cellulose Hydrogels and
with Cellulose-Glycine Hydrogels
Different concentrations of tetrachloroauric acid solutions were prepared for
composite hydrogel production. Cellulose hydrogels were added into these solutions. The
solution and the hydrogel were heated to give the final products of gold nanoparticles. In
this thesis, the gold ions were reduced by the cellulose hydrogels during the gold ions
addition and the heating step. The reducing group is the hydroxy group in cellulose.
Cellulose hydrogels weighed to estimate the amount of the precursor solution to be
used. Cellulose hydrogels were washed for 3 min in deionized water at room temperature.
The washed hydrogels were immersed in HAuCl4 aqueous solutions with different
concentrations (0.2, 0.1, 0.05, 0.05 mM) The weight ratio of aqueous solution to hydrogels
was 100:1. Cellulose hydrogels were incubated in the precursor solution for 10 min at room
temperature before heat treatment. The solution was heated at 70 °C for 90 min in a
shaking water bath. The treated hydrogel was rinsed with deionized water gently and dried
at room temperature.

Figure 6: Experimental steps and the proposed mechanistic pathway for gold
nanoparticles embedded cellulose – glycine nanocomposite hydrogels.
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3.4 Characterization of Pure Cellulose and Cellulose–Glycine
Hydrogels
Gravimetric measurements investigated the water absorption ability of the hydrogels.
The freeze-dried hydrogels were weighed and immersed in deionized water. Timedependent analysis of the swollen hydrogels was performed afterwards. Swollen
hydrogels were removed from the water and weighed again to investigate the timedependent water uptake. All measurements were conducted at 25°C in a water bath. The
swelling ratio was calculated with the following equation:
S % = (mt – m0)/m0 x 100,
where mt is the swollen hydrogel at time t and m0 is the mass of the dry hydrogel.
A modified Adamel Lhomargy DY.20B compression test instrument was used for the
mechanical tests of the wet strength of the hydrogels. A highly sensitive piezo electric force
sensor Kistler 9311B was used as the transducer. It was performed by the charge amplifier
type Kistler 5011. The velocity of the traveling head was closed-loop controlled by software
which was developed in Bundesanstalt für Materialforschung und Prüfung (BAM). The time,
force and the displacement were measured and recorded during the test. Even though the
maximum speed of the travelling head was 1 mm/s, the pressure tests of this study was
performed with a velocity of 0.2 mm/s. The force range was 50 N in the pressure mode.
Furthermore, the force sensor was calibrated with a reference weight of 2 kg. The author
of this thesis would like to thank Dr. Gerhard Kalinka at BAM for helping carry out the
compression tests.
Fourier Transform Infrared (FTIR) Spectroscopy data were recorded using an
attenuated total reflectance (ATR) sampling accessory equipped with a DLa-TGS detector,
by using a diamond prism in a Bruker VERTEX 70v FTIR spectrometer. The spectra were
acquired under the following conditions: incident angle of 45°; 4000-400 cm-1 range. I
would like to thank also Dr. Björn Kobin for guiding me with FTIR.
Raman spectra were collected at 785 nm laser wavelength with the excitation
intensity of 1.4 X 106 W/cm2 which was provided by a continuous-wave diode laser. The
sample was placed on a CaF2 slide and the excitation light was focused on the specimens
through a microscope objective. Raman spectra were obtained for 1-5 s, depending on the
hydrogel sample. The Raman light was collected in backscattering geometry and detected
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by liquid nitrogen–cooled CCD (Horiba, Munich, Germany). The Raman spectra were
frequency calibrated by using a spectrum of acetonitrile – toluene mixture (1:1). Dr. Vesna
Zivanovic is greatly appreciated for Raman analysis.
Thermogravimetric analysis (TGA) measurements were carried out with a
PerkinElmer Pyris 1 TGA. Approximately 9 mg of each sample was loaded into an
alumimum pan and heated from 30 to 800°C with a heating rate of 20°C/min. The
measurements were performed under Argon atmosphere. I would like to thank Dr. Björn
Kobin for helping with the measurements in TGA.
Scanning electron microscopy (SEM) images of the hydrogels were acquired with a
Jeol, JSM – 6060 with the imaging software of SEM Control User Interface V6.55 by JEOL.
The SEM images were taken with an acceleration voltage of 10 kV. The parts of hydrogel
samples were cut and glued on aluminum stubs using a double sided carbon tape and
coated with a thin gold layer (<20 nm) using a Cressington sputter coater 108 auto. I would
like to express my special thanks to Christoph Erdmann for his help in SEM.

3.5 Characterization of Gold Nanoparticles with Cellulose Hydrogels
and with Cellulose-Glycine Hydrogels
Raman spectra were collected at 785 nm laser wavelength with the excitation
intensity of 4 X 105 W/cm2 which was provided by a continuous-wave diode laser. The
sample was placed on a CaF2 slide and the excitation light was focused on the specimens
through a microscope objective. Raman spectra were obtained for 5 seconds depending
on the hydrogel sample. The Raman light was collected in backscattering geometry and
detected by liquid nitrogen – cooled CCD (Horiba, Munich, Germany). The Raman spectra
were frequency calibrated by using a spectrum of acetonitrile – toluene mixture (1:1). Dr.
Fani Madzharova is greatly appreciated for Raman analysis of the gold nanoparticle
deposited hydrogels.
Fourier Transform Infrared (FTIR) Spectroscopy data were recorded using an
attenuated total reflectance (ATR) sampling accessory equipped with a DLa-TGS detector,
by using a diamond prism in a Bruker VERTEX 70v FTIR spectrometer. The spectra were
acquired under the following conditions: incident angle of 45°; 4000-400 cm-1 range. Dr.
Björn Kobin is appreciated for guiding me with FTIR.
Scanning electron microscopy (SEM) images of the hydrogels were acquired with a
Jeol, JSM – 6060 with the imaging software of SEM Control User Interface V6.55 by JEOL.
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The SEM images were taken with an acceleration voltage of 15 kV. The parts of hydrogel
samples were cut and glued on aluminum stubs using a double-sided carbon tape and
coated with a thin gold layer (<20 nm) using a Cressington sputter coater 108 auto. I would
like to express my special thanks to Christoph Erdmann for his help in SEM.
Transition Electron Microscope (TEM) analysis was carrried out using a CM200
LaB6 Philips microscope operated at 200 kV. Deionized water was added to the dry
hydrogels and shaken before depositing a few particles from this mixture. The particles
were deposited on a copper grid which was coated with an amorphous carbon film
(Science Services). The TEM grids were dried in air before the analysis. Speacial thanks
to Dr. Sabrina Diehn for providing the script to be used to measure the gold nanoparticle
size after TEM images are obtained. I would like to express my special thanks to Christoph
Erdmann and Dr. Alexander Birnbaum for their help in TEM.
The optical transmittance measurements were performed with an Evolution 220
spectrometer (Thermo Fischer Scientific) in the wavelength range of 250 – 1000 nm, with
a bandwidth of 2 nm using deionized water as the reference in disposable PMMA cuvettes.
Thermogravimetric analysis (TGA) measurements were carried out with a STA 409PC
Luxx (Netsch). Approximately 9 mg of each sample was loaded into an aluminium pan and
heated from 20 to 700°C with a heating rate of 5°C/min. The measurements were
performed under Argon atmosphere. Daniel Besold is appreciated for his help for TGA
analysis of the gold nanoparticle deposited hydrogels in Helmholtz Zentrum.
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Chapter 4.

Results and Discussion

4.1 Cellulose Hydrogels and Cellulose–Glycine Hydrogels
Parts of this chapter were published in the following paper;
Palantöken S., Bethke K., Zivanovic V., Kalinka G., Kneipp J., Rademann K.,
Cellulose Hydrogels Physically Crosslinked By Glycine: Synthesis, Characterization,
Thermal and Mechanical Properties. Journal Of Applied Polymer Science. 2020;137(7):2325. doi:10.1002/app.48380
Ionic liquids and alkali/urea aqueous solution systems are prominent solvents to
dissolve cellulose91. In this study, NaOH/glycine aqueous systems weakened the
hydrogen bonding of cellulose and dissolved it. More activated hydroxyl groups originated
from the hydrogen bonding interactions in cellulose and led to the bonding interactions
between cellulose chains.
As it is already explained in section 3.2 of this thesis, different compositions of
cellulose–glycine hydrogels were prepared, as listed in Table 1. CL5 refers to the neat
cellulose hydrogels; meanwhile CL5Gly10, CL5Gly20, CL5Gly30, CL5Gly40 and
CL5Gly50 meant that glycine solution of 10, 20, 30, 40 and 50 vol %, were used with
respect to the total NaOH solution.
Table 1: Composition Name, Glycine Solution Amount and NaOH Solution in 10 ml.

Composition

NaOH

Glycine

Name

Solution (ml)

Solution (ml)

CL5

10

0

CL5Gly10

9

1

CL5Gly20

8

2

CL5Gly30

7

3

CL5Gly40

6

4

CL5Gly50

5

5

Three-dimensional network structure is known to establish itself by the hydrogen
bond reconstruction during the regeneration step. Cellulose crystallinity was also based
on the formation of hydrogen bonds.93 As will be demonstrated here in this chapter; the
cellulose – glycine hydrogels which were formed with cellulose II crystallinity were found
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efficient due to high porosity with up to 700% of swelling ratio, mechanical and thermal
stabilities.
4.1.1 Fabrication of Cellulose Hydrogels and Cellulose–Glycine Hydrogels
Cellulose nanocrystals can easily form interparticle hydrogen bonds which leads to
network formation52. The addition of glycine in this study did not necessarily require the
role of a chemical crosslinking agent when it helped the hydrogel formation. Cellulose
formed a hydrogel also in the presence of glycine ions.
The hydrogel was formed by the hydrogen bonding and the ionic interactions in an
alkaline environment and it turned into a viscous solution. The formation of a gel was
achieved by storing the alkaline solutions of cellulose at room temperature under a fume
hood. Once the solutions of cellulose – glycine hydrogels underwent freeze – dry process,
highly porous solid materials with a strong and inelastic structure were obtained.
Microcrystalline cellulose was used for the preparation of the cellulose hydrogels in this
study. Crystallization with the chain association through hydrogen bonding resulted in gel
formation.
The self - assembled cellulose-glycine hydrogel characteristics depended on the
glycine amount in the cellulose solution. The hydrogel bonds were formed when carboxylic
acid groups were protonated. For the neutralization purpose before freeze – dry process,
after 24 hours of self – assembly of cellulose, the gels were washed with 5% acetic acid.
During this acid treatment, it was possible that glycine helped to bond in the cellulose
matrix.
Dissolution in alkali systems are different from other solvent systems as low
temperature treatment is required. The dissolution of polymers in aqueous systems is an
entropy driven process. It means that the entropy of the polymers in dissociated state
increases compared to crystalline state. Cellulose dissolution can be a troublesome topic
that needs to be discussed delicately. One common idea is that hydrogen bond acceptors
(N-O, Cl-, OAc- etc.) or donors (-NH2 in urea or thiourea) in the solvent break up the
hydrogen bonds (intra- and inter-molecular) in the chains via low temperature, heating or
stirring4.
Irreversible physical gels are obtained as they are dried at vacuum. Such hydrogels
show lower degrees of crystallinity than native cellulose. After dissolution and gelation,
cellulose I turns to cellulose II 4.
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Figure 7: Fourier Transform Infrared Spectra of cellulose and cellulose–glycine hydrogels.
Inset shows the corresponding colors of CL5, CL5Gly10, CL5Gly20, CL5Gly30, CL5Gly40
and CL5Gly50 samples. O-H, C-H and C-O stretching vibrations are pointed with black
arrows.
CL5, CL5Gly10, CL5Gly20, CL5Gly30, CL5Gly40 and CL5Gly50 samples have
FTIR spectra and these spectra have the characteristic vibrational bands of cellulose
(Figure 7). O-H, CH and C-O stretching vibrations at 3443, 2895 and 1053 cm-1 were
indicated in the previous literature94. FTIR of the hydrogels did not show the carbonyl
stretching (1734 cm-1) shift in the spectrum demonstrating that glycine played the role of a
physical crosslinker. An amide or an ester band (1680 cm-1) did not occur implying that
there was no chemical crosslinking between glycine and cellulose chains (Figure 8).
There was no gelation at the compositions CL5Gly60, CL5Gly70, CL5Gly80,
CL5Gly90 and CL5Gly100 possibly due to the excessive amount of glycine in the solution.
Raman spectroscopy was very useful for controlling possible covalent bonding of glycine
by checking the characteristic cellulose vibrational band frequencies.
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Figure 8: Fourier Transform Infrared Spectra of cellulose and cellulose–glycine hydrogels.
Inset shows the corresponding colors of CL5, CL5Gly10, CL5Gly20, CL5Gly30, CL5Gly40
and CL5Gly50 samples. C=O stretching vibration is pointed with a black arrow.
The Raman spectra of cellulose and cellulose-glycine hydrogels for the 300 – 1900
cm-1 range are shown in Figure 9. Band assignments of cellulose and glycine overlapped
which made observing a clear broadening or shifting of the band challenging. The changes
between the frequencies were observed as quite small. All cellulose vibration bands were
studied by other groups (Table 2) 95,96. COC stretching mode (1095 cm-1) and HCC, HOC
and COH bending vibrations (1371 cm-1) of cellulose could be observed easily. In
cellulose–glycine hydrogels, NH2 twisting mode at 898 cm-1 and CH2 twisting mode at 1372
cm-1 increased slightly as a function of intensity. In addition, when the glycine amount in
the hydrogels increased, the intensity at these modes showed a tendency to increase97.
With a similar trend, when the cellulose and glycine interactions increased, the intensity of
the skeletal bending and carbon groups movement within the ring units also increased
(350 - 576 cm-1). However, in agreement with what was observed in FTIR spectra, a shift
in Raman spectra was also not observed either.
Polymer chemistry crosslinking is the reason to observe a network structure due to
the multidimensional extension of polymer chains. This crosslinking is divided into two
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categories: physical (ionic) or chemical (covalent) crosslinking. The polymers turn into a
gel from their liquid state because of the crosslinking and the advantages of the crosslinked
polymers lie under their resistance to heat, solvents and wear96. The disadvantage of the
crosslinking agents is their toxic features, however physically crosslinked hydrogels can
be an alternative against toxicity of the crosslinking agents. They are formed by
crystallization, hydrogen bonds, protein interaction, ionic interactions or from block
polymers and amphiphilic graft98,

60.

In this study, physical crosslinking occurred from

hydrogen bonding as the carboxylic acid group in glycine was protonated and swelling
while preparation of the hydrogels depended on pH. Ionic interactions also highly mattered
due to cellulose dissolution in alkaline environment (NaOH - 2 M) in ice bath so that
cellulose chains could extend to structure a multidimensional form (Figure 10)98. FTIR and
Raman spectra led to deduce that there was physical crosslinking rather than chemical
between cellulose and glycine.
There are some techniques to reveal the glycine amount which possibly
incorporated in the hydrogel. A common qualitative gravimetric analysis method is
ninhydrine test. It is conducted for primary amines as they produce an intense blue colour.
In our samples, it was observed only for CL5Gly50 with a slightly blue colour. The principle
was that ninhydrine reacted with the amine groups of the free amino acid that remained in
the hydrogel. Nevertheless, it would be speculative to have such a conclusion for
cellulose–glycine hydrogels because no distinct shift was observed in FTIR and Raman
spectra.
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Table 2: Summary of observed Raman frequencies and band assignments of celluloseglycine hydrogels, based on references.95,96,97

Raman shift
(cm-1)
350
420
460
521
576

Tentative Band Assignment
CCC, COC, OCC, OCO skeletal
bending,
CCH, COH methane bending,
movement of CC, CO groups
within the ring units

898

HCC, HCO bending , NH2 twist

970

HCH bending

1094

COC stretching symmetric

1268

HCH (wagging), HCC, HOC, COH

1371

(rocking) bending, CH2 twist

1459
1557

HCH scissoring bending
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Figure 9: Raman spectrum of cellulose and cellulose–glycine hydrogels. Excitation
wavelength, 785 nm; laser intensity, 1.4 x 106 W cm-2; acquisition time, 5 s; scale bars:
100cps.
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Figure 10: Scheme for physical crosslinking of cellulose hydrogels with glycine. Top row:
Glycine and sodium hydroxide addition to cellulose, middle row: deprotonation of cellulose
and glycine due to sodium hydroxide addition, bottom row: chain extension of the
biopolymer and the hydrogel network formation.
4.1.2 Morphology of Cellulose Hydrogels and Cellulose–Glycine Hydrogels
Morphology of the hydrogels can be crucial depending on the application area that
they are aimed to be used. For instance, if the hydrogels are aimed to be used for protein
molecules loading, the size of the mesh in the network structure of the hydrogel is
important. In this case, the meshes in the network structure must be bigger than the protein.
If the concentrations of the polymer solutions are low, they are considered as
isotropic. However, if the concentration increases, the solution to liquid gel transition is
followed by gelation in order to form a solid gel with an anisotropic structure4. In this study,
the cellulose amount was the same in all compositions of the hydrogels. However, when
cellulose was first dissolved in NaOH, the amount of the initial alkaline solvent was
decreased as much as the increase in glycine amount in the composition in order to keep
the total volume of the alkaline solvent same in each experiment. The gel structure looked
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more organized for CL5Gly20 and CL5Gly30 compositions in SEM images, as the initial
biopolymer concentration was kept high (Figure 11). After addition of 30% of glycine, the
structure collapsed and disentanglement occurred in the hydrogels. In glycine containing
hydrogels, cellulose solution is in a higher concentration in the first hour as glycine solution
is added drop by drop in the second hour of mixing to keep the solvent volume constant
(Table 1).

Figure 11: SEM images of cellulose hydrogels with different compositions of glycine a)
CL5 (X5000 magnification) b) CL5Gly10 (X5000) c) CL5Gly20 (X5000) d) CL5Gly30
(X6500) e) CL5Gly40 (X5000) f) CL5Gly50 (X1500) hydrogels (Jeol, JSM – 6060 with the
imaging software of SEM Control User Interface V6.55 by JEOL)
When the glycine concentration increases, the initial cellulose concentration
increases as well. If the polymer concentration increased, the swelling ratio of the
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cellulose-glycine hydrogels decreased due to the decrease in pore size. It can be said that
the degree of crosslinking might insignificantly affect the swelling properties.
As natural hydrogels are not expected to possess great mechanical strength, they
are aimed to be used at tissue engineering thanks to the advantage of a porous structure
and the biocompatibility they provide. For instance, the pore sizes of scaffolds vary a lot
depending on the specific application area in tissue engineering. The optimum pore sizes
are decided as 5 µm for neovascularization, 20 – 125 µm for adult mammalian skin and
100-350 µm for bone regeneration4.
Pore sizes of hydrogels are affected by the drying methods, biopolymer
concentration and the crosslinking degree4. The morphology and the pore size of the
hydrogels are affected by the freeze-dry process. The obtained hydrogels were highly
brittle when they were not swollen. The surface morphology and the microstructure of the
cellulose–glycine hydrogels were analyzed with SEM. These cellulose hydrogels had
three-dimensional network structure as they are seen in Figure 11 and Figure 12 and the
pores were observed to be evenly distributed. The observed micro – roughness of the
hydrogels is considered beneficial for tissue engineering. Tissue formation, proliferation
and cellular adhesion greatly rely on the microscopic structure of the scaffolds99.

Figure 12: Different magnification SEM images of CL5Gly30 hydrogels a) x1000, 10µm b)
x2500, 10µm c) x5000, 2µm d) x10000, 1µm (Jeol, JSM – 6060 with the imaging software
of SEM Control User Interface V6.55 by JEOL)
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4.1.3 Water Absorption Capacity of Cellulose Hydrogels and Cellulose–Glycine
Hydrogels
The water absorption capacity of the hydrogels is an important parameter for many
application areas. The swelling ratio can be calculated in two different ways. The first one
is the mass ratio of the freshly sample to the dry sample. The second one is the mass ratio
of the swollen hydrogel to the neat, dry sample. In this study, the second method will be
used as the final product of hydrogels are obtained after the last step of freeze-dry and
results will be discussed accordingly. Swelling ratio in % is calculated as follows;
S%= (mt –m0)/m0 × 100
S is the swelling ratio in percent, mt is the weight of the hydrogel at time t and m0
is initial weigh of the hydrogel. Highly porous solid materials with cellulose and glycine
composition were obtained after freeze – dry. The hydration increased with glycine amount
in the composition until 30%, which could be attributed to the pores of CL5Gly30
composition (Figure 13). Some hydrogel compositions in this work were hydrated with
swelling up to 7 times to their dry weight.
As the SEM images of the samples in section 3.1.2 approved, the structure of
CL5Gly40 was more organized due to the optimized amount of glycine in the cellulose
matrix. The high degree of entanglement and more interactions of hydrogen bonding led
to an organized structure with less pore volume and a smaller swelling ratio.
Since the majority of the previous works focuses on the swelling properties of
chemical hydrogels, it is relatively hard to interpret on the swelling ratios of the physical
hydrogels here with their weak structure and relatively low swelling.42, 44, 53 In this sense,
the drying method is specifically critical. Cellulose–glycine hydrogels in this work were
freeze – dried and their micropores structure enabled high swelling capacity. That’s why
the cellulose–glycine hydrogels were produced with a swelling ratio up to 700%.
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Figure 13: a) Swelling curves for cellulose and cellulose-glycine hydrogels. The swelling
degree of cellulose and cellulose–glycine hydrogels were analyzed after the test is
conducted for three times of each sample and the average values of these tests were
taken into consideration. Figure 13a was drawn with the standard deviation and the
standard deviation of each composition can be found in the appendix (Figures A1, A2, A3,
A4, A5 and A6). b) Swelling ratio for repetitive tests of cellulose and cellulose–glycine
hydrogels. Numbers referred to the different repetition.
The swelling ratio of the cellulose hydrogels increased with increasing time until it
reached an equilibrium of swelling and deswelling. This equilibrium state was maintained
for the duration of one hour for the compositions CL5Gly10, CL5Gly20, CL5Gly30 and
CL5Gly40. The swelling degree decreased for the compositions of CL5 and CL5Gly50
because hydrogels separated into smaller pieces60.
The initial water absorption by the cellulose–glycine hydrogels might have resulted
from the microvoids as capillary forces hold water. CL5Gly30 showed the optimum
swelling ratio among cellulose–glycine hydrogel compositions. It can be denoted as this
composition obtained the optimum three dimensional network structure together with SEM
images (Figure 11d). Swelling capacity of the cellulose hydrogels improved from 600% to
700% by glycine incorporation in the polymer matrix during preparation (Figure 13a) 60.
In conclusion, the presence of glycine in the hydrogels provoked a variation in the
swelling degree of the hydrogels. The highest water uptake was observed with hydrogel
CL5Gly30. This composition was more hydrophilic than the rest of the hydrogels. When
the hydrogel network became more compact, water molecules could not penetrate into the
hydrogel easily. Our data strongly suggested that the hydrophilicity and the water
absorption ability of the hydrogels decreased when swelling degree decreased.
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4.1.4 Mechanical Properties of Cellulose Hydrogels and Cellulose–Glycine
Hydrogels
The mechanical strength of hydrogels and cellulose hydrogels has always been a
question and it is accepted as challenging in the literature.100, 101 The strength of cellulose
hydrogels stems from the strong pore walls consisting of relatively stiffer chains.
Mechanical properties of the hydrogels have been investigated using multiple methods.
Uniaxial tensile testing was conducted by using a dumbbell shape of a mold. Self –
assembly materials brought the disadvantage of not shaping easily before testing because
they would be distorted. Uniaxial compression was beneficial for cellulose hydrogels in this
study as it enabled working with these hydrogels in the swollen state. The mechanical
properties of the cellulose hydrogels were investigated at ambient temperature, under
uniaxial compression and in the swollen state. The output was discussed as polynomial
fitting of force (N) versus deformation (%) curves of cellulose hydrogels (Figure 14) 60. As
is visible in Figure 14a, with increasing glycine concentration in the matrix and with
crosslinking density, the compression strength can increase up to 20%. It can be explained
by the high stiffness of the intrinsic chains of the backbone of cellulose.
For the same composition of the sample, the force versus deformation curves
differed due to the sample geometry not being uniform during the test. The swollen network
of the hydrogel became uniform at the higher rate of compressing. In the analysis of the
data, we take into account that the stiffness at higher compression rates is improved
compared to the beginning of the analysis (Figure 14a) 60.
The hydrogen bonds acted as crosslinks in the physically crosslinked hydrogels
and the microcrystalline structure of the cellulose resulted in diminishing the elastic
behaviour of the polymer chains, thereby limiting the chain motion102. The hydrogen bonds
have a temporary character, which led to spontaneous association of junction points in the
network. The CL5Gly10 and CL5Gly20 hydrogel compositions had high swelling ratios and
these hydrogels exhibited rubbery networks. A higher force was required to achieve the
same amount of deformation. Under 21 N force, CL5Gly10 hydrogel composition
performed 80% deformation (Figure 14a). For the deformation of the same percentage,
at least 1.5 fold higher force was required for neat cellulose hydrogels60.
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Figure 14: a) Polynomial fitting of compressive force – deformation curves for cellulose
and cellulose-glycine hydrogels. A minimum number of five measurements were done and
average multiple curves were sketched and polynomial fits of these curves were compared
to each other. b) Compressive force – deformation curves for repetitive tests of CL5 c)
CL5Gly20 and d) CL5Gly30 hydrogels.
Gel swelling might result in a decrease of the mechanical strength.4 The lowest
water absorption content was observed for CL5Gly40 and CL5Gly50 (450% and 200%) in
the swelling tests and these composition hydrogels exhibited a drastic distortion even
when a force of 5 N was exerted. Within the illumination of these uniaxial compression
tests, our data implied that cellulose–glycine hydrogels acted as crosslinked when they
were swollen adequately.
The chemistry of cellulose has been extensively studied which led to various
methods of surface modification and materials engineering. The microcrystalline structure
possesses high strength, 20 N at 80% deformation (Figure 14a). The crystalline matrix
provided reinforcement when chemical interaction like hydrogen bonding between water
and cellulose occurred. Force vs. compressive stress deformation curves can be seen in
Figure 14 for cellulose–glycine hydrogels with uniaxial compression. From the observation
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that the strain did not recover after the stress is no longer exerted, it can be concluded that
the deformation was inelastic.
4.1.5 Thermal Properties of Cellulose Hydrogels and Cellulose–Glycine Hydrogels
Thermal gravimetry analysis (TGA) was conducted in the temperature range of 30
– 800°C with a rate of 20°C/min. The range was wide so that any possible change could
be observed in detail. For each cellulose hydrogel composition, the thermal gravimetry
analyses were conducted once with open pans and under Argon. The masses of the
cellulose–glycine hydrogels varied between 3 mg - 14 mg. Although the cellulose–glycine
hydrogels were formed at room temperature, they did not start dissociation at the
temperatures below ~280°C and they could be considered as stable materials (Figure 15).
Furthermore, thermal gravimetry analyses were conducted in the range of 250°C
to 750°C with a heating rate of 5°C/min. In Appendix A7, the behaviour of CL5Gly20 and
CL5Gly30 hydrogels at high temperatures were demonstrated in detail 60.

Figure 15: TGA thermograms of dry cellulose hydrogels and cellulose-glycine hydrogels.
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Figure 16: TGA derivative thermograms of dry cellulose hydrogels and cellulose-glycine
hydrogels.
Cellulose has six hydrophilic groups per polymer unit molecule and these
hydrophilic groups provide water absorption. Three types of water occur in such hydropilic
polymers. They are classified as bound (nonfreezing), freezing bound and free (not
bound)103. For potential applications of the cellulose-glycine hydrogels, the inflammability
of the hydrogels was investigated. Therefore, the dry cellulose–glycine hydrogel samples
were heated with a rate of 20°C/min. The weight of the hydrogel decreased approximately
4% when the temperature increased from 30°C to 140°C. This initial weight loss could be
explained as the water loss from the cellulose (Figure 15). There was a dehydration
process between 140°C and 280°C which could be monitored by the water amount that
was strongly bonded to cellulose molecules. The weight loss of cellulose–glycine
hydrogels mass between the range of 278°C and 420°C was an indication of thermal
decomposition. For some samples, there was a two – step process which can be observed
in derivative thermograms (Figure 16). The second decomposition step occurred between
420°C and 600°C. The thermogram proved that the hydrogels were stable until 280°C.
This agrees with the results reported for other types of cellulose materials previously89, 103,
104.
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4.1.6 Reusability of Cellulose Hydrogels and Cellulose–Glycine Hydrogels
Great attention has been paid to investigate the reusability of the cellulose-glycine
hydrogels. During the uniaxial compression tests, the force was exerted repetitively in
order to monitor the hydrogel response against mechanical stress (Figure 14b-d). With
each repetition, the amount of force which was needed for the same deformation
percentage increased. This indicated that microvoids must have disappeared within the
effect of the force which was exerted in the initial trial. The cellulose–glycine hydrogels
were exposed to water loss during compression, when the test was conducted
repetitively101. The microcrystalline cellulose–glycine hydrogels in this study were brittle
and no recovery was observed after the absorbed amount of water was squeezed out. The
network structure in the hydrogels were diminished in this way and the three dimensional
porous network turned into a fragmented structure60.
Swelling ratio in the second and the third cycle decreased, when the force was
removed and a repetition of water absorption was applied with the cellulose hydrogels
(Figure 13b). There was also a trend of decrease in the water absorption amount, when
the repetition increased60. Based on these data, the cellulose–glycine hydrogels can be
claimed to be used for further applications up to 3 times.
4.1.7 Stability of Cellulose Hydrogels and Cellulose–Glycine Hydrogels
Biodegradability is considered very advantageous for the hydrogels and labile
bonds are encouraged to provide this in the preparation of the hydrogels. These kind of
bonds are present either in the polymer backbone or in the crosslinks which can be
chemically broken. Understanding and controlling of the potential degradation is utmost
importance. For example, after the hydrogels are implanted in a live body, the gels are
expected to have a good biocompatibility and less toxic degradation products. In principle,
the compounds should be metabolized into the products with no harm. The hydrophilic
surface of the hydrogels has a low interfacial free energy when it is in contact with body
fluids. Proteins and cells would have a low tendency to adhere on the surfaces of the
hydrogels. For tissue engineering applications, the advantage of using hydrogels lies in
the minimal irritation of the soft and rubbery hydrogel against the surrounding tissue41. This
is why the stability of cellulose-glycine hydrogels would be important for further tissue
engineering applications.
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Figure 17: Photos of CL5 and CL5Gly10-50 hydrogels that are kept in pH 13. In each photo,
the bottles from left to right correspond to CL5, CL5Gly10, CL5Gly20, CL5Gly30, CL5Gly40
and CL5Gly50, respectively.

Figure 18: Photos of CL5Gly10, CL5Gly20 and CL5Gly40 hydrogels that are kept in different
solvents. In each photo, the bottles from left to right correspond to CL5Gly10, CL5Gly20 and
CL5Gly40, respectively.

Figure 19: Photos of CL5Gly30 after different treatments. The vials from left to right
correspond to CL5Gly30 after different treatments.
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At pH>7, the glycine containing hydrogels gave an indication of pink/red color over
time. When the glycine containing cellulose hydrogels were kept in highly alkaline solution,
a color of transition from orange to pink to yellow was observed (Figure 17). This particular
red color was seen in every cellulose – glycine hydrogel except neat cellulose that did not
include any glycine. It is possible that the red pigments are of the by-products of a DXylose–glycine reaction. A similar study in the past reported red pigments as Maillard
reaction intermediates105.
Some samples with CL5Gly30 composition were prepared in the same beaker in
order to be sure to have the same experimental parameters such as the room temperature
and humidity (Figure 19). After the polymerization was conducted, the first and second
vials were obtained as the same way it was explained in the experimental section 3.2.
When water was added to the third vial, pH was found to be high because NaOH was
released from the biopolymer. In contrast, the fourth hydrogel sample was kept in NaOH
for 1 hour but afterwards was washed in multiple steps to remove the potential by-products
until pH 7 was reached. Later, the fourth vial was filled with NaOH (2 M) and did not change
to red color. From this result, we can conclude that the red color must come from the byproducts. Lastly, the fifth hydrogel was kept at ambient temperature as a reference sample
for further comparison. This resulted in a darker yellow shade compared to its initial look60.
In summary, glycine in the microcrystalline cellulose structure provoked distinct
changes in the morphological, structural, thermal and mechanical properties without
affecting its stability. Due to the biodegradability and biocompatibility of cellulose, the novel
cellulose–glycine hydrogels can be considered as promising candidates for different
applications such as carrier vehicles for controlled release of pesticides, nutrients or drugs.

4.2 In Situ Gold Nanoparticle Deposition onto Cellulose Hydrogels
and Cellulose–Glycine Hydrogels
The approach used in this study can be classified as the method explained in
Chapter 1.2.7.4 88. The example study was conducted by Park et al. and their research is
explained in Chapter 1.2.7.4 in more detail90. Langer et al. also used this approach where
nanoparticle precursor was loaded into the gel instead of preformed nanoparticles106. They
synthesized nanocomposite materials of colloidal gold (Au) in poly(N-isopropylacrylamide)
hydrogels. Thiol groups were incorporated into the PNIPAm hydrogels in order to control
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the size, stability of the hydrogels and the morphology by adjusting the number of thiol
groups in the hydrogel in their research.
In our study, microcrystalline cellulose hydrogels were used not only as a template,
but also as a reducing agent for immobilization during in situ synthesis of the gold
nanoparticle / cellulose-glycine hydrogel. The hydroxyl groups of cellulose chains provided
reducing power gold nanoparticle synthesis without an external reducing agent. This
approach enabled an environment–friendly hydrothermal synthesis technique without
using toxic reducing agents.
4.2.1 Fabrication of Gold Nanoparticles with Cellulose Hydrogels and of Gold
Nanoparticles with Cellulose–Glycine Hydrogels
Gold nanoparticles were formed in the aqueous solution of tetrachloroauric acid
with cellulose-glycine hydrogels that acted as both the reducing agent and the template at
70°C. The nucleation of the monodisperse nanoparticles was promoted by the porous,
network structure of microcrystalline cellulose. The reason is that the Au ions are trapped
in the network structure during diffusion and nanoparticles can form. Blank cellulose
hydrogels were also prepared and immersed in precursor solutions to observe the effect
of glycine on gold nanoparticle preparation. It is known that glycine can be adsorbed on
gold nanoparticles through the carboxyl group of the molecule107. TEM images
demonstrated that agglomerization was successfully prevented (Figure 25).
As main characterization tool, UV-Vis absorbance spectra were used. Mie
scattering theory simply explains that an electromagnetic wave is scattered by a spherical
homogeneous medium which has the refractive index differing from the medium where the
wave travel across108. According to Mie theory, single narrow and symmetrical absorbance
peak can be attributed to monodispersed and spherical nanocrystals. Maximum
absorbance wavelength is correlated with the size of the nanoparticle. When the
wavelength is smaller in the spectrum, the diameter of the nanoparticle can also be
claimed as smaller. The intensity of the band and the full-width at half maximum (FWHM)
are the two important parameters in the UV-Vis analysis of the spectra. When the FWHM
is smaller, it indicates that polydispersity is lower and the particle sizes are more
homogeneous109.
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Figure 20: UV-Vis absorbance spectra of cellulose–glycine hydrogels treated with a)
0.01, b) 0.05, c) 0.1 and d) 0.2 mM HAuCl4 concentration precursor solutions.
Figure 20 summarizes the absorbance data. The absorbance intensity around 520
nm indicates the typical surface plasmon resonance of gold nanoparticles110. The
absorbance intensity increased upon the increase in AuCl4- concentration. This can be
explained either by an increase of size of more nanoparticles in the medium or to a higher
contribution of a higher absorbance. The bigger the particles are, the more scattering
occurs. When AuCl4- concentration increased, the wavelength of the maximum
absorbance also increased possibly because of the radius of the gold nanoparticle.
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From UV-Vis data, it can be concluded that glycine in cellulose hydrogels improved the
formation of gold nanoparticles.
Figure 20 demonstrates the UV–Vis absorbance spectra of the gold nanoparticle
– cellulose hydrogel composites with HAuCl4 concentrations of 0.2, 0.1, 0.05 and 0.01 mM.
Hydrogen tetrachloroaurate (III) hydrolyzes by resulting hydroxyl ligands such as [AuCl4]-,
[AuCl3(H2O)],

[AuCl3OH]-,

[AuCl2(OH)2]-,

[AuCl(OH)3]-,

[Au(OH)4]-.

pH

and

the

concentration of the chloride are crucial for these compositions111.
The peaks were centered at around 277, 319 and 525 nm wavelengths which
corresponded to the characteristic band of gold nanoparticles. The peaks at 277 and 319
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nm are suggested to result from the interaction of gold nanoparticles and the -OH groups
of cellulose in the hydrogels.92 The absence of bands in addition to the band around 524
nm verifies the formation of spherical gold nanoparticles112. When the concentration of the
precursor solution was increased to 0.2 mM, the bands around 524 nm showed higher
intensity. These results strongly suggested that the presence of a higher concentrations
of metal ions may not only lead to formation of larger nanoparticles but also a higher
number of nanoparticles. They were reported from bands around 300 nm are known to
form because chloride ions were replaced with the hydroxyl groups of cellulose. 111
CL5Gly20 and CL5Gly30 are the two samples which showed the highest
nanoparticle size in three different concentration of gold precursor solutions, based on
their long pronounced wavelength (Figure 20b-d). From the data it can be concluded that
the presence of glycine in the hydrogels improved the formation of gold nanoparticles.
Comparing the FWHM of the bands, the wide bands in the spectrum of CL5Gly10
(Figure 20d) showed that the gold nanoparticles in these cellulose hydrogels were not
uniform in size and shape. As will be discussed later, this is also in agreement with TEM
images of the Au NPs formed in the cellulose hydrogels. Moreover, the maximum of the
plasmon resonance occurs at 528 nm, compared to 522 nm found for the CL5Gly20 and
CL5Gly30 samples. As a third difference, a second, extended plasmon band is observed
in the range from 600 to 800 nm. This clearly indicates the formation of nanoparticle
agglomerates.
Also without spectroscopic probing, a distinct color change occurred when cellulose
hydrogels were heated in gold precursor solution. We observed that the color of the
hydrogels get darker (purple and black) when the concentration of the precursor solution
increased. The visual evidence for the reduction of gold ions by cellulose hydrogels was
provided in Figure 21. When the glycine amount increased for a specific concentration,
the colouring of the hydrogels was not significant (Figure 21, bottom row). However, the
decantation of the solution (not shown here) was more coloured than the hydrogels that
contained less glycine in their composition. This is an indicator of glycine release from the
hydrogel and of formation of gold nanoparticles within the solution.
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Figure 21: In this photo samples from left to right correspond to neat cellulose, CL5,
CL5Gly10, CL5Gly20, CL5Gly30 hydrogel compositions coated with 0.2, 0.1, 0.05 and
0.01 mM concentrations of HAuCl4 precursor solutions.
The reducing agent in this study is the hydroxyl group of cellulose. Some of hydroxyl
group can be oxidized by AuCl4- while AuCl4- is reduced to Au0

91.

There are three steps

for trivalent gold (Au3+) reduction and an in each step electron is gained109 :
Au3+ → Au2+ → Au+ → Au0
When gold reduction is completed, gold clusters are obtained with further nucleation of the
nanoparticles.
The stability of the decanted colloidal suspensions was not in in the scope of this
work but other studies suggested that the colloids of AuNP formation with glycine were
observed as stable over 30 days without showing any precipitation or agglomeration
formation109. When further storage time was needed, sodium hydroxide was added after
rather than during the synthesis. In other studies, it was also implied that the amino acid
based AuNPs were stable in the pH range of 3 to 11

109.

Electrostatic repulsion due to

surface loads and the electrostatic interactions with the amino acids are important
parameters for colloidal suspension stabilization. Ionic and hydrogen bonding between
NH3+ and COO- functionalized surfaces are also important.
From AuNP formation with cellulose hydrogels experiments, the oxidation potential
of cellulose hydrogels and glycine was found especially in CL5Gly20 and CL5Gly30
composition. The higher the glycine concentration in the structure, the greater its ease of
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nanoparticle formation in the supernatant up to 30% glycine containing hydrogels.
However, the neat cellulose hydrogels showed better nanoparticle formation within the
network structure which can also be seen in Figure 21 (left column).
From the observation of AuNP formation under the conditions used here, the Au
complex ions can penetrate into the cellulose–glycine hydrogels and establish bonds with
hydroxyl (-OH) groups at a pH around 3.4 through the interaction of the Au ion
crystallization as nucleation sites. Crosslinking degree is known to decrease the
adsorption capacity of the hydrogels due to the decrease of the available functional groups.
Likewise, the decrease in the swelling ratio of the hydrogel composition also decreases
sorption of Au ions as less amount of the solution will penetrate into the hydrogel.
4.2.2 Characterization of Cellulose Hydrogels and Cellulose–Glycine Hydrogels
Containing Gold Nanoparticles
As described in the previous section, the microcrystalline cellulose fibers in the
network structure functioned as a template and as an immobilized reducing agent for the
in situ synthesis of AuNPs – cellulose hydrogels. AuCl4- was reduced by the –OH groups
of the cellulose hydrogels. Both in the absence and in the presence of the gold
nanoparticles, a shift and a broadening of the band that can be attributed to the stretching
vibrations of –OH were noticed in the infrared spectra of the cellulose hydrogels. In this
study it was shifted from 3443 cm-1 to 3441 cm-1 in the presence of gold nanoparticles
(Figure 22).
In our experiments, cellulose–glycine hydrogels were added to the cold HAuCl4
solution and both the hydrogel and the precursor solution were heated concomitantly. This
is the reason why the reaction does not occur immediately and a rapid color change was
not observed. Cellulose–glycine hydrogels gradually changed color from white to
red/purple. As discussed this color change can be interpreted as the characteristic of the
LSPR of the gold nanoparticles (Figure 21). It demonstrates the formation of the gold
nanoparticles in the cellulose hydrogels90.
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Figure 22: Fourier Transform Infrared Spectra of gold nanoparticles deposited cellulose
and cellulose–glycine hydrogels, experimented with 0.2 mM HAuCl4 solution.
Gold nanoparticles are common for plasmonic substrates in many applications,
specifically for enhancing Raman signals in surface enhanced Raman scattering (SERS).
92

Raman spectra were obtained to screen the SERS effect in gold nanoparticle treated

cellulose-glycine hydrogels. Evident vibrational bands at 1554, 1462, 1374, 1338, 1263,
1144, 1096, 968, 896, 577, 520, 458, 420, 380, 352 cm-1 are characteristic Raman bands
of gold treated cellulose- glycine hydrogels (Figure 23). Some of the bands are assigned
to ß-1,4-glycosidic ring linkages between D-glucose units in cellulose.

113, 114

CL5Gly30

(Figure 23, green spectrum), several bands show higher intensity and relative intensities
are changed. This indicates that the concerned bands have contributions from SERS, due
to an optimal morphology and LSPR effect of the gold nanoparticles. The enhancement of
Raman signals by gold nanoparticles can also be used in tissue growth applications in a
porous and 3-D structure.
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Figure 23: Raman spectrum of gold nanoparticles adsorbed cellulose and celluloseglycine hydrogels, experimented with 0.2 mM HAuCl4 solution. Excitation wavelength, 785
nm; laser intensity, 4 X 105 W/cm2; acquisition time, 5 s.
4.2.3 Morphology of Gold Nanoparticles with Cellulose Hydrogels and of Gold
Nanoparticles with Cellulose–Glycine Hydrogels
TEM observations showed that AuCl4- concentration affected the diameter of the
discrete nanoparticles. A relatively simple method was conducted for the in situ synthesis
of gold nanoparticles based on cellulose–glycine hydrogels. The procedure started with
tetrachloroauric

acid

and microcrystalline

cellulose.

Gold nanoparticle–hydrogel

composite was obtained thorough the dissolution and reduction of tetrachloroauric acid.
Cellulose–glycine hydrogels with gold nanoparticles were visualized by TEM and
SEM in order to visualize the structure of the nano network of the gold nanoparticles in
their matrix. TEM images revealed that gold nanoparticles attached to the walls of the
cellulose hydrogels. This assembly and the entanglement of the cellulose walls is the
template for the immobilization of gold nanoparticles.
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The TEM and SEM studies were carried out with different precursor concentrations.
Figure 24 shows that the particles were anchored on the cellulose networks without
aggregation. The behaviour of the AuNPs is also in agreement with previous reports91.
The surface energy of the gold nanoparticles is known to be higher than that of the bulk
gold. As they are unstable, they are prone to be adsorbed to a medium to decrease the
surface energy. The cellulose–glycine hydrogels can function as a substrate for gold
nanoparticle formation. The reaction temperature is also a crucial parameter for the growth
mechanism of gold nanoparticles and it determines the morphology91. From the
absorbance spectra (Figure 20), it can be concluded that higher HAuCl4 concentration is
more efficient for the preparation of larger gold nanoparticles.

Figure 24: SEM images of cellulose hydrogels with different compositions of HAuCl4 (Jeol,
JSM – 6060 with the imaging software of SEM Control User Interface V6.55 by JEOL)
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The size of the gold nanoparticles can be adjusted by controlling the precursor
concentration91. Here, we demonstrated that the cellulose hydrogels can efficiently
function as a reducing agent and as support for AuNPs. The size and shape of the gold
nanoparticles can also be adjusted by varying the glycine amount in the hydrogel
composition. With higher glycine concentration in the hydrogel, the average diameter of
the gold nanoparticles decreased dramatically (Figure 25). They are much more uniform
in size structures in the glycine containing hydrogels compared to the neat cellulose.

Figure 25: TEM images of cellulose hydrogels with 0.2 mM HAuCl4.
As already suggested by the UV-Vis data (Figure 20), the size of the gold
nanoparticles varied with changing gold ion concentration and also their aggregation of
the nanoparticles can be confirmed with TEM images (Figure 25). The contrast of the SEM
images was much higher when it is compared to those of neat cellulose and cellulose–
glycine hydrogels (Figure 11, 24). These gold nanoparticles seemed like spheres and they
did not fully enwrap the cellulose fibers. In Figure 25, the gold nanoparticles shown are
spherical and discrete with a relative size of 65 nm. Gold nanoparticles are mostly attached
to the cellulose nanofiber surface.
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4.2.4 Thermal Properties of Gold Nanoparticles with Cellulose Hydrogels and of
Gold Nanoparticles with Cellulose–Glycine Hydrogels

Figure 26: TGA thermograms of gold nanoparticle deposited cellulose and celluloseglycine hydrogels.
Thermal decomposition of the gold nanoparticle – cellulose hydrogels was
examined by thermal gravimetry analysis (TGA) in argon atmosphere from 20°C to 700°C
with 5°C/min. In the TGA curves (Figure 26), the small weight loss around 107°C resulted
from water evaporation which was absorbed previously from air. The decomposition
behavior of the cellulose – gold nanoparticle hydrogels and the cellulose–glycine hydrogel
sets were similar. Gold nanoparticles in the scaffold caused an increase by 18% for the
compositions of CL5Gly20 and CL5Gly30 in the remaining char at 700°C due to the level
of gold deposition (Figure 26). Heating under argon led to the degradation of cellulose
with only the gold components remaining. The reaction medium is also important. When
the thermal analysis was conducted in argon rather than air, the oxidation of the gold was
neglected. The TGA curves of the glycine containing gold nanoparticle – cellulose
hydrogels indicated characteristic differences in the influence of glycine and gold
nanoparticles. However, this should be confirmed by thermograms of the cellulose
hydrogels with other amounts of Au NP compositions are also conducted. Gold
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nanoparticle – cellulose specimen had a higher char with 6% difference at 700°C than
cellulose–glycine /Au NP hydrogels. This might indicate that there is an effect of glycine
increasing the decomposition rate of the cellulose hydrogels.

Figure 27: TGA derivative thermograms of gold nanoparticle deposited cellulose and
cellulose-glycine hydrogels.
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Figure 28: TGA derivative thermograms of neat and gold nanoparticle deposited
CL5Gly20 and CL5Gly30 hydrogels.
4.2.5 Possible Applications of the Gold Functionalized Cellulose Hydrogels and
Cellulose–Glycine Hydrogels
There has been a great progress in metal nanoparticle synthesis, however their
immobilization on solid substrates remains as a challenge together with the difficulty of
their separation and processing. This shortcoming affected many different applications.
The hydrogel-gold nanoparticle composites synthesized here can fill these gaps. The
protocol in this study can be considered successful, as gold nanoparticles are generated
in interpenetrating novel cellulose–glycine hydrogels. High surface/volume ratio,
mechanical toughness, flexibility and purity allows microcrystalline cellulose to become a
good candidate for metallic support rather than cotton or plant-based cellulose90. The
nanoparticles were synthesized and immobilized concomitantly on the substrate of
cellulose hydrogels. The pores and the network structure in the hydrogel are another
advantage of the precursor solution to penetrate into the substrate.
Hydrogels exhibit multi-functional properties, enabling them to be used as, e.g.,
antimicrobial matrices, soft material catalysts, environmentally friendly absorbents, and
drug delivery vehicles115, 116, 117, 118, 119, 120.
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As a further field of use, sensing applications that are based on the properties of
gold nanoparticles can be envisioned. In such applications, the cellulose matrix can
provide control of optical properties of gold nanoparticles. As was suggested by the
observed enhancement of Raman scattering (Figure 23), SERS based sensing may be
one of the most important sensing applications that can be envisioned for the cellulose
hydrogels. Moreover, as localized surface plasmon resonances (LSPR) can be affected
by the properties of the hydrogel matrix. They can have potential used in LSPR based
sensing.
Surface plasmon resonance (SPR) is a standard technique to study protein
interactions with antibodies and drug molecules116. Yang et al., investigated multivalent
protein binding over monovalent and their kinetic parameters. They found out small
multivalent cations are measured easily with the help of PNIPAm-co-AAc hydrogels over
monovalent cations121.
Hydrogel based sensors are a future promising platform to monitore health, to
diagnose diseases and to save the environment. For other metal functionalized hydrogels,
possible applications can be suggested based on the results of this study. For example,
SPR is known to be preferred for the applications of glucose sensing to determine glucose
concentrations while diagnosing and also to treat afterwards117. Our cellulose-glycine
hydrogel composition could be a great option for gold based sensor studies. The UV-Vis
data result also support the chance of a plasmon resonance study. The optical properties
of the gold nanoparticles can be an indicator for a possible specified function. For example,
if the hydrogel is immobilized in the body of a mouse, the gold in the hydrogels could
function to monitor the amount of a drug that is released from the same hydrogel.
Alternatively, it could help the detection of a disease owing to its network structure with a
high sorption capacity. The author of this thesis expects that the novel cellulose–glycine
hydrogels and gold nanoparticle–cellulose hydrogel nanocomposites presented in this
work provide a better understanding for possible future applications and enable the
combination of different innovative approaches for new applications.

60

Chapter 5.

Summary, Conclusions and Outlook

The focus of this thesis was designing novel cellulose-glycine hydrogels, their
synthesis and the comprehensive characterization. The knowledge about the cellulose
hydrogels is of high significant importance to the environmental, medical and
pharmaceutical research fields.
First, a physical method was used to create cellulose hydrogels as the dissolution is
prevented by physical interactions between different polymer chains. In section 4.1, FTIR
and Raman analysis revealed the molecular structure and intramolecular interactions of
the self – assembled cellulose/glycine hydrogels. The FTIR spectra of the different
cellulose–glycine hydrogel compositions show vibrations of OH and CH cellulose
functional groups as expected. The absence of the carbonyl stretching vibration lead to
the conclusion that glycine plays the role of a physical crosslinker. This is also supported
by the absence of an amide or ester band.
Also, the Raman spectra showed the characteristic bands of cellulose. In the glycine
containing hydrogels, the intensity of NH2 and CH2 twisting mode increased. Moreover, the
signals of skeletal bending and ring vibrations support the observation of a physical
cellulose and glycine rather than physical crosslinking between cellulose and glycine
rather than chemical crosslinking.
The cellulose–glycine hydrogels have a porous, three - dimensional structure
according to the SEM images. The pore structure was even more organized for the
compositions that contained 20 or 30% of glycine. This result is also shown in the outcome
of water absorption experiments. Freeze – drying yielded highly porous solid celluloseglycine hydrogels. Their ability to absorb aqueous solutions by their porous structure was
evaluated with swelling tests. A hydrogel composition that contains 30% glycine resulted
with the highest swelling ratio of 700 %, which means that the hydrogel can absorb water
which is 7 times of its own weight. This is in agreement with the observation of the network
structure and the porous feature in SEM images. Such porous and three-dimensional
network structures enable hydrogel functionalization. This can be employed for example
to improve hydrogel selectivity and recycling by hydrogels in water purification.
The mechanical properties of cellulose–glycine hydrogels were found to be
advantageous as well. The compression strength of the hydrogels increased when the
glycine concentration also increased in the matrix up to 20%. It can be interpreted as the
result of the high stiffness of the intrinsic chains of the cellulose backbone. The cellulose
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hydrogels with 10 and 20% glycine content exhibited high swelling ratios and rubbery
networks. The microcrystalline structure of the hydrogels results in high strength
amounting to 20 N at 80% deformation.
Cellulose–glycine hydrogels did not dissociate at temperatures up to 280°C and they
were considered as stable in this temperature range. This would enable for example the
sterilization by heat for biotechnology applications. They may be useful for further
applications which are conducted below 280°C. Degradation of hydrogels is an important
issue for tissue engineering. Thermally stable and biocompatible hydrogels are favoured
for the usage of scaffolds in these areas.
The reusability and the stability of hydrogels are also important aspects for further
applications. In the absence of larger forces, they are capable of repetitive swelling tests
for 3 times even though a slight decrease of swelling ratio was observed in the second and
the third cycle. A particular red colour was observed in the cellulose–glycine hydrogels due
to some by-products of the reaction when the hydrogels are kept in alkaline environment.
Even though the presence of glycine provoked distinct changes under different pHs, final
hydrogel products were stable. Therefore, they could be promising candidates for carrier
vehicles to release pesticides, drugs or nutrients in a controlled way. Injectable hydrogels
are also favoured in medical studies to prevent the surgery need by a targeted release of
drugs. Specifically, a drug release by pH changes would be desirable. For future studies,
it can be foreseen from the current literature that the attention will be focused on green
and low-energy processing for novel hydrogel systems.
Section 4.2 discusses the in situ gold nanoparticle deposition into cellulose–glycine
hydrogels. The cellulose hydrogels were used both as a template and as a reducing agent
to generate gold nanoparticles. The cellulose chains have hydroxyl groups and they
function here as reducing agent by themselves without adding any other reducing species.
The UV-Vis spectra indicate the formation of gold nanoparticles by characteristic surface
plasmon resonance of the gold nano structures at 520 nm wavelengths.
In the FTIR spectra a small down shift in the frequency of –OH stretching vibration
indicates the role of the hydroxyl groups of cellulose in gold nanoparticle synthesis. The
Raman spectra of hydrogels with high glycine content indicates the SERS enhancement
effect of the gold nanoparticles.
The TEM and SEM images show that the gold nanoparticles are anchored on the
cellulose network structure. The gold nanoparticles result as mostly spherical and discrete.
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Heating under argon performed degradation of cellulose hydrogel derivatives and it
left gold components behind at 700°C. Gold functionalized cellulose hydrogels that contain
glycine had a higher decomposition rate in TGA experiments.
In the recent years, physically crosslinked gels are of great interest due to the absence
of organic solvents during their synthesis. There is certainly a need for alternative methods
for hydrogel preparation. It can be foreseen that novel types of cellulose hydrogels with
tailored properties will catch even more attention, especially if they can be prepared in an
aqueous environment. They open up the possibility of using novel cellulose-glycine
hydrogels for gold nanoparticle deposition, owing to the biocompatibility of both cellulose
and glycine. The results of this thesis have successfully contributed to this. This could
bring advances to a wide range of applications.
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Appendix

Figure A 1: Swelling curve and the standard deviation for neat cellulose hydrogels.

Figure A 2: Swelling curve and the standard deviation for CL5Gly10 composition
hydrogels.

72

Figure A 3: Swelling curve and the standard deviation for CL5Gly20 composition
hydrogels.

Figure A 4: Swelling curve and the standard deviation for CL5Gly30 composition
hydrogels.
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Figure A 5: Swelling curve and the standard deviation for CL5Gly40 composition
hydrogels.

Figure A 6: Swelling curve and the standard deviation for CL5Gly50 composition
hydrogels.
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Figure A 7: TGA thermograms of a) CLGly20 and b) CL5Gly30 hydrogels with different
heating rates.
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