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Electrochemical synthesis and characterization of poly(vinyl alcohol)

nanocomposites with silver nanoparticles

Summary

In this doctoral dissertation, a composite hydrogel consisting of poly(vinyl
alcohol), graphene and silver nanoparticles, (Ag/PVA/Gr), was prepared by the
immobilization of silver nanoparticles (AgNPs) in poly(vinyl alcohol)/graphene
(PVA/Gr) hydrogel matrix in two steps. The first step was cross linking of the PVA/Gr
colloid solution by the freezing/thawing method, while in the second step, in situ
electrochemical method was used to incorporate AgNPs inside the PVA/Gr hydrogel
matrix. The main aim of this study was to produce the nanocomposite graphene-based
biomaterial with incorporated silver nanoparticles using in situ electrochemical method,
aimed for soft tissue implants, wound dressings and drug delivery. The electrochemical
route of nanoparticles synthesis is especially attractive for biomedical applications due
to high purity and precise size control of metal particles and the absence of chemical

cross linking agents and undesired products.

Repeated cyclic freezing/thawing method was used to prepare poly(vinyl
alcohol) PVA and poly(vinyl alcohol)/graphene (PVA/Gr) hydrogel discs, followed by
electrochemical reduction method of different concentrations of Ag' ions (0.25, 0.5,1.0
and 3.9 mM AgNO; swelling solution) inside the hydrogel polymer matrices at a
constant voltage that enables the silver particle size control, in a specially designed

electrochemical cell.

Silver/poly(vinyl alcohol) (Ag/PVA) and silver/poly(vinyl alcohol)/graphene
(Ag/PVA/Gr) nanocomposites were characterized by UV-visible spectroscopy. The
absorption spectra at about 405-420 nm proved existence of AgNPs in both Ag/PVA
and Ag/PVA/Gr nanocomposites. Cyclic voltammetry revealed some oxidation and
reduction peaks suggesting the presence of AgNPs between polymer chains. Raman
spectroscopy analysis confirmed the graphene structure in its pure form, X-ray
diffraction was used to reveal the additional interactions established between the PVA

molecules and graphene sheets and the AgNPs situated between the polymer chains in
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the Ag/PVA/Gr nanocomposite. The calculated interspacing (d-spacing) value for (002)
lattice plane of the PVA and Ag/PVA hydrogels was 0.457 nm, while the obtained
value changed slightly with the introduction of graphene sheets (0.449 nm for
Ag/PVA/Gr nanocomposite). Fourier transform infrared spectroscopy (FTIR) results for
both Ag/PVA and Ag/PVA/Gr nanocomposites suggested the interaction between
AgNPs and hydroxyl groups of the PVA molecules through decoupling between the
corresponding vibrations. Thermogravimetric analysis and corresponding differential
thermal analysis were done to investigate the role of graphene sheets in the thermal
stability of thus prepared nanocomposite samples, and the results showed higher
stability of Ag/PVA/Gr than Ag/PVA nanocomposites. Morphology of the prepared
PVA, PVA/Gr, Ag/PVA and Ag/PVA/Gr samples were examined by field-emission
scanning electron microscopy (FE-SEM) technique and the microphotographs showed
sphere-shaped AgNPs at nanoscale levels which were around 36 nm in the Ag/PVA and

around 17 nm in the Ag/PVA/Gr nanocomposites.

Also, the incorporation of graphene into the PVA matrix and bonding between
AgNPs and PVA molecules and graphene sheets led to improved thermal stability of
Ag/PVA/Gr and prevented the further growth and aggregation of AgNPs as observed by
FTIR and FE-SEM.

Ag/PVA and Ag/PVA/Gr hydrogel discs with the lowest AgNP concentration
(0.25 mM) classified as non-cytotoxic towards peripheral blood mononuclear cells
(PBMC) according to 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) cytotoxicity test, while exhibited antibacterial activity against Staphylococcus

aureus and Escherichia coli.

The slow silver release and high remaining silver content of ~ 67- 68 wt. % after
28 day immersion in phosphate buffer (PB) confirmed that both Ag/PVA and
Ag/PVA/Gr composites can preserve their sterility over time. Sorption characterization
experiments were done by immersing dry PVA, PVA/Gr, Ag/PVA and Ag/PVA/Gr
discs in simulated body fluid (SBF) for 72 h at 37+1 'C. The results indicated higher
swelling degree in SBF of PVA/Gr hydrogels than PVA hydrogels, also on the other
hand Ag/PVA/Gr nanocomposites had slightly higher sorption rates as compared with
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Ag/PVA nanocomposites. These results of sorption studies it could indicate that
graphene sheets expand the PVA hydrogel networks.

All obtained results contribute in to fulfilling the aim of this dissertation
concerning the in situ electrochemical synthesis of nanocomposite hydrogels based on
poly(vinyl alcohol) with silver nanoparticles. The synthesized nanocomposites are non-
toxic, with antibacterial activity, and can be considered for potential use in medicine as

wound dressings and soft tissue implants.

The experiments were performed at the Department of Physical chemistry and
Electrochemistry, Faculty of Technology and Metallurgy, University of Belgrade, while
the antibacterial activity experiments were performed in the microbiology laboratory at
the Department of Biochemical Engineering and Biotechnology. Cytotoxicity tests were

performed in the Institute of Oncology and Radiology, Belgrade, Serbia.

Keywords: polymer-matrix composites (PMCs), poly(vinyl alcohol), silver
nanoparticles, scanning electron microscopy, thermal analysis, cytotoxicity,

antibacterial activity, silver release.

Scientific field: Chemical sciences.

UDC number:



Elektrohemijska sinteza i karakterizacija nanokompozita polivinil-alkohola I

nanocestica srebra

Rezime

Ova doktorska disertacija se bavi sintezom hidrogelova polivinil-alkohola,
grafena 1 nanocestica srebra (Ag/PVA/Gr), imobilizacijom nanocestica srebra u matrici
hidrogela polivinil-alkohol/grafen (PVA/Gr) u dva koraka. Prvi korak je umrezavanje
koloidnog rastvora PVA/Gr metodom zamrzavanja i odmrzavanja, dok je u drugom
koraku primenjena in situ elektrohemijska metoda za inkorporaciju nanocestica srebra
u matrici PVA/Gr hidrogela. Glavni cilj ovog istrazivanja je bila priprema
nanokompozitnih biomaterijala na bazi grafena sa inkorporisanim nanocesticama srebra,
sa mogu¢om primenom u vidu implantata mekog tkiva, obloga za rane i nosaca za
lekove. Elektrohemijski postupak sinteze nanocestica je posebno atraktivan za primene
u biomedicini, zbog velike Cdisto¢e 1 mogucénosti precizne kontrole dobijenih

nanocestica, kao i zbog odsustva hemijskih agenasa i1 nezeljenih produkata.

Metoda umreZavanja ciklicnim zamrzavanjem i odmrzavanjem je koriS¢ena u
cilju dobijanja polivinil-alkohol (PVA) i polivinil-alkohol/grafen (PVA/Gr) hidrogelova
u obliku diskova, a zatim je izvrSena elektrohemijska redukcija Ag™ jona razli¢itih
koncentracija (0,25, 0,5,1,0 1 3,9 mM AgNOs; swelling solution) u polimernoj matrici
hidrogela, na konstantnom naponu, $to omoguc¢ava kontrolu dimenzija Cestica srebra, u

posebno dizajniranoj elektrohemijskoj ¢eliji.

Srebro/polivinil-alkohol (Ag/PVA) 1 srebro/polivinil-alkohol/grafen
(Ag/PVA/Gr) nanokompoziti su karakterisani UV-vidljivom spektroskopijom.
Apsorpcioni spektri sa maksimumom na oko 405-420 nm su dokazali prisustvo
nanoCestica srebra u Ag/PVA 1 Ag/PVA/Gr nanokompozitima. Ciklicnom
voltametrijom su pokazani pikovi oksidacije 1 redukcije koji ukazuju na prisustvo
nanoCestica srebra u polimernoj matrici. Ramanova spektroskopija je potvrdila Cistu
grafensku strukturu, dok je rendgenska difrakcija koriS¢ena za ispitivanje interakcija
izmedu PVA  molekula sa grafenom 1 nanocesticama srebra, smeStenim izmedu

polimernih lanaca Ag/PVA/Gr nanokompozita. Izraunato rastojanje izmedu krisalnih



ravni za (002) ravan u PVA i Ag/PVA hidrogelovima je iznosilo 0.457 nm, dok se ova
vrednost promenila nakon inkorporacije grafena (0.449 nm za Ag/PVA/Gr
nanokompozit). Rezultati analize infracrvenom spektroskopijom sa Furijeovom
transformacijom (FTIR) za Ag/PVA 1 Ag/PVA/Gr nanokompozite su ukazali na
interakcije izmedu nanocestica srebra i hidroksilnih grupa na PVA molekulima, na
osnovu razdvajanja odgovarajuéih vibracionih traka. Termogravimetrijska analiza i
diferencijalna termogravimetrijska analiza su koriS¢ene radi ispitivanja termicke
stabilnosti dobijenih uzoraka hidrogelova, a rezultati su pokazali povecanu stabilnost
Ag/PVA/Gr u odnosu na Ag/PVA nanokompozite. Morfologija dobijenih uzoraka PVA,
PVA/Gr, Ag/lPVA 1 Ag/PVA/Gr je ispitana tehnikom skeniraju¢e elektronske
mikroskopije (FE-SEM), a na mikrografijama su uo€ene Cestice srebra sfernog oblika i
nanometarskih dimenzija oko 36 nm u Ag/PVA i1 oko 17 nm u Ag/PVA/Gr

nanokompozitu.

Takode. inkorporacija grafena u matrici PVA 1 formiranje veza izmedu
nanocestica srebra, PVA molekula i grafena su doveli do poboljSanja termicke
stabilnosti Ag/PVA/Gr 1 do spreCavanja rasta 1 agregacije nanocestica srebra, §to je
potvrdeno infracrvenom  spektroskopijom sa Furijeovom transformacijom i

skeniraju¢om elektronskom mikroskopijom.

Diskovi Ag/PVA 1 Ag/PVA/Gr hidrogelova sa najmanjom koncentracijom
nanoCestica srebra (0,25 mM) su klasifikovani kao necitotoksi¢ni prema
mononuklearnim ¢elijama periferne krvi (PBMC) prema 3-(4,5-dimetil tiazol-2-il)-2,5-
difenil tetrazolium-bromid (MTT) testu citotoksicnosti, dok su, s druge strane, pokazali

antibakterijsku aktivnost prema Staphylococcus aureus 1 Escherichia coli.

Sporo otpustanje srebra i visok sadrzaj srebra od ~ 67- 68 mas. % koji ostaje u
hidrogelu nakon 28 dana potapanja u fosfatnom puferu (PB) su potvrdili da Ag/PVA i
Ag/PVA/Gr kompoziti zadrZavanju sterilnost tokom duZeg vremena. Ispitivanja
sorpcionih svojstava su vrSena potapanjem osusenih diskova PVA, PVA/Gr, Ag/PVA i
Ag/PVA/Gr u simuliranoj telesnoj te¢nosti (SBF) tokom 72 h na 37+1 ‘C. Rezultati su
ukazali na veci stepen bubrenja PVA/Gr hidrogela u SBF-u u odnosu na PVA hydrogel,

dok su Ag/PVA/Gr nanokompoziti pokazali nesto vecu brzinu sorpcije u odnosu na
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Ag/PVA nanokompozite. Ovi rezultati ukazuju na proSirenje hidrogelne mreze PVA

pod uticajem inkorporisanog grafena.

Svi dobijeni rezultati doprinose ispunjenju cilja ove disertacije, koji se ti¢e in
situ elektrohemijske sinteze nanokompozitnih hidrogelova na bazi polivinil-alkohola sa
nanocesticama srebra. Sintetisani nanokompoziti su netoksicni, poseduju antibakterijsku
aktivnost i imaju potencijal za primenu u medicinske svrhe u obliku obloga za rane i

implantata mekog tkiva.

Eksperimenti su obavljeni na Katedri za fizicku hemiju i elektrohemiju
Tehnolosko-metalurskog fakulteta, Univerziteta u Beogradu, dok su antibakterijska
ispitivanja vrSena u laboratoriji za mikrobiologiju na Katedri za biohemijsko
inZenjerstvo 1 biotehnologiju. Testovi citotoksi¢nosti su obavljeni na Institutu za

onkologiju i radiologiju, Beograd, Srbija.

Kljuéne reci: kompoziti sa polimernom matricom, polivinil-alkohol, nanocestice
srebra, skenirajua elektronska mikroskopija, termiCka analiza, citotoksi¢nost,

antibakterijska aktivnost, otpuStanje srebra.

Naucna oblast: Hemijske nauke.

UDK broj:
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1.INTRODUCTION

Considering an importance of hydrogels and their metal’/hydrogel
nanocomposites for different applications in recent years, silver/poly(vinyl alcohol)
(Ag/PVA) nanocomposites became favorite subject of research studies.Poly(vinyl
alcohol) itself is considered a self- healing hydrogel when treated with freezing/thawing
method and used in biomedical applications [1-6]. PVA hydrogel, linear polymer with
three dimensional cross-linking structure possesses important properties such as
aqueous solubility, non-toxicicity and being a color-less material [6,7-11]. In the
freezing-thawing technique, gels are formed by dissolving polymers in a suitable
solvent and freezing the solution in several cycles; the properties of hydrogels are
highly dependent on the molecular weight, concentration, time, and temperature of
freezing as well as the number of freeze-thaw cycles. Upon freezing, the solvent crystals

grow until they meet the facets of other crystals, creating a porous system upon thawing

[6,7].

The study and preparation of metal particles in the nanometer scale have
attracted considerable interest in both fundamental and applied research. Nanosized
structures of silver particles ranging from 1 to 100 nm have been the focus of
investigations over past decades. Maximization of the total nanoparticle surface area
leads to the highest ratio of the activity vis weight. Therefore the properties of silver
nanoparticles (AgNPs) are significantly different from those of the bulk metal [8].
Differences are especially prominent for physical and mechanical properties of metal
nanosized particles compared to macroscopic materials.Silver nanoparticles AgNPs
were incorporated into polymer hydrogels for many purposes, e.g. resulting in
especially excellent antimicrobial or active catalytic material [12]. For example in
medical fields, AgNPs were added to poly(vinyl alcohol) PVA [7,13-18] chitosan [19],
hydroxyapatite [20], Na-aliginate [21,22] and poly(N-vinyl-2-pyrrolidone) PVP [23-
27]. To create more useful properties such as high stability, AgNPs were introduced into
mixture of PVA with other polymers such as PVP [28], poly(L-lactic acid) PLLA [29],
silk fibroin SF [30], chitosan CS [31,32] and cellulose [33].



AgNPs exhibit enhanced antibacterial properties compared to bulk silver due to
high surface area and high fraction of surface atoms in contact with bacteria or fungi
[13,34,35]. However, lack of sufficient chemical and physical stability limits to some

extent the application of AgNPs [14,16,36].

Silver/poly(vinyl alcohol) nanocomposites with /or without co-polymers have
many applications in the medical field as wound dressings [12,14,18,28,37,38],
antibacterial materials [8,13-16,18,30,37,39-44], for tissue engineering [29,45], for
blood compatibility [7], in optical application fields [46-51], as well as in electrical
[48,49,52-57] and environmental fields [47].

Morphology of PVA hydrogels loaded with silver nanoparticles was studied to
evaluate formation of AgNPs inside the hydrogel networks using SEM and TEM
characterization techniques [7,28,37]. According to previously reported work, loading
of silver nanoparticles inside the hydrogel did not affect its morphology and structural
integrity, but it was inferred that the presence of intermolecular forces between PVA
units facilitated formation of an extensive physical network of hydrogen bonds, which
provided “nano” sites for growth of the nanoparticles as well as ensured their protection

within the network [7].

Regarding the antimicrobial activity, the size and the rate of leaching of AgNPs
can play a major role, especially for wound dressing applications. In such applications,
a hydrophilic environment is necessary, to facilitate the release of silver from the
polymer matrix, and also to maintain a hydrated surrounding of the wound bed, which is
essential for optimal wound healing [39]. Release of silver from the Ag/PVA and
Ag/PVA/Gr hydrogel discs was studied in phosphate buffer (PB) solution [10].

Graphene is a single layer carbon nanomaterial with two dimensional (2D)
morphological structure and sp® hybridized carbon atoms [9,55-75]. Recently, research
has focused on composites of PVA and graphene, especially due to their improved
mechanical strength [59-62,76-78]. Graphene/poly (vinyl alcohol) hydrogels could be
employed as wound dressing [9], articular cartilage [79], in biomedical fields [70,79],

for electrical applications [56], industrial and environmental applications [55,59,71,79].



Considering the methods of silver nanoparticles synthesis, several of them are
based on physical processes such as thermal decomposition, and chemical methods
employing chemical reduction of Ag" ions. These syntheses techniques are carried out
in organic or aqueous solvents using reducing agents such as sodium borohydride,

citrate, ascorbate and some carbohydrates [80].

Acquiring highly pure metal nanoparticle as well as the possibility of precise
control of particle size could be achieved using electrochemical synthesis by adjusting
several parameters, such as applied potential, current density, reaction temperature, and
swelling solution [8,81,82]. Further more, absence of undesired products is especially
important for future applications in synthesis of metal nanoparticles at a large scale.
Also, chemical methods for synthesis of nanoparticles involve the usage of reducing
agents, which can be toxic to living organisms, whereas the electrochemical route of
nanoparticle synthesis engages the use of mild reaction conditions and non-toxic
reaction precursors and is therefore especially attractive for biomedical applications.
Different electrochemical methods like potentiostatic [83-85], galvanostatic [86], pulsed
sonoelectrochemical technique [87,88], single and double pulse [89] deposition methods
were found to be very promising in the preparation of a variety of nanometer dimension

materials.



2. THEORETICAL PART

2.1.POLYMERS

The first synthetic polymer was guncotton (cellulose nitrate) made by Christian
F. Schonbein in 1845. Bakelite, a strong and very durable synthetic polymer based on
phenol and formaldehyde, was invented in 1872. Polycondensation-based polymeric
products such as Bakelite and those based on phenoxy, epoxy, acrylic, and ketone resins
were developed and used as cheap substitutes for auto parts and in the electronic
industry. Other synthetic polymers such as polyethylene, poly(vinyl chloride) and
polystyrene were invented in 1933, polyamide in 1935, teflon in 1938, and different
synthetic rubbers in 1942. Polyethylene was used to make radar equipment for
airplanes. Nylon was used to make parachutes, replacing silk, that was otherwise

imported from Japan [90].

Advanced pharmaceutical dosage forms utilize polymers for drug protection,
taste masking, controlled release of a given drug, targeted delivery, increase drug
bioavailability, and many other applications. Polymers have found relevance in liquid
dosage forms as rheology modifiers. They are employed to control the viscosity of an
aqueous solution or to stabilize suspensions or even for the granulation step in the
preparation of solid dosage forms. Major application of polymers in the current
pharmaceutical field is for the controlled drug delivery. In the biomedical area,
polymers are generally used as implants and are expected to perform longterm service.
This requires polymers with unique properties that are not offered by polymers intended

for general applications [90].

Desirable polymer properties regarding pharmaceutical applications are film
forming (coating), thickening (rheology modifier), gelling (controlled release), adhesion
(binding), pH-dependent solubility (controlled release), solubility in organic solvents
(taste masking), and barrier properties (protection and packaging). According to the
solubility characteristics, pharmaceutical polymers can be classified as water-soluble
and water-insoluble (organic soluble). The synthetic water-soluble polymers have found
extensive applications in pharmaceutical industries, among them polyethylene glycol,

poly(vinyl alcohol), polyethylene oxide, poly(vinyl pyrrolidone), and polyacrylate or



poly(methacrylate esters) containing anionic and cationic functionalities are well-
established [90]. Water soluble polymers have a wide range of industrial applications
like food, pharmaceuticals, paint, textiles, paper, constructions, adhesives, coatings,
water treatment, etc. [91]. Production of new polymers has resulted in development of
polymers with unique properties. Initially polymers were used as solubilizers, stabilizers
and mechanical supports for sustained release of drugs. However, over a period of time,
the functionalities of polymers have changed and they were synthesized to suit specific
needs or rather solve specific problems associated with development of drug delivery

systems. Therefore the roles of polymers are expanding [90].
2.1.1.HYDROGELS

Hydrogels are a class of polymers in which their structure represents a three
dimensional cross-linked network. This unique structure gives them important
characteristics such as very high swelling ratios in water and soft elastic properties well
suited for applications as biomedical substances that mimic human tissues or for drug
delivery and tissue-engineering [2,4]. Other important properties of hydrogels for
biomedical applications are good biocompatibility and nontoxicity and some times also

that self-healing ability [1].

Recently a new kind of nanocomposite hydrogels or hybrid hydrogels, with
inorganic metal nanoparticles attached to polymeric cross-linked network structure,

were synthesized and used for biomedical applications [75].

Figure 2.1 shows some types of nanoparticles and polymers mixed together to

produce nanocomposite hydrogels for biomedical applications.
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Figure 2.1. Nanocomposite hydrogels and their biomedical applicatios[75].

2.1.2.POLY(VINYL ALCOHOL) HYDROGELS

Poly(vinyl alcohol) (PVA) is a soluble polymer that has hydroxyl groups in its

structure. It is synthesized by polymerization of vinyl acetate to polyvinyl acetate

(PVAc) which is then hydrolyzed to gain PVA. Crystallinity and solubility of poly(vinyl

alcohol) are effected by the extent of hydrolysis and content of acetate groups in PVA.

Figure 2.2. shows the molecular structure of poly(vinyl alcohol) [91].
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Figure 2.2.Molecular structure of poly(vinyl alcohol), where R = H[91].

PVA has a linear structure and high degree of swelling in aqueous solutions and
therefore PVA can be easily soluble in highly polar and hydrophilic solvents, such as
water, dimethyl sulfoxide (DMSO), ethylene glycol (EG), and N-methyl pyrrolidone
(NMP); still, water is the most important solvent for PVA. The solubility of PVA in
water depends on the degree of polymerization (DP), hydrolysis, and solution
temperature. Any change in these three factors affects the degree and character of
hydrogen bonding in aqueous solutions, and hence the solubility of PVA. It has been
reported that PVA grades with high degrees of hydrolysis have low solubility in water.
The solubility, viscosity, and surface tension of PVA depend on temperature,

concentration, degree of hydrolysis and molecular weight [91].

Poly(vinyl alchol) hydrogels are non-toxic, non-carcinogenic, with desirable
physical properties [11], and because of their characteristics, PVA hydrogels have been
used for various biomedical and pharmaceutical applications. Recently, this type of
hydrogels is utilized in wide medical and pharmaceutical applications such as drug
delivery [11] and tissue engineering [3]. PVA hydrogels have certain advantages which
make them ideal candidates for biomaterials such as non-toxicicity, non-carcinogenity,
and bioadhesiveness. PVA also shows a high degree of swelling in water (or biological
fluids) and a rubbery and elastic nature and therefore closely simulates natural tissue
and can be readily accepted into the body. PVA hydrogels have been used for contact
lenses, the artificial hearts lining, and drug- delivery applications. PVA is mainly used
in topical pharmaceutical and ophthalmic formulations. It was widely used as a
stabilizer in emulsions. PVA is used as a viscosity increasing agent for viscous
formulations such as ophthalmic products. It is used as a lubricant for contact lens

solutions, in sustained release oral formulations and transdermal patches [91].



2.2.SILVER NANOPARTICLES

Nanosized inorganic materials can be added to polymers in order to enhance
their characteristics such as high chemical and heat resistance, tensile strength, glass
transition temperature and viscoelastic properties. These classes of materials had
attracted significant interest [44]. Silver nanoparticles (AgNPs) have been widely used
because of their physical, chemical and biological properties [44]. These nanoparticles
are found to be highly antimicrobial, catalytically active and exhibit good conductivity
so these materials could be identified as good antibiotics [18,44]. The nanoparticles
were reported to be more effective antibacterial materials than silver in ionic form,
when these particles are doped inside a hydrogel network [18]. AgNPs can be
synthesized in different shapes in different sizes and are characterized by TEM or SEM
techniques [92].

2.2.1.Ag/PVA NANOCOMPOSITES

Ag/PVA nanocomposites could be produced in the cross-linked network of
poly(vinyl alcohol) (PVA) chains by reduction of silver in ionic salt solutions such as
silver nitrate (AgNO;) by suitable methods [17]. Biofriendly characteristics of
poly(vinyl alcohol) hydrogels such as non-toxicity and water-solubility, when combined
with silver nanoparticles identified as high antimicrobial substances resulted in
biomedical applications of these nanocomposites, like wound dressings, drug delivery
and bioengineering utilizations [17]. PVA has other attractive properties e.g. being
colorless, having high clarity and high transmission, and when its network fibers attach
to nanosized spheres of AgNPs, thus formed nanocomposites might have other optical

and electrical applications [51].
2.2.1.1.Synthesis of Ag/PV A nanocomposites

There are many different methods of production of metal polymer
nanocomposites depending on the purpose of the application, such as Gamma (y)-
irradiation method [12,93-96], photochemical/UV-irradiation method [32,41,97,98],
chemical reduction method [48,99-115] or the electrochemical method [8,21,22] to

name a few. If nanocomposites are to be used for medical applications than the cleanest



possible method should be chosen. Two main routes could be applied for cross-linking
of PVA polymer chains to obtain hydrogels: (i) chemical routes and (ii) physical routes.
The chemical route uses cross-linking agents, i.e. chemicals are added such as
glutaraldehyde or formaldehyde to react with PVA covalent bonds. However the
residual chemicals remain within the polymer lattices and could be hazardous to the
body if applied for biomedical purposes [18]. On the other hand, in the physical cross-
linking route, i.e. irradiation, and electrochemical methods, there is no need to use any

chemicals.

e Gamma (y) —Irradiation method

Gamma (y) irradiation technique was applied to produce controlled number and
diameter of nanosized nanoparticles inside thin layer walls of hydrogels [12]. Water-
soluble hydrogels were cross-linked by irradiation in dilute solutions for
incorporation of nano-silver in their networks [12]. Oliveira et al. [18] synthesized
Ag/PVA nanocomposites by dissolving PVA powder in deionized water at 90 'C
under stirring, followed by addition of AgNOs solutions at different concentrations,
and subsequently by irradiation by a Co-60 y-source metal at the dose rate of

1.5kGy h™'for 10 h [18].

In another approach, specified concentration of AgNO; solution was mixed with
the dissolved PVA polymer matrix solution to form metal/polymer films with well
defined structures in which metal centers are embedded directly in the polymer
network [96]. Using gamma-irradiation, nucleation sites were initiated for growth
of AgNPs directly inside the polymer fiber network. The irradiation method has
many advantages for preparation of metal nanoparticles. The hydrated electrons
which resulted from the gamma radiolysis of aqueous solutions, can reduce metal
ions to zero-valent metal particles, avoiding the use of additional reducing agents
and the consequent side reactions. The amount of zerovalent nuclei can be
controlled by varying the irradiation dose [96]. Figure 2.3 shows the scheme

diagram of y-irradiation method [96].
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Figure 2.3.The scheme of y-irradiation method of Ag/PVA nanocomposite synthesis
[96].

In another study 1 mM AgNO; solution was added to four different colloidal

hydrogel stabilizer solutions (0.5% w/v) of PVA, PVP, alginate and sericin to

produce Ag/polymer nanocomposites using y-irradiation method. The applied dose

of irradiation for AgNP synthesis was 1.2 kGy h™' carried by Co-60 irradiator [16].
e Photochemical/UV-irradiation method

PVA nanocomposites can be produced also by UV-irradiation processes, the
simple low cost and effective method in respect to other methods as y or electron
rays. Kim et al. [41] prepared PVA/Ag-Zeolite nanocomposites using UV-
irradiation method. They varied mixtures of Ag-Zeolite with different
concentrations of PVA solutions, and exposed samples to UV irradiation for several

periods of time.

In-situ photochemical synthesis is one of the most powerful approaches to
realize silver/polymer nanocomposites. A silver—acrylate nanocomposite was

prepared using a photoinduced reduction and free radical polymerization processes

[98].

Depending on the principle of green synthesis, the production of nontoxic
chemicals, environmentally friendly materials should be considered in the
preparation of AgNPs. Recently, a series of photocrosslinked thin films such as
poly(vinyl alcohol) (PVA), chitosan (CS) [32], with acrylic acid (AA) monomer as a
crosslinker, were investigated. Figure 2.4 shows the photocrosslinking method for

preparation of PVA/CS thin films.
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Figure 2.4. Photocrosslinking method for preparation of PVA/CS hydrogel thin
films[32].

e FElectrochemical method

Electrochemical methods are superior over chemical ones in synthesis of small
metal particles due to high purity and the possibility of a precise particle size
control. According to previous reports, nanosized transition metal particles could be
prepared electrochemically using tetraalkylammonium salts as stabilizers for the
metal clusters in nonaqueous medium [116]. Pulsed sonoelectrochemical synthesis,
that involves alternating sonic and electric pulses, has been employed to obtain
shape controlled synthesis of nanostructured materials [116]. Well-defined
nanowires and nanorods of metals or compounds were prepared by means of
electrodeposition in membrane templates [116], Gold nanorods were also
synthesized via this electrochemical method by introducing a shape-inducing
cosurfactant [116]. However, in aqueous medium noble metal ions can be coated on
the cathode more easily, so there could be some difficulties when noble melal
nanoparticles are produced by the electrochemical method in this phase [21,116].
An easier and more convenient electrochemical method to prepare large numbers of
well-dispersed silver nanoparticles in aqueous phase was under the protection of
poly(N-vinyl pyrrolidone) (PVP) and demonstrateed that the particle size

distribution might be further improved by adding anionic surfactants of appropriate
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concentration to the electrolyte [116]. PVP is found to accelerate the silver particle
formation and lowered the silver deposition on cathode [116]. Therefore, an
external excitation system such as ultrasonication is no longer required, which
significantly simplifies the synthesis procedure. The electrochemical method should
make possible large-scale preparation of the size-controlled metal nanoparticles,
especially noble metals, such as gold, platinum, and silver just by simple
adjustments of current density or applied potential [116].

Another necessary condition to prepare well-dispersed particles is to accelerate
the transfer of formed silver clusters from the cathodic vicinity to the bulk solution.
The use of KNOj as the primary supporting agent effectively avoids agglomeration
of silver particles after depletion of silver existing in pulse sonoelectrochemical
methods. The present method may be extended to synthesizing other metal
nanoparticles such as gold, platinum, and copper [116].

An original electrochemical procedure was developed for production of alginate
hydrogel microbeads incorporated with silver nanoparticles. It was found that
increase in AgNOj; concentration in the initial alginate solution, applied current
density and implementation time increased the concentration and decreased the size
of electrochemically synthesized AgNPs [21].

Dobre et al. [117] used the electrochemical synthesis for doping AgNPs into
PVP network hydrogel with addition of sodium lauryl sulfate (Na-LS) as a
costabilizer in order to ensure wrapping and electrostatic stability of AgNPs in
solutions. The use of PVP stabilizer associated with Na-lauryl sulphate costabilizer
facilitated adequate dispersion of the formed silver nanoparticles and hindered their
agglomeration [117]. Obradovi¢ et al [118] produced successfully Ag/alginate/PVA
and Ag/alginate/PVA/PVP using electrochemical synthesis method. Stojkovska et
al. [22] obtained alginate nanocomposites with silver nanoparticles using controlled
production facilitated by electrochemical synthesis method. This method is
attractive to use for biomedical applications without need to add any chemical
agents. Surudzi¢ et al. [8] applied this method to synthesis of Ag/PVA in colloid

solutions.
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e Chemical reduction method

Nanoparticles of different shapes and sizes can be prepared by chemical
reduction and by controlling the reaction conditions. The color of metal
nanoparticles depends on the shape and size of the nanoparticles and dielectric
constant of the surrounding medium. The influence of different parameters such as,
type of silver precursor, reducing agent and protecting agent on stability and optical
properties of silver nanoparticles was investigated [100]. It was found that the silver
precursor had an important effect on the crystallinity of the obtained AgNPs. When
silver citrate was used as a precursor of AgNPs in aqueous solutions, all of the
obtained colloids were stable in the investigated time range. When silver nitrate or
silver acetate were used as precursors under investigeted conditions, AgNPs
aggregated and precipitated from the solution. AgNPs prepared using different
reducing agents had different morphologies and sizes. For the same concentration of
silver in solution smaller silver particles were obtained by using ascorbic acid as a
reducing agent than by strong reducing agents such as hydrazine or sodium
borohydride. Also it was found that the size of AgNPs obtained in aqueous solutions
using PVA as a stabilizer did not depend on the concentration of silver in the range
from 250 to 1000 mg/dm® Ag. The particle sizes in the colloids were around 44 nm,
AgNPs obtained in the aqueous solution using PVP as the protecting agent increased
in size with the increase in silver concentration from 36 nm for 250 m,g/drn3 Ag to
82 nm for 1000 mg/dm’ Ag.[100].

Reduction of silver nitrate by sodium borohydride was performed in the absence
and presence of two stabilizers, namely starch and PVA [105]. Upon mixing, all of
the ionic silver is reduced immediately to form a differently colored silver sol.
Under the experimental conditions, important parameters for obtaining stable silver
nanocomposites were aging of NaBH, solution, order of reactant addition, dropwise
addition of silver nitrate solution into NaBHy4 solution and presence of stabilizers
[17]. In the presence of starch and PV A, the particles grew to a stable size nearly 20-
52 nm and, during this growth process, resulting solutions changed color to golden
and yellowish-green. Ag/PVA nanocomposites have been synthesized by an eco-
friendly green method, where non toxic amino acid tyrosine was used as the

reducing agent, in aqueous media. Biomolecule, tyrosine reduced silver ions
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efficiently through a cyclic process. The advantage of the system was that it required
a catalytic amount of tyrosine for the whole conversion of silver ions to silver
nanoparticles and thus minimized the use of conventional chemical reductants.
Ultra-sound increased the reaction rate and improved the quality of AgNPs (regular
size distribution, spherical and symmetrical shape) [17]. General chemical reduction
routes fall into two broadly defined categories [44]. The first one involves the use of
relatively strong reducing agents, such as sodium borohydride. The second route
involves heating the solution of silver salt with a weak reducing agent, such as
glucose, sodium citrate, and ascorbic acid [44]. Recently, the use of toxic reducing
and stabilizing agents for the synthesis of AgNPs was replaced with so-called
“green” substances such as PVA is used as a safer reducing as well as stabilizing
agent to synthesize the AgNPs. Synthesis method of the reactions also plays an
important role in green chemistry. Sonochemistry is one of the novel, and simple
methods for synthesis of nanoparticles since it is nonhazardous, increases the
reaction rate and changes the selectivity of the reaction. Therefore, the ultrasonic
irradiation provides a clean media to prepare different nanomaterials. For
preparation of AgNPs, tyrosine is an excellent reducing agent compared to sodium
borohydride. The use of tyrosine not only reduced the amount of chemical additives
(milligram level to microgram) but also increased the nanoparticle production rate in
contrast to sodium borohydride. Ag/PVA was synthesized by irradiation of
ultrasound in the presence of catalytic amount of tyrosine in aqueous solutions. The
appearance of a deep orange color in the mixture indicated the formation of AgNPs.
Figure 2.5 shows the synthesis of Ag/PVA nanocomposites using chemical

reduction under ultrasound application [44].

PVA Shell
PVA+tyrosine+H,0
o
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Figure 2.5.Synthesis of Ag/PVA nanocomposites by using a chemical reduction

method under sonification process [44].
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2.2.1.2.Applications of Ag/PV A nanocomposites

Ag/PVA nanocomposites have a lot of applications in several fields due to their
attractive properties. In the medical field these composites can be applied as wound
dressings [7,10,12,18], and antimicrobial agents [8,13-16,18]. The developed Ag/PVA
porous hydrogel nanocomposites exhibited superior antibacterial and good mechanical
properties, suggesting that they can be applied for wound dressings and other
biomedical applications [28], The antibacterial ability could be significantly enhanced
by increasing the AgNP content. In  vitro bacterial adhesion study indicated a
significant difference between neat and nanocomposite gel which showed higher
inhibition. It was concluded that antibacterial silver based hydrogels are suitable for
many different medical applications such as wound healing [12]. PVA and Ag/PVA
hydrogel samples were studied [18] to assess their potential in wound dressing
applications. The presence of silver in PVA gels caused slight microstructural
differences, such as lower crystallinity. In addition, all samples were effective barriers
to microbial penetration and the samples containing silver presented antimicrobial
activity against E. coli, S. aureus and C. albicans. All samples were non-toxic to mouse
fibroblasts [18]. To improve properties of Ag/PVA nanocomposites, some other
components were added, such as graphene nanosheets [9,10]. The PVA/Gr hydrogel
was classified as non-cytotoxic against healthy peripheral blood mononuclear cells
(PBMC) in a MTT assay, and exhibited strong antibacterial activity against S. aureus.
Therefore, the evidence demonstrated that a nanosized PVA/Gr composite is an
excellent candidate for biomedical applications as soft tissue implants and wound
dressings [9]. The amount of silver released, as well as high remaining silver content
(76%) after 28 days in simulated body fluid confirmed that both Ag/PVA/ Gr and
Ag/PVA hydrogels could preserve sterility over time. This characteristic, together with
their strong antibacterial activity, indicated that Ag/PVA/Gr and Ag/PVA hydrogels are
excellent candidates for soft tissue implants and wound dressings [10]. On the other
hand these nanocomposites can be used in electrical applications [54], or even mixed
with other materials [52,56,119,120]. Electrical conductivity investigation of the PVA-
PAA-glycerol polymer membrane which was consisting of Ag and Cu nanoparticles
confirmed its suitability to replace the p-type semiconductor used previously in hybrid

memory devices [121].
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2.3. GRAPHENE

Graphene, as a single layer of carbon atoms in a two-dimensional honeycomb
crystal lattice, has been attracting tremendous interest in the fields of electronics and
composite materials because of its fascinating properties [73-75]. Theoretical and
experimental results show that single-layered graphene sheets are the strongest materials
developed ever. Since graphene nanosheets exhibit also high thermal conductivity and
high specific surface area, grapheme is an excellent additive to significantly enhance
mechanical, thermal, and electrical properties of polymer materials. Efforts have been
made in the use graphene materials for highly conducting composite, transparent
electrode and photovoltaic device applications [73]. Graphene is composed of several
planar sheets of sp”-bonded carbon atoms. Since experimentally discovered in 2004,
graphene with such unique properties has become one of the most exciting materials
today [74]. However, Gr is under constant re-evaluation of researchers, companies and
regulatory committees and FDA has approved it for medical devices and soft tissue
implants [122,123]. Figure 2.6 shows the hexagonal monolayer structure of graphene
and Figure 2.7 shows the difference between graphene and graphite [124].

Carbon
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Figure 2.6. Structure of graphene [124].
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Figure 2.7 Difference between graphene, multilayer graphene and graphite [124].
2.3.1. PVA/GRAPHENE COMPOSITES

Graphene plays leading role among the newly discovered carbon nanomaterials
on the laboratory bench. Confinement of graphene, combined with enhanced exchange
properties within aqueous environment, is the key for the development of biosensors,
biomedical devices, and water remediation applications. Such confinement is possible
when using hydrogels as the soft matrixes. Many entrapment methods focused on the
modification of the graphene structure [69]. A stable suspension containing the
surfactant wrapped graphene sheets (SWGSs) was successfully synthesized via a facile
electrochemical route in the sodium dodecyl sulfate media [68]. The prepared SWGSs,
which contained monolayer as well as multilayer sheets, were then dispersed in the
poly(vinyl alcohol) matrix through a liquid blending method [68]. A robust hybrid
PV A-graphene construct was obtained starting from a surfactant assisted sonication of
an aqueous dispersion of graphite. Stable graphene sheets suspension was
photopolymerized in a methacryloyl-grafted PVA, using the vinyl moiety present on the
surfactant scaffold [69]. This method can allow the incorporation in the polymer
network of oligomers of N-(isopropylacrylammide). The stable inclusion of graphene in
a highly hydrated matrix facilitates biomedical applications, where graphene
confinement is mandatory in order to decrease, as much as possible, the contact on

tissues or cells [69]. Methylated melamine grafted poly(vinyl benzyl chloride) (mm-g-
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PvBCl) was prepared and used as an additive in poly(vinyl alcohol) along with
graphene nanosheets (GNs) that were utilized to enhance the mechanical strength. Using
a casting method, antimicrobial nanocomposite films were prepared with the polymeric
biocide loading levels of 1 wt%, 5 wt%, and 10 wt%.This feasibility study demonstrated
a simple route to prepare graphene reinforced nanocomposite materials and the facile
way of introduction of polymeric biocide into the resultant nanocomposite materials.
Further more, this biocide based graphene nanocomposite thin films demonstrated high
effective antibacterial activity against both Gram negative and Gram positive bacteria at
a relatively low level load. This graphene nanocomposite thin film was reported to be a
promising material for food and drink packaging applications and hygiene products

industry [71].

Layer-aligned PVA/graphene nanocomposites are usually prepared by reduction
of graphene oxide in the presence of PVA and subsequent casting from the aqueous
solution. Though the addition of graphene significantly decreases the crystallinity of
PVA, the film of the PVA/graphene nanocomposite was reported to be strong and
ductile [73]. The influence on the thermal and mechanical properties of the
nanocomposites was ascribed mainly to homogeneous dispersion and alignment of
graphene in PVA matrix and the interactions between those two components [73]. It
was demonstrated that graphene could be utilized effectively as thin two-dimensional
nanosheets within a polymer matrix for potential large-scale applications of
polymer/graphene nanocomposites [73]. Advancements regarding graphene
applicability along with improved synthesis and high yield, resulted in emerging
practical the preparations of polymer nanocomposites with this exciting material. The
PVA/Gr hydrogels were classified as non-cytotoxic materials against healthy peripheral
blood mononuclear cells (PBMC) in a MTT assay, and exhibited strong antibacterial

activity against S. aureus [9].
24. FREEZING/THAWING METHOD

PVA is a biocompatible polymer which forms a hydrogel by strong non-covalent
cross-linking. PVA gels prepared by freezing and thawing techniques show increased

mechanical strength over most hydrogels due to the presence of crystalline regions that
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serve as the physical crosslinks [125]. The physical crosslinking phenomenon by the
freeze-thaw method is based on the existence of regular pendant hydroxyl groups on
PVA that are able to form crystallites by strong interchain hydrogen bonding.
Advantages of physically crosslinked hydrogels include their nontoxicity,
noncarcinogenicity, high elasticity, and the good biocompatibility of the resulting
polymer. The internal structure of a hydrogel matrix depends on the number of
crosslinkages present in the network [7].To increase the mechanical strength, repeated
freezing/thawing cycles are performed [125]. Prepared gels by freezing and thawing
techniques were characterized in terms of their swelling and dissolution behavior,
degrees of crystallinity, and crystal size distributions [6]. In addition, the long-term
stability was addressed in order to consider the appropriateness of such materials for
long-term biomedical or pharmaceutical applications. The parameters of particular
interest were the number of freezing/thawing cycles, PVA molecular weight, and the
concentration of aqueous solution. Variation of these parameters significantly impacted
the resulting behavior of the ensuing materials, and their potential pharmaceutical
applications. The stability can be significantly enhanced by increasing the number of
freezing and thawing cycles. In addition, it was concluded that it is actually desirable to
use a low to intermediate PVA molecular weight in order to prevent the possible
rearrangement of the structure over long time periods [6]. In another study, PVA
cryogel-silver nanocomposites have been produced by 5 to 11freeze-thaw cycles [7]. It
was clearly indicated that the extent of swelling decreased with an increasing number of
freezing/thawing cycles. The observed results may be attributed to the fact that with
increasing number of freezing/thawing cycles, the gel acquired increasing crystallinity
of the network, which restricts the mobility of PVA chains and consequently, results in
suppressed value of the swelling ratio. Another reason for the observed lower water
sorption capacity of the cryogel may be that increased number of freeze-thaw cycles
results in greater intermolecular forces between PVA chains. The enhanced binding
forces between the network chains reduced pore sizes of the cryogel and therefore, the
water sorption capacity decreased. The prepared nanocomposites did not exhibit
cytotoxicity and were blood compatible in a fair degree as evident from cytotoxicity and

in vitro protein adsorption and hemolysis tests [7]. It was found that on increasing the
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concentration of PVA, the biocompatibility of the nanocomposite increased and with
increasing number of freeze thaw cycles blood compatibility decreased [7].

In another study, effects of PVA content on the crystalline structure, self-
healability and water stability of PVA hydrogels obtained by freezing/thawing cycles
were explored. The self-healing ability depended on the PVA content and starts at the
PVA content of 25 wt%. The PVA content also significantly affected the crystaline
structure of PVA and hence affected the tensile strength and water stability of the
hydrogels. It was reported that increasing the crystallite size or crystallinity of PVA can
enhance the water stability of PVA hydrogels [126]. Figure 2.8 shows preparation of
self-healing PVA hydrogels using freezing/thawing method as proposed in literature
[126].
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Figure 2.8. Schematic representation of self-healing PVA hydrogel samples with
(6,12,25 wt % PVA concentrations) prepared by freezing/thawing method [126].
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2.5.CHARACTERIZATION OF Ag/HYDROGEL
NANOCOMPOSITES

2.5.1.ANTIMICROBIAL ACTIVITY

One of the main functions of poly(vinyl alcohol)/silver nanocomposites is
antimicrobial activity, it was reported that Ag/PVA nanocomposite hydrogels induced
inhibition zones in cultures of Gram positive bacteria (S. aureus, B. subtillis), Gram
negative bacteria (E. coli, P. aeruginosa) and fungi (4. niger Ferm) [127]. It was also
observed that pure PVA exhibited antibacterial activity only against B. subtillis and
showed no activity towards other microorganisms [127]. It was reported that the activity
of PVA may arise from hydroxyl groups. The antibacterial activity of silver is
dependent on Ag" that binds strongly to electron donor groups on biological molecules
like sulfur, oxygen or nitrogen. The concentration of nanoparticles plays an important
role in the antibacterial activity, as the interaction of particles with the cell wall of
bacteria is small at low concentrations. On the other hand, at high concentrations of the
particles, the aggregation probability of particles increases, and as a result, the effective
surface to volume ratio of particles as well as the resulting interaction between particles
and the cell wall of bacteria decrease. There are various proposed mechanisms of
AgNPs action on the bacterial cell. Some of these mechanisms were summarized as
follows: (i) silver nanoparticles might anchor to the bacterial cell wall and then
penetrate it, (i1) formation of free radicals by the AgNPs could damage the cell
membrane, (iii) release of silver ions by nanoparticles, which can interact with the thiol
groups of many vital enzymes and thus inactivate them, and (iv) nanoparticles could
modulate the signal transduction in bacteria which stops their growth [127]. Silver-
loaded PVA nanocomposites exhibited broad activity against pathogenic organisms
such as E. coli, S. aureus, V. cholera, Gram positive Bacilli, P. aerugenosa, and the
zone of inhibition increased with the increase in the amount of silver loaded in the
cryogel nanocomposites. Presence of the pores in the cryogel facilitated diffusion of
liquid media wthin the hydrogel, which could enhance the release of AgNPs. Therefore,
it was reported that porous hydrogel-silver nanocomposites exhibited good
antimicrobial activity and displayed enhanced biocidal effects [7]. Antibacterial activity

of Ag/PVA and Ag/PVA/Gr hydrogels was investigated quantitatively by monitoring
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changes in the number of viable bacterial cells in suspension against S. aureus TL and
E. coli [10]. Both hydrogels significantly reduced bacterial cell counts. But higher
antibacterial activity was found for Ag/PVA/Gr than for Ag/PVA. This finding was
attributed to smaller dimensions of AgNPs embedded in the former hydrogel [10].

2.5.2.cYTorToxiciry

Cytotoxicity testing is employed to reveal the effects of prepared
nanocomposites on mammalian cells [9,24,128,129]. The concentration of AgNPs
which are doped into hydrogel network should be controlled, otherwise the action of
these nanoparticles could occur against blood cells or eukaryotic cells in addition to the
action against bacteria [18]. The main difference between the two actions is the dosage
amount, because bacterial or microbial cells are sensitive to a smaller amount than
eukaryotic cells, so the concentration of AgNPs loaded into hydrogel must be in the
range which enables antibacterial action without reaching toxicity levels for human cells
[18]. Chatuvedi et al. [7] determined in vitro the cytotoxicity of their prepared Ag/PVA
cryogels by direct contact method. They found that, the cryogels did not induce
cytotoxicty towards mouse fibroblast cells. Jovanovi¢ et al. [24] prepared different
concentrations of AgNOj3 solution for Ag/poly(N-vinyl-2-pyrrolidone) nanocomposites
synthesis and they determined the cytotoxicity of their samples using peripheral blood
mononuclear cells (PBMC) isolated from the heparinized blood. They found that the
cytotoxicity of the nanocomposites depended on the concentration of AgNO; in the
initial solutions, so that the lowest concentration (I mmol dm™ AgNO; solution) had

only slight cytotoxic effects.

2.5.3. SILVER RELEASE INVESTIGATIONS

Kinetics of silver release from Ag/PVA and Ag/PVA/Gr hydrogel
nanocomposites was studied as a function of time of exposure to phosphate buffer (PB)
at 37 'C [10]. Silver concentration within Ag/PVA and Ag/PVA/Gr hydrogels initially
decreased sharply with time, and after 3 days of silver release (16% and 19% of the
initial silver content, respectively) a plateau was observed, indicating a significant
lowering of the silver release rate. Even after 28 days, both Ag/PVA and Ag/PVA/Gr

discs still retained 76% of the initial silver content as a consequence of the stability of
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AgNPs within the highly crosslinked PVA hydrogel network. This is very important,
because the remaining silver can preserve sterility of the samples over time [10]. Silver
release kinetics was also studied from Ag/PVP hydrogel nanocomposites during time of
exposure to PB at 37 'C [23]. The remaining silver (about 20% after 28 days) can
preserve the sterility of the samples over time [23]. Kinetics of silver release from
silver/poly(N-vinyl-2-pyrrolidone) PVP were examined under static conditions,
continuous PB perfusion (in perfusion bioreactors), and under dynamic compression
coupled with PB perfusion [24]. Diffusion was the dominant mechanism of silver
release in static conditions and under PB perfusion, while a slight contribution of
dynamic compression was observed in the biomimetic bioreactor. Silver release kinetics
modelling provided estimation of the time allowed for peripheral blood mononuclear
cells PBMC to be safely exposed to Ag/PVP nanocomposites under static and perfusion
conditions (e.g. as wound dressings) of about 3 days. In wound dressing applications,
that is a reasonable time for dressing replacement [24]. In another study, freshly
prepared Ag/PVA—gum acacia (GA) hydrogel samples were used for the investigation
[39], an increase of silver release with increasing in GA concentration was observed.
The long time for the release of silver in the low concentrations of GA was explaned as
the result of a slow swelling nature of the matrix with low GA content [39]. A nano-
Ag/PVA hydrogel device was synthesized by in sifu gamma-irradiation with the aim of
designing a hydrogel controlled release system of Ag' ions for antibacterial purposes
with the advantages of the radiolytic method [13]. In vitro Ag" ion release study showed
sustained and controlled release in a solution with a pH similar to that of the biological
fluids. The obtained in vitro release profiles of silver were similar to the patterns
observed with other drugs. Therefore, elements of the drug-delivery paradigm were

applied for the study of Ag" ion release kinetics [13].
2.5.4.SORPTION STUDIES

The increase in swelling ability, as well as the decrease in the hydrogel
elasticity, was the consequence of the AgNPs incorporation into the PVP hydrogel [23].
The findings were explaned by the fact that AgNPs, when embedded inside the
hydrogel network, expand the network, enabling faster SBF diffusion, and due to the

retained solution, make the hydrogel slightly stiffer, which lowers the elastic behavior
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of the polymer network, but only under dynamic conditions [23]. Sorption studies were
performed on PVA and PVA/silica films [130]. It was found that the amount of water
adsorbed in the PVA-silica film was slightly higher than that of the PVA film.
However, the water uptake of PVA-silica films was not significantly changed by the
increase in the sodium silicate concentration [130]. Sorption of different dyes by
PVA/clay hydrogel as a function of immersion time at room temperature was
investigated using UV spectrophotometric analysis [131]. It was found that the
percentage value of dye sorption by the hydrogel differs from one dye to another.
Sorption of a reactive dye was found to increase significantly after 3 hours and
afterward tends to level off with increasing time of immersion up to next 2 hours. In the
case of a basic dye, sorption by the hydrogel was shown to increase substantially by
increasing the time of immersion up to 24 hours. Moreover, it was shown that the
hydrogel that contained 50% clay had a higher tendency toward the two dyes under
investigation than the one that contained 60% clay [131].

2.6.HYDROGEL MECHANICAL PROPERTIES

Polymers resist stresses differently depending on their structure, molecular
weight, and intermolecular forces [90].They can be tested by stretching to determine
tensile strength, compression to obtain compressive strength, bending to determine
flexural strength, sudden stress to determine impact strength, and by dynamic loading to
determine fatigue. With increasing molecular weight and consequently the level of
intermolecular forces, polymers display the properties under an applied stress. A
flexible polymer can perform better under stretching improved whereas a rigid polymer

performs better under compression [90].

Attempts of tissue engineering using hydrogels have produced tissues with
significantly poorer mechanical strength than the native tissues [132]. There are several
reasons for this result including random alignment of fibres and high water content
within the hydrogel. The ability to follow changes in mechanical properties of hydrogels
over time is important in the quest to engineer functional tissues. Mechanical properties
of hydrogels have been relatively frequently studied but only few methods can be used
to measure mechanical properties of cell-seeded hydrogels. Presently, the most

commonly used method to determine mechanical properties of hydrogels is tensile
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testing or strip extensiometry [132]. PVA hydrogels were mechanically characterized
for self-healing purposes, depending on PVA concentration, separation time and
number of freezing/thawing cycles [1]. It was suggested that these hydrogels have a
good balance between amount of free hydroxyl groups of PVA on cut surfaces required
for forming interchain H-bonds and sufficient chain mobility ensuring chain diffusion
across the interface [1]. Mechanical properties of mixed hydrogels of PVA/PVP
prepared by freezing/thawing method followed by gamma-irradiation at different doses
(50,100 and 150 kGy) [133]. It was found that the tensile and compressive strengths
reached a maximum at the dose of irradiation of 100 kGy and then decreased when dose
of irradiation increased [133]. To enhance mechanical properties of hydrogels small
amounts of nano-scale particles of metals or carbon nanoparticles CNs were added
[7,12,134-180]. Silver/poly(vinyl alcohol)/cellulose/acetate/gelatin nanocomposites
(Ag/PVA/CA/GEL) were prepared by gamma irradiation for wound dressing purposes
[12] and their mechanical properties were studied. It was found that the tensile strength
of the composite membranes was increased with the addition of AgNPs and irradiation
doses [12]. Similarly, mechanical properties of Ag/PVA cryogel nanocomposites
prepared by freezing/thawing followed by chemical reduction process were studied [7].
It was found that the tensile strength increased with PVA concentration in the hydrogel
and with the number of freezing/thawing cycles. It was suggested that the size of
crystallite increased with the amount of PVA and the number of freezing/thawing
cycles, so that the network structure became more compact and strong due to the

increase in intermolecular interactions which resulted in better mechanical properties

[7].

Ag/PVP hydrogel (10 wt% PVP) nanocomposites were synthesized by gamma
irradiation using Co-60 in the dosage range between 0.5 kGy h™' up to 25 kGy h’
followed by reduction reaction in the dark [25]. Mechanical properties of both PVP
hydrogel and Ag/PVP nanocomposites were studied under bioreactor conditions and it
was shown that both samples had highly elastic behavior and the values of Young's
moduli for Ag/PVP nanocomposites were higher than that for pure PVP hydrogels [25].
Those results suggested that the presence of AgNPs affected the network structure
inducing better mechanical properties more suitable for potential medical applications

[25].
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3. AIMS OF RESEARCH

This dissertation focuses on the research studies of silver/poly(vinyl alcohol)
(Ag/PVA) and silver/poly(vinyl alcohol)/graphene (Ag/PVA/Gr) nanocomposites,
produced from pure poly(vinyl alcohol) hydrogels by doping them with silver
nanoparticles (AgNPs) using electrochemical synthesis. The aim of this study was to
investigate hydrogel morphological and structural properties as well as thermal stability,
cytotoxicity, antibacterial activity, silver release and sorption characteristics in order to
explore their potential for medical applications as wound dressings, soft tissue implants

and drug carriers.
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4. EXPERIMENTAL PART

4.1. MATERIALS

Chemicals used were all p.a. grade, PVA powder (“’hot soluble’’, fully
hydrolyzed M,, = 70000-100000 Sigma, St. Louis, USA), AgNO; (M. P. Hemija,
Belgrade, Serbia), KNO; (Centrohem, Stara Pazova, Serbia), graphene powder
(Graphene Supermarket, USA). In all the experiments ultra-pure water from Milli-Q
system (Millipore, Billerica, MA, USA) was used.

4.2. PREPARATION OF Ag/PVA AND Ag/PVA/Gr COMPOSITE
HYDROGEL DISCS

PVA powder was first dissolved in hot dH,O (90°C) in order to obtain PVA
aqueous solution with the concentration of 10 wt. % PVA. To prepare a PVA/Gr colloid
dispersion, grapheme (Gr) was added to dissolved PVA under vigorous stirring to yield
a final concentration of 10 wt. % PVA and 0.01 wt. % Gr. Subsequently, the dispersion

was cooled down to room temperature and sonicated for 30 min to ensure uniformity.

After cooling down, the PVA solution and PVA/Gr colloid dispersion were
poured into a Petri dish to the height of 5 mm and subjected to successive freezing and
thawing in 5 cycles, where one cycle involved freezing for 16 hours at -18°C and
thawing for 8 h at 4 C. The obtained hydrogels were cut into small discs (d = 10 mm).
Swelling of PVA and PVA/Gr hydrogels was performed in dark by immersing the pre-
weighed hydrogel discs in solutions of different AgNOj3 concentration (0.25, 0.5, 1 and
3.9 mM AgNO;) and 0.1 M KNO; at 25°C, during different periods of swelling time
(between 24 h and 72 h) in order to determine the optimal time of swelling at room

temperature. The pH of the swelling solution was around 6-7.

Swollen PVA and PVA/Gr hydrogels were used to produce Ag/PVA and
Ag/PVA/Gr composites, respectively by electrochemical reduction of Ag” at a constant
voltage, by in situ synthesis of silver nanoparticles within the PVA and PVA/Gr matrix,
respectively [181]. Briefly, specially designed electrochemical cell was employed, with

two Pt plates horizontally placed face-to-face, as working and counter electrodes. The
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hydrogel discs were placed in between two electrodes in the special glass holder. The
polarity of the electrodes was changed after the half of the implementation time, in
order to reduce the formation of a thin layer of metallic Ag at the surface of the
hydrogel in contact with the working electrode and to ensure the synthesis of AgNPs
within the hydrogel matrix. The following parameters were varied: applied voltage (50
V to 200 V) and implementation time (2 min to 4 min), by using MA 8903 Electro-
Phoresis Power Supply (Iskra d.d., Ljubljana, Slovenia). The electrodes were cleaned by

rinsing in HNOj3 (1:1) during 5 min and dH,O water after each experiment.

4.3. METHODS OF CHARACTERIZATION

4.3.1. UV-VISIBLE SPECTROSCOPY

UV-Vis spectra of PVA, PVA/Gr, Ag/PVA and Ag/PVA/Gr hydrogels were
recorded by CARY 300 Bio (Varian, Palo Alto, CA, USA) spectrophotometer at the
wavelength range of scanning between 200-800 nm. Hydrogel discs (1g) were dissolved
in 10 ml of boiling DI water and left to cool down prior to UV-Vis measurements.
Subsequently, 1 ml of solution was used for UV-Vis measurements. The obtained
hydrogels undergo quick dissolution due to disruption of intermolecular hydrogen
bonds at high temperatures. All tests were performed seven days after the

electrochemical synthesis.

4.3.2. RAMAN SPECTROSCOPY

HR-Raman analysis of Ag/PVA and Ag/PVA/Gr hydrogel discs was carried out
using an inVia Raman spectrophotometer (Renishaw, Wotton-under-Edge,
Gloucestershire, UK) equipped with a 514 nm argon laser. The intensity used was 10 %

of total power (50 mW). The spectral range of the analysis was carried out between

3500 - 100 cm™.
4.3.3. CYCLIC VOLTAMMETRY (CV)

Cyclic voltammetry (CV) measurements of a Pt electrode in 0.25, 0.5, 1 and 3.9
mM AgNO; + 0.1 M KNOj solution, as well as of PVA, PVA/Gr, Ag/PVA and
Ag/PVA/Gr hydrogels were performed using two platinum electrodes (9 mm x 10 mm)
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as working and counter electrodes, and a saturated calomel electrode (SCE) as a
reference electrode. CV measurements were acquired using Reference 600
potentiostat/galvanostat/ZRA (Gamry Instruments, Warminster, PA, USA) at a scan rate
of 50 mV s/, in the potential region from -0.3 V to 1 V vs. SCE, starting from the open
circuit potential, Eop. In each experiment, cycling was continued until stabilized

voltammograms were obtained (typically 4 cycles).

4.3.4. FIELD EMISSION SCANNING ELECTRON MICROSCOPY (FE-
SEM)

Surface morphology of dried PVA, PVA/Gr, Ag/PVA and Ag/PVA/Gr
hydrogels was analyzed by FE-SEM (LEO SUPRA 55, Carl Zeiss, Germany) operated
at acceleration voltage of 10 kV and TESCAN MIRA 3 XMU.

4.3.5. FOURIER TRANSFORM INFRARED SPECTROSCOPY (FT-IR)

FT-IR analysis of dried PVA, PVA/Gr, Ag/PVA and Ag/PVA/Gr hydrogel discs
was carried out using KBr pellets in a Perkin Elmer (Spectrum One system)
spectrophotometer (PerkinElmer, Inc., Waltham, MA, USA). The scan was carried out

in the range of 450 cm™' to 4000 cm ™' with a spectral resolution of 0.5 cm™.
4.3.6. X-RAY DIFFRACTION (XRD)

The crystalline structure was investigated using a X-ray diffractometer (model
Bruker AXS-D-8 Discover) with irradiation from Ka line of Cu (A = 1.5406 A). The
detector resolution in 26 (diffraction angle) was between 5° and 80" at 25°C while the

tube current and voltage maintained at 300 mA and 40 kV, respectively.
4.3.7. THERMAL ANALYSIS

Thermal stability of composite hydrogles was investigated using a TA
instrument DSC-TGA SDT Q600 (TA Instruments, New Castle, DE, USA) from ~ 20°C
to 1000°C under N (50 ml/min), heating rate of 20 C/min.
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4.3.8. CYTOTOXICITY

4.3.8.1. Preparation of peripheral blood mononuclear cells

Peripheral blood mononuclear cells (PBMCs) were washed three times in
separating solutions (Histopaque-1077, Sigma Aldrich, St. Louis, MO, USA). Finally,
cell slurry was re-suspended in nutrient medium RPMI-1640 (Sigma Aldrich, St. Louis,
MO, USA), pH 7.2, supplemented with 10% heat-inactivated for 30 min at 56 C fetal
bovine serum (FBS), 3 mM 1 glutamine, 100 mg dm ™ streptomycin, 0.1 IU dm >
penicillin and 25 mM HEPES). All chemicals acquired from Sigma Aldrich, St. Louis,
MO, USA.

4.3.8.2. Treatment of PBMC

PBMCs were seeded in nutrient medium, in a 24-well plate in which either pure
PVA, PVA/Gr hydrogel, Ag/PVA and Ag/PVA/Gr composite hydrogel discs were
added. Ag/PVA and Ag/PVA/Gr composites were obtained by electrochemical
reduction of PVA and PVA/Gr hydrogels preswollen in 0.25, 0.5, 1 and 3.9 mM AgNO;
solution. All hydrogels were sterilized prior to experiments by UV irradiation for 30
minutes by placing them under UV-C lamp integrated in the laminar airflow hood. Pure
PVA, PVA/Gr hydrogels, Ag/PVA and Ag/PVA/Gr composites in the form of cylinders
(d =2 mm, 6 = 5 mm) were placed in the 24-well plate. In the second experimental
series, effects of Ag/PVA and Ag/PVA/Gr composite hydrogels on PBMC stimulated
for proliferation were studied. Experimental set-up was the same except for addition in
this case of mitogen phytohemagglutinin (PHA) that stimulates the proliferation of
PBMCs.

4.3.8.3. Determination of target cell survival

Survival of target cells was determined using MTT test, in order to assess the
activity of living cells by their mitochondrial dehydrogenase activity [182]. Standard
MTT assay was employed based on reduction of the yellow salt - tetrazolium dye MTT
(4,5 dimethyl thiozol — 2-yl) — 2,5 — diphenyl tetrazolium bromide) to its soluble
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formazan (purple colored crystals) by mitochondrial dehydrogenase activity of living
cells. The absorbance was measured using 570 nm using Multiskan EX Thermo
Labsystems (Thermoscientific, Waltham, MA, USA). Since the number of live cells is
directly proportional to the absorbance of viable, metabolically active MTT treated
cells, for calculation of the cell survival (S), absorbance of newly formed formazan was

used:

S(%) = j»j %100 4.1)
A, is the absorbance of cells grown in the presence of the samples and A, is the
absorbance of control cells. Cytotoxicity was rated based on the cell survival relative to
controls as following: non-cytotoxic (> 90% cell survival), slightly cytotoxic (60—90%
cell survival), moderately cytotoxic (30-59% cell survival), and severely cytotoxic (<

30% cell survival) [183].

4.3.9. ANTIBACTERIAL ACTIVITY

Antibacterial activity was determined for Ag/PVA and Ag/PVA/Gr hydrogel
discs pre-swollen in the AgNOs; solution of the lowest concentration of 0.25 mM.
Prepared hydrogels samples (cut into ~ 1 mm® cubes) were sterilized by exposing to
UV-C lamp integrated in the laminar air flow hood at a distance of 60 cm between
hydrogels and the lamp for a total time of 30 minutes. Antibacterial activity was tested
against bacteria strain Staphylococcus aureus TL (culture collection—-FTM, University
of Belgrade, Serbia) and Escherichia coli (ATTCC 25922) in suspensions using the
spread-plate method. The study was performed in modified phosphate-buffered saline
(PBS), termed phosphate buffer (PB); salt composition of 0.39 mM KH,PO,4 and
0.61 mM K,HPO,, and was free of Cl ions (in order to avoid eventual precipitation of
AgCl). Minimal supply of nutrients is advised in protocols when antibacterial properties
of biomaterials are assessed. The number of bacteria in the samples was monitored at
the beginning of the experiment and after incubation for 1, 3, and 24 h. After incubation

for 24 h at 37 'C, the number of colonies was counted using a colony counter and
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expressed as CFU/mL to obtain the number of viable Staphylococcus aureus and

Escherichia coli.

4.3.10. SILVER RELEASE INVESTIGATION

Silver release from Ag/PVA and Ag/PVA/Gr composite hydrogel discs
preswollen in the AgNO; solution of the lowest concentration of 0.25 mM was
investigated in phosphate buffer (PB) at 37 C+ 1'C. PB (pH 7.42) consisted of 0.39
mM KH;PO4 and 0.61 mM K,HPO,, and was free of Cl ions (in order to avoid
eventual precipitation of AgCl). During first 7 days, PB was changed daily and then
once a week, up to 28 days. Silver contents were determined initially, at different time
points and after the completion of the experiments. The amount of silver in solutions
was determined using atomic absorption spectrometer (PYU UNICAM SP9, Philips,
Netherlands). Total contents of silver within the composite hydrogels were determined

upon treatment in HNOs (1:1, v/v) inducing oxidation of all AgNPs into Ag".

4.3.11. SORPTION CHARACTERISTICS

Dry Ag/PVA and Ag/PVA/Gr hydrogel discs, xerogels (d= 4.73 + 0.27 mm, 0
=1.95 +£0.05 mm) were obtained by drying the hydrogel discs (d= 10 mm, 6 = 5 mm) to
constant weight. The xerogels were then immersed in Kokubo’s solution at pH= 7.2,
37+1°C, until attainment of equilibrium during 28 days. Kokubo’s solution was
prepared by dissolving reagent-grade salts in deionized water up to Na" 142.0 mM, K"
5.0 mM, Mg®" 1.5 mM, Ca*" 2.5 mM, HCO;~ 4.2 mM, CI” 147.8 mM, HPO,* 1.0 mM,
and SO,4*~ 0.5 mM. The final solution was buffered in Tris and pH adjusted to 7.40 with
1 M hydrochloric acid. The sorption characteristics were determined by periodical

gravimetric measurements using an analytical balance.
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5. RESULTS AND DISCUSSION

5.1. ELECTROCHEMICAL SYNTHESIS OF SILVER
NANOPARTICLES INSIDE PVA AND PVA/Gr HYDROGELS

An innovative method was developed [181,184,185] for the synthesis of AgNPs
inside hydrogel matrices based on the electrochemical reduction of Ag" ions. To obtain
AgNPs within PVA and PVA/Gr hydrogel discs swollen in 3.9 mM AgNOjs solution.
Fig.5.1a represents the two-electrode cell consisting of a working electrode and counter
electrode made of Pt, with hydrogel discs between, previously swollen in AgNO;
solution situated in a specially designed glass holder. The optimal time of swelling was
48 h, as evident from the complete saturation of hydrogel discs with AgNO; solution
and appearance of dark brown color on Ag/PVA hydrogel discs after electrochemical
synthesis (Fig. 5.1b). The synthesis was performed at the constant voltage of 90 V and
implementation time of 4 min. The polarity between the electrodes was periodically
changed in order to reduce the electrodeposition of metallic Ag at the cathode surface.
When the polarity of the electrode is reversed, the deposited bulk Ag layer is again
dissolved and returned into the electrolyte in the form of Ag’ ions. For the
implementation time exceeding 4 min, significant growth of Ag layer electrodeposited
on the cathode was observed. The photographs of synthesized Ag/PVA and Ag/PVA/Gr
discs are depicted in Fig. 5.1b.
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Figure 5. 1. (a) Scheme of the electrochemical cell for AgNP synthesis inside the
polymer hydrogel and (b) photographs of synthesized Ag/PVA and Ag/PVA/Gr
hydrogels

In general, formation of metal nanoparticles by electrolysis starts with the
reduction of their ions at the cathode. Stabilization agents are being introduced to speed
up the formation of AgNPs, reduce the metal layer deposition on the cathode surface
and limit the agglomeration of nanoparticles in the solution [184]. The reduction of Ag"
ions and water occurs at the cathode and is represented by the following equations,

respectively:

nAg’ +ne = (Ag), (5.1)
2H,0 +2e — H, + 20H" (5.2)

While the water oxidation occurs at the anode:
2H,0 - 4H" + 0, + 4¢~ (5.3)
The competition between metal nanoparticles formation and the metal layer
deposition at the cathode surface can be explained as follows. Silver layer

electrodeposition at the cathode surface occurs simultaneously to the hydrogen

evolution, contributing to a decrease in the effective surface area for silver nanoparticles
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production. Linear polymeric PVA chains promote stabilization of particles by
adsorption of polymeric chains on their surface via bonding with the exposed hydroxyl
groups in PVA chains. Lone pairs on the oxygen atoms in PVA molecule can occupy
two sp orbitals of Ag" to form a metal complex, so the first step is the formation of the
Ag,""-PVA complex by coordinative bonding between Ag'ions and PVA molecules,
where m is the number of Ag" bounded with PVA molecule. The second step is the
electrochemical reduction of Ag,” -PVA complex at the cathode surface, followed by
formation of Ag,’-PVA adatoms stabilized with PVA chains. The presence of PVA
ensures that the Ag,” -PVA complex is being reduced rather than individual Ag" ions
since oxygen atoms in PVA chains increase the electron density of sp orbital of the
silver ion in respect to the water molecules in hydrated Ag" ions. As a consequence,
silver ions in Ag,” -PVA complex attract the electrons from the cathode easier than
individual hydrated silver ions. This means that the reduction of Ag,,” -PVA complex is
favorized comparing the reduction of individual Ag" ions. Consequently, the deposition
of metallic silver layer at the cathode surface is lowered. In the third step the silver
nanoparticles nucleation occurs, while the final sstep involves AgNPs growth with
particle aggregation being limited by the presence of PVA chains. Similar mechanism
was proposed [116] for silver nanoparticles production in the poly(vinyl pyrrolidone)
(PVP) solution. Previous research of electrochemical synthesis of silver nanoparticles in
the hydrogel matrices of alginate [21, 22], PVP [23, 24] and PV A [184] confirmed the
presence of AgNPs inside the hydrogel using UV-visible spectroscopy and field-
emission scanning electron microscopy. Moreover, the antibacterial activity of AgNPs
was confirmed by both the agar-diffusion test and test in suspension [21, 184], while the
kinetics of silver release was monitored in simulated physiological conditions

(phosphate buffer, PB) [22, 23, 24, 184].

5.2. UV-VIS ANALYSIS

UV-Vis spectroscopy was employed to identify and monitor formation of
AgNPs, which exhibit optical properties that are highly sensitive to nanoparticle size,
shape, concentration, and agglomeration state. According to Mie theory, metal
nanoparticles exhibit characteristic peaks in their absorption spectra due to localized

surface plasmon resonance (LSPR) effect [102,186]. It is well known that absorption
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spectra of small sphere-like AgNPs exhibit a peak at wavelengths of 405-420 nm
[21,118]. The absorption spectra of PVA, PVA/Gr, Ag/PVA, and Ag/PVA/Gr hydrogels

are shown in Figure 5.2.
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Figure 5.2. Absorption spectra of PVA, PVA/Gr, Ag/PVA, and Ag/PVA/Gr hydrogels
(swelling solution: 3.9 mM AgNO; + 0.1 M KNOj3)

It can be seen that both Ag/PVA and Ag/PVA/Gr exhibited absorption spectra
with bands peaking around 400 nm, which confirmed the formation of AgNPs. Further
more, the absence of any absorption bands in the longer wavelength region suggests
restricted aggregation of AgNPs in the proposed composite systems. Since the
concentration of AgNPs is linearly dependent to the absorbance intensity [27], it can be
concluded that the amount of AgNPs decreased with the addition of graphene slightly.
In addition, the slight shift of the absorbance maximum toward lower wavelength values
was observed in the presence of graphene for Ag/PVA/Gr (405 nm) compared to that at
408 nm for Ag/PVA. This indicates somewhat smaller dimensions of AgNPs in the
Ag/PVA/Gr hydrogel, suggesting that graphene sheets in these hydrogels hindered
aggregation and further growth or agglomeration of AgNPs.
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5.3. RAMAN SPECTROSCOPY

The Ag/PVA/Gr hydrogels were analyzed using Raman spectroscopy in order to
verify exfoliation of graphene sheets into the polymer matrix. The presence of graphene
was verified by appearance of two broad, distinct bands at 1372 cm™ and 1581 cm™
(Fig. 5.3). The Raman D band at 1372 cm™ is ascribed to amorphous or disordered
structures and defects in graphene layers, while the G band at 1581 cm™ originates from
the in-plane vibration of sp® carbon atoms. Moreover, the G band intensity is directly
proportional to the number of graphene layers [187]. The level of disorder and defects
can be calculated from the intensity ratio of the D band and G band (/p/l;), and the
average size of sp” domains is also inversely proportional to this ratio [187]. The value
of this ratio was calculated to be 0.85, which is close to the value found in literature and

indicates significant amount of defects [62].
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Figure 5.3. Raman spectra of Ag/PVA and Ag/PVA/Gr hydrogels (swelling solution:
3.9mM AgNO; + 0.1 M KNO3)

37



5.4. CYCLIC VOLTAMMETRY

Incorporation of AgNPs into PVA and PVA/Gr polymer matrices was further
examined by CV measurements. The voltammetry tests were performed on a
polycrystalline Pt working electrode in the potential domain from -0.3 V to 1 V vs. SCE
in order to gain better insight into the oxidation/reduction processes occurring at the Pt

surface.

The base curves obtained for pure PVA and PVA/Gr hydrogels in the absence of
AgNPs (Fig. 5.4a) exhibit hindered hydrogen adsorption/desorption peaks, indicating
that PVA and PVA/Gr are probably adsorbed on the electrode surface. In the case of the
pure PVA hydrogel, an intense oxidation process in the 750-1000 mV vs. SCE potential
region and its cathodic counterpart at about 450 mV vs. SCE, exhibited as a sharp
increase in current density in this potential region, most probably represents the
processes related to the oxidation/reduction of the PVA macromolecules at the
hydrogel/electrode interface. In contrast, the PVA/Gr hydrogel exhibited a broad anodic
peak at about 100 mV vs. SCE, followed by a gradual increase in current density
starting at around 300 mV, manifesting a wide anodic shoulder. The only cathodic
feature is present at about 100 mV vs. SCE. All these peaks could be ascribed to the
redox processes involving the PVA, but also to possible oxidation and reduction of
graphene.

To gain insight into the redox processes of silver ions at the Pt electrode, the CV
curves were also recorded for a Pt electrode in 3.9 mM AgNOs + 0.1 M KNOj solution,
as shown in Figure 5.4b. The pH of this solution was measured to be around 6.5-7. In
the cathodic region, the most prominent peak is around 225-235 mV, corresponding to
the reduction of Ag' ions and deposition of a bulk silver layer at the surface of the Pt
electrode. The anodic peaks between 350 and 650 mV involve the oxidation of the Ag
layer deposited on Pt in the cathodic half cycle to Ag’, as well as further oxidation of
the bulk Ag to Ag,O. In the initial cycles (Fig. 5.4b, cycles 1 and 2), there was only one
peak at 465 mV, which it was assumed corresponded only to the oxidation of Ag to Ag"
ions and the dissolution of the bulk silver layer on the Pt surface. In the stationary
voltammograms (Fig. 5.4b, cycles 3-5), there was evident doubling of this peak into two

peaks at 454 mV and 544 mV. It was assumed that the oxidation of Ag to Ag” ions is
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represented by the first peak at more negative potentials, whereas the second peak
indicates the oxidation of the Ag deposit to the Ag,O layer. The third peak at around
850 mV could involve further oxidation of bulk Ag or Ag,O to AgO, i.e. the oxidation
of Ag(0) and Ag(I) states to Ag(Il). In order to check the possibility of these reactions,
the theoretical potentials for their occurrence were calculated using the Nernst equation
(eq. (5.4)):

— & BT, CRed
E=Ef -7l (5.4)

Where E is the electrode potential, E/Z is the standard reversible potential for the

given reaction, 7 is the temperature, R and F are universal gas and Faraday constants,
respectively, z is the number of exchanged electrons and Cgreg and Cox are
concentrations of reductive and oxidative species, respectively. The three anodic
processes represented by three peaks in Fig. 5.4b were illustrated by the following
reactions. The first anodic peak, at the most negative potential, was ascribed to reaction
(5.5), i.e. the oxidation of a bulk silver layer at the Pt electrode surface, which was
deposited during the cathodic sweep, bearing in mind that the cycling was started from
the cathodic potential region. The electrode potential for this reaction, calculated using
eq. (5.4), for a 3.9 mM AgNO:s solution, is 420 mV vs. SCE. The second anodic process
could involve the oxidation of the same bulk Ag layer on the Pt surface to Ag(I) species,
1.e. the second peak corresponds to the formation of Ag,O oxide, depicted by the
reaction (5.6). The potential for this reaction, in a solution of pH ~ 6.5 was calculated to
be 545 mV vs. SCE. Finally, the third anodic peak could correspond to further oxidation
of Ag(I) to Ag(Il) species, i.e. to the formation of AgO oxide, following the reaction
(5.7). The electrode potential for reaction (4), calculated using Nernst equation for

solution of pH ~ 6.5 was around 780 mV vs. SCE.

Ag(s)=Ag +e (5.5)
2Ag (s) + H,0=Ag,0(s)+2H +2¢ (5.6)
Ag0(s)+H,0=2AgO(s)+2H +2¢ (5.7)

The calculated values of the potentials for given reactions are in good agreement

with experimentally obtained potentials, with some variations that could be ascribed to
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the probable changes in local pH values in the electrolyte layer in contact with the

electrode, as well as the influence of mass transfer on the mentioned reactions.
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Figure 5.4. Cyclic voltammograms of (a) PVA and PVA/Gr hydrogels and (b) Pt
electrode in 3.9 mM AgNO; + 0.1 M KNOjs solution; scan rate 50 mV-s!

Figure 5.5 depicts the cyclic voltammograms of Ag/PVA and Ag/PVA/Gr
hydrogels at the Pt electrode, synthesized using 1.0 mM AgNO; + 0.1 M KNO;
swelling solution. After 24 h (Fig. 5.5a), cyclic voltammograms of both Ag/PVA and
Ag/PVA/Gr samples exhibited a cathodic peak at 189 mV vs. SCE for Ag/PVA and at
235 mV vs. SCE for Ag/PVA/Gr, which could be ascribed to the reduction of Ag" ions
leftover in the swollen hydrogel after the synthesis and to the formation of Ag layer at

the surface of Pt electrode. In the anodic region, a sharp anodic peak located at 374 mV
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vs. SCE (for Ag/PVA) and at 439 mV vs. SCE (for Ag/PVA/Gr) could be ascribed to
the oxidation of this newly formed layer, i.e. to the dissolution of Ag layer on the
surface of Pt and formation of Ag" ions. The difference of the potential for these peaks
could be due to the uncompensated ohmic resistance of the experimental setup, causing
discrepancies in the potential values. Other peaks, such as anodic peak at potentials
higher than 700 mV and cathodic peak at ~400 mV probably correspond to the redox
processes of the PVA and PVA/Gr hydrogels.
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Figure 5.5. Stationary cyclic voltammograms of Ag/PVA and Ag/PVA/Gr hydrogels at
(a) 24 h and (b) 5 days after the electrochemical synthesis (swelling solution: 1.0 mM
AgNO; + 0.1 M KNO3),; scan rate 50 mV-s!
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After five days (Fig. 5.5b), there is a cathodic peak of Ag" reduction at ~ 200
mV for both Ag/PVA and Ag/PVA/Gr hydrogels, and the corresponding anodic peak
appears at 444 mV vs. SCE for Ag/PVA hydrogel, and at 425 mV in the case of
Ag/PVA/Gr. In the case of the Ag/PVA/Gr sample, two close anodic peaks appeared,
probably due to the split into different silver oxidation processes. As discussed above,
these processes could involve the oxidation of the bulk Ag layer on the surface of Pt
electrode (formed by the reduction of Ag' ions during the cathodic sweep) to the Ag"
and Ag,O species, as illustrated by equations (5.5) and (5.6), respectively. The
difference in anodic current densities of these peaks for Ag/PVA and Ag/PVA/Gr

hydrogels was less pronounced after five days than it was after 24 h.

Figure 5.6 represents stationary voltammograms (cycle 3) of Ag/PVA/Gr
hydrogels obtained from AgNO; swelling solutions with two concentrations of Ag"
(0.25 mM and 0.5 mM). The cathodic sweep contains a broad peak at 430 mV for
Ag/PVA/Gr from 0.25 mM AgNOs, and at 395 mV for Ag/PVA/Gr from 0.5 mM
AgNO;. Anodic process occurs at potentials more positive than 800 mV, seen as a
shoulder with high current densities on the CVs. As mentioned previously, these peaks
probably correspond to processes related to the reduction and oxidation of both PVA
and PVA/Gr hydrogels. A cathodic shoulder at ~ 100-200 mV corresponds to the
reduction of Ag” and deposition of bulk Ag layer at the cathode surface. In the anodic
sweep, both CVs contain one prominent peak, at 345 mV for Ag/PVA/Gr swollen in
0.25 mM AgNO;, and at 404 mV for Ag/PVA/Gr swollen in 0.5 mM, probably
involving the oxidation of Ag layer on the Pt surface, deposited during the cathodic

sweep.
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Figure 5.6. Stationary cyclic voltammograms (cycle 3) of Ag/PVA/Gr hydrogels
synthesized from 0.25 mM and 0.5 mM AgNO3 swelling solutions, scan rate 50 mV-s-1

Figure 5.7 depicts voltammetric sweeps of Ag/PVA/Gr hydrogels obtained from
0.25 and 0.5 mM AgNOj; swelling solutions. Voltammograms of both hydrogels quickly
reach steady state after several cycles. In the cathodic region for both hydrogels, cycle 1
contains peaks at ~ 100 mV, which probably involve reduction of residual Ag" ions,
remaining unreduced in the hydrogel after the synthesis and to the deposition of Ag
layer on the surface of Pt. These peaks almost disappear from cycles 2-5, hinting that
almost all Ag" ions are reduced in the first cycle of the CV sweep. The cathodic peak at
~ 400 mV, as mentioned above, probably involves some reduction reaction of PVA
macromolecules. During cycles 1-5, a continuous decrease of the anodic current density
can be observed for the peak of Ag layer oxidation at 320-340 mV for Ag/PVA/Gr
obtained in 0.25 mM AgNOj3, and at 370-390 mV for Ag/PVA/Gr obtained in 0.25 mM
AgNOs, indicating that there is lesser amount of the species being oxidized at the

surface of Pt electrode.
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5.5. FIELD EMISSION SCANNING ELECTRON MICROSCOPY
(FE-SEM)

The FE-SEM micrographs of PVA, PVA/Gr, Ag/PVA, and Ag/PVA/Gr
composite hydrogels are shown in Figure 5.8. The separate graphene sheets are not
visible in the micrographs of the hydrogels due to the encapsulation of nanosheets by

the PVA polymer matrix.

Figure 5.8. FE-SEM microphotographs of (a) PVA(scale bar=300 um), (b)
PVA/Gr(scale bar=200 um), (c) Ag/PVA, and (d) Ag/PVA/Gr hydrogels (swelling
solution: 3.9 mM AgNO; + 0.1 M KNO3)(scale bar=100 um)

AgNPs adopt spherical morphologies in appearance at nanoscale levels. The

average size of the primary AgNPs was found to be around 37 nm in the Ag/PVA
hydrogel (Figure 5.8c) and around 16 nm in the Ag/PVA/Gr hydrogel (Figure 5.8d).
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Thus, from FE-SEM micrographs it can be concluded that the size of AgNPs in the
Ag/PVA/Gr nanocomposite was reduced compared to that in the Ag/PVA
nanocomposite. Hydrogen bonds established between hydrophilic PVA chains and
graphene nanosheets regulate the size of the surrounding AgNPs and prevent their
further growth and aggregation. This is in agreement with the UV-Vis spectroscopy
results, in which the absorption peak positions indicated slightly smaller dimensions for
the AgNPs in the Ag/PVA/Gr hydrogels. It was further attempted to examine the types
and natures of bonds and interactions in hydrogels and also to identify the functional

groups involved in the synthesis of AgNPs using FT-IR spectroscopy.

5.6. FOURIER TRANSFORM INFRARED SPECTROSCOPY (FT-
IR)

FT-IR spectra and wave numbers data of the PVA hydrogel as shown in Figure
5.9 and Table 5.1, exhibited several characteristic absorption bands, including those at
3275 em” (O-H stretchingvibration), 2949 cm™ (aliphatic C-H stretching and
asymmetric stretching of —CH,) carbonyl (C=0) stretching at 1642 cm™ , and C-H in-
plane bending at 1428 cm’™ [48, 188-190]. Of these, especially interesting is the band at
~3200-3300 cm™, corresponding to the valence vibrations of hydroxyl groups; these
valence vibrations are sensitive to interactions with other functional groups, particularly
to hydrogen bonding [191]. With the addition of AgNPs into the system, i.e., in the FT-
IR spectrum of the Ag/PVA hydrogels, this particular band exhibited a slight red shift
and moved from 3275 cm™ (PVA) to 3313 cm’ (Ag/PVA). This is evidence of
coordination bonding and complex formation between PVA macromolecules and
AgNPs during and after the electrochemical synthesis. Moreover, in the FT-IR spectrum
of the Ag/PVA/Gr hydrogel, this band shifted again to a lower wave number (3299 cm’
Y, pointing to the interactions of graphene with PVA and its influence on the weakening
of Agn-PVA complex bonds. This results in easier release and faster leaching of silver
from these hydrogels, as observed also from voltammetric (section 5.3) and silver
release investigations (section 5.10). The C-O stretching vibration appeared at 1095,
1097, and 1097 cm™ for PVA, Ag/PVA, and Ag/PVA/Gr, respectively. The appearance
of this band is often linked to the semi-crystalline structure of PVA [8,190].
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Coordination interactions between Ag nanoparticles and hydroxyl groups on the chain
of PVA molecules could have caused the red shift of this band. However, the band
changed neither position nor shape in the Ag/PVA/Gr hydrogels, leading to the
conclusion that silver alone had an impact on the crystallinity of PVA, and graphene did

not have any effect.

Table 5.1. Wave numbers of main characteristic FT-IR bands and corresponding

assignments for PVA, Ag/PVA and Ag/PVA/Gr hydrogel discs

Wave numbers (cm™) Assignments

PVA Ag/PVA Ag/PVA/Gr

3275 3307 3299 -OH stretching vibration

2949 2950 2951 Asymmetric CH, stretching and aliphatic C-H
stretching vibrations

1642 1639 1640 Asymmetric and symmetric stretching vibration of —
COO

1428 1432 1428 Week —OH band vibration

1334 - - -OH in plane coupling with C-H wagging

1144 - - C-C stretching vibration

1095 1097 1097

C-O stretching vibration of secondary alcohols

662 678 665 C-H rocking vibration
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Figure 5.9. FT-IR spectra of PVA, Ag/PVA, and Ag/PVA/Gr hydrogels (swelling
solution: 3.9 mM AgNO; + 0.1 M KNO3)

5.7. X-RAY DIFFRACTION (XRD)

Figure 5.10 shows the XRD patterns of Ag/PVA and Ag/PVA/Gr hydrogels.
Diffraction maxima at 26 =19.39° (for Ag/PVA) and 19.74° (for Ag/PVA/Gr), are
related to the characteristic peak of (002) lattice plane of PVA, demonstrating the semi-
crystalline structure of PVA [9,191]. Diffraction peaks for Ag/PVA observed at 26 of
38.36° and 44.11° and those of the Ag/PVA/Gr composite hydrogels at 26 of 38.50°,
44.59°, 64.59°, and 77.50° correspond to Bragg's reflections from the crystal planes
(111), (200), (220), and (311), respectively, which are characteristics of the face
centered cubic crystal structure of AgNPs, in good agreement with previously reported
data [192]. A weak broad peak near 22.84° represents graphene in the Ag/PVA/Gr
composite. The interspacing (d-spacing) value of the (002) lattice plane of PVA and
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Ag/PVA hydrogels was calculated to be 0.457 nm, while the obtained value changed
slightly with the introduction of graphene sheets (0.449 nm for Ag/PVA/Gr
nanocomposite), indicating the additional interactions established between the PVA
molecules and graphene sheets and the AgNPs incorporated in the Ag/PVA/Gr
nanocomposite. It can be considered that the cross-section of graphene produced a
weak interface with the (002) plane of PVA due to the lattice mismatch; as a
consequence, the distance between graphene sheets increased from 0.340 nm in pure
multi-layered graphene to 0.449 nm in the Ag/PVA/Gr nanocomposite, indicating
strong hydrogen bonding between the hydroxyl groups present in PVA and the oxygen-
containing groups in graphene. This supports the hypothesis that graphene sheets,
incorporated between the polymer chains, prevent aggregation and growth of AgNPs in
hydrogels, as observed by FE-SEM and FT-IR .
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Figure 5.10. XRD patterns of Ag/PVA and Ag/PVA/Gr hydrogels (swelling solution:
3.9 mM AgNO; + 0.1 M KNO;)
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5.8. THERMAL ANALYSIS

Thermogravimetric analysis (TGA) was employed to investigate the influence of
graphene on thermal properties of the hydrogel structure, and corresponding differential
thermogravimetric (DTG) curves were calculated. In Figure 5.11a, PVA underwent a
three-step weight loss, starting with a sudden drop in wt. % at about 100-110 ‘C, which
was immediately followed by another weight loss at higher temperatures (~170 'C)
reaching the maximum weight loss rate, as seen from the DTG curve of PVA. In this
range, around 80 wt. % of the initial mass was lost due to the dehydration processes and
evaporation of water from the hydrogels. The second step was a slight steady weight
loss peaking at about 278 'C, suggesting PVA backbone degradation. This peak on the
DTG curve of Ag/PVA (Figure 5.11a) is sharper and shifted slightly toward a higher
temperature (284 'C), indicating the influence of the coordination bonding of silver on
PVA thermal stability. However, the Ag/PVA hydrogel exhibited a higher weight
percent loss, with only 1.5 wt. % residue at 600 'C. From Figure 5.11b, showing both
the TGA and DTG curves of PVA/Gr and Ag/PVA/Gr hydrogels, it is obvious that the
presence of graphene leads to an increase in the thermal stability of both PVA/Gr and
Ag/PVA/Gr. At the temperature of 450°C (Figure 5.11b), Ag/PVA/Gr had a smaller
weight loss (94.6 wt. %) compared to that of PVA/Gr (96 wt. %) or Ag/PVA (97.6 wt.
%), demonstrating increased stability and stronger interactions between the molecules
of the Ag/PVA/Gr hydrogel composite. Graphene also increased temperature required
for the thermal decomposition of the polymer backbone since PVA and Ag/PVA
exhibited lower thermal stability (about 278'C and 283°C, respectively) compared to
those of PVA/Gr (288 'C) and Ag/PVA/Gr (311 °C), Even after being heated to 600°C,
approximately 5 wt. % of graphene-containing residue was still present. These findings
indicate that the addition of graphene at such an exceptionally low concentration can

improve the thermal stability of PV A-based composite hydrogels.
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Figure 5.11. TGA (left axis) and DTG (right axis) curves of (a) PVA and Ag/PVA and
(b) PVA/Gr and Ag/PVA/Gr hydrogels (swelling solution: 3.9 mM AgNO; + 0.1 M
KNOj3)

The DSC thermograms of both PVA/Gr (as a reference) and Ag/PVA/Gr
hydrogels exhibit endothermic changes in the range of 20-1000 'C (Figure 5.12). The
first endothermic peak, at 119.13 'C for PVA/Gr and at 119.60 'C for Ag/PVA/Gr, is
related to the evaporation and loss of water from the hydrogel network upon heating the
samples. The high temperature of this event (~ 120 "C) indicates that water molecules

are strongly hydrogen bonded to hydroxyl groups on the PVA chain, as well as to
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oxidized groups in the graphene structure. This is bound water with highly oriented and
ordered dipoles that usually evaporates at higher temperatures [193]. The area of this
peak does not change significantly upon addition of AgNPs to the PVA/Gr hydrogel,
which implies that AgNPs have a small influence on the binding and orientation of H,O
molecules in the polymer matrix. The loss of free water at temperatures lower than 100
°C did not result in any significant peaks on both DSC curves, so it was concluded that
the main state of water in hydrogels is bound H,O, due to the presence of a large
number of oxygen-containing groups in PVA macromolecules.

The second endothermic peak on DSC curves of PVA/Gr and Ag/PVA/Gr is
located at 287.45 'C and 311.19 C, respectively, and is related to melting of the
polymer. The melting point, 7m, of pure PVA is reported to be in the range of 200-220
“C [194-196] T,, of PVA/Gr hydrogel is shifted to significantly higher temperatures
(287.45 C) with respect to PVA, indicating increased thermal stability due to
incorporated graphene. Graphene and graphene-oxide nanofillers are known to improve
thermal properties of polymer materials, often owed to the incorporation inside the
hydrogel structure, as well as to interactions with polymer chains that lead to lowered
mobility and higher stability of the polymer matrix. It is well known that graphene
always possesses a certain amount of oxygen-containing groups, present as impurities
or residues from the manufacturing process, which allow it to be dispersed in aqueous
media and form bonds with various materials. The interactions with PVA are achieved
via hydrogen bonding between these oxygenated groups of graphene, and —OH groups
of PVA. Several studies have shown the influence of graphene fillers on thermal
stability and thermal degradation of polymeric networks, such as poly(methyl
methacrylate) (PMMA), [197,198] PVA films [199] and PV A/starch blends [200,201].

Further more, melting of Ag/PVA/Gr hydrogel occurs at even higher 7, =
311.19 'C, exhibiting much better thermal stability due to the presence of AgNPs
together with graphene. This corroborates the assumption that AgNPs form complexes
mainly with -OH groups of PVA macromolecule, which has a strong influence on both
thermal stability and crystallinity of PVA polymer.

Finally, at temperatures higher than 400 'C, the DSC curves exhibit stable
endothermic regions with small change over the analyzed temperature range. This

region of the curve probably covers mostly slow thermal oxidation of graphene sheets
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incorporated in the hydrogels, as also seen by small-area endothermic peak on the DSC

curve of PVA/Gr at around 825 "C.
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Figure 5.12.. DSC curves of PVA/Gr and Ag/PVA/Gr hydrogels (swelling solution: 3.9
mM AgNO3)

5.9. CYTOTOXICITY

Determining dose-dependent cytotoxicity of AgNPs and Ag” ions incorporated
into hydrogels was the primary concern in the quest for the best-suited composite.
PBMCs mainly consist of lymphocytes and monocytes, thus representing one of the
main populations of the human immune system cells. In the blood, leukocytes represent
a cellular host defense system that is able to release various inflammatory mediators
after cell activation. Therefore for the initial testing of this composite system, it was
opted for PBMCs as a first line of defense against any type of implant in the human
body, before proceeding to tissue specific cells. The experiments (as shown in Tables
5.2, 5.3 and figure 5.13) determined survival, S, of non-stimulated and PHA-stimulated
PBMCs exposed to PVA, Ag/PVA, PVA/Gr and Ag/PVA/Gr hydrogels swollen in
solutions of different AgNO; concentrations (0.25, 0.5,1 and 3.9 mM). Increased silver
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concentration in AgNOjs solutions induced a decrease in target cell survival. Presence of
pure PVA hydrogel leads only to a slight decrease in the survival of non-stimulated and
PHA-stimulated PBMCs, i.e. 90.77 + 0.88% and 84.01 + 7.86%, respectively. Survival
of PBMCs remarkably decreased in the presence of a high dosage of AgNPs in the
Ag/PVA composite hydrogel. It can be concluded that the release of silver from
Ag/PVA composites obtained from PVA hydrogels swollen in 0.25 mM AgNO;
solutions demonstrated the lowest cytotoxicity (cytotoxicity scale in Section 4.3.8.3) in
non-stimulated PBMC culture, while Ag/PVA composites obtained from PVA swollen
in more concentrated AgNO; solutions exerted pronounced cytotoxicity. Also, when
stimulated to proliferation (induced PHA into the culture medium) cells retained high
survival rate as cytotoxic effects of hydrogels were not significantly different in non-
stimulated and stimulated for proliferation PBMC cells. The presence of PVA/Gr
hydrogel leads only to a slight decrease in the survival of non-stimulated and PHA-
stimulated PBMCs, i.e. 84.15 £ 6.69 % and 72.73 £+ 6.24 %, respectively. Survival of
PBMCs remarkably decreased in the presence of Ag/PVA/Gr when the loading of Ag
increased. The release of silver from Ag/PVA/Gr (swollen in 0.25 mM AgNO3)
exhibited the lowest cytotoxicity towards non-stimulated PBMC, while Ag/PVA/Gr
obtained from PVA/Gr hydrogels swollen in more concentrated AgNO; solutions
exerted pronounced cytotoxicity. PHA had negligible effects on the overall cell survival
since cytotoxic effects were not significantly different in non-stimulated and
proliferated PBMC cells. These results are in good agreement with the data which have

been published previously [10].
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Table 5.2.Survival, S ,of non-stimulated and PHA-stimulated PBMC cultured in the
presence of PVA hydrogels swollen in different concentrations of AgNOj solutions, C

(AgNO3)
PVA hydrogels
C/AgNO;s;[mM] PVA 0.25 0.5 1 3.9
PBMC 90.77 82.52 63.86 35.88 08.87
PBMC+PHA 84.01 75.58 61.03 38.34 05.26

Table 5.3. Survival, S, of non-stimulated and PHA-stimulated PBMC cultured in the
presence of PVA hydrogels swollen in different concentrations of AgNOj solutions, C

(AgNO3)
PVA/Gr hydrogels
C/AgNO3;[mM] | PVA/Gr 0.25 0.5 1 3.9
PBMC 84.15 69.39 53.07 34.33 8.51
PBMC+PHA 72.73 67.95 59.69 34.23 7.05
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Figure 5.13. Survival, S, in the presence of PVA, PVA/Gr, Ag/PVA and Ag/PVA/Gr
hydrogel for non-stimulated and PHA-stimulated PBMC cultured cells as a function of
the concentration of AgNOj in hydrogels: a) 0.25 mM, b) 0.5 mM, c) 1 mM and d) 3.9
mM.

Therefore, for the observed exposure time of 72 h, PBMCs affected by AgNPs
incorporated into hydrogels, confirmed the fact that silver cytotoxicity to human cells is
dependent not only on the ion concentration and exposure period, but also on the cell
type, too. Based on in vitro experiments here presented, AgNPs and Ag" ions exhibited
dose-dependent cytotoxicity in PBMC cultures. In addition, there were no remarkable
differences in cytotoxicity of the investigated agents in non-stimulated and PHA-
stimulated PBMC. The results suggest that the similar, slight cytotoxic effect was
observed for both Ag/PVA and Ag/PVA/Gr hydrogel discs preswollen in 0.25 mM
AgNOs solution.
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5.10. ANTIBACTERIAL ACTIVITY

Antibacterial activity of Ag/PVA and Ag/PVA/Gr hydrogel discs was tested
against, Staphylococcus aureus (Gram-positive bacterium) and Escherichia coli (Gram-
negative bacterium) that are responsible for most of the inter-hospital infections. Figure
5.14 depicts the antibacterial activity of Ag/PVA hydrogel discs against the investigated
strains in PB. Antibacterial activity of the Ag/PVA composite hydrogel could be noticed
immediately after inoculation of samples and subsequently more than one logarithmic
unit reduction in cell viability is achieved after only 1 h of incubation. Calculations
based on the initial number of cells in samples and 1 h post-incubation revealed that
Ag/PVA hydrogel discs exhibited reduction of both bacteria, Staphylococcus aureus TL
(44.8 % of cell reduction) and Escherichia coli (100 % of cell reduction). Thus,
Ag/PVA composite hydrogel exhibited strong antibacterial activity within 1 h of

exposure.
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Fig. 5.14. Reduction of viable cell number of: a) Staphylococcus aureus and b)
Escherichia coli after contact with the Ag/PVA hydrogel for 0, 1, 3 and 24 h in PB as

b)*

log (CFU ml ")

compared to the control w/o samples.

58



Figure 5.15 depicts the antibacterial activity of Ag/PVA/Gr hydrogel discs
against the investigated strains in PB. Here also, antibacterial activity of the Ag/PVA/Gr
could be noticed immediately after inoculation of samples and imminent reduction of
cell viability is achieved after only 1 h of incubation for more than 3 logarithmic units.
Calculations based on the initial number of cells in samples and 1 h post-incubation
revealed that Ag/PVA/Gr exhibited reduction of both bacteria, Staphylococcus aureus
TL (97 % of cell reduction) and Escherichia coli (complete reduction of cell numbers).
Thus, Ag/PVA/Gr hydrogel discs exhibited strong antibacterial activity after 1 h of
exposure. Total reduction of bacterial cell numbers within 3 h of exposure (Figs. 5.14
and 5.15) indicated that both hydrogels, Ag/PVA and Ag/PVA/Gr with 0.25 mM of
silver loading, are successful candidates for future excellent antibacterial medical

devices.

59



-

w

log (CFU ml 1)

()
I

5 T
| = control
= Ag/PVA/Gr
1 N E—
0 : :
0 1 3 24
t/'h
I
6
5 T
| m control
5 Ag/PVA/Gr
3 o
2 il
1 -
0 T r r ‘
[} 1 (/h 3 24

Fig. 5.15. Reduction of viable cell number of: a) Staphylococcus aureus and b)

log (CFU ml -1
=

Escherichia coli after contact with the Ag/PVA/Gr hydrogel discs for 0, 1, 3 and 24 h in

PB as compared to the control w/o samples.

60



Current trends in development of new medical devices are aiming for new
products that would be suited for releasing drugs depending on the clinical need
(antibiotics, antimicrobial agents etc.) in a predictable manner, according to kinetic
laws. However, the action mechanism of silver, a well-known inorganic antimicrobial
agent, is still not completely revealed, but bactericidal effects of metal nanoparticles has
been associated with their small size and high surface to volume ratio, which allows
them close contact with microbial membranes [202]. Silver is assumed to disrupt the
bacterial cell integrity by binding to enzymes and proteins within the bacteria, thus
accelerating their death. Based on the antibacterial results for the Ag/PVA, it can be
concluded that an immediate silver ion release (section 3.6) induce the imminent drop in
CFU numbers even after 1 h of exposure, which is sufficient bactericidal effect
necessary to prevent any biofilm formation. In order to fully understand the antibacterial
mechanism of Ag/PVA/Gr hydrogel, it is necessary to consider a synergistic action of
both silver and graphene. Physical damage on bacterial membranes occurs upon direct
contact by graphene-based materials e.g. low thickness graphene sharp edges cut
through membranes resulting in release of intracellular contents [182, 203]. Graphene
may also chemically increase the cellular oxidative stress through formation of reactive
oxygen species (ROS). These effects are more pronounced in the case of pure graphene
due to stronger interaction between sharp sheet edges and the bacteria’s cell membrane
and/or better charge transfer between the bacteria and the graphene-based material itself
[203]. For the present, antibacterial activity of Gr remains controversial [204] and it

should be a subjected to further investigations.

5.11. SILVER RELEASE INVESTIGATIONS

5.11.1.SILVER RELEASE FROM HYDROGELS WITH 0.25x10° M AgNO;

The key feature for any type of antibacterial medical device represents its
antibacterial efficiency, evaluated by the release of the incorporated antimicrobial into
the physiological environment [205]. The silver release kinetics from Ag/PVA and
Ag/PVA/Gr hydrogel nanocomposites with 0.25x10° M AgNOs; during time of
exposure to PB at 37 'C is shown in (Appendix) and Figure 5.16, as the amount of silver
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remaining inside a sample as a function of time. It can be observed that the silver
concentration inside Ag/PVA and Ag/PVA/Gr hydrogels initially decreased slightly
sharply with time, and after 2 days of silver release (26 % and 25 % of the initial silver
content, respectively) a plateau was observed, indicating a significant lowering of the
silver release rate. However, it can also be seen that even after 28 days, both Ag/PVA
and Ag/PVA/Gr had still retained 67-68 % of the initial silver content, as a consequence
of stability of AgNPs inside the highly crosslinked PVA hydrogel network. High initial
concentration of antibacterial agent in the direct-contact surrounding tissue is
particularly important in the immediate period of post-application since it prevents
initial adhesion of bacteria. However, continuous silver ion release after this critical
period is also desirable to prevent bacteria biofilm formation and the remaining silver
can preserve the sterility of the samples over time. As a result, these Ag/PVA and
Ag/PVA/Gr composites could be suited for an extensive continuous application,
preserving the sterility of a soft tissue implant, especially considering their antibacterial
effect against Staphylococcus aureus and Escherichia coli. The time dependence of the
cumulative silver ratio ( Cao/Ci) for Ag/PVA and Ag/PVA/Gr hydrogels during

release was calculated as shown in Figure 5.17.

40 7 —=—Ag/PVA

—t— Ag/PVA/Gr

w 30

t / day

Figure 5.16. Time dependence of the silver concentration inside Ag/PVA and
Ag/PVA/Gr hydrogels during exposure to PB at 37 “C (data represent average of three
measurements, 0.25 x10° M AgNO; swelling solution)
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Figure 5.17. Time dependence of the cumulative silver release ratio( C4o/Ciy) release
from Ag/PVA and Ag/PVA/Gr hydrogels during exposure to PB at 37 "C (data

represent average of three measurements, 0.25 x10° M AgNO; swelling solution)

5.11.2. SILVER RELEASE FROM HYDROGELS WITH 0.5x10° M AgNO;

Silver release kinetics from Ag/PVA and Ag/PVA/Gr hydrogel nanocomposites
with 0.5 x 10° M AgNO; during exposure to PB at 37 'C is depicted in Figure 5.18, as
the amount of silver remaining inside the sample as a function of time. It can be
observed that the silver concentration inside Ag/PVA and Ag/PVA/Gr hydrogels
initially decreased slightly with time, and after 7 days of silver release (34 % and 44 %
of the initial silver content, respectively) a plateau was observed, indicating a significant
lowering of the silver release rate. However, it can also be seen that even after 28 days,
the both Ag/PVA and Ag/PVA/Gr had still retained 48-57 % of the initial silver content,
as a consequence of stability of AgNPs inside the highly crosslinked PVA hydrogel
network. This is very important since the remaining silver can preserve the sterility of
the samples over time. As a result, these hydrogels could be used for a prolonged period

of time, preserving the sterility of a soft tissue implant for example. Furthermore, the
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potential application of Ag/PVA and Ag/PVA/Gr hydrogel nanocomposites as
antibacterial agents were demonstrated by their effect against Staphylococcus aureus
and Escherichia coli. The time dependence of the cumulative release silver ratio

(Cag/Cior) for Ag/PVA and Ag/PVA/Gr hydrogels is shown in Figure 5.19.
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Figure 5.18.Time dependence of the silver concentration within Ag/PVA and

Ag/PVA/Gr hydrogels during exposure to PB at 37 “C (data represent average of three

measurements, 0.5 x10° M AgNO; swelling solution)
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Figure 5.19. Time dependence of the cumulative silver ratio( C4q/Cioy) for Ag/PVA and
Ag/PVA/Gr hydrogels during exposure to PB at 37 "C (data represent average of three

measurements, 0.5 x10° M AgNO; swelling solution)

5.11.3. SILVER RELEASE FROM HYDROGELS WITH Ix 10° M AgNO;

Silver release profiles from Ag/PVA and Ag/PVA/Gr hydrogels obtained from
1x10~° M AgNOj; during exposure to PB at 37 'C is depicted swelling solution are given
in Figure 5.20 as the amount of silver remaining inside the sample as a function of time.

All data are given as the arithmetic mean of three measurements.
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Figure 5.20. Time dependence of the silver concentration within Ag/PVA and
Ag/PVA/Gr hydrogels during exposure to PB at 37 'C (data represent average of three
measurements, 1.0 x107 M AgNO; swelling solution).

Both profiles start with a steep and fast release in the first two days, eventually
reaching a plateau toward the end of each experiment. This indicates a “burst release” in
the first 48 h, during which roughly 48 wt. % of Ag was released from the Ag/PVA
hydrogel, and nearly 63 wt.% was released from the Ag/PVA/Gr hydrogel. After this
period, the antibacterial substance was slowly released. After 28 days, the Ag/PVA gels
retained on average 35 wt.% and the Ag/PVA/Gr gels around 23 wt.% of the total
initial concentration of AgNPs. Such behavior in a release profile is desirable for the
application of hydrogels as anti-inflammatory wound dressings. The fast initial release
ensures the sterilization of the wound and prevents the adhesion of bacteria, whereas the
slow and steady late-time release profile is suitable for the prolonged protection of the

wound from infection.
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Figure 5.21. Time dependence of the cumulative silver ratio( C4o/Cioy) for Ag/PVA and
Ag/PVA/Gr hydrogels during exposure to PB at 37 °C (data represent average of three

measurements, 1.0 x10° M AgNO; swelling solution)

The cumulative profile of silver release from the Ag/PVA hydrogels with 1.0 x
10° M AgNOs (Figure 5.21) follows a slower trend compared to the release from
Ag/PVA/Gr samples. The Ag/PVA samples retained a higher percentage of the total
initial concentration of AgNPs after the 28-day release period. Additionally, the
synthesis itself was more successful in Ag/PVA hydrogels; it was determined that the
total concentrations of Ag in these samples were roughly 11 wt. % higher than those in

the Ag/PVA/Gr hydrogels.

All of these findings support the conclusion that the presence of graphene sheets
in the hydrogel matrix causes the destabilization of AgNPs due to the repulsive
electrostatic interactions with silver and also by shielding active binding sites on the
PVA chains, which weakens the bonds between PVA and AgNPs, ultimately enabling
the easier release of the AgNPs. This is corroborated by the results of the voltammetric
measurements, which showed more intense oxidation of AgNPs from Ag/PVA/Gr

hydrogels.

5.11.4. SILVER RELEASE FROM HYDROGELS WITH 3.9x10° M AgNO;

Silver release kinetics from Ag/PVA and Ag/PVA/Gr hydrogel nanocomposites
with 3.9 x 10° M AgNO; during exposure to PB at 37 'C is depicted in Figure 5.22, as
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the amount of silver remaining inside a sample as a function of time. It can be observed
that the silver concentration inside Ag/PVA and Ag/PVA/Gr hydrogels initially
decreased sharply with time, and after 2 days of silver release (68 % and 71 % of the
initial silver content, respectively) a plateau was observed, indicating a significant
lowering of the silver release rate. However, it can also be seen that even after 28 days,
both Ag/PVA and Ag/PVA/Gr had still retained 22-27 % of the initial silver content, as
in previous experiments. In this case, also hydrogels can preserve sterility which
inducing strong bactericidal effects as shon in studies of antibacterial activity. The
relation between time dependence of the cumulative silver ratio ( Cao/Cio) for Ag/PVA

and Ag/PVA/Gr hydrogels during release is shown in Figure 5.23.
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Figure 5.22.Time dependence of silver concentration inside Ag/PVA and Ag/PVA/Gr
hydrogels during exposure to PB at 37 “C (data represent average of three
measurements 3.9 x107 M AgNO;).

High initial concentration of antibacterial agent in the direct-contact surrounding
tissue is particularly important in the immediate period of post-application since it
prevents initial adhesion of bacteria. However, from the presented data no definite
conclusion about the initial silver content could be drawn. Silver content embedded in
the polymeric network vastly depends on the biomaterial itself, different conditions of

electrochemical syntheses, inconsistency in cross-linking, discrepancies in terms of
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density and viscosity. Overall, all those deviations are minor, within the margin of error

[184].
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Figure 5.23. Time dependence of cumulative silver ratio( C4y/Cioy) for Ag/PVA and
Ag/PVA/Gr hydrogels during exposure to PB at 37 °C (data represent average of three

measurements, 3.9 x107 M AgNOj; swelling solution)

5.12. SORPTION CHARACTERISTICS

In order to determine sorption characteristics of the pure PVA, PVA/Gr,
Ag/PVA and Ag/PVA/Gr xerogels (dry gels), the intake of simulated body fluid was
monitored gravimetrically for 72 h at 37+ 1'C  (sorption curves, Fig. 5.24a). The
reduced sorption curves (Fig. 5.24b) are plotted as a dependence my / ms, vs. "%/ 8,
following the second Fickian diffusion law given by following equation, for a flat plane

m,

and short times ( <0.6) [23]:

0

4 D"
—t=— " (5.8)

69



where m; is the amount of SBF absorbed at time ¢, m.. is the amount of SBF absorbed at
equilibrium, D is the diffusion coefficient of SBF through hydrogels, and d is the
thickness of the hydrogel sample.

As it can be observed in figure 5.24a, the initial sorption of SBF was
approximately linear until a steady state was reached. The values of diffusion
coefficient, D ( Table 5.4), of SBF through PVA, PVA/Gr, Ag/PVA and Ag/PVA/Gr
hydrogels were calculated from the slopes of the initial linear region of the reduced
sorption curves (Fig. 5.24b). The values obtained were 3.3 x10 cm? min™' for PVA and
2.5x107% cm® min" for PVA/Gr hydrogel nanocomposites. The diffusion coefficient of
SBF in the PVA was higher than in PVA/Gr hydrogel, by about 24%, indicating the
facilitated absorption of SBF into the pure PVA hydrogel, compared to PVA/Gr
hydrogel.

Table 5.4.Diffusion coefficient values calculated from the slopes of the initial linear

region of the reduced sorption curves

Samples PVA PVA/Gr Ag/PVA Ag/PVA/Gr

Diffusion coefficient | 3.3 x107 2.5x107 2.2x107 2.8x107
(D) cm”.min’’

The diffusion coefficient of SBF in the Ag/PVA/Gr (2.8x107 cm” min™) was
higher than that in the Ag/ PVA hydrogel (2.2x107 c¢m® min™), by about 21%,
indicating the facilitated absorption of SBF into the formed nanocomposite. It could be
presumed that the presence of AgNPs with graphene sheets expands the PVA hydrogel
network, enabling slightly faster SBF diffusion, and therefore promotes the sorption
ability of the Ag/PVA/Gr nanocomposites. This is a consequence of established
hydrogen bonding interactions between the OH" groups present in PVA and residual
oxygen containing groups in graphene sheets situated between the polymer chains of
Ag/PVA/Gr. This type of interaction enables the PVA hydrogel network expansion,
causing slightly faster SBF diffusion, and therefore promoting the sorption ability of the
Ag/PVA/Gr hydrogel. This property is important in the biomedical application of
composite hydrogel as wound dressings because, compared to Ag/PVA hydrogel,
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Ag/PVA/Gr can further absorb slight to moderate amounts of wound exudate by

swelling and generally speed up the wound healing process.
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Figure 5.24. Sorption curves (a),and reduced sorption curves (b) of PVA, PVA/Gr
,Ag/PVA and Ag/PVA/Gr nanocomposites in SBF at 37 'C.
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6. CONCLUSION

e PVA/Gr hydrogel was successfully obtained from a PVA/Gr colloid solution by
cross linking using the freezing-thawing method. Then silver nanoparticles
(AgNPs) have been successfully incorporated into the matrices of PVA and
PVA/Gr hydrogels using the electrochemical method of silver ions reduction to
obtain nanocomposite hydrogels, at the applied voltage of 90 V and for the

implementation time of 4 min.

e Both Ag/PVA and Ag/PVA/Gr hydrogels exhibited UV-Vis absorption spectra
with bands peaking at around 400 nm, which confirmed the formation of
AgNPs. Further more, the absence of any absorption bands in the longer
wavelength region suggests the restrictive aggregation of AgNPs in the
synthesized composite hydrogels. UV-Vis results indicated somewhat smaller
dimensions of AgNPs in Ag/PVA/Gr hydrogels than in Ag/PVA, suggesting that
graphene sheets situated between the polymer chains prevented further growth

and aggregation or agglomeration of AgNPs.

e CV and FE-SEM studies proved smaller dimensions of AgNPs in Ag/PVA/Gr

nanocomposites due to graphene sheets situated between PVA chains.

e XRD and FT-IR analyses have shown interactions between AgNPs and hydroxyl
groups in PVA, as well as between PVA molecules and graphene sheets. These
findings support the hypothesis that graphene sheets situated between the
polymer chains prevent further growth and aggregation or agglomeration of

AgNPs, as indicated by UV-Vis and FE-SEM results.

e Based on TGA, DTG and DSC studies the Ag/PVA/Gr nanocomposite exhibited
the highest thermal stability. According to DTG results, PVA and Ag/PVA
exhibited the lowest thermal stability as compared to PVA/Gr and Ag/PVA/Gr
which decomposed gradually. The increased temperature required for thermal
degradation of the hydrogels containing silver and especially graphene indicate
that graphene enhanced the thermal stability of both PVA and Ag/PVA
hydrogels.
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Silver release kinetics investigations revealed slower leaching of silver from the
Ag/PVA hydrogel (1.0 mM AgNO; swelling solution) compared to the release
profile of the Ag/PVA/Gr hydrogel due to the repulsive electrostatic interactions
of AgNPs and graphene and the influence of graphene on the destabilization of
Ag ,-PVA complexes.

Ag/PVA/Gr and Ag/PVA hydrogels obtained from 0.25 mM AgNO; swelling

solution exerted the lowest cytotoxicity towards non-stimulated PBMC culture.

Ag/PVA and Ag/PVA/Gr obtained from 0.25 mM AgNO; swelling solution
exhibited strong antibacterial activity against Staphylococcus aureus and
Escherichia coli after first hour of exposure.

The slow silver release, as well as high remaining silver content of ~ 68 % after
28 days in simulated body fluid confirmed that both Ag/PVA/Gr and Ag/PVA
hydrogels can preserve sterility over time, and along with observed low
cytotoxicity and strong antibacterial activity, can be excellent candidates for soft

tissue implants and wound dressings.
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8. APPENDIX

Table A.1. Silver release data (0.25 x10° M AgNO;) for Ag/PVA hydrogel

Ag/PVA
Measured silver Silver content in 10 ml Silver concentration released from the hydrogel
concentration in the buffer buffer solution (mg/dm3)
(AAS) (mg)
(mg/dm?)
Day | Sample | Sample | Sample | Sample | Sample | Sample Sample 1 Sample 2 | Sample 3 | Average | Standard
1 2 3 1 2 3 deviation
1 0.4 0.32 0.59 0.004 0.0032 | 0.0059 | 7.077140835 | 5.661713 | 10.43878 7.72 2.45
2 0.14 0.14 0.19 0.0014 | 0.0014 | 0.0019 | 2.476999292 | 2.476999 | 3.361642 2.77 0.51
3 0.1 0.06 0.09 0.001 0.0006 | 0.0009 | 1.769285209 | 1.061571 | 1.592357 1.47 0.36
4 0.06 0.08 0.06 0.0006 | 0.0008 | 0.0006 | 1.061571125 | 1.415428 | 1.061571 1.17 0.20
5 0.06 0.06 0.06 0.0006 | 0.0006 | 0.0006 | 1.061571125 | 1.061571 | 1.061571 1.06 0
6 0.06 0.08 0.07 0.0006 | 0.0008 | 0.0007 | 1.061571125 | 1.415428 | 1.2385 1.23 0.17
7 0.09 0.09 0.09 0.0009 | 0.0009 | 0.0009 | 1.592356688 | 1.592357 | 1.592357 1.59 2.71
12 0.14 0.11 0.19 0.0014 | 0.0011 | 0.0019 | 2.476999292 | 1.946214 | 3.361642 2.59 0.71
16 0.12 0.08 0.2 0.0012 | 0.0008 | 0.002 2.123142251 | 1.415428 | 3.53857 2.35 1.08
21 0.14 0.07 0.23 0.0014 | 0.0007 | 0.0023 | 2.476999292 | 1.2385 4.069356 2.59 1.41
28 0.22 0.11 0.25 0.0022 | 0.0011 | 0.0025 | 3.892427459 | 1.946214 | 4.423213 3.42 1.30
HNO; | 0.51 | 091 0.84 0.0051 | 0.0091 | 0.0084 | 9.023354565 | 16.1005 | 14.862 13.32 3.77
sum 204 |2.11 2.86 0.0204 | 0.0211 | 0.0286 | 36.09341826 | 37.33192 | 50.60156 | 41.34 8.04
Table A.2. Time dependences of the silver concentration inside hydrogels (data
represent average of three measurements) and the cumulative silver release
from Ag/PVA hydrogel (0.25 x107 M AgNO3)
Day Conc. Ag remaining inside hydrogels Conc. Ag | Standard | Cumulative Cag/Crot
(mg/dm”) inside deviation Cag
Sample 1 Sample 2 Sample 3 hydrogels released
(mg/dm’) (mg/dm’)
0 36.0934183 | 37.3319179 50.601557 41.3 8.04 0 0
1 29.0162774 | 31.6702052 | 40.1627742 33.6 5.82 7.7 0.1868
2 26.5392781 29.1932059 | 36.8011323 30.8 5.32 10.4 0.253
3 24.7699929 | 28.1316348 | 35.2087757 29.3 5.32 11.9 0.289
4 23.7084218 | 26.7162067 | 34.1472045 28.1 5.37 13.1 0.318
5 22.6468507 | 25.6546355 | 33.0856334 27.1 5.37 14.2 0.343
6 21.5852795 | 24.2392074 | 31.8471338 25.8 5.32 15.4 0.373
7 19.9929229 | 22.6468507 | 30.2547771 24.3 5.32 17.0 0.412
12 17.5159236 | 20.7006369 | 26.8931352 21.7 4.76 19.6 0.474
16 15.3927813 19.2852088 | 23.3545648 19.3 3.98 21.9 0.536
21 12.915782 18.0467091 19.2852088 16.7 3.37 24.5 0.599
28 9.02335456 16.1004954 14.8619958 13.3 3.77 28.0 0.681
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Table B.1. Silver release data (0.25 x10° M AgNO3) for

Ag/PVA/Gr hydrogel
Ag/PVA/Gr
Measured silver Silver content in 10 ml Silver concentration released from the hydrogel
concentration buffer solution (mg/dm3)
(AAS) (mg)
(mg/dm”)
Day | Sample | Sample | Sample | Sample | Sample | Sample | Sample 1 | Sample 2 | Sample 3 | Average | Stadard
1 2 3 1 2 3 deviation
1 0.19 0.33 0.25 0.0019 | 0.0033 | 0.0025 | 3.361642 | 5.838641 | 4.423213 4.54 1.24
2 0.11 0.17 0.1 0.0011 | 0.0017 | 0.001 | 1.946214 | 3.007785 | 1.769285 2.24 0.66
3 0.06 0.06 0.04 0.0006 | 0.0006 | 0.0004 | 1.061571 | 1.061571 | 0.707714 0.94 0.20
4 0.04 0.07 0.06 0.0004 | 0.0007 | 0.0006 | 0.707714 | 1.2385 1.061571 1.00 0.27
5 0.06 0.06 0.06 0.0006 | 0.0006 | 0.0006 | 1.061571 | 1.061571 | 1.061571 1.06 0
6 0.04 0.05 0.04 0.0004 | 0.0005 | 0.0004 | 0.707714 | 0.884643 | 0.707714 0.76 0.10
7 0.07 0.07 0.07 0.0007 | 0.0007 | 0.0007 1.2385 1.2385 1.2385 1.23 0
12 0.09 0.15 0.11 0.0009 | 0.0015 | 0.0011 | 1.592357 | 2.653928 | 1.946214 2.06 0.54
16 0.09 0.06 0.08 0.0009 | 0.0006 | 0.0008 | 1.592357 | 1.061571 | 1.415428 1.35 0.27
21 0.1 0.09 0.11 0.001 | 0.0009 | 0.0011 | 1.769285 | 1.592357 | 1.946214 1.76 0.17
28 0.08 0.12 0.07 0.0008 | 0.0012 | 0.0007 | 1.415428 | 2.123142 1.2385 1.59 0.46
HNO; 0.6 0.32 0.72 0.006 | 0.0032 | 0.0072 | 10.61571 | 5.661713 | 12.73885 9.67 3.63
sum 1.53 1.55 1.71 0.0153 | 0.0155 | 0.0171 | 27.07006 | 27.42392 | 30.25478 | 28.24 1.74
Table B.2. Time dependences of the silver concentration inside hydrogels (data
represent average of three measurements) and the cumulative silver release
from Ag/PVA/Gr hydrogel ( 0.25 x10° M AgNO; )
Day Conc. Ag remaining inside hydrogels conc. Ag | Standard | Cumulative | cay/Ciof
(mg/dm”) inside deviation Cag
Sample 1 Sample 2 Sample 3 hydrogels released
( mg/dm*) (mg/dm”)
0 27.0700637 | 27.4239207 | 30.2547771 28.2 1.74 0 0
1 23.7084218 | 21.5852795 | 25.831564 23.7 2.12 4.5 0.157
2 21.7622081 | 18.5774947 | 24.0622788 21.4 2.75 6.7 0.236
3 20.7006369 | 17.5159236 | 23.3545648 20.5 2.92 7.7 0.27
4 19.9929229 | 16.2774239 | 22.2929936 19.5 3.03 8.7 0.305
5 18.9313517 | 15.2158528 | 21.2314225 18.4 3.03 9.7 0.343
6 18.2236377 | 14.3312102 | 20.5237084 17.6 3.13 10.5 0.37
7 16.985138 13.0927105 | 19.2852088 16.4 3.13 11.7 0.414
12 | 15.3927813 | 10.4387827 | 17.338995 14.3 3.55 13.8 0.487
16 | 13.8004246 | 9.37721161 | 15.9235669 13.0 3.33 15.2 0.535
21 12.0311394 | 7.78485492 | 13.9773531 11.2 3.16 16.8 0.597
28 | 10.6157113 | 5.66171267 | 12.7388535 9.6 3.63 18.5 0.654
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1. AytopcTBo - [do3BorbapaTe yMHOXaBake, ANCTPUBYLMjY W jaBHO CaoniuTaBar-e
Aena, u npepaje, ako ce Haseae vMe ayTopa Ha HauuH ogpefieH of cTpaHe ayTopa
unu fiaeaoua nuueHue, Yak v y komepumjande cepxe. OBo je HajcnoBogHvja of cBuX
NWLEHLIN.

2. AyTopcTBO — HeKomepumjanHo. [Jo3Borbasarte yMHOXaBaHe, anctpubyumjy 1 jasHo
caonwrasare Aena, n npepage, ako ce HaBede MMe ayTopa Ha HauvH ogapefieH og
CTpaHe ayTopa wnu Aasaoua nuueHue. Osa nuueHua He [03BOrbaBa KoMepLujanHy
ynotpeby aena.

3. AyTopcTBO - HekomepuujanHo — Ges npepage. [o3BorbaBaTe YMHOXaBarse,
AnCTpuUByumMjy U jaBHO caonwTaBake fAena, 6e3 npomeHa, npeobnukoBara Unu
ynoTpebe Aena y cBom fenly, ako ce HaBeAe WMe ayTopa Ha HauwH oapefieH of
CTpaHe aytopa unu Aasaoua nuueHue. Osa nuueHLa He [03BorbaBa KoMepLujaniy
ynoTpeby Aena. Y ogHocy Ha cse ocTane NMLEHLE, 0BOM JIMLEHLIOM Ce orpaHuyasa
Hajsehn obum npasa kopuwherwa gena.

4. AYTOpPCTBO - HeKOMepuujanHo — [EenWTU Mog WCTUM ycnosuma. [lossorbasarte
YMHOXaBame, AUCTpudyLMjy 1 jaBHO caonwTaBawe fena, u npepage, ako ce Haseae
VMe ayTopa Ha HauuH ogpefjeH of cTpaHe ayTopa wiW faeaola NUUEHUE M ako ce
npepaga Auctpubympa nog WCTOM WKW CHMYHOM nuueHuom. OBa nuUeHUa He
£03B0IbaBa Komepuujandy ynotpeby nena v npepaaa.

5. AytopctBo — 6e3 npepage. [lo3BorbaBarte yMHOXaBar-e, anctpubyuujy v jaBHo
caonwTasare Aena, 6es npomeHa, npeobnukosara Unu ynotpebe gena y ceom geny,
aKo ce Hasefe ume ayTopa Ha HauuH ofpeheH op cTpaHe ayTopa unu Aasaoua
nuueHue. OBa nuueHua fo3Borbaea komepuujandy ynotpeby gena.

6. AyTOpCTBO - pAenuTM noA MCTUM ycrnoBuMa. [lo3BOrbaBaTe YMHOXaBak:e,
AVCTPUBYLMY 1 jaBHO caoniiTaBsake fena, v npepaje, ako ce Haseae UMe ayTopa Ha
HauMH oapeheH of cTpaHe ayTopa MnM Aaeaoua NUUEHUE W ako ce npepaja
AncTpubyvpa noa WCTOM WM CRMMHOM nuMUeHuoM. OBa NUUeHua [o03Borbasa
komepuujanHy ynotpeby aena u npepaga. CnvdHa je codTBEpCKUM NMLEHLAMa,
O[IHOCHO NULIeHLamMa OTBOPEHOr Koaa.
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